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Abstract

The utilisation of renewable solar energy shows great potential in tackling the problem 

of increasing carbon emission due to the combustion of traditional fossil fuels. To achieve 

carbon neutrality, more efforts need to be made on the exploration of efficient conversion

of solar energy into chemical fuels/feedstocks. Particularly, chemical fuels with high 

energy density are ideal for storage and transportation. For the efficient transformation 

of solar energy into chemical fuels, high-performance photocatalysts are required to 

facilitate this process. Therefore, this thesis aims to find out a universal strategy for 

designing and fabricating novel nanomaterials as efficient photocatalysts for 

photocatalytic reactions. Besides, photocatalysts for emerging reactions fabricated via

advanced delicate techniques and demonstrated for widespread applications are also 

reviewed and discussed comprehensively.

Thanks to the ultrathin layered structure and exposed uncoordinated atoms, the 

exposed edges of 2D nanomaterials have shown great potential in acting as reactive sites 

for various photocatalytic reactions. In this thesis, two-dimensional Co-MOF, Ni-MOF and

FePS3 (discussed in chapters 3-5) have been introduced to cooperate with the main 

photocatalysts for hydrogen evolution and it turns out that they have significantly 

improved the initial catalytic performances of the counterparts without them. These two-

dimensional nanomaterials play key roles in improving the photocatalytic activity of the 

main photocatalyst by providing sufficient reactive sites and facilitating charge 

separation/transfer. 

Also, the recent research progress of solar-driven simultaneous production of 

hydrogen and value-added chemicals (chapter 2), and the single-atom-based 

photocatalysts for emerging reactions (chapter 6) have been reviewed and discussed in 



this thesis. The combination of searching for high-performance photocatalysts and 

adapting for emerging reactions will promote the transformation and utilisation of solar 

energy.

Probing into the origin of the structure-performance relationship and finding out a 

universal strategy for designing and screening outstanding high-performance 

photocatalysts for various reactions is of great importance for research on solar energy

transformation. Meanwhile, finding approaches to improving solar-driven reaction 

efficiency will be of great benefit to the development of the solar energy industry as well. 
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Chapter 1: Introduction

1.1 Significance of the Project

In recent decades, industrial development and population explosion have boosted the 

global energy demand. This demand is heavily dependent on fossil fuels, including oil, 

natural gas, and coal, which make up about 87% of global energy consumption.1 Due to 

the large consumption of fossil fuels, their drawbacks should not be neglected. 

Considering the growing demand and supply, fossil fuels are non-renewable as the 

formation will take hundreds of years and would be depleted in the future. It has caused 

some obvious and hidden environmental problems. Also, carbon dioxide is released 

during the combustion of fossil fuel, which adds to the greenhouse effect and increases 

global warming. Besides, the burning of coal and oil could release sulfur dioxide, which 

may cause breathing problems for living creatures and contributes to acid rain. To 

address the shortage of fossil fuels and tackle relevant environmental issues, 

considerable exploration of pollution-free technologies and alternative clean energy 

sources have been made in recent decades. Renewable technologies provide many more 

advantages, such as reliability, lower costs, and smaller environmental impact. 2,3

Compared with conventional fossil energy sources, solar energy is free, non-polluting, 

abundant and renewable. However, solar energy suffers from daily and seasonal 

variability, and it is difficult to be stored and utilized directly.4-6 Therefore, it is of great 

significance to explore how to utilize solar energy efficiently. One promising way is to 

convert this solar energy to chemical fuels with high energy densities, because of their 

transportability and storability. Impacted by the greenhouse effects and drastic climate 

changes caused by carbon emissions, countries over the world have achieved agreements 
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on reducing carbon emissions. Thus, the conversion of solar energy into low-carbon 

and/or carbon-free chemical fuels is gaining increasingly intensive research attention.7,8

However, the direct solar-driven conversion is usually hindered by low efficiency and 

poor selectivity toward target products. To facilitate the process of transforming solar 

energy and storing it in the form of low-carbon and/or carbon-free chemical fuel, 

photocatalysts are required to enhance the conversion efficiency, including enhancing 

the light absorption, improving charge carrier separation, and promoting the 

photocatalytic reactions.9,10 Also, the affordability of the photocatalysts and their stability 

under light illumination, need to be taken into consideration.

1.2 Research Objective

The major aim of this thesis is to mimic the photocatalytic synthesis of chemicals in 

nature, which uses solar energy to produce storable and transportable low-carbon fuels 

and/or value-added chemicals through photocatalysis. As mentioned above, the process 

of direct conversion of solar energy into chemical energy is slow and inefficient. To 

overcome the challenge of low efficiency in solar-driven conversion, the development of 

high-performance photocatalysts and a comprehensive understanding of reaction

mechanisms are of great importance. In this regard, a combination of materials synthesis, 

physical characterizations, photocatalytic performance measurement and in-situ 

spectroscopy is employed to study the structure-activity relationship. In particular, the 

objectives of this thesis are:

1) To fabricate high-performance photocatalysts, non-noble metal-based two-

dimensional nanomaterials would be introduced to photocatalytic systems. 

2) To evaluate photocatalytic performance for hydrogen and ammonia production,

relevant photocatalytic activity tests will be carried out. 
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3) To obtain the structural and compositional information about the as-prepared

catalysts, advanced materials characterization tools will be used as evidence to elucidate 

the mechanisms of the performance enhancement.

1.3 Thesis Outline

This thesis is presented in the form of journal publications. It contains research results 

on the design of novel nanomaterials for photocatalytic hydrogen production. Recent 

progress and challenges for the application of photocatalysts for generating hydrogen 

and valuable chemicals. Also, several novel nanomaterials were reviewed for application 

in emerging solar-driven reactions. Specifically, the chapters in the thesis are presented 

in the following sequence:

Chapter 1 introduces the significance of this project and outlines the research objectives 

and key contributions to the field of photocatalysis. 

Chapter 2 reviews the progress and challenges of the application of photocatalysts for 

hydrogen production and the production of valuable chemicals. 

Chapter 3 presents two-dimensional Co-based metal-organic framework nanosheets 

enhancing photocatalytic hydrogen production 

Chapter 4 presents metal-organic frameworks with atomically dispersed Ni-N4 sites for 

boosting photocatalytic hydrogen production 

Chapter 5 presents two-dimensional FePS3 nanosheets for improving photocatalytic 

hydrogen production 

Chapter 6 reviews the progress and challenges for the application of novel nanomaterials 

in emerging solar-driven reactions 

Chapter 7 presents the conclusion and perspectives for future work on the design and 

application of novel nanomaterials for the photocatalytic production of value-added 

chemicals.

3
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Chapter 2: Literature Review

2.1 Introduction and significance

Among renewable energies, solar energy has shown great potential for widespread 

application because of its availability and affordability. Normally, the unstable solar 

energy needs to be converted and stored in transportable energy carriers due to the 

vulnerability of sunlight changes. Currently, an increasing number of researches have 

been focused on the production of clean hydrogen fuel from water using renewable solar 

energy, thanks to the high energy density of H2. However, conventional photocatalytic H2

evolution from water splitting has low efficiency and poor stability. Hole scavengers are 

therefore added to boost the separation efficiency of photoexcited electron-hole pairs 

and improve stability by consuming the strongly oxidative photoexcited holes. The 

drawbacks of this approach are the increased cost and production of waste. 

To overcome these drawbacks, a number of hole scavengers, including biomass, 

biomass-derived intermediates, plastic wastes and a range of alcohols have been 

reported for photocatalytic H2 evolution, coupled with value-added chemicals production 

using semiconductor-based photocatalysts. It is timely, therefore, to comprehensively 

summarize the properties, performances, and mechanisms of these photocatalysts, and 

critically review recent advances, challenges, and opportunities in this emerging area. 

Highlights of this Chapter include: 

(1) Illustrating reaction mechanisms of photocatalysts for H2 evolution coupled with 

selective oxidation, C–H activation and C–C coupling, together with nonselective 

oxidation, using hole-scavengers.

(2) Introducing equations to compute conversion/selectivity of selective oxidation.
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(3) Summarizing and critically comparing recently reported photocatalysts with 

particular emphasis on correlation between physicochemical characteristics and 

performances, together with photocatalytic mechanisms.

(4) Appraising current advances and challenges.

2.2 Photocatalysts for Hydrogen Evolution Coupled with Production of Value‐

Added Chemicals

This chapter is included as it appears as a journal paper published by Bingquan Xia, 

Yanzhao Zhang,   Bingyang Shi,  Jingrun Ran,   Kenneth Davey,  Shi-Zhang Qiao

Photocatalysts for Hydrogen Evolution Coupled with Production of Value ‐ Added

Chemicals. Small Methods 2020, 4, 2000063.
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widely reckoned as an ideal substitute for 
present reliance on fossil fuels given its 
sustained availability.[4,5] The conversion 
of solar energy into clean and carbon-free 
hydrogen (H2) fuel via semiconductor-
based photocatalysis is environmentally 
benign and has therefore received signifi-
cant attention.[6–8]

For semiconductor-based photocatalytic 
H2 evolution in pure water, photoexcited 
electrons are used to reduce protons to 
evolve H2 gas; while photoexcited holes 
oxidize the water to evolve oxygen (O2).[9] 
Due to the ready recombination of photo-
excited electron–hole pairs, sluggish 
water-oxidation kinetics, and high water-
oxidation overpotential, the performance 
of photocatalytic H2 evolution in pure 
water is significantly limited. This leads 
to low solar-to-H2 conversion.[10] To boost 
efficiency and suppress photocorrosion 
of semiconductor photocatalysts, various 
hole scavengers have been reported as sac-
rificial electron donors.[11–13] The practical 
drawbacks of this strategy are an increased 
cost and production of waste. Addition-
ally, the generated H2 energy sometimes 
cannot offset the energy needed to acquire 
the hole scavengers. Therefore, it is practi-

cally necessary to use abundant and readily available feedstocks 
as hole scavengers to improve H2 evolution and advantageously 
produce value-added chemicals simultaneously.

Abundantly available and renewable feedstocks include bio-
mass (e.g., cellulose,[14,15] hemicellulose,[16] and lignin[17,18]) 
and biomass-derived intermediates[19,20] (e.g., furfuryl alcohols, 
5-hydroxymethylfurfural, 2,5-dimethylfuran, and 2-methyl-
furan). These have been reported to consume the photoexcited 
holes and produce chemicals of high value, such as formate, 
furoic acid, 2,5-furandicarboxylic acid, and diesel-fuel pre-
cursors, through photocatalysts, including CdS/CdOx,[16] 
TiO2/NiOx@graphitic carbon,[21] Ni deposited CdS ultrathin 
nanosheets,[19] Ru doped ZnIn2S4,[20] and CdSe quantum dots/
Ni2+.[22] At the same time, the photoexcited electrons reduce the 
protons to evolve H2. Plastic wastes, such as poly(ethylene tere-
phthalate), poly(lactic acid), and polyurethane, have also been 
used as abundant and readily available feedstocks to capture 
photoinduced holes and generate value-added products, such 
as formate, acetate, and pyruvate, in the presence of a range 

The conversion of water into clean hydrogen fuel using renewable solar 
energy can potentially be used to address global energy and environmental 
issues. However, conventional photocatalytic H2 evolution from water 
splitting has low efficiency and poor stability. Hole scavengers are therefore 
added to boost separation efficiency of photoexcited electron–hole pairs 
and improve stability by consuming the strongly oxidative photoexcited 
holes. The drawbacks of this approach are increased cost and production of 
waste. Recently, researchers have reported the use of abundantly available 
hole scavengers, including biomass, biomass-derived intermediates, plastic 
wastes, and a range of alcohols for H2 evolution, coupled with value-added 
chemicals production using semiconductor-based photocatalysts. It is timely, 
therefore, to comprehensively summarize the properties, performances, and 
mechanisms of these photocatalysts, and critically review recent advances, 
challenges, and opportunities in this emerging area. Herein, this paper: 1) 
outlines reaction mechanisms of photocatalysts for H2 evolution coupled 
with selective oxidation, C–H activation and C–C coupling, together with 
nonselective oxidation, using hole-scavengers; 2) introduces equations to 
compute conversion/selectivity of selective oxidation; 3) summarizes and 
critically compares recently reported photocatalysts with particular emphasis 
on correlation between physicochemical characteristics and performances, 
together with photocatalytic mechanisms, and; 4) appraises current 
advances and challenges.

﻿

B. Xia, Y. Zhang, Dr. J. Ran, Dr. K. Davey, Prof. S.-Z. Qiao
School of Chemical Engineering & Advanced Materials
The University of Adelaide
Adelaide, SA 5005, Australia
E-mail: jingrun.ran@adelaide.edu.au; s.qiao@adelaide.edu.au
Prof. B. Shi
School of Life Sciences
Henan University
Kaifeng, Henan 475004, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202000063.

1. Introduction

Global energy demand continues to increase significantly. Due 
to the dwindling and possible exhaustion of nonrenewable 
fossil fuels, research emphasis is being directed to alternative 
and practically sustainable energy resources.[1–3] Solar energy is 
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of photocatalysts (e.g., CdS/CdOx quantum dots and carbon 
nitride/nickel phosphide) and alkaline solution.[23,24] Simulta-
neously, the photoinduced electrons left in these photocatalysts 
reduce water to evolve H2.

In addition to readily available biomass and plastic wastes, 
a variety of alcohols, for example, methanol, benzyl alcohol, 
and 4-methyl benzyl alcohol, have been adopted as organic sub-
strates to be selectively oxidized into corresponding aldehydes 
or ketones on a range of photocatalysts including Cu2O,[25] 
ZnO,[25] Pt/TiO2, Pd/CdS-TiO2,[26] CoP/CdS,[27] Ni/CdS,[28] ZnS-
NixSy,[29] Zn3In2S6,

[30] and; CdSe quantum dots/Ni2+.[22] These 
alcohols are routinely produced in highly significant quanti-
ties in the chemical industry every year and selectively oxidized 
products including, for example, formaldehyde, benzyl alde-
hyde, and 4-methyl benzyl aldehyde are widely used in the fra-
grance, confectionery, beverage, and pharmaceutical industries. 
However, conventional oxidation requires strong oxidants that 
generate undesired and overoxidized products, and significant 
waste. In consequence, the efficient conversion of alcohols to 
aldehydes with simultaneous H2 production via oxidant-free 
photocatalysis has attracted significant research attention.

Here, we critically review for the first time the develop-
ment of photocatalysts to produce value-added chemicals 
with simultaneous evolution of clean and carbon-free H2 fuel 
utilizing hole scavengers, such as biomass, biomass-derived 
intermediates, plastic wastes, and alcohols. In this work, we: 
1) outline fundamental reaction mechanisms for H2 evolution 
coupled with selective and nonselective oxidation using hole 
scavengers; 2) illustrate equations to compute conversion and 
selectivity of selective oxidation; 3) summarize and critically 
compare recently reported photocatalysts with an emphasis on 
the relationship between physicochemical characteristics and 
resulting performance, and; 4) appraise current advances and 
challenges.

2. Fundamental Photocatalytic H2 Evolution 
Coupled with Production of Value-Added 
Chemicals

Semiconductor-based photocatalytic H2 evolution that is advan-
tageously coupled with value-added chemical production can 
be categorized into three (3) types based on differing reaction 
pathways and products. The fundamentals of these different 
types are outlined in the following:

2.1. Mechanisms of Photocatalytic H2 Evolution Coupled with 
the Selective Oxidation Reaction

As shown in Figure  1a, the alcohol molecule is adsorbed ini-
tially on the surface of Ni loaded CdS nanoparticles (NPs). 
Under light irradiation, the photoexcited electron on the con-
duction band (CB) of CdS NPs migrates to the surface of Ni 
to reduce the proton extracted from the −OH of the alcohol 
molecule adsorbed on the surface of Ni to form an alkoxide 
anion and H atom adsorbed on the surface of Ni loaded CdS 
NPs. The photoexcited hole on the valence band (VB) of CdS 

Bingquan Xia received his 
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from Wuhan University in 
2016. He is currently a Ph.D. 
candidate under the supervi-
sion of Prof. Shi-Zhang Qiao 
at the University of Adelaide. 
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neering from The University 
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NPs then migrates to its surface and oxidizes the alkoxide 
anion to form the corresponding aldehydes or ketones. In the 
meantime, the homolytic cleavage of C–H occurs. This leads to 
another H atom adsorbed on the surface of Ni loaded CdS NPs. 
Finally, the two adsorbed H atoms form a molecule of H2.

In addition to this mechanism on photocatalysts without any 
linking to surfactant molecules, Zhao et al.[22] proposed another 
on Ni2+/CdSe capped with 3-mercaptopropionic acid (MPA, see 
Figure  1b). In this mechanism, under light illumination, the 
photoinduced hole on the VB of CdSe migrates to the absorbed 
thiolate anion or disulfide to produce a thiyl radical (RS·). The 

Small Methods 2020, 4, 2000063
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H atom from the alcohol molecule is then extracted by the thiyl 
radical to produce a radical. Subsequently, the two radicals pro-
duced disproportionate to form one alcohol molecule and one 
aldehyde molecule. Through the equilibration of thiol (RSH) 
with bulk water the extracted H atoms are released as protons 
that finally are reduced to evolve H2 by the Ni2+ adsorbed on the 
MPA-capped CdSe quantum dot.

2.2. Mechanisms of Photocatalytic H2 Evolution Coupled with 
C–H Activation and C–C Coupling Reaction

As is shown in Figure  2a, Xie et  al.[25] proposed a concerted 
proton–electron transfer mechanism in which the CH bond 
was activated without affecting the OH group for dehydro-
genative C–C coupling of methanol (CH3OH) to ethylene glycol 
(HOCH2CH2OH) on MoS2 nanofoam coupled CdS nanorod 
(MoS2/CdS) photocatalyst. Under light irradiation, the photoex-
cited hole in CdS oxidizes the CH3OH to form ·CH2OH radical 
and proton. The two ·CH2OH radicals then combine via C–C 
coupling to form one HOCH2CH2OH. The two protons are 
finally reduced by the photoexcited electrons to evolve H2.

Luo et al. reported photocatalytic H2 evolution coupled with 
the production of diesel-fuel precursors through acceptor-less 
dehydrogenative C–C coupling using lignocellulose-derived 
methylfurans on Ru-doped ZnIn2S4 photocatalyst.[20] As is  
illustrated in Figure 2b, under visible-light irradiation the photo
induced hole oxidizes the furfuryl CH bond of 2,5-dimethyl-
furan (2,5-DMF) to generate furfuryl radicals and protons. The 
furfuryl radicals undergo resonance to yield dimeric isomers 
via C–C coupling. The dimers then combine with 2,5-DMF, or 
actually themselves, to produce trimers and tetramers as diesel-
fuel precursors. Simultaneously the photoinduced electrons on 
the CB of Ru doped ZnIn2S4 reduce the protons to evolve H2.

2.3. Mechanisms of Photocatalytic H2 Evolution Coupled with 
the Nonselective Oxidation Reaction

In the preceding two mechanisms the organic substrates are 
selectively converted into “target” products with high conver-
sion. However, the organic substrates are, in some instances, 
converted into a range of products in photocatalysis. For 
example, Wakerley et  al.[16] utilized CdS/CdOx photocatalyst 

Small Methods 2020, 4, 2000063

Figure 1.  Mechanism of photocatalytic H2 evolution coupled with selective oxidation on a) Ni loaded CdS nanoparticles[28] and b) Ni2+/MPA capped CdSe 
quantum dot.[22] a) Reproduced with permission.[28] Copyright 2016, American Chemical Society. b) Reproduced with permission[22] Copyright 2017, Wiley-VCH.

Figure 2.  Mechanism of photocatalytic H2 evolution coupled with C–H activation and C–C coupling on a) MoS2 nanofoam coupled CdS nanorod and 
b) Ru doped ZnIn2S4. a) Reproduced with permission.[20] Copyright 2018, Springer Nature. b) Reproduced with permission[20] Copyright 2019, Springer 
Nature.
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to photoreform lignocellulose to produce H2. As is illus-
trated in Figure  3a, light irradiation on CdS/CdOx leads to 
the production of photoexcited electrons and holes. The 
photoexcited electrons reduce the protons in the aqueous 
solution for H2 evolution. The photoexcited holes oxidize the 
lignocellulose to generate a range of products, such as alde-
hydes, formate, HCO3

− and CO3
2−. In another example, CdS/

CdOx quantum dots were employed to photoreform plastic 
waste to evolve H2 fuel.[24] Under visible-light irradiation, 
the photoexcited electrons reduce the H2O to evolve H2 gas. 
Plastic wastes including polylactic acid (PLA), polyethylene 
terephthalate (PET), polyurethane, and a PET water bottle, 
were oxidized by photoexcited holes to yield chemical prod-
ucts, e.g., pyruvate, formate, glycolate, ethanol, acetate, and 
lactate.

2.4. Conversion and Selectivity

The percentage conversion and selectivity of photocatalytic 
dehydrogenative oxidation of organic substrates to target oxi-
dized products are computationally defined as follows:

n n n[ ])()( = −Conversion % / * 1000 t 0 � (1)

n n n[ ]) )( ()( = −Selectivity % / * 100oxt 0 t � (2)

HER rate (H )/( * )2 catn m t=
� (3)

where
	 n0: the initial molar amount of the organic substrate
	 nt: the real-time molar amount of the organic substrate
	 noxt: the molar amount of a target oxidized product
	 n(H2): the molar amount of produced H2

	 mcat: the initial mass of catalyst for the reaction
	 t: reaction (light irradiation) time.

3. Photocatalyst for H2 Evolution Coupled with the 
Selective Oxidation Reaction

The selective oxidation of alcohols, such as alkyl, aryl, and fur-
furyl, to corresponding oxidation products, such as aldehydes 
and ketones (Figure  4) via oxidant-free photocatalysis under 
mild conditions is important. This is because these oxidized 
products are used widely in the food and pharmaceutical indus-
tries. A number of photocatalysts (shown in Table 1) have been 
developed to drive the coproduction of H2 gas and the selective 
oxidation of these alcohols to aldehydes or ketones.

3.1. Selective Oxidation of Alkyl Alcohol

In most instances of dehydrogenation of methanol, HCHO 
was formed as a major product with semiconductor-based 
photocatalysts. Xie and co-workers have reported the testing 
of a series of typical semiconductor-based photocatalysts for 
dehydrogenation and selective oxidation of methanol to obtain 
valuable chemical products.[25] Under UV–visible light illumi-
nation, ZnO showed a selectivity of 91% for obtaining HCHO, 
followed by TiO2 (84%) and g-C3N4 (64%). 21% of HCOOH was 
produced with g-C3N4 photocatalyst, implying that some of the 
formed HCHO were oxidized further to HCOOH. For ZnS, the 

Small Methods 2020, 4, 2000063

Figure 3.  Mechanism of photocatalytic H2 evolution coupled with nonselective oxidation reactions on a) CdS/CdOx photocatalyst using lignocellu-
lose[16] and b) CdS/CdOx quantum dot using plastic waste.[24] a) Reproduced with permission.[16] Copyright 2017, Springer Nature. b) Reproduced with 
permission.[24] Copyright 2018, The Royal Society of Chemistry.

R1 C R2

OH

H

H2+
O

R1 C R2

R1, R2: alkyl, aryl, furfuryl, H, etc.

hν

Figure 4.  Photocatalytic H2 evolution coupled with selective oxidation of 
alcohols (alky, aryl, and furfuryl) to aldehydes or ketones.
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selectivity for HCHO formation is 43%, and another 54% of 
methanol was converted to ethylene glycol. These results indi-
cate that the photocatalytic dehydrogenation of methanol over 
ZnS might have additional reaction pathways to form ethylene 
glycol.

3.2. Selective Oxidation of Aromatic Alcohol

Benzaldehyde is an important chemical compound/precursor 
with a high added value because of widespread use in the food, 
pharmaceutical, and cosmetic industries. The synthesis of ben-
zaldehyde is therefore significant. Since it is readily oxidized in 
the presence of O2 (or other oxidants) it is difficult to obtain 
from benzyl alcohol or toluene while avoiding overoxidized 
products.

In 2016, Chai et al. reported utilization of Ni-modified CdS 
nanoparticles as a photocatalyst for splitting of alcohol into H2 
and corresponding aldehydes or ketones.[28] Following 20 h 
illumination, the conversion of benzyl alcohol was 96%. The 
selectivity for benzaldehyde was 96%. In comparison, 50% 
conversion for benzyl alcohol and 9% selectivity for benzalde-
hyde were observed over CdS photocatalyst without Ni. These 
researchers proposed a mechanism of formation of a CO 
bond via Ni-assisted C–H activation (see Figure  1a). Success 
in this work was believed to be associated with the interface 
between the Ni nanocrystal and CdS (Figure 5a,b).

Hao et  al. used ZnS-NixSy composites as photocatalysts 
for the dehydrogenation and selective oxidation of benzyl 
alcohol to produce H2 and benzaldehyde.[29] High-resolution 
transmission electron microscopy (HRTEM) images of ZnS-
NixSy (Figure 5c,d) corroborated intimate contact between ZnS 

and NixSy, indicating efficient interfacial charge transfer. The 
overoxidation of benzyl alcohol was controlled by adding reac-
tion media acetonitrile or benzotrifluoride to restrict the for-
mation of nonselective and reactive •OH and overdependency 
on photogenerated holes. Compared with bare ZnS, the selec-
tivity for the transformation of benzyl alcohol to benzaldehyde 
increased from 8.15% to 90.5% after NixSy was integrated with 
ZnS under UV light illumination (Figure  5d). The greatest 
photocatalytic H2 evolution was also achieved on ZnS-NixSy (3) 
composite (Figure 5e).

Li et al. reported Pt-loaded g-C3N4 for photocatalytic dehydro-
genation of benzyl alcohol.[31] After 20 h reaction, 0.051 mmol 
H2 was produced, while 40% of benzyl alcohol was consumed 
with 90% converted to benzaldehyde.

3.3. Selective Oxidation of Furfuryl Alcohol

Furfuryl alcohol and its oxidative derivatives are important raw 
materials and intermediates in the chemical industries. They 
can be produced from abundant biomass resources.[32–34]

Han et  al. reported the photocatalytic H2 generation from 
furfuryl alcohol and obtained selective oxidative products 
using Ni/CdS.[19] Nearly all the furfuryl alcohol was converted 
to furfural after 22 h. However, under the same reaction con-
dition, just 22% conversion was achieved with 2D Ni/CdS for 
the oxidation of 5-hydroxymethylfurfural (HMF). Results from 
controlled experiments indicated that aldehyde groups can 
inhibit the oxidation of alcohol groups in HMF. Because alde-
hyde groups are not stable in a high pH environment photocat-
alytic conversion of HMF to 2,5-furandicarboxylic acid reached 
90% in 1 h.

Small Methods 2020, 4, 2000063

Table 1.  Comparative summary of performance on reported photocatalysts for H2 evolution coupled with selective oxidation.

Photocatalyst Cocatalyst Substrate Productsa) 
[Oxidized]

HER rate 
[mmol gcat

−1 h−1]
Sel. 
[%]

Conv.  
[%]

Reaction 
condition

Light source  
[nm]

Ref

Cu2O –b) Methanol Formaldehyde 0.42 100 – H2O Vis(420–780) [25]

ZnO – Methanol Formaldehyde 3.1 91 – H2O UV–vis(320–780) [25]

Pt/TiO2 Pt Benzyl alcohol Benzaldehyde 0.96 99 99 CH3CN UV [37]

Pd/CdS-TiO2 Pd Benzyl alcohol Benzaldehyde 1.2 96 99 H2O Blue LED(460 nm) [26]

CoP/CdS CoP 4-methlyl benzyl 

alcohol

4-methyl 

benzaldehyde

4.152 80.5 88 H2O Vis [27]

Co-CdS Co Benzyl alcohol Benzaldehyde 8.940 93.9 – CH3CN Vis (>420 nm) [38]

Ni/CdS Ni Benzyl alcohol Benzaldehyde – 96 96 CH3CN Blue LED [28]

ZnS-NixSy NixSy Benzyl alcohol Benzaldehyde 3.648 80.4 49.3 N2 Xe lamp (>200 nm) [29]

Zn3In2S6 – Benzyl alcohol Benzaldehyde 0.167 93 – benzotrifluoride Vis (>420 nm) [30]

CdSe−Ni2+ Ni2+ Benzyl alcohol Benzaldehyde – 98 92 H2O, Ar Vis (410 nm) [22]

CdSe−Ni2+ Ni2+ Furfuryl alcohol Furfural – 14 95 H2O, Ar Vis (410 nm) [22]

Ni/CdS Ni Furfuryl alcohol Furfural 2.05 100 81.7 H2O Blue LED(455) [19]

g-C3N4 Pt Benzyl alcohol Benzaldehyde 1.83 90 60 1.5 × 10−3 m, 

H2O, Ar

UV-LED (392) [39]

Pt-g-C3N4 Pt Benzyl alcohol Benzaldehyde 0.255 90 40 H2O, Ar Vis (>400 nm) [31]

g-C3N4 – Methanol Formaldehyde 1.5 64 – H2O UV–vis(320–780) [25]

a)Only major oxidized products are displayed; b)–: not available.
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Zhao et al. reported an MPA-capped CdSe quantum dot with 
Ni2+ (NiCl2) for the oxidation of furfuryl alcohol (2-furyl-meth-
anol). Only 14% selectivity toward furfural was achieved while 
95% furfuryl alcohol was consumed.[22]

4. Photocatalyst for H2 Evolution Coupled with 
Selective C–H Activation and C–C Coupling

Generally, activation of inert CH bonds is more difficult 
than activation of OH bonds if the organic substrates con-
tain hydroxyl groups. However, Xie et al. reported preferential 
activation of CH bond and C–C coupling in methanol and 
obtained high-valued ethylene glycol (EG) with CdS as the 
photocatalyst under solar light irradiation.[25] In this work, the 
desired EG was demonstrated to be formed via the radical inter-
mediate of •CH2OH following CH bond activation, while the 
byproduct HCHO was formed via radical intermediate CH3O• 
after dissociation of the OH bond. The lower formation 

energy, smaller reaction energy barrier of •CH2OH and, weak 
adsorption energy on CdS, make it favorable for the preferen-
tial generation of the intermediate •CH2OH (over CH3O•). The 
strong adsorption energy of •CH2OH found on the surface of 
TiO2 and CuS prevents the •CH2OH formed from leaving the 
catalyst surface. The •CH2OH intermediates can be further oxi-
dized to chemical products, such as HCHO and HCOOH, as 
the case with ZnS and g-C3N4. Ethylene glycol can be formed 
because the OH group of CH3OH on CdS energy is more dif-
ficult to deprotonate compared with that on TiO2 which has 
greater adsorption energy. Additionally, the morphology and 
structure of the photocatalyst and cocatalyst can alter the reac-
tion pathways and affect the selectivity. The selectivity toward 
forming ethylene glycol was 58% and 71% for CdS nanoparti-
cles and CdS nanorods, respectively. As MoS2 nanosheet and 
nanofoam were introduced, the selectivities increased to 84% 
and 90% (Table  2), respectively. They also mentioned that the 
produced EG may be further oxidized and a number of by-
products including glycolaldehyde, oxalic acid, HCHO, and 

Small Methods 2020, 4, 2000063

Figure 5.  a) TEM image and b) HRTEM image of Ni/CdS (the inset in (b) shows the Fourier transform of the marked area).[29] HRTEM images of 
c) ZnS-NixSy (3) composite and d) NixSy nanoparticles. e) Conversion efficiencies for benzyl alcohol on various photocatalysts after a 3 h Xe lamp illu-
mination in 5 × 10−3 m benzyl alcohol aqueous solution. f) Photocatalytic H2 evolution of various photocatalysts in 5 × 10−3 m benzyl alcohol aqueous 
solution under Xe lamp illumination. Reproduced with permission.[29] Copyright 2019, American Chemical Society.

Table 2.  Comparative summary of performance on reported photocatalysts for H2 evolution and C–C coupling.

Photocatalyst Cocatalyst Substrate Productsa)  
[Oxidized]

HER rate 
[mmol gcat

−1 h−1]
Sel. [%] Conv. [%] Reaction cond. Light source 

[nm]
Ref

NF-MoS2/CdS MoS2 Methanol Ethylene glycol 12 90 – H2O, N2 Vis(420–780) [25]

Ru-ZnIn2S4 –b) 2,5-dimethylfuran Diesel-fuel 

precursors

40 96 – CH3CN, Ar Blue LED(455) [20]

a)Only major oxidized products are displayed; b)–: not available.
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HCOOH were observed without the EG separator in the scaled-
up production.

Luo et  al. recently reported Ru-doped ZnIn2S4 as a photo
catalyst for coproduction of diesel-fuel precursors and H2 
from methylfurans that were selectively obtained from ligno-
cellulose.[20] X-ray diffraction (XRD) patterns of the Ru-doped 
ZnIn2S4 (Figure  6a) confirmed its hexagonal crystal structure 
(JCPDS no. 72-0773). The shift of the (006) reflection to a 
higher angle indicated that Ru is doped into the crystal struc-
ture of ZnIn2S4. The HRTEM image (Figure  6b) exhibited a 
lattice spacing of 0.33 nm, corresponding to the (102) facet of 
hexagonal structured ZnIn2S4. The X-ray absorption near edge 
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) of Ru K edge for Ru doped ZnIn2S4 are displayed 
in Figure 6c–e.

Overall results showed that the doped Ru is mainly located 
in the ZnIn2S4 lattice in a substitutional position for indium 
ions (see Figure 6f). When irradiated by the light, the furfuryl 
C–H of 2,5-dimethylfuran is oxidized by the photogenerated 
holes to form furfuryl radicals. Due to resonance, these radi-

cals migrate to the furan rings and the active C sites are then 
coupled by CC bonds to form dimers, trimers, and tetramers. 
At the same time, the activated protons are reduced to gaseous 
H2 by the photogenerated electrons in the CB of Ru doped 
ZnIn2S4.

It was concluded that the doping of Ru substitutes the 
indium ions in ZnIn2S4, narrows the bandgap of ZnIn2S4, 
inhibits the hole–electron recombination and thereby improves 
the efficiency of charge separation.

5. Photocatalyst for H2 Evolution Coupled with the 
Nonselective Oxidation Reaction

In some instances added hole-scavengers are converted non-
selectively into a range of chemical products, including over-
oxidized products, such as CO2, HCO3

− and CO3
2−.[11,16,23,35] 

For example, abundant and available hole-scavengers, such as 
lignocellulose and its derivatives, together with various plastic 
wastes (as shown in Table  3), are used to boost photocatalytic 

Small Methods 2020, 4, 2000063

Figure 6.  a) X-ray diffraction (XRD) patterns of Ru doped ZnIn2S4 and pure ZnIn2S4. b) HRTEM image of Ru doped ZnIn2S4. Inset in (b) shows the 
corresponding fast Fourier transform (FFT) of Ru doped ZnIn2S4. c) X-ray absorption near edge structure (XANES) of Ru K edge for, respectively, Ru 
metal, RuS2, and Ru doped ZnIn2S4. d) Extracted extended X-ray absorption fine structure (EXAFS) signals for, respectively, Ru metal, RuS2, and Ru 
doped ZnIn2S4. e) Fit of the Fourier transformed (FT) K3-weighted χ(k) of the EXAFS signals of Ru K edge for Ru doped ZnIn2S4. f) Schematic of the 
Ru-ZnIn2S4 structure and the fitting results of Ru–S coordination. Reproduced with permission.[20] Copyright 2019, Springer Nature.

16



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000063  (8 of 9)

www.advancedsciencenews.com www.small-methods.com

Small Methods 2020, 4, 2000063

H2 evolution and to generate a range of chemicals with high 
value.

Zhang et  al. used cellulose coated TiO2 with Pt for photo-
catalytic conversion of cellulose into sugars and carbon dioxide, 
with simultaneous H2 evolution.[15] They found that the immo-
bilization of cellulose onto TiO2(Pt) is crucial to the conversion 
of cellulose, compared with a physical mixture of TiO2(Pt) and 
cellulose that exhibited poor catalytic activity toward decom-
position of cellulose. Based on reported results the oxidation 
potentials of organic carbohydrates are more negative than the 
potential of water oxidation, and the surface-bound cellulose 
was prone to be decomposed by the VB holes. The intermedi-
ates in water were further oxidized by the reactive and oxidative 
holes or OH radicals. Due to the complexity of the pathway of 
cellulose decomposition, it was difficult to determine the prod-
ucts generated.

Zhang et al. reported photocatalytic H2 evolution from cellulose 
with TiO2/NiOx@Cg.[21] A proton dissociated from the −OH  
group adsorbed on the Ni surface was reduced by the photo-
generated electron to form a Ni-H hydride and an alkoxide 
anion intermediate. Hydrogen was evolved at a reported rate of 
0.967 mmol gcat

−1 h−1 by two Ni-H hydrides. The alkoxide anion 
was oxidized by the hole generating a mixture of CO2, CO, and 
CH4.

In 2017, Wakerley et al. used CdS/CdOx quantum dots with 
Co(BF4) as the cocatalyst for photocatalytic reforming lignocel-
lulose (Equation  (4)), earth’s most abundant form of biomass, 
to H2 at a rate of 5.31 mmol H2 gcat

−1 h−1.[16] A more detailed 
summary and comparison of photocatalysts for H2 production 
from lignocellulose sources can be obtained from Kuehnel and 
Reisner[36]

C H O H O 12H 6CO6 12 6 2 2 2+ + � (4)

The practical utilization of CdS/CdOx quantum dots as photo-
catalyst was reported for disposing of plastic waste, including 
PLA, PET, and polyurethane that are widely used in packaging 
and storage. These common plastic polymers were converted to 
H2 and CO2 under mild conditions compared with the harsh 
requirements for the decomposition of plastic waste.[24]

It is concluded that photocatalytic overoxidization of organic 
substrates could be practically useful for the disposal/decompo-
sition of plastic wastes under mild conditions.

6. Conclusion

A number of photocatalysts have been developed for the evo-
lution of hydrogen (H2) coupled with selective oxidation reac-
tions, C–H activation and C–C coupling as well as nonselective 
oxidation reactions.

Hole scavengers, such as abundantly available biomass, bio-
mass-derived intermediates, plastic wastes, and alcohols, boost 
efficiency and long-term reliability of photocatalysts. These 
advantageously also yield high value-added chemicals that are 
presently widely used in the fragrance, confectionery, beverage, 
and pharmaceutical industries. Despite exciting advances in 
this emerging field further careful research to improve activity 
and selectivity, and to avoid overoxidation, is needed, however. 
As most researches were carried out with a relatively small 
amount of reactants in the laboratory, it is still challenging to 
realize the scaled-up production for the above-mentioned valu-
able chemicals. It is crucial to obtain the desired product with 
high selectivity. It needs to separate the product from a number 
of possible by-products. To improve the selectivity toward pref-
erable products, designing suitable photocatalysts for the spe-
cific oxidation reaction is one viable approach. Also, facilitating 
the separation of the preferred product from reactants during 
the reaction could be another feasible approach.

In the future, state-of-art experimental techniques such as in 
operando/in situ characterizations, aberration-corrected atomic-
resolution transmission electron microscopy, and synchrotron 
radiation-based X-ray absorption spectroscopy, could be usefully 
combined with theoretical computations to improve under-
standing of the structure-performance relationship of photocat-
alysts at the atomic level and to elucidate reaction mechanism(s) 
to guide development of high-performance photocatalysts for 
solar energy conversion and storage. In addition, flow-intensi-
fied chemical processing design and novel separation and puri-
fication technologies could also be utilized to obtain better out-
comes and make it possible for large-scale production.
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Table 3.  Comparative summary of performance on reported photocatalysts for H2 evolution coupled with nonselective oxidation.

Photocatalyst Cocatalyst Substrate Productsa) 
[Oxidized]

HER rate 
[mmol gcat

−1 h−1]
Sel. [%] Conv. [%] Reaction cond. Light source [nm] Ref

Cellulose@TiO2 Pt Cellulose CO2 2.16 – – H2O, Ar UV–vis [15]

TiO2/NiOx@Cg Ni NiOx Cellulose CO2, CO 0.27 – 65 H2O Xe lamp [21]

Ni2P/CNx Ni2P Polylactic acid CO2 0.097 – 1.6 ± 0.2 N2,10 m NaOH Simulated Solar 

light

[23]

CdS/CdOx Co(BF4)2 lignin CO2 0.26 – 9.7 N2,10 m NaOH Simulated Solar 

light

[16]

CdS/CdOx QDs –b) Polylactic acid CO2 64.3 – 38.8 N2,10 m NaOH Simulated Solar 

light

[24]

a)Only major oxidized products are displayed; b)–: not available.
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Chapter 3: A two-dimensional metal–organic framework accelerating 

visible-light-driven H2 production

3.1 Introduction and significance

The rapid consumption of non-renewable fossil fuels and the relevant critical 

environmental issues have significantly boosted the demand for clean, renewable and 

carbon-free energy sources. The conversion of solar energy into green hydrogen (H2) via 

photocatalytic water splitting stands out as a promising, cost-effective and 

environmentally friendly technology. However, the realization of large-scale solar-driven 

photocatalytic H2 production relies on the development of inexpensive, efficient and 

stable photocatalysts.

In this chapter, Zn0.8Cd0.2S (ZCS) nanoparticles (NPs) were dispersed on Co-based 

metal-organic layers (CMLs) using an easy self-assembly approach. A series of advanced 

characterization studies, e.g., synchrotron-based X-ray absorption near edge structure 

and time-resolved photoluminescence spectroscopy, disclose the strong electronic 

interaction between ZCS and CML and the abundant reactive sites on the CML lead to the 

significantly improved photocatalytic H2-production activity. Our contribution not only 

demonstrates the application of CML as earth-abundant support and promoter to 

tremendously boost photocatalytic H2 production without noble-metal co-catalysts, but 

also sheds light on the tailored design and synthesis of metal-organic layer-based 

materials for energy conversion and storage.

3.2 A two-dimensional metal–organic framework accelerating visible-light-driven 

H2 production

This chapter is included as it appears as a journal paper published by Bingquan Xia; 

Jingrun Ran; Shuangming Chen; Li Song; Xuliang Zhang; Liqiang Jing; Shi-Zhang Qiao. A 
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The rapid consumption of non-renewable fossil fuels and the relevant critical environmental issues have

significantly boosted the demand for clean, renewable and carbon-free energy sources. The conversion

of solar energy into green hydrogen (H2) via photocatalytic water splitting stands out as a promising, cost-

effective and environmentally friendly technology. However, the realization of large-scale solar-driven

photocatalytic H2 production relies on the development of inexpensive, efficient and stable photocata-

lysts. Here, for the first time, we report the fabrication of Zn0.8Cd0.2S (ZCS) nanoparticles (NPs) dispersed

Co-based metal–organic layers (CMLs) using an easy self-assembly approach. The as-synthesized ZCS/

CML composite shows a remarkable visible-light-induced H2-production activity of 18 102 μmol h−1 g−1,

492% higher than that of pure ZCS. A series of advanced characterization studies, e.g., synchrotron-based

X-ray absorption near edge structure and time-resolved photoluminescence spectroscopy, disclose that

the strong electronic interaction between ZCS and CML and the abundant reactive sites on the CML lead

to the significantly improved photocatalytic H2-production activity. Our contribution not only demon-

strates the application of CML as an earth-abundant support and promoter to tremendously boost photo-

catalytic H2 production without noble-metal co-catalysts, but also sheds light on the tailored design and

synthesis of metal–organic-layer based materials for energy conversion and storage.

Introduction

Over the past decades, industrial development and population
explosion have significantly driven the global demand for non-
renewable fossil fuels. To address the shortage of fossil fuels
and tackle relevant environmental issues due to fossil fuel con-
sumption, aggressive exploration of clean, renewable and
carbon-free energy sources has been made in recent
decades.1–3 Among them, hydrogen (H2) has been considered
as an ideal energy carrier because it is carbon-free and clean.
Besides, as the lightest gas with a relatively high energy
density in nature, H2 can be compressed and stored and
further transported by currently available facilities. Compared
with conventional approaches for H2 generation from chemical

hydrides4 or electrolysis of water,5 solar-driven H2 production
shows great potential in extracting H2 from water under
visible-light irradiation with photocatalysts.6–8 It is promising
to develop efficient, low-cost and robust photocatalysts for H2

production considering the abundant solar light in nature.
Although considerable exploration of sunlight-driven H2

generation has been made on semiconductor photocatalysts, it
remains a big challenge to develop high-performance and
cost-effective photocatalysts.9–13 Currently, most of the devel-
oped photocatalysts suffer from insufficient H2-production
activity mainly due to the easy recombination of photo-excited
electron/hole pairs and lack of highly active surface reactive
centers.14–21 An effective solution is to introduce co-catalysts
for suppressing electron/hole recombination and providing
sufficient active sites to catalyze the surface reactions by lower-
ing the activation energies.15,22–24 Generally, the noble metal
Pt with a large work function is utilized as a co-catalyst in
photocatalytic H2 production. However, the high cost and scar-
city of precious metals seriously restrict the practical appli-
cation of photocatalysts. Therefore, it is of great significance to
develop high-performance and inexpensive photocatalysts
without using noble-metal co-catalysts.

Metal–organic frameworks (MOFs) are one kind of porous
crystalline compounds constructed with metal-containing
nodes and coordinating organic linkers.25,26 The diverse com-

†Electronic supplementary information (ESI) available: Experimental section,
supplementary figures and tables. See DOI: 10.1039/c9nr00663j
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positions of MOFs make it possible to tune the structures and
introduce specific functionalities. With relatively high surface
area and high porosity, MOFs have widespread applications in
medicine delivery, gas adsorption and separation, films and
heterogeneous catalysis.27–29 On the other hand, two-dimen-
sional (2D) nanomaterials have gained intensive attention due
to their ultrathin thickness, sheet-like structure and large
surface area.30 Benefiting from the strong in-plane covalent
bond and atomic thickness, 2D materials with all atoms
exposed for modification could obtain unique properties and
functionalities at the atomic level through surface modification/
functionalization, element doping, and/or defect/vacancy/strain
engineering.30–32 Inheriting the advantages of both MOFs and
2D nanomaterials, 2D MOFs with layered structures, large
surface area, ultrathin thickness and high aspect ratio are
anticipated to efficiently advance the charge carrier separation
and transfer, promote the dispersion of nanosized photocata-
lysts and boost the surface catalytic procedures.10,33–37

Herein, we report a facile approach to fabricate a hybrid of
Zn0.8Cd0.2S (ZCS) and ultrathin 2D Co-based metal organic
layers (CMLs) by a self-assembly process, yielding a ZCS/CML
nanocomposite. This ZCS/CML nanocomposite exhibits a sig-
nificantly enhanced photocatalytic H2-production activity of
18 102 μmol h−1 g−1, surpassing that of bare ZCS by 492%. A
range of state-of-art characterization studies, such as synchro-
tron-based X-ray absorption near edge structure (XANES)
and time-resolved PL spectroscopy, reveal that the strong elec-
tronic coupling between CML and ZCS greatly advances the
interfacial charge dissociation and migration. In addition, the
CML can accommodate numerous reduction-active sites. This
study not only demonstrates that the CML can greatly advance
the visible-light-driven H2 evolution without noble-metal co-
catalysts, but also enlightens the development of MOF-based
hetero-structures for solar energy conversion and storage.

Results and discussion

First, the Co-based MOF (Co-MOF, Fig. S1†) was synthesized by
a hydrothermal method according to the reported literature.38

The powder X-ray diffraction (PXRD) pattern of solid Co-MOF
is shown in Fig. S2.† The as-prepared solid Co-MOF was then
dispersed in ethanol, probe-ultrasonicated and centrifuged to
obtain the 2D Co-based MOF layers (abbreviated as CMLs) in
the supernatant. The collected CML shows an ultrathin layered
morphology in Fig. S3a.† The energy-dispersive X-ray spec-
troscopy (EDS) result shown in Fig. S3b† confirms the presence
of C, N, O and Co elements in the CML, coincident with its
chemical composition, which is also confirmed by the high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and elemental mapping images in
Fig. S4.† The high-resolution X-ray photoelectron spectroscopy
(XPS) recordings of Co 2p, N 1s, C 1s and O 1s spectra for CML
are displayed in Fig. S5a, b, c and d,† respectively. Then, the
Zn0.8Cd0.2S (ZCS) nanoparticles (NPs) were synthesized by a
precipitation-hydrothermal approach as introduced in the

ESI.† Finally, the ZCS NPs were combined with CML by a self-
assembly technique through physical mixing at room tempera-
ture. The resulting composites were denoted as ZCS/CMLx,
where x stands for the volumes (ml) of the CML ethanol solu-
tion used to combine with the as-prepared ZCS NPs (x = 0, 2.5,
10, 15 and 25). It can be observed in Fig. 1a that the ZCS NPs
with a mean particle size of 21 ± 3 nm (Fig. 1a, inset) are uni-
formly anchored on the ultrathin CML nanosheet. The pres-
ence of ultrathin CML nanosheets can stabilize the ZCS NPs to
reduce their aggregation. However, these CML nanosheets
cannot direct the growth of ZCS NPs into smaller sizes because
the post-synthesis physical coupling between the CML
nanosheets and ZCS NPs at room temperature cannot alter the
sizes of primary ZCS NPs. Moreover, the lattice spacing of ZCS
was determined to be 0.30 nm, corresponding to the (101)
plane of ZCS (Fig. 1b). The EDS spectrum of ZCS/CML15 corro-
borates the presence of Zn, Cd, S, C, N and O elements, in
agreement with its elemental composition. The actual Co
content was determined to be 0.2 wt% in the ZCS/CML15
using the inductively coupled plasma-optical emission spectro-
meter (ICP-OES). All the ZCS/CML hybrids exhibit PXRD pat-
terns (Fig. 1d) similar to pristine ZCS. No other diffraction
peaks were observed, ascribed to the low content and high dis-
persion of CML in all the ZCS/CML hybrids.

The photocatalytic H2-production rates of ZCS/CML hybrids
and pure ZCS were tested by measuring the amounts of H2 pro-
duced in an hour. As shown in Fig. 2a, ZCS exhibits a photo-
catalytic H2-production rate of 3683 µmol h−1 g−1. After mixing
with CML, the H2-production rate of ZCS/CML2.5 is increased
to 5871 µmol h−1 g−1. The H2-production rate of ZCS/CML15
reaches the highest value of 18 102 µmol h−1 g−1, superior to
those of most representative noble-metal-free ZnxCd1−xS or

Fig. 1 (a) TEM image and particle size distribution (inset) of ZCS NPs,
(b) HRTEM image of ZCS in ZCS/CML15, (c) the EDS spectrum of ZCS/
CML15, and (d) PXRD patterns of ZCS and ZCS/CML hybrids (scale bar:
a = 200 nm, b = 5 nm).
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CdS-based photocatalysts (see Table S1†). However, on further
increasing the amount of CML, the H2-production rate of
ZCS/CML25 is decreased to 10 532 µmol h−1 g−1. The decline
of photocatalytic activity is ascribed to the covered active
sites and blocked light absorption by the excessive amount
of CML.

To examine the stability of ZCS/CML15, a 12 h photo-
catalytic reaction was carried out. As shown in Fig. 2b, the
H2-production amount of ZCS/CML15 in the third cycle still
retains 77% of that in the first cycle, suggesting the good stabi-
lity of ZCS/CML15. The slightly lowered photocatalytic activity
in the third cycle probably arises from a combination of the
following three reasons: (i) the aggregation of ZCS NPs result-
ing in the decrease of their exposed surface area and active
sites, (ii) the consumption of the sacrificial reagent (lactic
acid) leading to the reduction in its concentration and (iii)
the adsorption of the lactic acid oxidation products on
ZCS/CML15, resulting in the covering of its active sites.

To explore the origin of the enhanced photocatalytic
activity, the light absorption of ZCS/CML15 was examined by
UV-Vis diffuse reflectance spectroscopy. As presented in
Fig. 2c, the ZCS/CML composites with various contents of
incorporated CML display the unchanged onset absorption
edge at 484 nm. No shift of the absorption edge of the ZCS/
CML hybrids is found, suggesting that the elements in CML
are not doped into the crystal structure of ZCS, in agreement
with the above PXRD results. The band gaps of ZCS and CML
are calculated to be 2.56 and 3.91 eV, respectively.

Furthermore, the efficiency of charge carrier separation and
migration in ZCS/CML15 was studied by a range of characteriz-

ation techniques, such as steady-state and transient-state
photo-luminescence (PL) spectroscopy, electrochemical impe-
dance spectroscopy (EIS), transient photocurrent (TPC) density
measurement and steady-state surface photovoltage (SPV) spec-
troscopy. After loading ZCS NPs on the surface of CML
nanosheets, ZCS/CML15 exhibits an obviously decreased inten-
sity of the steady-state PL peak at 550 nm, compared to that of
pure ZCS (Fig. 2d), suggesting that the presence of CML can
efficiently repress the recombination of charge carriers in ZCS.
Moreover, the time-resolved PL decay spectra in Fig. 2e show
that ZCS/CML15 possesses increased short (τ1 = 0.25 ns), long
(τ2 = 5.5 ns) and intensity-average (ave. τ = 0.74 ns) lifetimes,
compared to those of pure ZCS (τ1 = 0.15 ns; τ2 = 1.0 ns; ave.
τ = 0.38 ns), indicating the enhanced charge separation and
transfer in ZCS/CML15. In addition, as presented in the EIS
spectra results (Fig. 2f), ZCS/CML15 presents a smaller semi-
circle, corresponding to the lower charge transfer resistance
(Rt, Table S2†). Moreover, a higher TPC density (Fig. 2f, inset)
is observed for ZCS/CML15 than that of ZCS alone, indicating
that more efficient exciton dissociation and transportation are
achieved in ZCS/CML15. Highly-sensitive steady-state SPV
measurement is an effective and direct technique to disclose
the properties of photo-induced charges of solid semi-
conductor materials. The SPV response is directly related to
the efficiency of charge carrier separation on the surface of
photocatalysts. In Fig. 3a, an apparently increased SPV
response for ZCS/CML15 is perceived in comparison with that
of ZCS, suggesting that the photo-induced charge carriers are
more efficiently dissociated on the surface of ZCS/CML15, due
to the combination of ZCS NPs and 2D CML. All the aforemen-

Fig. 2 (a) Photocatalytic H2-production performance of ZCS and ZCS/CML hybrids in lactic acid aqueous solution under visible-light irradiation
(λ > 420 nm), (b) durability test of ZCS/CML15, (c) UV-Visible diffuse reflectance spectra, (d) steady-state PL spectra, (e) time-resolved PL decay
spectra and (f ) EIS and (f inset) transient photocurrent response with light on/off.
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tioned results corroborate the high-efficiency dissociation and
transport of photo-excited charge carriers in ZCS/CML15.39,40

To explore the electronic interaction between ZCS and CML,
both surface-sensitive XPS and synchrotron-based XANES
studies were conducted. After loading ZCS on CML in ZCS/
CML15, the Zn 2p peaks (Fig. 3b) at 1022.6 eV and 1045.7 eV
shifted to 1022.0 eV and 1045.1 eV, respectively, suggesting the
electron donation from 2D CML to ZCS. In addition, the S 2p
peaks (Fig. 3c) of ZCS/CML also shifted in the low binding
energy direction, compared to those of ZCS, also indicating
the electron extraction from 2D CML to ZCS. Moreover, the Cd
3d peaks (Fig. 3d) of ZCS/CML exhibited a slight shift of 0.1 eV
towards the high binding energy direction. Due to the much
higher percentage of ZCS in ZCS/CML15, its Zn K edge showed
no shift in comparison with that of pure ZCS after introducing
CML. Nevertheless, the shift of the Co L edge towards the high
photon energy direction reveals the electron migration from
2D CML to ZCS. The above results support electron donation
from 2D CML to ZCS in ZCS/CML15.41,42 The reason might be
that ZCS attracts electrons from the electron-rich conjugated
systems in the coordination linkers of 1,10-phenanthroline
and 4,4′-oxybis(benzoic acid) in 2D CML.

The Brunauer–Emmett–Teller (BET) surface areas of ZCS
and ZCS/CML15 acquired from the N2 sorption isotherms
(Fig. 4a and inset) are 93.82 m2 g−1 and 49.38 m2 g−1, respect-
ively, indicating the intimate contact between CML and ZCS.
Then, the Mott–Schottky plots (Fig. 4b) of ZCS and 2D CML
disclose that their flat band potentials are −0.99 V and −0.89 V
vs. Ag/AgCl electrode, respectively. The calculated band gaps
for ZCS and CML (Fig. 2c and 4c) are 2.56 eV and 3.91 eV,

respectively. Accordingly, their conduction band (CB) edge
potentials are estimated to be −0.46 V and −0.36 V, respect-
ively. Then their valence band (VB) edge potentials are calcu-
lated to be 2.10 V and 3.55 V, respectively. On the basis of the
above comprehensive experimental results, a possible photo-
catalytic H2-production mechanism in the ZCS/CML15 hybrid
is proposed and illustrated in Fig. 4d where a type II (stagger-

Fig. 3 (a) Surface photovoltage spectra, and high-resolution XPS spectra of (b) Zn 2p, (c) S 2p, and (d) Cd 3d spectra for ZCS and ZCS/CML15, and
X-ray absorption near-edge spectra of (e) the Zn L edge and (f ) the Co L edge.

Fig. 4 (a) N2 sorption isotherms, (inset) pore size distribution curves of
ZCS and ZCS/CML15, (b) Mott–Schottky plots of ZCS and CML (c)
UV-Vis absorption spectra of pristine Co-MOF and the exfoliated CML
and (d) illustration of possible mechanism of photocatalytic H2 pro-
duction using the ZCS/CML composite.
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ing type) hetero-junction consisting of ZCS and 2D CML is con-
structed.43–45 The irradiation of visible light (λ > 420 nm) gen-
erates photo-excited electrons and holes on the CB and VB of
ZCS, respectively. The strong electronic coupling between ZCS
and 2D CML combined with their formation of a type II
hetero-junction would promote the efficient separation and
migration of photo-excited electron–hole pairs, resulting in the
transfer of photo-excited electrons to the CB of the 2D CML
and the remaining photo-excited holes in the VB of ZCS.
Subsequently, the photo-excited electrons are further trans-
ported to the surface of ultrathin 2D CML nanosheets with
numerous atomically dispersed single Co sites serving as cata-
lytic sites to reduce the protons for H2 evolution. In the mean-
time, the photo-excited holes left on the VB of ZCS NPs oxidize
lactic acid to generate oxidation products.

Conclusions

In summary, we report the synthesis of a ZCS nanoparticle
decorated Co-based metal organic layer (CML) by a simple self-
assembly method through physical mixing at room tempera-
ture. The hybridized ZCS/CML nanocomposite presents a
remarkable H2-production rate of 18 102 µmol h−1 g−1, about
492% higher than that of bare ZCS. Comprehensive character-
ization studies, such as synchrotron-based X-ray absorption
near-edge spectroscopy and transient-state photoluminescence
spectroscopy, reveal that the strongly interactive nature at the
ZCS/CML interface, the high-efficiency interfacial charge trans-
fer and the abundant reduction catalytic sites on CML, arouse
the significant enhancement of photocatalytic performance.
This work not only demonstrates that the interfacial engineer-
ing between the two-dimensional CML and the semiconductor
photocatalyst can greatly increase its activity, but also pave a
way to the exploration of noble-metal-free, high-performance
and stable MOF-based photocatalysts for solar fuel production.
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I. Experimental Section 

1.1 Materials synthetic procedures

All chemicals were purchased from Sigma-Aldrich without further purification.

Preparation of Co-MOF: Co-MOF was prepared according to the reported method.1 Briefly, 

Co(NO3)2·3H2O (0.119 g, 0.5 mmol), 1,10-phenanthroline (0.091 g, 0.5 mmol), 4,4ˊ-oxybis(benzoic 

acid) (0.129 g, 0.5 mmol) and triethylamine (0.101 g, 1 mmol), were added into 10 mL H2O. The 

suspension was then transferred into a Teflon-lined autoclave and heated to 160 °C and kept for 6 

days and then cooled to room temperature at a rate of 5 K h-1. Red crystals were obtained after being 

washed with water and dried in air. 

Preparation of ultrathin Co-MOF layer (CML): 100 mg of the as-prepared Co-MOF was added into 

100 mL ethanol and the suspension was then probe-ultrasonicated for 10 hours followed by high-

speed centrifugation. Then the as-exfoliated 2D CML in the supernatant was preserved for further 

use. 

Preparation of Zn0.8Cd0.2S (ZCS): ZCS was prepared by a precipitation-hydrothermal approach. 

Briefly, 7.15 g Zn(NO3)2·2H2O and 2.14 g Cd(NO3)2·4H2O were dissolved in 217 mL deionized 

water and stirred at room temperature for 30 min. After that, 50 mL 0.9 M Na2S aqueous solution 

was added dropwise into the above solution followed by stirring for about 2 hours at room 

temperature. Then the mixture was transferred into a 500 mL Teflon-lined stainless-steel autoclave 

and maintained at 180 °C for 12 h. The final products were washed with deionized water and ethanol, 

respectively, for two times to remove any residuals and then dried at 60 °C under vacuum.

Preparation of ZCS/CML hybrids: The ZCS/CML hybrids were fabricated by a self-assembly 

method using the as-synthesized ZCS and 2D CML ethanol solution. In a typical procedure, 50 mg 

ZCS nanoparticles were mixed with 2.5, 10.0, 15.0 and 25.0 mL of 2D CML ethanol solution, 

respectively. Then the suspension was mechanically ground for 5 min. After the ethanol naturally 

evaporated, the solid left was again ground into powders as the final products. The resulting samples 

were labelled as ZCS/CML2.5, ZCS/CML10, ZCS/CML15 and ZCS/CML25, respectively.

1.2 Physicochemical characterizations

PXRD was performed on Rigaku MiniFlex 600 X-Ray Diffractometer with Cu Kα to characterize the 

crystal structure. The morphologies and structures of as-prepared samples were observed by TEM 

(JEOL ARM-200CF with double Cs correctors, 200 kV). UV-Vis diffuse reflectance spectra were 

collected for the dry-pressed disk samples with an UV-Vis spectrophotometer (UV2600, Shimadzu, 

Japan) using BaSO4 as the reflectance standard. The PL spectra were recorded on a RF-5301PC 
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spectrofluorophotometer (Shimadzu, Japan) at room temperature. Time-resolved PL decay curves 

were obtained on a FLS1000 fluorescence lifetime spectrophotometer (Edinburgh Instruments, UK). 

XPS measurement was conducted on a VG ESCALAB 210 XPS spectrometer with Mg K source. 

All the binding energies were referenced to the C 1s peak at 284.8 eV. XANES spectra of the samples 

were collected at the soft X-ray absorption beamline of the Australian Synchrotron (AS). Elemental 

contents were determined by ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometer) 

on Prodigy 7. The steady-state SPV spectra were acquired on a home-built apparatus. 

1.3 Photocatalytic H2 production measurement

The experimental measurements of photocatalytic H2 production were carried out in a 100 ml Pyrex 

flask at room temperature and atmospheric pressure. A 300 W Xenon arc lamp with a UV-cutoff filter 

(λ > 420 nm) was utilized as a visible-light source to trigger the photocatalytic reaction. Briefly, 20 

mg of the as-prepared photocatalyst was added into 80 ml of lactic acid (88 vol%) solution. Before 

irradiation, the suspension was purged with Argon for 0.5 h to remove any dissolved air and keep the 

reaction system under anaerobic conditions. Next, 0.2 ml gas was intermittently sampled through the 

septum, and H2 content was analyzed by Gas chromatography (Clarus 480, PerkinElmer, USA, TCD, 

Ar as a carrier gas and 5 Å molecular sieve column). Before the experiment, all glassware was rinsed 

carefully with de-ionized water. 

1.4 Electrochemical and photoelectrochemical measurements

EIS measurements were performed on an electrochemical analyzer (CHI650D instruments) in a 

standard three-electrode system utilizing the synthesized samples as the working electrodes, Ag/AgCl 

(saturated KCl) as a reference electrode, and Pt wire as the counter electrode.  The EIS were recorded 

over a range from 1 to 2*105 Hz with an AC amplitude of 0.02 V. 0.5 M Na2SO4 aqueous solution 

was utilized as the electrolyte. Transient photocurrent was measured in the same three-electrode 

system. A 300 W Xenon light with a UV-cutoff filter ( > 420 nm) was applied as the light source. 

0.5 M Na2SO4 aqueous solution was used as the electrolyte. The working electrodes were synthesized 

as follows: 0.01 g sample and 0.03 g polyethylene glycol (PEG; molecular weight: 20,000) were 

ground with 2.0 ml of ethanol to make a slurry. Then the slurry was coated onto a 1.2 cm * 0.8 cm 

FTO glass electrode by the doctor blade approach. The obtained electrode was dried in an oven and 

heated at 623 K for 0.5 h under flowing N2.
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II. Supplementary Figures

Figure S1. Crystal Structure of Co-MOF. (Note: Hydrogen atoms bonded to C, N and O are not 

shown.)
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Figure S2. PXRD pattern of Co-MOF.
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Figure S3. (a) TEM image and (b) EDS spectrum of 2D CML (scale bar in a: 200 nm).

Figure S4. HAADF-STEM and the corresponding element mapping images of CML.
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Figure S5. High-resolution XPS spectra of (a) Co 2p, (b) N 1s, (c) C 1s and (d) O 1s in CML.
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III. Supplementary Tables

Table S1. A comparison of the photocatalytic H2-production activities of the representative noble-

metal-free ZnxCd1-xS or CdS based systems

Photocatalyst Co-catalyst Enhancement
factor

H2 production rate
(μmol h-1 g-1)

 Light/
dose Ref.

Zn0.8Cd0.2S/CML15 CML 4.92 18100 λ> 420 nm/
20 mg

This
work

Zn1–xCdxS/10 wt.% α-Fe2O3 α-Fe2O3 24 540 λ> 420 nm/
100 mg

[2]

P-ZnCdS/CdS-VS2 VS2 7.6 192 λ> 400 nm/
5 mg

[3]

0.5 wt% Fe0.3Pt0.7-ZnCdS Fe0.3Pt0.7 3.06 2230 λ> 400 nm/
100 mg

[4]

0.5 wt% Pt-ZnCdS Pt 2.20 1630 λ> 420 nm/
100 mg

[4]

CdS/CNT CNT 2.23 1770 λ> 420 nm/
20 mg

[5]

CdS/Graphene Graphene 4.87 56000 λ> 420 nm/
20 mg

[6]

CdS/N-Graphene N-Graphene 5.25 1050 λ> 420 nm/
200 mg

[7]

CdS/DWNT/s-MoS2
DWNT/s-

MoS2
N/A 5730 λ> 420 nm/

20 mg
[8]

Table S2. Fitted results of resistance obtained from electrochemical impedance spectra

Resistance ZCS ZCS/CML15

Rs (ohm) 47.15 43.10

Rt (ohm） 3818 3186
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Chapter 4: Metal-organic framework with atomically dispersed Ni–N4

sites for greatly-raised visible-light photocatalytic H2 production

4.1 Introduction and significance

The depletion of traditional fossil fuels and related environmental issues have spurred 

the demand for clean and sustainable energy resources to achieve carbon neutrality. 

Solar energy has been considered as an ideal sustainable alternative to the traditional 

carbon-based fuel, because of its affordability and availability. However, the intermittent 

and irregular sunlight and/or weather changes need to be taken into consideration. To 

overcome this difficulty, it has been proposed to transform solar energy into chemical 

fuels with higher energy densities. Hydrogen outstands as a promising energy carrier for 

transforming solar energy because of its high energy density and no by-product produced 

after combustion. It should also be noted that to facilitate the conversion process, active, 

robust and cheap photocatalysts are required for large-scale photocatalytic H2 evolution 

reaction (p-HER), which transforms solar energy into chemical energy. 

Based on the work of introducing Co-based MOF to Zn0.8Cd0.2S for photocatalytic 

hydrogen production in Chapter 3, an easily prepared Ni-imidazole framework (NiIm)  

with abundant Ni-N4 reactive sites was proposed to improve the photocatalytic 

performance for hydrogen production. In this chapter, the decoration of the Ni-imidazole 

framework (NiIm) with CdS nanorods was fabricated and tested for p-HER. Highlights of 

this paper include:

(1) Physicochemical characterizations and theoretical calculations reveal strong 

interactions at the CdS/NiIm interface, and the presence of numerous Ni-N4 active sites 

on NiIm leads to significant performance enhancement. 

37



(2) NiIm is demonstrated to be an affordable and abundant cocatalyst that remarkably 

enhances the p-HER.

(3) The further development in the design and preparation of metal-organic framework-

based materials for various applications in photocatalysis and related subjects is

enlightened.

4.2 Metal-organic framework with atomically dispersed Ni–N4 sites for greatly-

raised visible-light photocatalytic H2 production

This chapter is included as it appears as a journal paper published by Bingquan Xia, Yi 

Yang, Yanzhao Zhang, Yang Xia, Mietek Jaroniec,  Jiaguo Yu,  Jingrun Ran,  Shi-Zhang Qiao. 

Metal–organic framework with atomically dispersed Ni–N4 sites for greatly-raised 

visible-light photocatalytic H2 production. Chemical Engineering Journal. 2022, 431, 

133944.
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A B S T R A C T   

The depletion of traditional fossil fuels and related environmental issues have increased the demand for clean 
and sustainable energy resources to achieve carbon neutrality. Active, robust and cheap photocatalysts are 
required for large-scale photocatalytic H2 evolution reaction (p-HER), which transforms solar energy into 
chemical energy. Here we report the decoration of Ni-imidazole framework (NiIm) with CdS nanorods for 
p–HER. The p–HER rate of CdS/NiIm hybrid sharply increased by about 14.23 times to 21,712 µmol h− 1 g–1 when 
compared with that of CdS alone. Physicochemical characterizations and theoretical calculations reveal strong 
interactions at the CdS/NiIm interface and the presence of numerous Ni–N4 active sites on NiIm leading to the 
significant performance enhancement. This work demonstrates that NiIm acts as an affordable and abundant co- 
catalyst that remarkably enhances the p–HER, and enlightens the further development in the design and prep
aration of metal− organic framework-based materials for various applications in photocatalysis and related 
subjects.   

1. Introduction 

Single-atom catalysts (SACs) have attracted a lot of attention due to 
their distinctive performance in various chemical reactions linked to the 
abundance of single-atom active sites [1–5]. The distinct advantages of 
SACs arise from the following factors: i) the unsaturated coordination 
sites and unique electronic structures leading to the unusually high ac
tivity/selectivity; ii) the highest efficiency in the usage of single-atom 
sites leading to a tremendous decrease in the consumption of catalytic 
materials; iii) the single-atom reactive sites facilitate the exploration of 
the catalytic mechanisms, and iv) the well-defined atomic-level struc
ture facilitates the understanding of structure–activity correlation [6,7]. 
Thus, SACs have been gaining increasing attention in many applications, 
e.g., electrocatalysis [8–11], photocatalysis [12–17], thermo-catalysis 
[18,19], and photo-electrocatalysis [20,21]. 

In the past several decades, metal–organic frameworks (MOFs) have 
become one of the most attractive classes of nanomaterials because of 
their outstanding properties related to: i) the accessibility of reactive 
sites for catalysis and easy transfer of reactants/products due to the high 

porosity of MOFs [22]; ii) facile tunability of structures for acquiring 
ideal physicochemical properties toward desired catalytic reactions 
[23]; iii) the well-defined crystalline structures favoring the exploration 
of the structure–activity correlation [24]; iv) the porous structure cre
ates short transfer pathways for electron-hole pairs before their contact 
with reactants, thus enhancing the electron-hole dissociation. Espe
cially, the atomically-dispersed and under-coordinated metal sites in 
MOFs can greatly improve the catalytic reactions [25–28]. Thus, these 
MOFs are often coupled with the other materials to achieve 
synergistically-enhanced activity and selectivity. 

In light of the present global energy/environmental issues caused by 
burning fossil fuels, great efforts have been devoted to seeking green and 
renewable energy resources. Photocatalysis is an environmentally 
benign, cost-effective and promising strategy, which can transform 
inexhaustible sunlight into carbon-free hydrogen (H2) fuel via solar 
water splitting [29–37]. The large-scale application of this strategy re
lies upon the development of high-performance and inexpensive pho
tocatalysts [38–44]. As a result, the utilization of MOFs with atomically 
dispersed metal sites to construct hybridized photocatalysts for boosted 
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photocatalytic H2 production is of great interest [25,45–50]. However, 
previous works are more focused on utilizing MOF as the light harvester 
or support in photocatalysis [28,46]. Few works reported the utilization 
of MOF with atomically dispersed metal sites as a co-catalyst to advance 
the photocatalytic H2 production. 

Herein, we report the preparation of Ni-based MOF (NiIm) decorated 
with CdS nanorods (NRs) via a facile self-assembly procedure. The 
photocatalytic H2 production rate over the NiIm/CdS hybrid is 21,712 
µmol h− 1 g− 1, about 14.23 times higher as compared to that on bare CdS. 
Experiments and theoretical calculations indicate that the tremendously 
increased photocatalytic H2-production rate results from high dispersion 
of CdS NRs, better charge transport in the hybridized NiIm/CdS, as well 
as the abundant atomically-dispersed Ni–N4 sites promoting the surface 
hydrogen production. Our work not only demonstrates that the Ni–N4 
sites in MOF co-catalyst can greatly promote photocatalytic H2 genera
tion, but also open new avenues for the design and synthesis of MOF- 
based materials for efficient solar energy transformation and utilization. 

2. Experimental section 

2.1. Materials synthesis 

Preparation of NiIm: NiIm was prepared using a modified procedure 
based on a previous report [51]. 18 mmol of imidazole was added to an 
aqueous solution (50 mL) containing 2.8 mmol of nickel acetate tetra
hydrate. Then, 10 mL of ammonium hydroxide (NH3⋅H2O) was added to 
the above solution. The mixed solution was then heated to 373 K and 
kept for 5 h. The precipitate was collected and then washed with 
deionized water and acetone, and then dried in a vacuum oven for 12 h. 

The obtained yellow powder sample was labeled as NiIm. 
Preparation of CdS nanorods (NRs): CdS NRs were prepared by using a 

modified solvothermal method [38]. Typically, 5.4 mmol of cadmium 
acetate dihydrate were added into 108 mL of ethylenediamine with 
stirring. 10.8 mmol of thiourea were then added to the above solution 
under stirring. After these solids were dissolved, the mixed solution was 
transferred to a sealed autoclave and kept at 433 K for 12 h. The yellow 
precipitates were collected after the autoclave cooling to 298 K, fol
lowed by washing with deionized water and ethanol 3 times and drying 
under 333 K for 24 h. 

Preparation of CdS/NiIm hybrids: The CdS/NiIm hybrids were pre
pared by grinding at room temperature. At first, 100 mg of CdS was 
dispersed in 5 mL of ethanol. Then a certain amount (x = 0, 10, 20, 40 
mg) of NiIm was added into the mixture. The mixed samples were 
collected after grinding for 10 min and drying under air for 2 h. The 
finally obtained powder samples were collected and stored for further 
use. 

2.2. Photocatalytic H2-production performance test 

The evolved H2 amount was analyzed and determined using gas 
chromatography (GC). 20 mg of the photocatalyst was added into 80 mL 
10 vol% ethanol aqueous solution in a 100 mL reactor and kept stirring 
for 30 min and followed by a purge with N2 for 30 min. The reaction 
system was then irradiated by a 300 W Xenon arc lamp with a 420 nm 
cut-off filter (λ > 420 nm). After a certain irradiation time, 400 µL of gas 
extracted from the reactor was immediately injected into the GC (GC- 
14C, Shimadzu, Japan). The real-time evolved hydrogen amount is 
determined by the peak area of produced hydrogen comparing with that 

Fig. 1. (a) Atomic structure of NiIm viewed from [100] direction. (b) The experimental and simulated PXRD patterns of NiIm. (c) TEM image and (d) the corre
sponding EDS spectrum of NiIm. 
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of standard H2. 

2.3. Electrochemical and photoelectrochemical measurements 

These measurement details are described in supporting information. 

2.4. Theoretical calculations 

The theoretical computations details are described in supporting 
information. 

2.5. Physicochemical characterization 

The physicochemical characterization details are available in sup
porting information. 

3. Results and discussion 

3.1. Structures and morphologies 

The metal–organic framework NiIm [bisimidazolato-nickel (II)] was 
fabricated via a modified hydrothermal approach using Ni as the metal 
node and imidazole as the organic linker [51]. The atomic structure of 
NiIm is displayed in Fig. 1a and Fig. S1, which show that each Ni atom 
coordinates with the adjacent four N atoms in imidazole (Im, C3H4N2), 
affording a Ni-N4 coordination structure. These atomically well- 
dispersed and under-coordinated Ni-N4 sites could serve as highly 
active sites promoting H2 evolution [26,52–54]. Moreover, the porous 
structure of NiIm also facilitates the adsorption/desorption of reactants/ 
products as well as the mass transfer. As shown in Fig. 1b, the powder X- 
ray diffraction (PXRD) pattern of NiIm agrees well with the simulated 

pattern based on its atomic structure in Fig. 1a, further confirming the 
successful synthesis of NiIm. The TEM image in Fig. 1c shows the layered 
structure of NiIm with an approximately 200–300 nm lateral size. The 
energy-dispersive X-ray spectroscopy (EDS) pattern for NiIm (Fig. 1d) 
indicates the presence of elements Ni, C and N, as expected based on the 
composition of NiIm. To test the water stability of the as-prepared NiIm, 
we dispersed the as-prepared NiIm in deionized water and stirred the 
dispersion for 3 h. Then we centrifuged and washed the NiIm by 
deionized water and ethanol for 3 times, respectively. After that, the 
washed NiIm was dried at 80 ◦C for 1 h, and then tested for the PXRD 
pattern. As shown in Fig. S2, no apparent difference is observed in the 
intensity and position of major diffraction peaks for the as-prepared 
NiIm and the NiIm dispersed in deionized water for 3 h. This result 
suggests the good water stability of the as-prepared NiIm. 

Moreover, CdS nanorods (NRs) were prepared via a solvothermal 
method. The PXRD pattern of the as-prepared CdS NRs (Fig. 2a) is in 
good agreement with hexagonal wurtzite-structured CdS (JCPDS No. 
41–1049) [55]. As can be seen in the scanning electron microscopy 
(SEM) image (Fig. S3), CdS displays a one-dimensional (1D) NR 
morphology. The Raman spectrum of CdS NRs (Fig. 2b) shows the 
fundamental (1LO) and overtone (2LO) peaks of CdS, in agreement with 
the reported data [56]. The TEM image in Fig. 2c further shows that CdS 
NRs possess the lengths of ~ 60–120 nm and diameters of ~ 10–20 nm. 
The presence of Cd and S elements in CdS NRs is confirmed by the EDS 
spectrum in Fig. S4, in agreement with the PXRD analysis (Fig. 2a) and 
Raman spectrum (Fig. 2b). The high-resolution transmission electron 
microscopy (HRTEM) image (Fig. 2d) shows the lattice spacing value of 
0.32 nm attributed to the (101) facet of hexagonal wurtzite-structured 
CdS, also in agreement with the PXRD analysis (Fig. 2a). The 1D struc
ture of CdS NRs with lengths of ~ 60–120 nm and diameters of ~ 10–20 
nm facilitates the directed migration of charge carriers. This is also 

Fig. 2. (a) PXRD pattern and (b) Raman spectrum of CdS NRs. (c) TEM image and (d) HRTEM image of CdS NRs.  
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supported by the previous reports on CdS NRs for photocatalytic H2 
production [57,58]. 

The as-synthesized CdS NRs are dispersed on the as-prepared NiIm 
by a facile physical mixing method at room temperature. The amounts of 
NiIm in the merged samples are, respectively, 10 wt%, 20 wt% and 40 
wt% (based on the weight of CdS). Accordingly, the as-synthesized 
samples are denoted as CdS/0.1NiIm, CdS/0.2NiIm and CdS/0.4NiIm, 
respectively. As shown in Fig. S5, CdS exhibits a negative zeta potential 
of − 0.06 mV; whilst NiIm shows a positive zeta potential of 20.42 mV. 
This result indicates that CdS and NiIm tend to combine with each other 
due to the opposite surface potential. This is also in agreement with the 
strong electronic interaction between CdS and NiIm in CdS/0.2NiIm 
confirmed by the XPS results. The TEM image of CdS/0.2NiIm (Fig. 3a) 
demonstrates the dispersion of CdS NRs on the surface of NiIm. More
over, the high-resolution high-angle annular dark-field scanning trans
mission electron microscopy (HAADF-STEM) image (Fig. 3b) of CdS/ 
0.2NiIm exhibits a 0.36 nm d-spacing value, which could be ascribed to 
the (100) facet of hexagonal CdS. Additionally, the HAADF-STEM image 
of CdS/0.2NiIm (Fig. 3c) indicates that several CdS NRs are loaded onto 
the surface of NiIm. The corresponding mapping images of Cd, S, Ni, C, 
and N elements (Fig. 3d-h) and the EDS spectrum of CdS/0.2NiIm 
(Fig. S6) further verify the successful combination of CdS NRs and NiIm 
in CdS/0.2NiIm. 

3.2. Photocatalytic H2-production performance 

The as-synthesized CdS, CdS/0.1NiIm, CdS/0.2NiIm, CdS/0.4NiIm 
and NiIm were tested for photocatalytic H2 production in 10 vol% 
ethanol aqueous solution with visible-light illumination. As can be seen 
in Fig. 4a, CdS NRs display a limited photocatalytic H2-production rate 
(1,525 µmol h− 1 g− 1), as a consequence of the fast recombination of 
electrons and holes, and insufficient surface reactive sites. The disper
sion of CdS NRs onto NiIm results in the improved photocatalytic ac
tivity of 5,141 µmol h− 1 g− 1. Then, the loading of CdS NRs onto the 
optimized amount (20 wt%) of NiIm exhibits the highest photocatalytic 
H2-production rate (21,712 µmol h− 1 g− 1). Compared with the H2-pro
duction rate on CdS, this rate is about 14.23 times higher (Fig. 4a), 
which is also ranked amongst the most active earth-abundant CdS-based 
photocatalysts reported so far (Table S1). However, for samples with a 
larger amount of NiIm merged with CdS NRs, as in the case of CdS/ 
0.4NiIm, a greatly reduced photocatalytic H2-production rate (2,529 
µmol h− 1 g− 1) was observed, probably due to the partial blocking of 
reactive sites on CdS by excessive NiIm and the reduced amount of CdS 
as the light absorber. This is further supported by the negligible activity 
of pure NiIm under the same conditions (Fig. 4a). The stability of pho
tocatalytic H2 production for CdS/0.2NiIm was also studied (Fig. S7). 
The photocatalytic H2-production amount in the third hour accounts for 
63.4% of that in the first hour, suggesting the acceptable stability of 
CdS/0.2NiIm. To gain insight into the reduced photocatalytic activity, 
the used CdS/0.2NiIm was collected for structural and morphological 

Fig. 3. (a) TEM image and (b) High-resolution HAADF-STEM image of CdS/0.2NiIm. (c) HAADF-STEM image of CdS/0.2NiIm and the elemental mapping images for 
Cd (Fig. 3d), S (Fig. 3e), Ni (Fig. 3f), C (Fig. 3g), and N (Fig. 3h). 
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analysis. The PXRD patterns of the CdS/0.2NiIm-t (t stands for the re
action time) collected after reaction are shown in Fig. S8. The patterns of 
CdS/0.2NiIm-10min and CdS/0.2NiIm-1h are almost the same as that of 
CdS/0.2NiIm. The dominant peaks of CdS/0.2NiIm-3h remain un
changed, in comparison with those of CdS and CdS/0.2NiIm. However, 
the (203), (211) and (105) peaks of hexagonal wurtzite-structured CdS 
disappear for CdS/0.2NiIm-3h. The estimated crystallite sizes were 
calculated from the full width at half maximum (FWHM) of the three 
strong peaks in Fig. S8 (see Table S2). Only minor changes in the esti
mated crystallite sizes are observed. The relative crystallinity for the 
photocatalyst collected at different times was also calculated based on 
the area of the strongest (002) peak for CdS/0.2NiIm-t versus the 
counterpart of CdS/0.2NiIm (see Table S3). As shown in Table S3, the 
relative crystallinity for CdS/0.2NiIm-t is gradually decreased with the 
increasing reaction time. And the relative crystallinity of CdS/0.2NiIm- 
3h only accounts for ~ 55% of that for CdS/0.2NiIm, indicating the 
apparently reduced crystallinity of CdS/0.2NiIm-3h compared to that of 
CdS/0.2NiIm. These results indicate the reduced crystallinity of CdS NRs 
in CdS/0.2NiIm after the 3-hour reaction. It can be observed in Fig. S9a 
that some CdS NRs aggregate and lose their original shape in CdS/ 
0.2NiIm-3h in comparison to the CdS NRs in CdS/0.2NiIm (Fig. 3a). 
The HRTEM image of CdS/0.2NiIm-3h (Fig. S9b) further confirms that 
some defects are produced in the CdS NRs, possibly due to the photo- 
induced corrosion of CdS NRs. This is different from the high- 
resolution HAADF-STEM image of CdS/0.2NiIm in Fig. 3b. The aggre
gation of CdS NRs and the produced defects in CdS NRs also contribute 
to the reduced photocatalytic activity of CdS/0.2NiIm-3h. Moreover, no 
apparent difference between the EDS spectra of CdS/0.2NiIm and CdS/ 
0.2NiIm-3h can be observed in Fig. S6 and S10. As shown in Fig. S7, the 

evolved H2 amount of CdS/0.2NiIm in the third hour is 13,770 µmol g− 1, 
which is still much higher than the evolved H2 amount of CdS in the first 
hour (1,525 µmol g− 1, Fig. 4a). On the other hand, it is well-known that 
CdS suffers from photo-corrosion and its crystallinity is reduced after 
photocatalytic reaction. This is reported in many previous works. 
[59–61]. Thus, it is supposed that much better stability can be achieved 
if NiIm co-catalyst is combined with robust photocatalyst, e.g., TiO2, for 
H2 production. 

3.3. Reason for outstanding photocatalytic H2-production rate 

To explore the reason for the greatly-raised photocatalytic H2-pro
duction rate on CdS/0.2NiIm, both physicochemical characterization 
and theoretical computations were performed. The PXRD patterns ob
tained for CdS and NiIm/CdS samples are presented in Fig. 4b. Loading 
CdS NRs onto NiIm does not alter the intensity and positions of 
diffraction peaks, suggesting the crystal structure of CdS is not affected 
after merging with NiIm via physical mixing at room temperature. 
Furthermore, with the low loading of NiIm, no peaks of NiIm are found 
in CdS/0.1NiIm and CdS/0.2NiIm. Meanwhile, the diffraction peaks of 
NiIm appear in the pattern of CdS/0.4NiIm, also suggesting the merging 
of NiIm and CdS. 

The N2 sorption isotherm for CdS/0.2NiIm in Fig. 4c moves down
wards compared with that for pure CdS, suggesting a decrease in the 
surface area of CdS/0.2NiIm. This can be probably attributed to the 
aggregation of CdS NPs and NiIm as ethanol evaporates during the 
mixing process. The N2 sorption isotherm of NiIm is displayed in 
Fig. S11. The Brunauer–Emmett–Teller (BET) surface area (SBET) of NiIm 
is 7 m2 g− 1 (Fig. S11 and Table S4), which is much lower than that of CdS 

Fig. 4. (a) Photocatalytic H2-production rates for CdS, CdS/0.1NiIm, CdS/0.2NiIm, CdS/0.4NiIm and NiIm in 10 vol% ethanol aqueous solution under visible light 
(λ > 420 nm). (b) PXRD patterns of CdS, CdS/0.1NiIm, CdS/0.2NiIm, CdS/0.4NiIm and NiIm. (c) N2 sorption isotherms for CdS and CdS/0.2NiIm. The values of SBET 
for CdS and CdS/0.2NiIm are presented in Fig. 4c. (d) Pore size distribution curves of CdS and CdS/0.2NiIm. 

B. Xia et al.                                                                                                                                                                                                                                      

45



Chemical Engineering Journal 431 (2022) 133944

6

(60 m2 g− 1, Table S4). Thus, the SBET of CdS/0.2NiIm apparently 
decreased to 35 m2 g− 1 after the hybridization of CdS and NiIm (Fig. 4c). 
The pore size distribution curves of CdS and CdS/0.2NiIm (Fig. 4d) show 
that the pore volume is also reduced after combining CdS and NiIm 
(Table S4). The reduced SBET of CdS/0.2NiIm compared to that of CdS 
indicates that the surface area is not the major factor deciding the 
photocatalytic H2-production rate on CdS/0.2NiIm. 

The ultraviolet–visible diffuse reflectance spectroscopy (UV–Vis 
DRS) was employed to measure the light absorption abilities of these 
hybrid photocatalysts. The UV–Vis DRS spectra of CdS and CdS/NiIm 
hybrids (Fig. 5a) indicate no apparent difference after combining CdS 
and NiIm, suggesting that the presence of NiIm does not result in the 
enhanced light absorption. This also suggests that light absorption is not 
the reason leading to the raised photocatalytic activity in this system. 
Besides, the UV–Vis DRS spectrum of NiIm (Fig. S12) suggests a bandgap 
width of 2.20 eV for NiIm. The CdS and CdS/0.2NiIm electrodes were 
tested for the HER activity via linear sweep voltammetry (LSV). As 
shown in Fig. 5b, CdS alone requires an overpotential of 230 mV to 
achieve a current density of 0.2 mA cm− 2 while CdS/0.2NiIm requires 
an overpotential of 40 mV at the same current density. This result sug
gests the better HER activity of CdS/0.2NiIm in comparison to that of 
CdS alone. This further confirms that NiIm could boost the HER activity 
due to its abundant Ni–N4 active sites.[49,52]. Since the C and N atoms 
in the imidazole linker are fully coordinated, these two sites are usually 
inactive for adsorption and reduction of protons for hydrogen evolution. 
In contrast, the undercoordinated Ni in Ni–N4 sites could adsorb and 
reduce the protons for hydrogen evolution. So it is more likely that these 
rich Ni–N4 sites in NiIm are the active sties for hydrogen evolution. The 
key role of Ni–N4 as HER active sites is also supported by the recent 
works reporting the application of Ni–N4 active sites for thermocata
lytic/electrocatalytic H2 evolution (Table S5). This is further 

corroborated by the recent works reporting the application of metal–N4 
sites for hydrogen evolution (Table S6). 

Then, a series of techniques including transient photocurrent (TPC) 
density measurement, electrochemical impedance spectroscopy (EIS), 
and time-resolved photoluminescence (TRPL) spectroscopy were adop
ted to gain insight into how charge carriers dissociate/migrate in CdS/ 
0.2NiIm. As is shown in Fig. 5c, a much higher TPC density value is 
observed on CdS/0.2NiIm, compared to that of CdS, suggesting the 
higher efficiency of separation/migration of photo-generated electro- 
hole pairs in CdS/0.2NiIm than in CdS. Additionally, the EIS Nyquist 
plot of CdS/0.2NiIm (Fig. 5d) exhibits a smaller semicircle in contrast 
with that of CdS, suggesting the lower charge transfer resistance of CdS/ 
0.2NiIm compared to that of CdS. This result also confirms the more 
efficient charge migration efficiency in CdS/0.2NiIm than in CdS. As 
displayed in Fig. 6a, the TRPL spectra of CdS and CdS/0.2NiIm were 
fitted with the triexponential decay, which involves a short charge- 
carrier lifetime, a middle charge-carrier lifetime and a long charge- 
carrier lifetime. The lifetimes of charge carriers for CdS/0.2NiIm (τ1 
= 0.25 ns; τ2 = 2.89; τ3 = 17.59 ns) are reduced in comparison to those 
obtained for CdS (τ1 = 0.51 ns; τ2 = 3.85; τ3 = 34.09 ns). Besides, the 
average charge-carrier lifetime of CdS/0.2NiIm (τave = 5.49 ns) is also 
decreased compared with that of CdS alone (τave = 15.94 ns). These 
changes are attributed to the faster charge carrier transportation in CdS/ 
0.2NiIm compared to that in CdS. All these confirm the improved sep
aration/migration efficiency of charge carriers in CdS/0.2NiIm in 
comparison to that in CdS. The high efficiency in the separation/transfer 
of electron-hole pairs in CdS/0.2NiIm suggests the establishment of 
strong interfacial electronic coupling between NiIm and CdS. 

As displayed in Fig. 6b, Ni 2p peaks of CdS/0.2NiIm in the XPS 
spectra are shifted to lower binding energy direction by 0.5 or 0.4 eV, in 
contrast with those for NiIm, indicating that electrons on CdS are 

Fig. 5. (a) UV–Vis DRS spectra of CdS, CdS/0.1NiIm, CdS/0.2NiIm and CdS/0.4NiIm. (b) LSV curves of CdS and CdS/0.2NiIm electrodes in 0.5 M Na2SO4 aqueous 
solution. (c) Transient photocurrent response and (d) EIS spectra of CdS and CdS/0.2NiIm in 0.5 M Na2SO4 aqueous solution. 
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transferred to NiIm after hybridization in CdS/0.2NiIm. Moreover, when 
comparing the peak shift of Cd 3d and S 2p in the XPS spectra for CdS 
and CdS/0.2NiIm (displayed in Fig. 6c and 6d), the CdS/0.2NiIm ex
hibits an obvious shift towards the higher binding energy direction, also 
suggesting transfer of electrons from CdS to NiIm after their contact in 
CdS/0.2NiIm. The high-resolution XPS spectra of CdS/0.1NiIm were 
also tested for comparison. The Cd 3d, S 2p and Ni 2p spectra of CdS/ 
0.1NiIm are shown in Fig. S13a, b and c, respectively. The Cd 3d peaks 
and S 2p peaks move to the higher binding energy direction and Ni 2p 
peaks shift to the lower binding energy direction, compared with the 
counterparts of CdS or NiIm. All these results demonstrate the intimate 
electronic interaction at the interface between CdS and NiIm in CdS/ 
0.1NiIm. 

3.4. Positions of conduction/valence bands 

Moreover, the flat band potentials for CdS and NiIm acquired from 
the Mott–Schottky plots (Ag/AgCl as reference electrode, shown in 
Fig. 7a and 7b) are − 0.89 and − 0.65 V vs. Ag/AgCl, which are equiva
lent to − 0.26 and − 0.02 V, respectively, after conversion with respect to 
the standard hydrogen electrode (SHE). As a result, the Fermi level of 
CdS is more negative than that of NiIm, suggesting that the electrons 
migrate from CdS to NiIm after their merging. Besides, theoretical 
computations indicate that the work function for the CdS (002) facet (Φ 
= 4.52 eV) is smaller than that for NiIm (001) facet (Φ = 4.89 eV), as 
shown in Fig. 7c and 7d. These theoretical results also support the 
electron migration from CdS to NiIm. Furthermore, the potentials of the 
conduction band (CB) edges for CdS is approximately − 0.36 V vs. SHE. 
Thus, according to the UV–Vis DRS spectra of CdS (Fig. 5a), the valence 
band (VB) edge potential of CdS is 1.94 V vs. SHE, respectively. 

3.5. Reaction mechanism 

According to the afore-mentioned theoretical and experimental re
sults, we propose the following mechanism of photocatalytic H2 pro
duction for the CdS/NiIm hybrid system (Fig. 8). Visible-light irradiation 
(λ > 420 nm) leads to the excitation of CdS, producing photo-induced 
electrons and holes on the CB and VB of CdS, respectively. The layer- 
structured NiIm serves as the co-catalyst, which provides sufficient 
atomically dispersed Ni–N4 sites boosting the reduction of protons to 
gaseous H2 by the photo-induced electrons. Simultaneously, the photo- 
induced holes on the VB of CdS oxidize the sacrificial electron donor, 
ethanol, to form the oxidation product(s). Thus, CdS accommodates the 
oxidation sites for ethanol oxidation. The roles of NiIm in CdS/NiIm are 
summarized as follows: (i) NiIm can promote the electron-hole separa
tion/migration and (ii) the atomically dispersed Ni–N4 sites on NiIm can 
advance the surface H2 evolution reaction. 

4. Conclusions 

In summary, Ni-based metal–organic framework (NiIm) coupled CdS 
nanorods (NRs) were prepared via physical mixing at room temperature. 
The as-prepared CdS/NiIm hybrid was shown to have an outstanding H2- 
generation rate of 21,712 µmol h− 1 g− 1, about 14.23 times larger than 
that on pure CdS NRs. Physicochemical characterization and theoretical 
computations disclose that the interactive nature at CdS/NiIm interface, 
efficient charge migration in the CdS/NiIm hybrid and numerous Ni–N4 
reduction sites in NiIm, work collaboratively to boost the photocatalytic 
activity. This study not only exemplifies the feasibility of interfacial 
engineering in photocatalysts for enhancing their catalytic performance, 
but also shows the path for seeking abundant, affordable and durable 
metal–organic framework-based photocatalysts for solar energy 

Fig. 6. (a) TRPL spectra of CdS and CdS/0.2NiIm. High-resolution XPS spectra of (b) Ni 2p, (c) Cd 3d and (d) S 2p obtained from CdS/0.2NiIm, NiIm or CdS.  
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transformation. 
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Section S1. Supplementary experimental and theoretical computation details

S1.1. Electrochemical and photoelectrochemical measurements

Electrochemical and photoelectrochemical measurements were performed on an 

electrochemical analyzer (CHI650D instruments) in a standard three-electrode system 

utilizing the as-synthesized samples as the working electrodes, Ag/AgCl (saturated KCl) as a 

reference electrode, and Pt wire as the counter electrode. The prepared samples were coated 

on the F-doped tin oxide (FTO) glass and used as the working electrodes. 20 mg of sample 

was dispersed in 0.5 mL of ethanol containing 10 μL of 5% Nafion solution (D-520, DuPont, 

USA) to make a slurry. Then the slurry was coated onto the conductive surface of FTO glass. 

Finally, the obtained working electrode was dried under room temperature overnight. A Xe 

lamp (300 W,  > 420 nm) for ensuring that the effective irradiation area of 1 cm2 on the 

sample was used as the light source. 50 mL of 0.5 M Na2SO4 aqueous solution was selected 

as the electrolyte for ion transport. The electrochemical impedance spectra and transient 

photocurrent response with the light on/off were obtained.

S1.2. Theoretical calculations 

Similar to our previous work [1], density functional theory (DFT) calculations were 

performed with the CASTEP module based on the plane-wave-pseudo-potential approach. 

The Perdew-Burke-Ernzerhof (PBE) functional of the generalized gradient approximation 

(GGA) was used as the exchange-correlation function. The ultrasoft pseudo-potential was 

employed to describe the interaction between valence electrons and the ionic core. A kinetic 

energy cutoff of 450 eV and Monkhorst-Pack special k-point meshes of 3 × 3 × 1 were 

proposed to carry out geometry optimization and electronic structure calculation. During the 

geometry optimization, all atoms were permitted to relax without any constraints until the 

convergence thresholds of maximum displacement, maximum force and energy were smaller 

than 0.001 Å, 0.05 eV/Å and 1.0 × 10−5 eV/atom, respectively.
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S1.3. Physicochemical characterization

X-ray diffraction (XRD) patterns were recorded by an X-ray diffractometer (RU-

200B/D/MAXRB, Rigaku, Japan). The microstructure investigation was performed on a field 

emission scanning electron microscope (FESEM) (JSM 7500F, JEOL, Japan) and (Scanning) 

Transmission electron microscope (S/TEM) images and corresponding energy dispersive X-

ray (EDX) elemental mapping were collected on a scanning transmission electron microscope 

(Thermo Scientific Talos F200S G2, USA) equipped with EDX detector PV97-61850. The 

Brunauer-Emmett-Teller specific surface area (SBET) was calculated based on N2 adsorption 

isotherm measured on TriStar II 3020 (Micromeritics, USA). Raman spectra were collected 

on a Raman microscope (InVia, Renishaw, England) with a 633 nm Argon laser as an 

excitation source. The ultraviolet–visible diffuse reflectance spectra (UV–Vis DRS) were 

acquired on a UV–Vis spectrophotometer (UV-2600, Shimadzu, Japan). The X-ray 

photoelectron spectroscopy (XPS) spectra were obtained on an electron spectrometer 

(ESCALAB 210, VG, UK). The time-resolved photoluminescence (TRPL) spectra were 

acquired using FLS1000 fluorescence lifetime spectrophotometer (Edinburgh, Instruments, 

UK). Zeta potential measurement was performed on Malvern Zetasizer Nano ZS90.
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Section S2. Supplementary results

Fig. S1. Atomic structure of NiIm viewed from [001] direction.

Fig. S2. PXRD patterns of the as-prepared NiIm and NiIm dispersed in water for 3 hours. 
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Fig. S3. SEM image of CdS NRs.

Fig. S4. EDS spectrum of CdS NRs.
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Fig. S5. Zeta potential acquired for NiIm and CdS in deionized water. 

Fig. S6. EDS spectrum of CdS/0.2NiIm.
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Fig. S7. Stability test of CdS/0.2NiIm for H2 production in 10 vol% ethanol aqueous solution 

under visible light (λ > 420 nm).

Fig. S8. PXRD patterns of CdS, CdS/0.2NiIm, CdS/0.2NiIm-10min, CdS/0.2NiIm-1h and 

CdS/0.2NiIm-3h. 
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Fig. S9. (a) TEM image and (b) HRTEM image of CdS/0.2NiIm-3h.

Fig. S10. EDS spectrum of the CdS/0.2NiIm-3h.
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Fig. S11. N2 sorption isotherm of NiIm.

Fig. S12. UV-Vis DRS spectrum of NiIm.
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Fig. S13. High-resolution XPS spectra of (a) Cd 3d, (b) S 2p and (c) Ni 2p obtained from

CdS/0.1NiIm, NiIm or CdS. 
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Table S1. H2-production performances of the recently reported CdS-based photocatalysts.

Photocatalysts
Light

sources

Reaction

conditions

Photocatalytic 

performances

(µmol h-1 g-1)

References

CdS/0.2NiIm
300 W Xe lamp, 

λ > 420 nm

10 vol.%

ethanol solution
21,712

This 

work

MoS2/Graphene

-CdS

300 W Xe lamp, 

λ > 420 nm

20% lactic acid 

solution
1,600 [2]

Graphene 

oxide/CdS

300 W Xe lamp, 

λ > 420 nm

0.35 M Na2S, 0.25 

M Na2SO3
3,140 [3]

Cd/CdS/4%Pt
300 W Xe lamp, 

λ > 420 nm

0.35 M Na2S, 0.25 

M Na2SO3
16,800 [4]

MoS2/CdS
300 W Xe lamp, 

λ > 420 nm

10% lactic acid 

solution
5,400 [5]

CdS/NiCo-LDH
300 W Xe lamp, 

λ > 400 nm

10% lactic acid 

solution
8,665 [6]

NiS/CDs/CdS
350 W Xe lamp, 

λ > 420 nm

0.25 M Na2S, 0.35 

M Na2SO3
1,444 [7]

Pt/TiO2/CdS

/Co3O4 spheres

300 W Xe lamp, 

λ > 420 nm

0.2 M Na2S, 

Na2SO3
2,120 [8]

Ni(OH)2/CdS
300 W Xe lamp, 

λ > 420 nm

20% 

triethanolamine

solution

5,084 [9]

CdS/PT2/Pt
350 W Xe lamp, 

λ > 420 nm

10% lactic acid 

solution
9,280 [10]

CdS/Co3O4
350 W Xe lamp, 

λ > 420 nm

10% lactic acid 

solution
3,014 [11]

CdS-

NRs/NMOF-Ni

300 W Xe lamp, 

λ > 420 nm

10% lactic acid 

solution
4500 [12]

CdS/ZIF-67-Co
5 W LED white 

light

15% lactic acid 

solution
65 [13]

CdS/UiO-

66(10)

300 W Xe lamp, 

λ > 380 nm

CH3CN/lactic 

acid/H2O=27:3:1
1725 [14]
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Table S2. Full width at half maximums of peaks and estimated crystallite sizes for CdS, 

CdS/0.2NiIm, CdS/0.2NiIm-10min, CdS/0.2NiIm-1h and CdS/0.2NiIm-3h acquired from 

PXRD patterns.

Photocatalysts

XRD Peaks

2* 24.8 26.3 28.1

hkl 100 002 101

CdS
FWHM 0.86 0.31 0.92

Crystallite** 9 28 9

CdS/0.2NiIm
FWHM 0.85 0.353 1.02

Crystallite 9 24 8

CdS/0.2NiIm-10min
FWHM 1.1 0.28 1.22

Crystallite 7 31 6

CdS/0.2NiIm-1h
FWHM 1.01 0.53 1.85

Crystallite 8 29 7

CdS/0.2NiIm-3h
FWHM 1.01 0.36 1.18

Crystallite 8 23 7

* The unit for 2 is degree; ** The unit for crystallite size is nm.

Table S3. Relative crystallinity for CdS/0.2NiIm, CdS/0.2NiIm-10min, CdS/0.2NiIm-1h and 

CdS/0.2NiIm-3h acquired from the strongest XRD peak (002) in PXRD patterns.

Photocatalysts Area of (002) peak Relative crystallinity*

CdS/0.2NiIm 1575 1.00

CdS/0.2NiIm-10min 1212 0.77

CdS/0.2NiIm-1h 1145 0.73

CdS/0.2NiIm-3h 873 0.55
* The relative crystallinity is calculated based on the ratio of total peak area of the strongest 

crystalline peaks (002) of CdS/0.2NiIm-t versus the counterpart of the initial CdS/0.2NiIm. 

Table S4. Surface areas, pore volumes and average pore sizes of CdS and CdS/0.2NiIm. 

Samples
BET surface areas

(m2 g-1)

Pore volumes

(cm3 g-1)

Average pore sizes

(nm)

CdS 60 0.25 16.5

CdS/0.2NiIm 35 0.16 18.5

NiIm 7 0.02 14.0
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Table S5. Catalysts with Ni-N4 active sites for H2 evolution

Catalysts
Active 

sites
Reactions Performances References

1% Ni/NC Ni-N4
Thermocatalytic H2 evolution 

from formic acid

50% conversion at 

570 K
[15]

Ni SA/NP-

NCF-800
Ni-N4 Electrocatalytic H2 evolution

η10
* = 137 mV

[16]

Ni-N-C/EG Ni-N4 Electrocatalytic H2 evolution
η10 = 147 mV

[17]

* η10 refers to the overpotential at the current density of 10 mA cm-2

Table S6. Catalysts with M-N4 active sites for H2 evolution

Catalysts Active sites Reactions References

Ru-NPC Ru-N4-P Electrochemical H2 evolution [18]

Co-Nx-C@Co Co-N4 H2 evolution [19]
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Chapter 5: TiO2/FePS3 S-scheme heterojunction for greatly raised 

photocatalytic hydrogen evolution

5.1 Introduction and significance

The emerging extreme climate changes and increasing natural disasters have been a 

stimulus for seeking low-carbon alternatives to traditional carbon-based fossil fuels. 

Solar-to-hydrogen (STH) transformation has been considered as a promising approach 

to converting renewable solar energy into hydrogen. Restricted by the low efficiency and 

high cost of precious metal cocatalysts, high-performance and cost-effective 

photocatalysts are required to facilitate the STH transformation process. 

According to the previous works in Chapters 3 and 4, the MOF-based photocatalysts 

suffer from instability under long-time light illumination. The inorganic two-dimensional 

FePS3 with layered structure was introduced and proposed to overcome this challenge. 

In this chapter, TiO2 nanoparticles anchored with the two-dimensional FePS3 (FPS) 

nanosheets were prepared and tested for photocatalytic hydrogen evolution reaction (p-

HER) under ultraviolet-visible light irradiation. Highlights of this chapter include:

(1) The improved performance of TiO2-based photocatalysts for hydrogen production 

has been achieved by the introduction of FPS.

(2) A series of advanced characterization techniques have been employed to reveal the 

origin of the improved photocatalytic performance of TiO2/FPS for p-HER. 

(3) Particularly, the surface photovoltage spectroscopy integrated imaging techniques, 

the Kelvin probe force microscopy (KPFM), has been employed to visualize the electron 

migration pathway, revealing the separation of the electron-hole pairs. 

5.2 TiO2/FePS3 S-scheme heterojunction for greatly raised photocatalytic hydrogen 

evolution
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XPS, photocatalytic hydrogen evolution 

The aggravating extreme climate changes and natural disasters stimulate the exploration of low-

carbon/zero-carbon alternatives to traditional carbon-based fossil fuels. Solar-to-hydrogen 

(STH) transformation is considered as an appealing route to convert renewable solar energy 

into carbon-free hydrogen. Restricted by the low efficiency and high cost of noble-metal 

cocatalysts, high-performance and cost-effective photocatalysts are required to realize the 

realistic STH transformation. Herein, the two-dimensional FePS3 (FPS) nanosheets anchored 

with TiO2 nanoparticles (TiO2/FePS3) were synthesized and tested for photocatalytic hydrogen

(H2) evolution reaction. With the integration of FePS, the photocatalytic H2-evolution rate on 

TiO2/FePS3 is radically increased by ~1686% times, much faster than that of TiO2 alone. The 

origin of the greatly-raised activity is revealed by theoretical calculations and various advanced 

characterizations, such as transient-state photoluminescence spectroscopy/surface photovoltage 

spectroscopy, in-situ atomic force microscopy combined with Kelvin probe force microscopy 

(AFM-KPFM) and in-situ X-ray photoelectron spectroscopy (XPS), synchrotron-based X-ray 

absorption near edge structure (XANES). Especially, the in-situ AFM-KPFM and in-situ XPS 

together confirm the electron transport pathway in TiO2/FePS3 with light illumination, unveiling 

the efficient separation/transfer of charge carrier in TiO2/FePS3 step-scheme (S-scheme)

heterojunction. This work sheds light on designing and fabricating novel two-dimensional 

material-based S-scheme heterojunction in the photocatalysis area. 
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1. Introduction

Recently, extreme climate changes and natural disasters have alerted humans to the impact of 

global warming, which has continually intensified and could be out of control. Therefore, it is 

urgent to greatly reduce the gigantic consumption of carbon-based fossil fuels,[1-2] which emit 

substantial greenhouse gases to tremendously aggravate global warming. Furthermore, it is of 

great significance to realize carbon neutrality in human society via replacing fossil fuels by

low-carbon/carbon-free alternatives. Thus, the conversion of renewable solar energy[3-5] into 

clean and carbon-free hydrogen (H2) fuel is highly attractive. Such a solar-to-H2 (STH) 

conversion can be achieved utilizing photocatalytic H2 evolution via water splitting,[6-10] which 

is regarded as an alluring, environmentally benign and low-cost strategy. Hence, a highly active, 

robust and affordable photocatalyst is the most sought after.[11-13] Rational design and synthesis 

of such a photocatalyst require not only the emerging nano-sized building blocks with desired

features, but also efficient charge dissociation/transfer boosted by the strong built-in electric 

field in a favorable junction system. 

In the past decades, two-dimensional (2D) materials have demonstrated a great capacity in 

achieving efficient and cost-effective photocatalysis for various reactions, due to their distinct

physicochemical features.[14-20] Recently, an emerging 2D material, FePS3 (FPS), [21-26] has 

displayed numerous attractive characteristics for catalysis: (i) ultrathin structure boosting rapid 

bulk-to-surface electron-hole transport; (ii) high specific surface area accelerating efficient 

adsorption/desorption of reactant and product, and benefiting the anchoring of other nano-

building blocks; (iii) exposed under-coordinated edge atoms serving as active sites to advance

the reactions; (iv) thickness-dependent electronic band structure benefiting the regulation of

light absorption and redox abilities of charge carriers; (v) p-type semiconductor nature favoring 

the construction of certain junction system with a strong built-in electric field. Albeit the above 

alluring advantages,[27-29] 2D FPS is rarely adopted in the photocatalysis area. 

73



It is a great challenge to accurately regulate the charge dissociation/transfer for realizing 

the high charge utilization efficiency and strong redox abilities of electrons and holes in 

semiconductor-based photocatalysts.[30-33] Recently, step-scheme (S-scheme) heterojunction 

emerges as a very effective junction system with a strong built-in electric field to 

simultaneously boost the splitting of electron-hole pairs and retain their high redox 

capacities.[34-40] Especially, the S-scheme junction based on a n-p junction system is rarely 

reported.[41] Additionally, the direct visualization of the charge carrier transport pathway in the

S-scheme junction is challenging, but interesting and important for understanding the in-depth 

mechanism in photocatalytic reactions.[42-43] This will further guide the rational design and 

synthesis of an efficient junction system toward targeted photocatalytic reactions. Atomic force 

microscopy combined with Kelvin probe force microscopy (AFM-KPFM) could in-situ explore 

the charge transfer course in photocatalyst with light illumination. [44-47] Hence, it is particularly 

important to apply in-situ AFM-KPFM to study the charge transfer pathway in the S-scheme 

junction based on a n-p semiconductor system. 

Herein, 2D FPS nanosheets (NSs) were decorated with TiO2 nanoparticles (NPs) to form 

the S-scheme heterojunction of FPS/TiO2 possessing a strong internal electric field, which 

significantly raises the photocatalytic H2-evolution rate compared with TiO2 NPs alone. The as-

synthesized FPS/TiO2 exhibited a H2 evolving rate of 99.5 µmol h-1 g-1, surpassing that of TiO2  

alone by ~1686%. The origin of the tremendously increased rate is studied by a series of cutting-

edge characterizations, e.g., transient-state photoluminescence/surface photovoltage

spectroscopy, in-situ AFM-KPFM, in-situ X-ray photoelectron spectroscopy (XPS) and

synchrotron-based X-ray absorption near edge structure (XANES). Notably, in-situ AFM-

KPFM was carried out to visualize the photogenerated charge migration path and surface 

potential changes of the as-prepared TiO2/FPS with light excitation. Additionally, ex-situ XPS 

and theoretical calculations reveal the intimate electronic interaction between TiO2 and FPS. 

These results demonstrate that TiO2 NPs coupling with novel 2D FPS NSs can form the S-
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scheme heterojunction based on an n-p semiconductor system, which not only greatly advances

the electron-hole separation/transport, but also reserves the electrons and holes with higher 

redox capabilities on the conduction band of FPS and valence band of TiO2, respectively. Hence, 

the photocatalytic H2-evolution rate of FPS/TiO2 S-scheme heterojunction is significantly 

raised. 

2. Results and discussion

2.1. Crystal structure, morphology and elemental composition of FPS and FPS/TiO2

The flake-like bulk FPS was grounded for 0.5 hour and then added into ethanol for the 

subsequent sonication and centrifuge treatment to acquire the FPS nanosheets (NSs). The 

synthesis details can be found in the experimental section. As shown in Figure 1a, the X-Ray 

diffraction (XRD) pattern of FPS NSs is attributed to the monoclinic structured Fe2P2S6 (JCPDS 

#33-0672). The top-view and side-view atomic structures of monoclinic FePS3 are displayed in 

Figure 1b and Figure S1, respectively. Figure 1b indicates that in a typical unit cell, one Fe 

atom is connected to six neighboring S atoms, while the P atom is connected to one P atom and

three S atoms. The side-view atomic structure of FPS (Figure S1) confirms the layered structure, 

suggesting that obtaining two-dimensional (2D) FPS from bulk FPS via exfoliation is feasible. 

The as-synthesized FPS NSs are characterized by transmission electron microscopy (TEM), 

energy-dispersive X-ray spectroscopy (EDS), high angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM), elemental mapping and atomic force 

microscopy (AFM). The TEM image of FPS NSs in Figure 1c confirms the sheet-like structure 

of FPS NSs with lateral sizes of ~320-380 nm. The EDS spectrum (Figure 1d) suggests the 

existence of Fe, P and S elements. And the HAADF-STEM image and the corresponding 

elemental mapping images of Fe, P and S (Figure 1e) together confirm the successful synthesis 

of FPS NSs. Furthermore, the AFM image of FPS NSs (Figure 1f) and the corresponding height 

profiles (Figure 1g) show the FPSs NSs with a thickness of ~20 nm, further supporting the 

successful fabrication of FPS NSs via the sonication treatment.
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Figure 1. (a) XRD pattern of FPS NSs. (b) Top-view atomic structure of FPS viewed along 

[001] direction. (c) TEM image of FPS NSs. (d) EDS spectrum of FPS NSs. (e) HAADF-STEM 

image and mapping images of different elements in FPS NSs. (f) AFM image and (g) 

corresponding profiles of FPS NSs. 
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Then, we have anchored the TiO2 NPs on the FPS NSs utilizing a facile physical grinding 

approach. In detail, 0.05 g TiO2 NPs were coupled with 1, 2, 5 and 10 ml of FPS NSs ethanol 

suspension, respectively. The as-synthesized samples are annotated as TF1, TF2, TF5 and TF10, 

respectively. TiO2 NPs alone is annotated as TF0. The XRD patterns of all the above samples 

are shown in Figure 2a. Both Rutile and Anatase structured TiO2 can be observed in Figure 2a.

No apparent diffraction peaks of FPS can be observed, possibly owing to the low content of 

FPS in the combined samples. This is also confirmed by the result obtained from inductively 

coupled plasma-optical emission spectrometry (ICP-OES) measurement, which indicates that

FPS only accounts for ~0.94 wt% even in TF10. Raman spectroscopy was also conducted to 

acquire the structure information of TF0 and TF10. The Raman spectra for TF0 and TF10 are 

shown in Figure S2. The peaks around 144, 200, 396, 516, and 635 cm-1 could be assigned to 

the characteristic Raman modes of anatase TiO2. No apparent difference of these peaks is 

observed for TF10 in comparison to those of TF0, suggesting the introduction of FPS does not 

impact the structure of TiO2. The synchrotron-based X-ray absorption near edge structure 

(XANES) spectra of Ti L edge for TF5 and TF10 are displayed in Figure S3. Furthermore, the 

TEM image of TF10 is displayed in Figure 2b, which shows that the TiO2 NPs are well 

dispersed on the FPS NSs. The 0.24 and 0.35 nm lattice spacings manifested in the high-

resolution (HR)TEM image of TF10 (Figure 2c), are ascribed to the Anatase TiO2 (103) and  

(101) facets, respectively. The EDS spectrum of TF10 (Figure 2d) confirms the existence of Ti, 

O, Fe, P, and S elements, corroborating the combination of TiO2 NPs and FPS NSs in TF10. 

Furthermore, the HAADF-STEM image of TF10 and the element distribution mapping of Ti, 

O, Fe, P and S (Figure 2e) further support the intimate combination of TiO2 NPs with FPS NSs. 

All the above results corroborate the successful anchoring of TiO2 NPs on PFS surface. 

2.2. Photocatalytic H2 evolution rate

To evaluate the performance of photocatalytic hydrogen (H2) evolution reaction (pHER), all 

the tests for as-synthesized photocatalysts were measured in 10 vol% ethanol aqueous solution
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Figure 2. (a) XRD patterns of TF0, TF1, TF2, TF5 and TF10. (b) TEM, (c) HRTEM images 

and (d) EDS spectrum of TF10. (e) HAADF-STEM image and corresponding mapping images 

of elements in TF10. (f) Photocatalytic H2-evolution rates of TF0, TF1, TF2, TF5, TF10 and 

FPS in 10 vol% ethanol aqueous solution under xenon light. 
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under xenon light irradiation. The pHER rate of pure TiO2 (TF0) displayed in Figure 2f is about 

5.9 µmol h-1 g-1, while no H2 was generated if bare FPS was used as the photocatalyst. As for 

the TFx (x = 1, 2, 5 and 10) composites, their pHER rates were improved by the introduction of 

FPS NSs. Compared with the rate of TiO2, the rates of TF1 and TF2 are raised to 35.8 and 74.3 

µmol h-1 g-1, respectively. Strikingly, the rate of TF5 reaches the peak at 99.5 µmol h-1 g-1,

supassing the counterpart of TF0 by ~1686%. But further increasing the content of FPS does 

not arouse further activity enhancement, since TF10 only shows a rate of 66.2 µmol h-1 g-1. This 

possibly results from the blockage of TiO2 reactive sites and the weakened light-harvesting 

ability of TiO2 by the excessive FPS NSs. Additionally, the TF5 shows an acceptable stability 

for pHER (Figure S4).

2.3. Charge carrier separation and transfer 

Since the separation/transfer of charge carriers serves a key role in the overall photocatalytic 

reaction, a range of cutting-edge characterizations were conducted to explore the 

photogenerated electron-hole dissociation and transport. First, steady-state photoluminescence 

(PL) spectroscopy and time-resolved (TR)PL were used to investigate the separation/transfer 

of charge carriers. Both TF0 and TF5 show two distinct peaks around 408 and 467 nm in Figure 

3a, which are equal to 3.04 and 2.66 eV, respectively. The emission peak around ~408 nm is 

attributed to the interband PL phenomenon. And the PL peak at ~468 nm could be attributed to 

the band edge-free excitons. The anchoring of TiO2 NPs on FPS NSs apparently reduces the PL 

intensities of TiO2, indicating that the charge recombination rate in TF5 is obviously reduced 

in contrast to that in TF0. Furthermore, insights into the charge carrier lifetimes in TF0 and TF5 

can be acquired in the TRPL spectra (Figure 3b). As can be seen in Figure 3b and Table S1, the 

fitted and average charge carrier lifetimes (1 = 0.75 ns, 2 = 3.04 ns, 3 = 11.11 ns and ave =  

3.71 ns) of TF5 are obviously raised in contrast to those of TF0 (1 = 0.27 ns, 2 = 2.06 ns, 3 =

9.29 ns and ave = 3.20 ns). These results further corroborate the higher charge carrier separation
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Figure 3. (a) steady-state PL spectra, (b) TRPL spectra, (c) TRSPS spectra and (d) steady-state 

SPS spectra of TF0 and TF5. 

/transport efficiency in TF5 compared to that in TF0. Furthermore, the time-resolved surface 

photovoltage spectroscopy (TRSPS) and steady-state surface photovoltage spectroscopy (SPS) 

were performed to reveal the surface charge carrier separation/transfer in TF5. As displayed in 

Figure 3c, both TF0 and TF5 show the positive surface photovoltage signals, indicating that the 

photoinduced holes are accumulated on the surface after the light excitation. Furthermore, TF5 

displays a much higher positive surface photovoltage signal than TF0, indicating that the 

anchoring of TiO2 NPs on FPS NSs could greatly boost the accumulation of photogenerated 

holes on the surface. Considering that TiO2 accounts for the most part of TF5, it can be inferred 

that the combination with FPS NSs advances dissociating electron-hole pairs in TiO2 NPs and 

also accumulating photogenerated holes on the surface of TiO2 NPs. The steady-state SPS 
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results in Figure 3d further confirm the higher surface photovoltage signal of TF5 compared 

with that of TF0, in agreement with the TRSPS result (Figure 3c). Besides, the surface 

photovoltage signal can only be observed as the excitation light wavelength is below ~410 nm, 

confirming that the positive surface photovoltage is due to the surface accumulation of 

photogenerated holes from TiO2 rather than FPS NSs.

To reveal the charge transfer procedure, electrochemical impedance spectroscopy (EIS) 

was then performed on electrodes prepared with TF0 and TF5 in an electrochemical environ-

Figure 4. (a) AFM and (b) KPFM images of TF10 in darkness. (c) KPFM image of TF10 with

365-nm UV light illumination. (d) The corresponding surface potential profiles of TF10 in the 

dark and with 365-nm UV light illumination. 
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-ment. The Nyquist plots of TF0 and TF5 are displayed in Figure S5. TF5 exhibits a semicircle 

smaller than TF0 (TiO2), indicating a reduced charge transfer resistance of TF5 compared with 

that of TF0 (TiO2). The inset flowchart (Figure S5) illustrates the simulated equivalent circuit. 

Based on this simulation, the charge transfer resistance (Rct) of TiO2 is 6454 Ω, while the Rct of 

TF5 is 5378 Ω. These results reveal that the introduction of FPS NSs decreases the charge 

transfer resistance of TiO2 NPs, also supporting the better charge separation/transfer efficiency 

in TF5 compared with that of TF0. 

The above results indicate the greatly-raised efficiency of charge separation/transfer after 

the coupling of TiO2 NPs and FPS NSs in TF5. Hence, a variety of characterizations, such as 

in-situ Atomic force microscopy combined with Kelvin probe force microscopy (AFM-KPFM) 

and in-situ X-ray photoelectron spectroscopy (XPS), and theoretical computations were

adopted to explore the reason. As presented in Figure 4a, the aggregation of TiO2 NPs can be 

observed in the AFM image of TF10. Figure 4b and c show the corresponding KPFM images 

of TF10 in darkness and with 365-nm UV light illumination, respectively. Accordingly, the 

surface potential profiles of TF10 in the darkness and with 365-nm light irradiation are 

displayed in Figure 4d. It can be observed in Figure 4e that the surface potential at A1 is raised 

by 124 mV. Actually, the surface potentials across the line are all raised with the 365-nm light 

illumination compared to that in darkness. These results suggest that the photogenerated holes 

accumulate on the surface of TiO2 NPs in TF10 with light excitation. 

Furthermore, both ex-situ and in-situ XPS were also conducted. As displayed in Figure 5a

and b, the high-resolution Ti 2p and O 1s XPS spectra for TF0 (TiO2) and TF10 suggest the left 

shift of Ti 2p and O 1s peaks toward the low binding energy direction. These results imply the 

transfer of electrons from FPS NSs to TiO2 NPs after their binding in TF10. Furthermore, with 

UV light excitation, both Ti 2p and O 1s peaks of TF10 move towards higher binding energy 

positions, compared with those of TF10 without light excitation. These results suggest that 

photogenerated holes are accumulated on the surface of TiO2 NPs in TF10 after light excitation, 
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Figure 5. High-resolution XPS spectra of (a) Ti 2p and (b) O 1s for TF0 (TiO2) and TF10 

without/with UV light illumination. (c) high-resolution XPS spectrum of Fe 2p3/2 for FPS NSs 

without/with UV light illumination. (d) synchrotron-based XANES spectra of Fe K edge for 

TF5 and TF10. (e) CPD of TiO2 and FPS in the dark. (f) The differential charge density map

(side view) of TiO2 (101) facet/FPS (001) facet with an iso-surface of 2.7*10-4 e/Å3. The charge 

accumulation is shown as the yellow region, and the charge depletion is shown as the cyan 

region. 

83



agreeing with the TRSPS results (Figure 3c) and AFM-KPFM results (Figure 4d). Furthermore, 

the peaks of FPS NSs in the high-resolution XPS spectra of Fe 2p3/2 shift positively to higher 

binding energy positions under UV light excitation (Figure 5c), suggesting the accumulation of 

photogenerated holes on the surface of FPS NSs with light illumination. Since the XPS 

technique cannot detect any Fe, P and S signal in TF5 or TF10 due to the low content of FPS 

in them, the synchrotron-based XANES test was performed to explore the Fe K edge for TF5 

and TF10. As shown in Figure 5d, the Fe K edge can be observed for both TF5 and TF10, 

confirming the existence of the Fe element in these two samples. Furthermore, the contact 

potential difference (CPD) for  FPS NSs and TiO2 (TF0) in darkness are shown in Figure 5e. 

And the work functions () of FPS NSs and TF0 are calculated to be 4.38 and 4.64 eV (Table 

S2), respectively. This also supports the electron transport from FPS NSs to TF0 (TiO2) after 

the contact in TF5 and TF10, in agreement with the XPS spectra in Figure 5a and b. Furthermore, 

the differential charge density map of FPS and TiO2 also bolsters the electron accumulation on 

TiO2 at the interface of FPS/TiO2 (Figure 5f). Thus, all the above experimental and theoretical 

results support the extraction of electrons from FPS to TiO2 after their contact in TiO2/FPS 

system. This confirms the intimate electronic coupling between TiO2 and FPS in TiO2/FPS 

system.  

2.4. Light absorption and surface redox reactions 

In addition to the charge separation and migration, light absorption and redox reactions on the 

surface of the TiO2/FPS system are also studied. All these samples were explored by ultraviolet-

visible diffuse reflectance spectroscopy (UV-Vis DRS). The DRS spectra of all the samples 

(Figure 6a) exhibit an absorption edge around 387 nm, attributed to the absorption edge of 

TiO2 with a bandgap energy of ~3.20 eV. Compared to the DRS spectra, all the TiO2/FPS 

samples (TF1, TF2, TF5 and TF10) show the apparently increased absorption ranging from

~400-1000 nm, ascribed to the absorption by FPS NSs. This confirms the intimate electronic 

interaction between FPS and TiO2, promoting the separation/transfer of photoinduced electrons 
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Figure 6. (a) UV-Vis DRS spectra of TF0, TF1, TF2, TF5 and TF10. (b) UV-Vis absorption 

spectrum of FPS NSs in ethanol solution. (c) N2 sorption isotherms of TF0 and TF5 and (d) the 

corresponding pore size distribution plots of TF0 and TF5. 

and holes. This is confirmed by the long absorption edge of FPS NSs (804 nm; Figure 6b) 

possessing a narrow bandgap (1.54 eV).

The surface redox reactions on the TiO2/FPS system are closely related to the surface area 

and reactive sites. The nitrogen (N2) adsorption-desorption isotherms for TF0 (TiO2) and TF10 

are shown in Figure 6c. The apparent shift up of sorption isotherm for TF10 is observed in the 

range of ~0.8-1.0 of the relative pressure, suggesting that the introduction of FPS NSs would 

increase the macropores due to the aggregation of large-sized FPS NSs. However, the Brunauer-

Emmett-Teller surface area (SBET) for TF5 is slightly reduced to 46 m2 g-1, slightly lower than 

the SBET of TF0 (48 m2 g-1, Table S3). The corresponding pore width distribution plots and 

parameters are displayed in Figure 6d and Table S3, respectivley. To investigate the intrinsic 
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H2 evolution reaction (HER) activities of TF0 and TF10, linear sweep voltammetry (LSV) test 

was further conducted. As displayed in Figure S6, the HER overpotential of TF5 is apparently 

reduced compared to that of TF0 at the same current density of -0.5 mA cm-2. This result 

indicates that the introduction of FPS NSs with active sites in TF5 could raise the HER activity. 

2.5. Reaction mechanism based on S-scheme heterojunction 

The above experimental and theoretical calculation results confirm the construction of 

heterojunction between TiO2 and FPS in the TiO2/FPS system. To reveal the details of this 

heterojunction, further characterizations were carried out. First, the band structures of TiO2 and 

FPS are calculated. As shown in Table S2, the work functions () of TiO2 and FPS are 4.64

and 4.38 eV, respectively. Thus, the Fermi level (EF) values of TiO2 and FPS are 4.64 and 4.38

V vs. vacuum level, equal to 0.2 and -0.06 V vs. standard hydrogen electrode (SHE). Based on 

the valence band (VB) spectra of FPS and TiO2 (Figure 7a), the VB edge potentials of FPS and 

TiO2 are 0.56 and 2.58 V vs. SHE. Since the bandgap energies of FPS and TiO2 are 1.54 and 

3.20 eV, the potentials for conduction band (CB) edge of FPS and TiO2 are -0.98 and -0.62 V 

vs. SHE. Second, the Mott-Schottky (MS) plots of TF5 at different frequencies are shown in 

Figure 7b. The curves with both positive and negative slopes are observed in Figure 7b, 

suggesting the construction of an n-p heterojunction in TiO2/FPS system. Hence, a S-scheme 

heterojunction mechanism based on the n-p semiconductor system is raised in this work. Before 

contact, the initial state of band structures diagram of n-type TiO2 and p-type FPS is shown in 

Figure 7c (i). Since the Fermi level potential (EF) of FPS (-0.06 V vs. SHE) is higher than that 

of TiO2 (0.2 V vs. SHE), the contact between TiO2 and FPS leads to electron migration from 

FPS to TiO2, thus forming the built-in electric field causing the upward curving of the CB and 

VB of FPS and the downward curving of the CB and VB of TiO2 near the interface of FPS and 

TiO2 as displayed in Figure 7c (ii). Upon light illumination, the electrons and holes are 

generated in both TiO2 and FPS. Then, the photogenerated electrons of FPS are reserved in the 

CB of FPS and the photoinduced holes are retained in the VB of TiO2, owing to the strong built-
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Figure 7. (a) XPS VB spectra of TiO2 and FPS. (b) Mott-Schottky plots for TF5 acquired in 0.5 

M Na2SO4 aqueous solution at different frequencies of 2000, 2500 and 3000 Hz. (c) Reaction 

mechanism for photocatalytic H2 evolution on S-scheme TiO2/FPS heterojunction: (i) before 

contact (ii) after contact and (iii) under light illumination.

in electric field near the interface of FPS and TiO2. Meanwhile, photogenerated electrons at the 

CB of TiO2 are driven by the built-in electric field to recombine with the photogenerated holes 

in the VB of FPS. Hence, stronger reduction ability derived from the photogenerated electrons 

in FPS and stronger oxidation ability derived from the photogenerated holes are retained. And 

the high charge separation/transfer efficiency in TiO2/FPS system is achieved simultaneously.

Besides, the photoexcited electrons at the CB of FPS could efficiently reduce the water 

molecules to generate H2 gas due to the FPS surface active sites. And ethanol at TiO2 can be 

easily oxidized by the strongly oxidative photogenerated holes in the VB to generate oxidized

products. 
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3. Conclusions

In summary, the S-scheme TiO2/FePS3 heterojunction was successfully fabricated by the self-

assembly of TiO2 nanoparticles (NPs) and FePS3 (FPS) nanosheets (NSs). The formation of 

TiO2/FPS S-scheme heterojunction leads to establishing a strong internal electric field, which 

not only retains the stronger redox capabilities of the photo-excited electrons and holes, but also 

achieves higher electron-hole separation efficiency via recombining the photogenerated 

electrons and holes with weaker redox abilities. Besides, the FPS NSs accommodate the 

reactive sites for hydrogen (H2) generation reaction. Thus, the apparently raised photocatalytic 

H2 evolution activity was achieved on TiO2/FePS3 S-scheme heterojunction. These are 

supported by both theoretical calculations and cutting-edge characterizing techniques, e.g.,

synchrotron-based X-ray absorption near edge structure (XANES), transient-state surface 

photovoltage spectroscopy/photoluminescence spectroscopy, in-situ atomic force microscopy

combined with Kelvin probe force microscopy (AFM-KPFM) and in-situ X-ray photoelectron 

spectroscopy (XPS). This work not only demonstrates the great capacity of increasing 

photocatalytic activity by the construction of S-scheme heterojunction with a strong internal 

electric field, but also highlights the new way for the development of efficient, affordable, and 

durable high-activity photocatalysts with new two-dimensional materials.

4. Experimental

All chemicals were used without purification if not specified.

Preparation of FPS nanosheets (NSs): The bulk FePS3 was bought from a commercial supplier. 

First, 100 mg bulk FePS3 was grounded into black powder for 0.5 hour and added into 100 mL 

ethanol. The mixed solution was then sonicated by a 600 W ultrasonic cell crusher (Ningbo 

Xinzhi Biotechnology Ltd. Co.) for 10 hours. After centrifugation at 3000 rpm for 5 mins , the 

upper solution was collected and centrifugated at 10,000 rpm for another 5 mins. Finally, the 

obtained black precipitates were well dispersed in 100 mL ethanol and used as FPS NSs. 
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Preparation of TiO2/FPS: The TiO2/FPS samples were prepared by grinding at room 

temperature. Typically, 50 mg TiO2 (P25, Degussa AG) was added into a certain amount (x = 

1, 2, 5, and 10 mL) of FPS NSs suspension. The mixture was then grounded for 0.5 hour

followed by 3-hour natural drying, and the final products were collected and annotated as TFx.

Evaluation of photocatalytic H2 evolution activity: Briefly, 20 mg photocatalyst TFx was added 

into a 100 mL sealed reactor contaning 80 mL 10 vol% ethanol aqueous soution. The mixed 

solution was bubbled with nitrogen (N2) for 0.5 hour. A 350 W Xenon arc lamp (λ ≥ 350 nm) 

was employed for light irradiation while the reactor was 10 cm away from the lamp. 0.4 mL 

evolved gas under light irradation was extracted intermittently with a syringe and injected into 

the detector of the Shimadzu gas chromatograph (GC-14C). The amount of generated H2 was 

calculated by analyzing the peak area of evolved H2 and standard H2. 

Details about physicochemical characterization, electrochemical measurements and 

theoretical calculations are available in Supporting Information.
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S1. Experimental and theroretical calculation details

S1.1 Physicochemical characterization: 

X-ray diffraction (XRD) patterns were recorded by an X-ray diffractometer (RU-

200B/D/MAXRB, Rigaku, Japan). The microstructure investigation is taken on (Scanning) 

Transmission electron microscope (S/TEM) images and corresponding Energy dispersive X-

ray (EDX) elemental mapping were collected on a scanning transmission electron microscope 

(Thermo Scientific Talos F200S G2, USA) equipped with EDX detector PV97-61850. The 

Brunauer-Emmett-Teller specific surface area (SBET) was calculated based on N2 adsorption-

desorption measurement conducted on TriStar II 3020 (Micromeritics, USA). Raman spectra 

were collected on a Raman microscope (InVia, Renishaw, England) with a 633 nm Ar laser as 

an excitation source. The ultraviolet-visible diffuse reflectance spectra (UV-vis DRS) were 

acquired on a UV-vis spectrophotometer (UV-2600, Shimadzu, Japan). The X-ray 

photoelectron spectroscopy (XPS) and in situ irradiated X-ray photoelectron spectroscopy (ISI-

XPS) were conducted on an electron spectrometer (ESCALAB 210, VG, UK). The XPS valence 

band spectra were collected with a light source with 21.2 eV He ultraviolet light. The steady-

state surface photovoltage (SPV) spectra were acquired with a homemade apparatus, consisting 

of a monochromatic light source, a lock-in amplifier (SR830-DSP) with a light chopper 

(SR540), a sample cell, and a computer. The transient-state surface photovoltage response was 

collected using the reported method.[S1] Photoluminescence (PL) spectroscopy measurements 

were carried out by a fluorescence spectrophotometer (F-7000, Hitachi, Japan). The time-

resolved photoluminescence (TRPL) spectra were acquired using FLS1000 fluorescence 

lifetime spectrophotometer (Edinburgh, Instruments, UK). The inductively coupled plasma–

optical emission spectrometry (ICP-OES) (Prodigy 7, Leeman Labs Inc., USA) was used to 

quantify element content. Contact potential difference (CPD) was measured on a Kelvin probe 

apparatus (Instytut Fotonowy, Poland). Atomic force microscopy (AFM) and Kelvin probe 

force microscopy (KPFM) measurements were both finished at SPM-9700 surface probe 

system (Shimadzu, Japan). Before the test, the probe is calibrated with the iron plate, which 

was base when testing. The light source for in-situ KPFM is a 365-nm LED light. The XANES

spectra were acquired at the Australian Synchrotron.

S1.2 Electrochemical measurements

EIS measurements were performed on an electrochemical analyzer (CHI650D instruments) in 

a standard three-electrode system utilizing the synthesized samples as the working electrodes, 

Ag/AgCl (saturated KCl) as a reference electrode, and Pt wire as the counter electrode. The 
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synthesized samples were coated on the In-doped tin oxide (ITO) glass and used as the working 

electrode. Briefly, 20 mg of sample was dispersed in 0.5 mL of ethanol which contained 10 L 

of 5% Nafion solution (D-520, DuPont, USA) to make a slurry. Then the slurry was coated onto 

the conductive surface of FTO glass. Finally, the obtained working electrode was dried at room 

temperature overnight. 50 mL of electrolyte containing 0.5 M Na2SO4 was selected as the 

carrier for ion transport.

S1.3 Theoretical calculations 

DFT calculations were conducted through the Vienna ab initio Simulation Package (VASP) 

with the projector augment wave method. Generalized gradient approximation of the PBE 

functional was used as the exchange-correlation functional. The cutoff energy was set as 500 

eV, and structure relaxation was performed until the convergence criteria of energy and force 

reached 1 × 10–5 eV and 0.02 eV Å–1, respectively. Kmesh-resolved value was set to 0.04 

2*PI/Angstrom. A vacuum layer of 15 Å was constructed to eliminate interactions between 

periodic structures of surface models. The van der Waals (vdW) interaction was amended by 

the DFT-D3 method of Grimme.
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S2. Supplementary figures

Figure S1. Side-view atomic structure of FPS viewed along [100] direction.

Figure S2. Raman spectra of TF0 and TF10. 
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Figure S3. Synchrotron-based XANES spectra of Ti L edge for TF5 and TF10. 

Figure S4. Photocatalytic H2 evolution test of TF5 in 3 hours.
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Figure S5. EIS spectra for TF0 and TF5 in 0.5 M Na2SO4 aqueous solution. 

Figure S6. LSV curves for TF0 and TF5 in 0.5 M Na2SO4.
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S3. Supplementary tables

Table S1. Charge carrier lifetimes derived from TRPL decay plots

Photocatalyst Parameter Value/ns Rel.%

TF0

τ1 0.27 30.2

τ2 2.06 46.5

τ3 9.29 23.3

τave 3.20

TF5

τ1 0.75 38.1

τ2 3.04 42.84

τ3 11.11 19.07

τave 3.71

Table S2. Contact Potential changes and work function (W) and Fermi level potentials obtained 

from Kelvin probe.·

Sample
CPDdark

/mV

W

/eV

EF

/V

TiO2 386 4.64 4.64

FPS 134 4.38 4.38

The work function is calculated following the equation below:[S2]

Wsample =  CPDsample * 0.001 * e+ Wprobe (Wprobe = 4.25 eV)

Table S3. physicochemical features of TF0 and TF5 acquired from the N2 sorption analysis

photocatalyst
Average pore size 

(nm)

pore volume

(cm³/g)

surface area

(m²/g)

TF0 15.21 0.18 49

TF5 30.26 0.35 46
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Chapter 6: Single-atom photocatalysts for emerging reactions

6.1 Introduction and significance

Single-atom photocatalysts have demonstrated enormous potential in producing value-

added chemicals and/or fuels using sustainable and clean solar light to replace fossil fuels 

causing global energy and environmental issues. These photocatalysts not only exhibit 

outstanding activities, selectivity, and stabilities due to their distinct electronic structures 

and unsaturated coordination centers but also tremendously reduce the consumption of 

catalytic metals owing to the atomic dispersion of catalytic species. Besides, the single-

atom active sites facilitate the elucidation of reaction mechanisms and understanding of 

the structure-performance relationships. 

Apart from the well-known reactions (H2 production, N2 fixation, and CO2

conversion), various novel reactions that are successfully catalyzed by single-atom 

photocatalysts possessing high efficiency, selectivity, and stability, have been reviewed 

and discussed in this chapter. The highlights of this chapter include:

(1) summarizing the strategy for designing and fabricating single-atom photocatalysts 

for three different kinds of emerging reactions (i.e., reduction reactions, oxidation 

reactions, as well as redox reactions) to generate desirable chemicals and/or fuels. 

(2) revealing relationships between the composition/structure of single-atom 

photocatalysts and their activity/selectivity/stability. 

(3) probing into the reaction mechanisms of single-atom photocatalysts

(4) forecasting possible opportunities for the design and fabrication of brand-new high-

performance single-atom photocatalysts.

6.2 Single-atom photocatalysts for emerging reactions
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This chapter is included as it appears as a journal paper published by Bingquan Xia; 
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photocatalysts for emerging reactions. ACS Central Science 2021, 7, 39-54.
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ABSTRACT: Single-atom photocatalysts have demonstrated an
enormous potential in producing value-added chemicals and/or
fuels using sustainable and clean solar light to replace fossil fuels
causing global energy and environmental issues. These photocatalysts
not only exhibit outstanding activities, selectivity, and stabilities due
to their distinct electronic structures and unsaturated coordination
centers but also tremendously reduce the consumption of catalytic
metals owing to the atomic dispersion of catalytic species. Besides,
the single-atom active sites facilitate the elucidation of reaction
mechanisms and understanding of the structure-performance
relationships. Presently, apart from the well-known reactions (H2 production, N2 fixation, and CO2 conversion), various novel
reactions are successfully catalyzed by single-atom photocatalysts possessing high efficiency, selectivity, and stability. In this
contribution, we summarize and discuss the design and fabrication of single-atom photocatalysts for three different kinds of emerging
reactions (i.e., reduction reactions, oxidation reactions, as well as redox reactions) to generate desirable chemicals and/or fuels. The
relationships between the composition/structure of single-atom photocatalysts and their activity/selectivity/stability are explained in
detail. Additionally, the insightful reaction mechanisms of single-atom photocatalysts are also introduced. Finally, we propose the
possible opportunities in this area for the design and fabrication of brand-new high-performance single-atom photocatalysts.

1. INTRODUCTION

To resolve the potential global energy and environmental
issues, enormous efforts have been made to explore alternative
energy resources for fossil fuels. Solar energy has exhibited
great potential as a promising alternative to substituting the
traditional energy sources because it is clean, renewable,
abundant, affordable, and everlasting.1,2 Due to the unpredict-
able nature of weather, it is challenging to make use of solar
light under poor weather conditions and/or at night; therefore,
it is necessary to transform solar energy into new forms of
energy that are storage-stable. Up to date, solar energy has
been extensively utilized to produce storable and transportable
fuels with high energy capacity as well as value-added
chemicals.3−11 Among various solar energy conversion
techniques, photocatalysis is deemed as a promising, environ-
mentally benign, and cost-effective strategy to generate both
fuels and high-value chemicals.12−18 During the past decades,
numerous studies have been focused on several well-known
reactions (e.g., H2 production,

19−26 N2 fixation
27−30 and CO2

conversion31−34) achieved via photocatalysis. Recently, a range
of emerging photocatalytic reactions generating fuels and/or
valuable chemicals has been attracting increasing atten-
tion.35−37 These emerging reactions can be categorized into
three different types, i.e., reduction reactions, oxidation
reactions, and redox reactions, based on their specific
photocatalytic reaction mechanisms. For instance, several
studies demonstrate the production of hydrogen peroxide

(H2O2) as a value-added chemical and potential energy carrier,
using only water (H2O) and oxygen (O2) via photocatalytic
reduction reaction.38−40 Moreover, phenol, as a key organic
chemical intermediate and precursor, can be achieved via
photocatalytic selective oxidation of benzene.41 In another
study, low-cost biomass-derived acetone is subject to oxidative
C−C coupling to form 2,5-hexanedione (HDN) as an
important chemical and redox agent to generate H2 fuel
through a photocatalytic redox reaction.42 Thus, the above
three classes of emerging photocatalytic reactions used to
produce desirable chemicals and/or fuels are of both great
interest and importance.
Recently, single-atom photocatalyst has become one of the

most groundbreaking and dynamic research hotspots in
heterogeneous photocatalysis.43,44 Single-atom photocatalysts
have attracted tremendous attention primarily owing to the
following fascinating benefits in comparison to the nano-
clusters, nanoparticles, and bulk counterparts: (i) exceptionally
high activity and selectivity originating from their distinct
electronic structures and unsaturated coordination centers;45,46
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(ii) tremendous reduction in the usage of catalytic metals
achieved by their atomic dispersion;47,48 (iii) easy to follow
reaction mechanisms because of single-atom reactive sites;49,50

and (iv) an excellent platform to apprehend the structure−
performance correlation based on their atomic-level struc-
tures.51−53 The metal−support interactions are crucial for
maintaining the stability of single-atom-based photocatalysts,
where metal atoms are usually stabilized by neighboring
surface atoms or ligands on the support, thus preventing the
diffusion and aggregation of the well-dispersed metal single
atoms.43,54−56 A universal strategy for designing and fabricating
single-atom-based photocatalysts is to strengthen the effect of
the metal−support interaction on single-atom photocata-
lysts.57,58 Generally, the enhancement of interactions between
isolated metal single-atoms and support is achieved by
alteration of supporting materials, including anchoring surface
sites (e.g., defects and vacancies), heteroatom doping,
coordinating with organic bridging ligands, and anchoring on
metal−organic frameworks.43,59−61 Therefore, the selection
and adaption of the support are critical before their utilization
in photocatalytic reactions.
Up until now, the majority of reports in the area of single-

atom photocatalysts are focused on several well-known
reactions, e.g., H2 production,62−68 N2 fixation,69−74 and
CO2 conversion.32,34,47,50,59,75 In contrast, there are fewer
works on the application of single-atom photocatalysts for
emerging reactions to generate the value-added chemicals and/
or energy sources, such as H2O2,

38 phenol,76 imines,77 syngas
(CO and H2),

78 HDN,42 and β-ketosulfones.79 In this
contribution, for the first time we review and discuss the
recent progress in the design and fabrication of single-atom
photocatalysts for a variety of emerging reactions, which are
categorized into three different types: (i) reduction reactions,
(ii) oxidation reactions, and (iii) redox reactions. The
structure−performance relationships for some specific reac-
tions on single-atom photocatalysts are discussed and
summarized. Also, we elucidate reaction mechanisms for
single-atom photocatalysts, as revealed by the state-of-art
characterization techniques and/or theoretical calculations.
Moreover, new opportunities in this emerging research area,
especially those merging theoretical computations and
advanced characterizations are proposed.

2. SINGLE-ATOM PHOTOCATALYSTS FOR EMERGING
REDUCTION REACTIONS

Recently, single-atom photocatalysts have been reported to
catalyze a series of emerging reduction reactions.42−44 The
production of fuels and/or value-added chemicals, such as
H2O2 and aniline, via single-atom photocatalysis, have been
investigated utilizing experimental and/or density functional
theory (DFT)-based calculations.38,80 Also, it has been
reported that the effective activation of O2 for aerobic organic
conversion was achieved over single-atom photocatalysts.
Moreover, the single-atom photocatalysts are applied for the
dehalogenation reaction of organic halides, thus achieving

detoxification and removal of harmful organic halides. A
detailed discussion of the above-mentioned developments
(summarized in Table 1) in single-atom photocatalysis is
presented below.
H2O2, a common commodity chemical product, has various

industrial and commercial applications, such as an oxidizing
agent for chemical production, preventing infections in medical
practice, and removing pollutants/contaminants in the
environment.81−83 Due to its relatively high oxidation potential
(E0 = 1.763 V vs NHE at pH = 0),39 H2O2 is utilized as an
environmentally friendly and widely available oxidant with only
H2O and O2 produced after usage. Owing to its high energy
density, liquid H2O2 shows great potential for storing energy
and can be further used in fuel cells. However, the
conventional techniques for producing H2O2 on an industrial
scale suffer from toxic emissions and/or large energy
consumption. Thus, the low-cost generation of H2O2 by
using an environmentally friendly photocatalytic process under
ambient conditions is highly desirable. Recently, two-dimen-
sional (2D) carbon nitride (C3N4) loaded with single-atom
cobalt (Co) and anthraquinone (AQ) was synthesized for
solar-light-driven H2O2 generation.38 Specifically, bulk C3N4
was first exfoliated into C3N4 nanosheets by ultrasonication.
Then, single-atom Co was anchored onto the C3N4 surface
through Co ion coordination and pyrolysis in the N2
atmosphere followed by phosphorylation. Finally, AQ was
linked to the edge of the as-prepared single-atom Co-anchored
C3N4 nanosheets (Co1/C3N4) via forming amide bonds
between the carboxylic groups in AQ and primary/secondary
amine groups on the edge of C3N4, thus yielding Co1/AQ/
C3N4 composite photocatalyst. As displayed in Figure 1a, the
single-atom Co species on the surface of C3N4 nanosheets
serve as the H2O oxidation centers, while AQ at the edge of
C3N4 nanosheets acts as the O2 reduction center. The ultrathin
few-layer morphology of C3N4 nanosheets is shown in the
TEM image (Figure 1b) of Co1/AQ/C3N4. The dispersion of
isolated Co atoms on C3N4 nanosheets is further confirmed by
the atomic-resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image in
Figure 1c. Moreover, the HAADF-STEM image of Co1/AQ/
C3N4 (Figure 1d) and the corresponding elemental mapping
images (Figure 1e−h) further corroborate the good dispersion
of Co across the C3N4 nanosheet surface. Besides, no Co−Co
coordination observed in the Fourier transform (FT) extended
X-ray absorption fine structure (EXAFS) spectrum of Co1/
AQ/C3N4 (Figure 1i) further supports the atomic dispersion
of Co. The results in Figure 1i further suggest that P is mainly
coordinated with Co in Co1/AQ/C3N4, which supports the
complete phosphorylation. Moreover, as displayed in Figure 1j,
the absorption edge position and spectral line shape of Co1/
AQ/C3N4 and CoO are quite similar, indicating that the
valence state of the single-atom Co is near +2. The
photocatalytic H2O2 generation was tested utilizing simulated
solar light illumination under O2-saturated conditions. Figure
1k indicates that the H2O2 production rate was improved by

Table 1. Single-Atom Photocatalysts for Emerging Reduction Reactions

Reduction reaction

Photocatalyst Light source Reactants Reaction Main product Activity Stability ref

Co/C3N4 xenon lamp O2, H2O H2O2 production H2O2 62 μM h−1 8 h 38
Co Phthalocyanine/g-C3N4 xenon lamp Benzyl alcohol O2 activation Benzyl aldehyde 85
Ag/AgF 425 nm LED 4-iodoanisole Dehalogenation reactions Biphenyl derivative 92% conversion 12 h 88
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7.3 times after coloading single-atom Co species and AQ
simultaneously. Besides, Co1/AQ/C3N4 exhibits a high
selectivity of over 60%, much higher than other samples,
such as bulk C3N4, ultrathin C3N4, and Co1/C3N4 (Figure 1l).
The greatly enhanced photocatalytic H2O2 generation activity
and selectivity are ascribed to the simultaneous loading of both

single-atom Co species as H2O oxidation centers and AQ as

the O2 reduction center, respectively. Moreover, the DFT-

based computations show two distinct and occupied midgap

states about 0.5 and 0.9 eV above the valence band edge as the

H2O is absorbed, thus boosting the localization of photo-

Figure 1. (a) 2D C3N4 nanosheets with spatially separated single-atom Co and AQ species as the H2O oxidation centers and the O2 reduction
centers, respectively. (b) TEM image of Co1/AQ/C3N4. (c) Atomic-resolution HAADF-STEM image of Co1/AQ/C3N4. (d) HAADF-STEM
image of Co1/AQ/C3N4 and the corresponding EDS elemental mapping images of (e) N element, (f) C element, (g) O element, and (h) Co
element. (i) Fourier transform (FT) EXAFS spectra of Co K edge for Co1/AQ/C3N4, Co foil, and Co3O4. (j) Normalized XANES of Co K edge for
Co1/AQ/C3N4, Co foil, Co3O4, and CoO. (k) Time course of H2O2 generation utilizing simulated solar light illumination on Co1/AQ/C3N4 and
CoNano/AQ/C3N4. Dotted lines (Co1/AQ/C3N4 and CoNano/AQ/C3N4) are H2O2 generation estimated assuming additive improvement of each
cocatalyst. Solid line (ultrathin C3N4) in Figure 1k is the fitting result of the kinetic model. (l) H2O2 generation selectivity of bulk C3N4, ultrathin
C3N4, AQ/C3N4, Co1/C3N4, and Co1/AQ/C3N4. Density of states calculated using the DFT-based theory for (m) ultrathin C3N4 and (n) Co1/
C3N4. Reproduced with permission from ref 38 (with CC BY-NC-ND License). Copyright 2020 National Academy of Sciences.
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induced holes and the dissociation of photoinduced electrons
and holes (Figure 1m and n).
Aniline is a significantly widely used raw material in the

modern chemical industry and pharmaceutical industry.84 Due
to the lack of efficient and excellent catalysts, He et al. used the
DFT calculations to predict the possible highly active
photocatalyst for the synthesis of aniline from nitrobenzene
under solar light irradiation.80 Based on their calculation
results, a single-atom Pt decorated graphitic carbon nitride
(Pt@g-C3N4) showed excellent catalytic performance for the
hydrogenation of nitrobenzene and high selectivity for forming
aniline. They explored four possible reaction pathways in
Figure 2a to find the most suitable one. According to the
calculation results of reaction energies and the activation
energies required for all the possible intermediates, the
preferential thermodynamic route over Pt@g-C3N4 is hydro-
genation of nitrobenzene producing aniline. Hence, the
activation barrier for each reaction step was computed and
the corresponding energy profiles are shown in Figure 2b. The
N−O bonds on Pt single atom of Pt@g-C3N4 are cracked by a
single hydrogen atom, followed by the Ph-NO → Ph-NOH →
Ph-N hydrogenation pathway, while in the conventional
dissociation of N−O bonds on the Pt (111) surface, these
bonds are attacked by two hydrogen atoms and undergo the
Ph-NO2 → Ph-NOOH → Ph-NO → Ph-NOH → Ph-N →
Ph-NH → Ph-NH2 hydrogenation pathway. The DFT-based
calculations also indicate that the energy barriers for
hydrogenations of phenyl, -CC, -CC, and -CHO
substituents on single-atom Pt@g-C3N4 photocatalyst are
1.05, 1.49, 1.29, and 1.53 eV, higher than those for the overall
hydrogenation of nitrobenzene. Besides, the incorporation of
single Pt atom narrows the bandgap of g-C3N4 from 2.7 to 0.72
eV, suggesting that both visible light and infrared light could be

harvested by Pt@g-C3N4 (Figure 2c), thus enhancing the light-
capturing ability of the pristine g-C3N4.
The efficient activation of O2 is of great importance for

achieving sunlight-driven aerobic organic conversion under
atmospheric pressure. Recently, Chu et al. reported the
photocatalytic O2 activation by cophthalocyanine/g-
C3N4(CoPc-g-C3N4) heterostructure with single Co−N4 (II)
sites.85 Based on theoretical calculations, they utilized
melamine and cyanuric acid as the raw materials to fabricate
carbon nitride nanosheets, followed by phosphate modification
and introduction of CoPc to obtain the CoPc-g-C3N4

heterojunction (shown in Figure 3a). The rough dark shadows
in Figure 3b could be assigned to the loaded CoPc, which is
confirmed by the HAADF-STEM image (Figure 3c) and the
corresponding elemental mapping images (Figure 3d). The
UV−vis absorption spectra and FT-IR and Raman spectra
indicate that the thinner assemblies and high dispersion of
CoPc are induced by phosphates and CoPc could interact with
g-C3N4 and P-doped g-C3N4(P-CN) via the H-bonding. The
interfacial charge transfer between CoPc and P-doped g-C3N4

was confirmed by the steady-state surface photovoltage
spectroscopy and photoluminescence (PL) and fluorescence
spectral (FS) data. The electron paramagnetic resonance
(EPR) results in Figure 3e indicate that 0.5CoPc/9P-CN is the
optimized photocatalyst for O2 activation where O2 is reduced
to produce •O0

‑ radicals. As regards the catalytic performance
test for O2 activation, the optimized CoPc-g-C3N4 with
abundant single-atom Co−N4 sites exhibits excellent photo-
catalytic activity for 2,4-dichlorophenol (DCP) degradation
(shown in Figure 3f) and the possible mechanism of the
oxidative degradation of 2,4-DCP over CoPc/P-CN is
illustrated in Figure 3g. Moreover, the optimized 1.8CoPc/
12P-CN photocatalyst was tested for selective oxidation of

Figure 2. (a) Possible reaction routes for the nitrobenzene hydrogenation producing aniline (the preferential one is in blue). (b) Energy diagrams
of the reaction routes for nitrobenzene hydrogenation producing aniline over Pt/g-C3N4 single-atom photocatalyst and (c) light absorption spectra
of the g-C3N4 with and without Pt single-atom loading. Reproduced with permission from ref 80. Copyright 2020 Springer Nature.

ACS Central Science http://pubs.acs.org/journal/acscii Outlook

https://dx.doi.org/10.1021/acscentsci.0c01466
ACS Cent. Sci. 2021, 7, 39−54

42

108

https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c01466?ref=pdf


aromatic alcohols, exhibiting a 25.6% yield for producing
benzaldehyde (Figure 3h).
Dehalogenation reaction of organic halides is considered as

one of the most important transforming processes because of

its potential use for detoxification and removal of harmful
organic halides.86,87 Wu et al. used AgF as a photocatalyst for
the selective dehalogenation of various organic halides under
visible light illumination.88 Irradiated by visible light, AgF

Figure 3. (a) Scheme of the process of preparation of CoPc/P-CN nanostructures; (b) TEM and (c) HAADF-STEM images of 0.5CoPc/9P-CN
and (d) the corresponding elemental mapping images; (e) EPR spectra of 0.5CoPc/9P-CN under light irradiation (λ = 405 nm); (f) photocatalytic
performance test for 2,4-DCP degradation by CoPc/P-CN; (g) diagram of O2 activation on the CoPc/P-CN heterojunction under visible-light
irradiation; (h) selective photocatalytic oxidation of different aryl-alcohols over 1.8CoPc/12P-CN. (Photocatalytic reaction conditions: in the
presence of O2, under visible-light irradiation). Reproduced with permission from ref 85 (with CC BY 4.0 License). Copyright 2020 John Wiley &
Sons, Inc.
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would be converted to Ag single atoms (Ag-SAs) and Ag
nanoparticles, which could trigger hydro-deiodination or
deiodination-phenylation of organic halides in a specific
solvent. Recycling tests were performed to understand the
key role of this photocatalytic reaction. The in situ electron
spin resonance (ESR) spectroscopy studies and contrast
experiment data confirm that Ag-SAs acts as the reactive
center for photocatalytic deiodination reactions.

3. SINGLE-ATOM PHOTOCATALYSTS FOR EMERGING
OXIDATION REACTIONS

As discussed in our previous work,13 selective photocatalytic
oxidation is a promising strategy to produce various value-
added chemicals. Although photocatalytic selective oxidation
of organic compounds to form valuable chemicals has been
extensively investigated, it is still challenging to achieve the
high-selectivity yield of desired chemical products. Recent
studies (shown in Table 2) indicate that single-atom
photocatalysts can achieve the efficient activity, high selectivity,
and strong stability toward selective oxidation reaction, thus
generating target chemicals, such as phenol and imines.

Phenol is utilized as a pivotal organic chemical intermediate
and precursor to synthesize many important industrial
products, e.g., phenolic resins, bisphenol A, cyclohexanol,
polysulfone, carbonate, aniline, and o-cresol.89 However, the
current industrial procedure to synthesize phenol from
benzene requires multiple steps and indirect preparation,
thus suffering from many drawbacks, e.g., complex preparation
processes, severe depletion of raw materials, and serious
environmental contamination.90 Hence, it is of great
importance to discover cost-effective strategies for phenol
production via benzene oxidation utilizing H2O2 from the
industrial and social perspectives. This is also one of the most
challenging tasks in the green chemistry field. Recently, Xiao et
al. anchored single-atom Cu (SA-Cu) on tubular carbon nitride
(TCN) for visible-light-induced photocatalytic benzene

oxidation to generate phenol using H2O2.
41 As demonstrated

in Figure 4a, SA-Cu-TCN is synthesized via thermal treatment
of melamine-based precursor containing chlorophyll sodium
copper (CSC). The TEM results of SA-Cu-TCN and the
enlarged marked area are displayed in Figure 4b and 4c. The
corresponding elemental mapping images of N, C, and Cu are
presented in Figure 4d−f, respectively. In particular, the
uniform distribution of Cu element on the whole carbon
nitride is confirmed in Figure 4f. The aberration-corrected
HAADF-STEM image (Figure 4g) displays the detection of
single-atom Cu, confirming the fabrication of single-atom Cu
in SA-Cu-TCN. Moreover, X-ray absorption spectroscopy
(XAS; see Figure 4h) study reveals the valence state of Cu in
SA-Cu-TCN, as well as the coordination environment. Since
its absorption edge is located in the middle of those edges of
CuO and Cu2O, both Cu(I) and Cu(II) are supposed to be
present in SA-Cu-TCN. Figure 4i displays the Fourier
transform of the K2-weighted EXAFS spectra for the Cu K
edge on Cu foil, CSC, and SA-Cu-TCN. The predominant
peak at ca. 1.6 Å is assigned to the Cu−N bond in SA-Cu-
TCN, again confirming the loading of single-atom Cu on
TCN. Since the local coordination environment intimately
affects the form of X-ray absorption near edge structure
(XANES) spectra, the authors employed FEFF9.6 code to
calculate the spectra of two coordination structures (denoted
as Cu−N3 and Cu−N4) as shown in Figure 4j and k,
respectively. Also, the XANES results of SA-Cu-TCN are
verified by the simulated spectra shown in Figure 4j and k. The
construction of the Cu−N3 structure is attributed to the
interaction of Cu atom and three N atoms in the TCN layer.
Meanwhile, the interaction between four N atoms from two
CN monolayers and a single atom results in Cu−N4
coordination. The calculated charge density differences
between the Cu−N3 and Cu−N4 coordination of SA-Cu-
TCN are shown in Figure 4l and m, respectively. The charge
migration in Cu and its adjacent N atoms is disclosed. In Cu−
N4 coordination, the apparent charge migration along the z-
direction is also manifested in Figure 4m. Hence, the
aforementioned results indicate that these Cu−N config-
urations in SA-Cu-TCN generate novel charge migration
channels for enhancing the charge movement within and
between the carbon nitride planes. This will boost the
photocatalytic performance. Moreover, the benzene-to-phenol
conversion was used to test the photocatalytic oxidation
performance on SA-Cu-TCN. No benzene-to-phenol con-
version happened without the catalyst. In dark conditions, SA-
Cu-TCN attained a benzene-to-phenol conversion efficiency of
41.2% with a selectivity of 88.3%. Using visible light, SA-Cu-
TCN shows the conversion and selectivity of 92.3% and 99.9%,
respectively (Figure 4n), much larger than those obtained on
CN and TCN. Besides, SA-Cu-TCN also possesses good
robustness for benzene oxidation to phenol. The outstanding
photocatalytic performance arises from the formation of the
Cu−Nx electron/hole migration path in SA-Cu-TCN, thus

The reduction reactions of widely
available raw materials into fuels
and value-added chemicals, such
as H2O2 and aniline, have been
successfully achieved on single-

atom photocatalysts.

Table 2. Single-Atom Photocatalysts for Emerging Oxidation Reactions

Oxidation reaction

Photocatalyst Light source Reactants Reaction Main product Activity Stability ref

Cu/C3N4 λ > 420 nm benzene, H2O2
CH3CN

Benzene oxidation Phenol 92.3% conversion 12 h 41

Co/carbon quantum
dots

460 nm LED Benzylamine, CH3CN Oxidative
coupling

(E)-N-benzyl-1-
phenylmethanimine

83% conversion 4 cycles 93

Photocatalytic selective oxidation
of organic compounds on single-
atom photocatalysts is a promis-
ing strategy to produce various
desirable value-added chemicals.
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Figure 4. (a) The synthesis process of SA-Cu-TCN. (b) TEM image of SA-Cu-TCN and (c) the enlarged TEM image of the marked area in Figure
4b and the elemental mapping images of (d) N, (e) C, and (f) Cu elements. (g) A typical HAADF-STEM image of SA-Cu-TCN. (h) XANES
spectra of the Cu K edge for SA-Cu-TCN, CSC, Cu foil, Cu2O, and CuO samples. (i) Fourier transform (FT) of the K2-weighted EXAFS Cu K
edge of SA-Cu-TCN, Cu foil, and CSC. (j, k) Experimental and computed XANES spectra of the Cu K edge for the samples with the
corresponding structure models (inset). (l, m) Differential charge surfaces of the Cu−N3 and Cu−N4 coordination structures. (n) Catalytic activity
of SA-Cu-TCN for oxidation of benzene performed at 50 °C using visible light illumination for 12 h. Reproduced with permission from ref 41.
Copyright 2020 John Wiley & Sons, Inc.

ACS Central Science http://pubs.acs.org/journal/acscii Outlook

https://dx.doi.org/10.1021/acscentsci.0c01466
ACS Cent. Sci. 2021, 7, 39−54

45

111

https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01466?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c01466?ref=pdf


tremendously advancing the in-plane and interplane charge
migration.
It is of great importance to selectively oxidize benzylamine as

well as its derivatives to form imines since they are pivotal
electrophilic intermediates in pharmaceutical synthesis.91,92 In
recent work, Wang et al. fabricated single-atom Co dispersed
on carbon quantum dots (CoSAS@CD) for selective photo-
catalytic oxidation of benzylamine together with a range of its
derivatives to yield imines in the presence of O2 using visible
light illumination (Figure 5a).93 CoSAS@CD was fabricated
through pyrolyzing vitamin B12 followed by hydrolysis in
NaOH solution. CoSAS@CD was treated with an acid to yield
the acid-treated CoSAS@CD (CoSAS@CD-acid). The TEM
image of CoSAS@CD (Figure 5b) discloses that the as-
prepared carbon dots are spherical with an averaged 9.0 nm
diameter. Many bright dots (diameter <0.2 nm) observed in
the aberration-corrected HAADF-STEM image (Figure 5c)
could be ascribed to the single Co atoms. This result suggests
that individual Co atoms are distributed on the carbon dots

surface. Furthermore, the XANES Co K edge was recorded to
study the chemical state of Co sites. As presented in Figure 5d,
the absorption edges of CoSAS@CD and CoSAS@CD-acid
are positioned between those for CoO and CoOOH,
suggesting the existence of Co(II) and Co(III). Moreover,
the Fourier transform (FT) k3-weighted EXAFS results show
that only one major peak at ca. 1.9 Å is observed for both
samples. This could be the first coordination shell of Co−N/C
as that present in Co-porphyrin (CoPo). In particular, no
apparent Co−Co peak located around ca. 2.5 Å and the
HAADF-STEM result (Figure 5e) indicate the atomic
dispersion of Co in CoSAS@CD. Then, benzylamine and its
derivatives were selectively oxidized to yield imines in high
conversion efficiency and excellent selectivity utilizing
CoSAS@CD as the photocatalyst using visible light in the
existence of O2. Moreover, CoSAS@CD exhibited excellent
stability over four cycles (Figure 5f).

Figure 5. (a) Photocatalytic oxidative coupling of benzylamines with CoSAS@CD using visible light. (b) TEM image of CoSAS@CD; Figure 5b
inset displays the size distribution of CoSAS@CD. (c) A typical HAADF-STEM image of CoSAS@CD. (d) XANES spectra of Co K edge for
CoSAS@CD, CoSAS@CD-acid, Co foil, CoO, CoOOH, and Co-porphyrin (CoPo). (e) Fourier transform EXAFS spectra of Co K edge for
CoSAS@CD, CoSAS@CD-acid, Co foil and CoPo. (f) The reaction conversion and selectivity of oxidative photocatalytic coupling of
benzylamines on CoSAS@CD using visible light over 4 repeating cycles. Reproduced with permission from ref 93 (with CC-BY license). Copyright
2020 American Chemical Society.

Table 3. Single-Atom Photocatalysts for Emerging Redox Reactions

Redox reaction

Photocatalyst
Light
source Reactants Reaction Main Product Activity Stability ref

Ru/Cu White light CH4 and CO2 methane dry reforming CO, H2 34 mol H2
mol−1 s−1

50 h 78

Co−P3/CdS λ > 420 nm formic acid dehydrogenation of formic acid CO2, H2 102.9
mmol g−1 h−1

24 h 94

Pt/TiO2 Xe lamp acetone acetone dehydrogenation and C−C
coupling

2,5-hexanedione,
H2

3.87
mmol g−1 h−1

16 h 42

Fe/carbon
nitride

460 nm
LED

Styrene, p-methyl-
benzenesulfinic acid

sulfonation of alkenes β-ketosulfones 94% conversion 79
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4. SINGLE-ATOM PHOTOCATALYSTS FOR EMERGING
REDOX REACTIONS

The emerging reduction or oxidation reactions presented in
the previous two sections yield the target products by utilizing
either photoinduced electrons or holes alone. As a result, it is
highly desirable to utilize both photoinduced electrons and
holes simultaneously in single-atom photocatalysts, thus
generating both reduction and oxidation products via redox
reactions. For example, Zhou et al. adopted a single-atom
photocatalyst to achieve methane dry reforming (MDR: CH4 +
CO2 = 2H2 + 2CO) and produce syngas composed of CO and
H2.

78 Also, the dehydrogenation of formic acid to yield H2 and
CO2 (HCOOH = H2 + CO2) is conducted via single-atom
photocatalysis.94 Moreover, another work demonstrates the
coproduction of H2 and value-added 2,5-hexanedione through
the C−C coupling of acetone.42 Furthermore, Wen et al.
demonstrated that β-ketosulfones could be produced via
sulfonation of olefins utilizing photoinduced holes as well as
O2

•‑ and singlet oxygen 1O2 generated via reduction of
molecular oxygen using photoinduced electrons.79 The above
four studies (summarized in Table 3) are presented below.

Syngas comprised of CO and H2 is extensively utilized in
industrial-scale processing. Syngas can be generated by MDR
reaction, where two greenhouse gases could be transformed
into a high-value chemical feedstock.95 However, the MDR
reaction is not only kinetically and thermodynamically
unfavorable but also suffering from coke deposition and the
subsequent deactivation of catalysts. Moreover, high temper-
atures (700−1000 °C) are required to attain efficient reaction
rates and reduce coke deposition. Thus, the photocatalytic
MDR under light irradiation and tremendously milder reaction
conditions is of great significance. Recently, Zhou et al. have
prepared single-atom site Ru−Cu alloy as an antenna-reactor
plasmonic photocatalyst via coprecipitation on the surface of a
MgO/Al2O3 substrate (Figure 6a).78 In detail, a series of
CuxRuy photocatalysts (i.e., Cu20, Cu19.95Ru0.05, Cu19.9Ru0.1,
Cu19.8Ru0.2, and Cu19.5Ru0.5) was fabricated, where x and y are
the percentages of Cu and Ru of metal contents in the
photocatalysts. The as-synthesized photocatalysts were tested
for light-driven MDR using white light illumination. Single-
atom Ru−Cu alloy (Cu19.8Ru0.2) exhibited much higher
photocatalytic MDR activity, stability, and selectivity than
bare Cu NPs (Figure 6b and c). Besides, Cu19.8Ru0.2 shows a
turnover frequency (TOF) of 34 molH2

molRu
‑1 s−1 and excellent

photocatalytic stability over 50 h. Moreover, due to the low
coverage of Ru on the surface of Cu19.95Ru0.05, the exposed Cu
on the surface (Figure 6d) catalyzed a large fraction of the
reaction. However, the Cu atoms exposed are susceptible to
coking. Since the Ru content is smaller than 0.2%, it is
postulated that Ru is atomically loaded onto the surface of Cu,
separating carbon intermediates on the surface and inhibiting

the graphitic carbon generation (Figure 6e). For comparison,
with larger Ru content (Cu19.5Ru0.5), the generated Ru
assembles or some islands can be formed, which promote
the carbon formation considering their proximity. Thus,
dehydrogenated derivatives of CH4 (CHx) oligomerize and
yield coke (Figure 6f). The robustness tests are also repeated
to corroborate the above conclusions. Both CO probe
molecule diffuse reflectance infrared Fourier transform spec-
troscopy (CO-DRIFTS) and DFT-based computations are
combined to support the single-atom Ru dispersion in Cu
(Figure 6g). Moreover, the authors conducted periodic DFT
+D3 calculations to further probe the reaction mechanism.
They found that the most likely rate-limiting steps of FA
dehydrogenation on Cu and CuRu are the first step of
hydrogen dissociating from CH4 (CH4 → CH3 + H) and the
fourth step of hydrogen dissociating from CH intermediate
(CH → C + H) (see Figure 6h and i). Hence, the embedded
multiconfigurational n-electron valence second-order perturba-
tion theory (e-NEVPT2) was applied to study the above two
steps. It was predicted that the first dehydrogenation step on
Cu and the fourth dehydrogenation step on CuRu possess the
largest barriers. Their ground-state barriers are 2.51 and 1.10
eV, respectively (Figure 6j and k). Hence, the barrier of CH4
dissociation can be reduced by incorporating Ru. In the above
photocatalytic MDR process, the generation of hot carriers is
deemed as the principal mechanism, thus leading to
significantly different behavior from the thermocatalytic
MDR process. Hot carriers play a key role in improving the
activation rates of C−H on Ru sites and H2 desorption off
from the catalysts surface. The observed improvement results
from the kinetic matching of production rates of H2 and CO,
thus minimizing the coking formation and reverse water gas
shift (RWGS) rates. Thus, the reported photocatalytic MDR
process is robust and selective.
The photocatalytic formic acid (FA) dehydrogenation to

produce hydrogen (H2) was achieved on the atomic-level well-
dispersed Co−P3 on CdS nanorods (NRs) photocatalyst.94 A
facile impregnation−phosphorization strategy was adopted to
prepare Co−P3 with atomic dispersion onto CdS NRs. The
distinct hexagonal-phase structured CdS NRs with ordered
lattice spacings can be seen in the HAADF-STEM result
(Figure 7a). This indicates that CdS crystal structure was not
affected much in the aforementioned phosphatizing treatment
at elevated temperature. The elemental mapping images in
Figure 7a confirm the uniform dispersion of Co and P on the
CdS NRs, and no apparent nanoparticles of Co and/or CoP
are observed. Moreover, CoPSA-CdS exhibits a Co K edge
higher than that of Co foil in the XANES spectra (Figure 7b).
In addition, the main peak of CoPSA-CdS located around ca.
1.63 Å in the EXAFS spectra (Figure 7c) is ascribed to the
Co−P bond. The EXAFS fitting results further indicate that
the centered Co atoms in CoPSA-CdS possess one Co−P1 and
two Co−P2, again supporting the atomic dispersion of Co
atoms in CoPSA-CdS. Based on the aforementioned XAFS
results, the theoretical computation was executed to construct
the atomic geometry structure of CoPSA-CdS in Figure 7d. As
displayed in Figure 7d, the Co atom is coordinated with one
Co−P1 and two Co−P2 bonds. Then the catalytic performance
of these samples was investigated via dehydrogenation of FA
into H2 and CO2 under visible-light illumination at room
temperature. In Figure 7e, CoPSA-CdS manifests the highest
photocatalytic performance for FA dehydrogenation with a rate
of 102.9 mmol·g−1·h−1, much higher than pristine CdS,

The reduction and oxidation
products via redox reactions

could be obtained as the target
products simultaneously by uti-
lization of photo-generated elec-
trons and holes over single-atom

photocatalysts.
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Figure 6. (a) Illustration of a single-atom Ru embedded Cu alloy photocatalyst. The reactants and products of MDR are displayed on the left
panels. (b) Photocatalytic MDR activities and stabilities of pure Cu NPs (Cu20) and Ru/Cu alloys with different Ru contents (Cu19.95Ru0.05,
Cu19.9Ru0.1, Cu19.8Ru0.2 and Cu19.5Ru0.5) using white light irradiation. The reactor for conducting the photocatalytic MDR reaction was maintained
at room temperature. (c) Photocatalytic MDR selectivity of pure Cu NPs (Cu20) and Ru/Cu alloys with different Ru contents (Cu19.95Ru0.05,
Cu19.9Ru0.1, Cu19.8Ru0.2, and Cu19.5Ru0.5) using white light irradiation. The reactor for conducting the photocatalytic MDR reaction was maintained
at room temperature. The formation rate ratio of H2 to CO is defined as the selectivity. Schematic illustration for the influence of CuxRuy
composition on the coke resistance for (d) Cu alone, (e) CuxRuy with low Ru loading content, and (f) CuxRuy with high Ru loading content. (g)
Infrared spectra of CO adsorbed on single-atom Ru embedded Cu alloy surface at room temperature and saturation coverage following
pretreatment at 200 °C in 10% CO in Ar (100 mL min−1) for 60 min. Rate-determining (h) CH4 and (i) CH activation on Cu (111) and CuRu
(111), respectively. Left, middle, and right panels indicate reactant, transient state, and product structure, respectively. Ground- and excited-state
energy curves for CH4 activation on (j) Cu (111) and (k) CH activation on CuRu (111) from e-NEVPT2. From the ground to the highest energy
excited state, the color saturation of the curves turns from dark to light. Reproduced with permission from ref 78. Copyright 2020 Springer Nature.
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Figure 7. (a) HAADF-STEM image and the relevant elemental mapping images of CoPSA-CdS. (b) X-ray absorption spectra of Co and (c) the
corresponding k3-weighted FT space at R space. (d) Atomic-level structure configuration of CoPSA-CdS based on first-principles simulation. (e)
Comparison of the photocatalytic activities for FA dehydrogenation on all the as-prepared samples. The test of photocatalytic FA dehydrogenation
reaction was conducted in the 100 mL 20 vol % FA aqueous solution using visible light illumination (λ > 420 nm) at room temperature. (f)
Transient-state photoluminescence spectra of the as-prepared samples. (g) In situ IR spectrum analysis for photocatalytic dehydrogenation of FA on
(g) CoPSA-CdS. (h) Free energy profiles calculated for the photocatalytic FA dehydrogenation process on P-CdS, CoSSA-CdS, and CoPSA-CdS.
The differential charge density maps between CdS and adsorbed FA on (i) P-CdS, (j) CoSSA-CdS, and (k) CoPSA-CdS. (l) Photocatalytic FA
dehydrogenation and H2 evolution mechanism on CoPSA-CdS. Reproduced with permission from ref 94. Copyright 2020 John Wiley and Sons,
Inc.
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phosphatized CdS NRs (P-CdS), or S-coordinated Co singe
atom on CdS NRs (CoSSA-CdS). Besides, CoPSA-CdS
presents an ca. 100% product selectivity for CO2 and H2
with a 1:1 ratio. Thus, the generation of byproducts was
efficiently suppressed on CoPSA-CdS. Furthermore, CoPSA-
CdS shows much higher activity than Ru-loaded CdS (Ru-
CdS), Rh-loaded CdS (Rh-CdS), Pd-loaded CdS (Pd-CdS), or
Pt loaded CdS (Pt-CdS) as displayed in Figure 7e. Addition-
ally, CoPSA-CdS displays the highest mass activity of Co
(34,309 mmol gCo

−1 h−1), in contrast to the previous record.
Such an outstanding activity of CoPSA-CdS was explored by
both experimental characterizations and theoretical computa-
tions. Transient-state photoluminescence spectra (Figure 7f)
indicate the most efficient charge migration in CoPSA-CdS
compared to CdS, P-CdS, or CoSSA-CdS. Moreover, the in
situ IR spectrum study of the photodriven FA dehydrogenation
on CoPSA-CdS (Figure 7g) shows the apparent peak intensity
reduction of the C−H bond in the IR spectra, suggesting the
effective FA adsorption and C−H bond activation on CoPSA-
CdS. Additionally, the apparent IR peak intensity improvement
around 2324 cm−1 was found for CoPSA-CdS (Figure 7g),
indicating the marked generation of CO2. Moreover, the DFT-
based computations were executed to further probe into the
reaction mechanism of the photocatalytic FA dehydrogenation.
Figure 7h displays that the hydroxyl group of FA is inclined to
dissociate between the adjacent P and Co atoms, ascribed to
the *HCOO-HCo. Thus, the P-HCOO generation along with
the H adsorption on Co atom are achieved on CoPSA-CdS. As
presented in Figure 7h, this is a spontaneous reaction step
based on the negative reaction energy (−0.29 eV). In
comparison, both CoSSA-CdS and P-CdS show positive
reaction energy. As regards CoPSA-CdS, its FA dehydrogen-
ation activity is restricted by the hydrogen migration process
between P atom and the adjacent Co atom during the reaction,
with positive reaction energy (0.88 eV). Thus, CoPSA-CdS
displays a smaller energy barrier toward FA dehydrogenation
compared to that observed for P-CdS or CoSSA-CdS, agreeing
with its highest photocatalytic performance. Moreover, Figure
7i−k exhibits the differential charge density between the CdS
surface and FA owing to the pivotal role of the FA dissociation
adsorption on the CdS surface. In comparison to CoSSA-CdS
and P-CdS, CoPSA-CdS possesses the best capacity to
transport electrons from FA to Co atom and the ability to
bind with HCOO via a robust P−O bond as well (shown in
Figure 7i−k). Based on these results, the proposed reaction
route is illustrated in Figure 7l. When illuminated by visible-
light, the photoinduced electrons and holes are transported to
Co−P sites and adjacent Cd−S sites, respectively. Sub-
sequently, photoinduced electrons on Co atoms reduce the
adsorbed proton to generate H2. Meanwhile, the photoinduced
holes on Cd−S sites migrate to P sites and the adsorbed
HCOO group is dehydrogenatively oxidized to generate CO2.
As a key chemical extensively applied in biofuel and

medicinal chemistry, 2,5-hexanedione (HDN) is usually
prepared using costly chemicals through complicated and
harsh reaction processes.96 Hence, it is of great significance to
prepare HDN from renewable and inexpensive biomass, e.g.,
acetone, via cost-effective and environmentally benign solar
photocatalysis under mild conditions. Recently, C−H
activation of the methyl group in acetone and the subsequent
cross-coupling of two CH3COCH2

• radicals to produce HDN
was achieved on single-atom Pt dispersed P25 TiO2(PtSA-
TiO2).

41 H2, as a green fuel and important chemical, was also

generated via dehydrogenation of acetone in the above
photocatalytic process. In detail, the DFT computation was
first performed to acquire the energy profiles of the acetone
dehydrogenation reaction on various single metal atoms
dispersed on P25 TiO2. The computation results indicate
that the methyl dehydrogenation and generation of a
CH3COCH2

• radical are the major rate-limiting processes.
Thus, among the TiO2-supported single metal atoms, PtSA-
TiO2 possesses the smallest energy barrier toward dehydrogen-
ation of acetone. Indeed, PtSA-TiO2 is confirmed to be the
most effective photocatalyst with 3.87 mmol·g−1·h−1 of 2,5-
hexanedione production rate and 93% selectivity. In the
reaction procedure, the photoinduced holes from TiO2
activated methyl groups, thus leading to their dehydrogenation
into H species on Pt single atoms and CH3COCH2

• radicals
on TiO2. Subsequently, two CH3COCH2

• radicals can achieve
C−C coupling and produce 2,5-hexanedione; while two
photoinduced electrons reduce two H to H2 gas. Both in situ
IR and ESR techniques confirm the above process.
As a pivotal category of organic molecules containing

sulfone, β-ketosulfones have been extensively applied for
synthesizing pharmaceuticals and organic functional materials.
Especially, significant attention has been drawn recently by β-
ketosulfones owing to their interesting biological activities and
key preparation applications.97,98 Unfortunately, the previously
reported homogeneous photocatalytic preparation and func-
tionalization processes of β-ketosulfones suffer from a narrow
light absorption range, restricted substrate scope, and
unrecoverable catalysts. Hence, it is important to explore
highly efficient, recoverable, and environmentally friendly
heterogeneous photocatalysts to prepare β-ketosulfones. Wen
et al. adopted a facile molecule coupling approach to fabricate
carbon nitride-hemin (CNH) composite photocatalyst.79 The
atomic-resolution HAADF-STEM image of CNH exhibits the
bright spots with sizes of ca. 0.20 nm, ascribed to the loading of
single atom Fe on CNH. The as-prepared CNH with single-
atom Fe dispersion exhibits the excellent catalytic performance
for olefins sulfonation, yielding β-ketosulfones under the
condition of room temperature and normal pressure using
visible light and/or near-infrared light. It is proposed that O0

−

and singlet oxygen 1O2, which are generated by reduction of
molecular oxygen using photoinduced electrons, together with
photoinduced holes participate in the sulfonation of olefins to
produce β-ketosulfones.

5. CONCLUSION AND OUTLOOK
Nowadays an increasing number of single-atom photocatalysts
are designed and fabricated toward the emerging reactions
yielding the highly desirable chemicals and/or energy carriers.
These chemicals and energy carriers are conventionally
synthesized under harsh conditions at a high cost. In contrast,
single-atom photocatalysts could achieve outstanding activities,
selectivity, and/or stabilities toward these reactions in mild
conditions by using clean and renewable solar energy. A series
of advanced characterization methods, e.g., aberration-
corrected scanning transmission electron microscopy (AC-
STEM), synchrotron radiation-based X-ray absorption spec-
troscopy (XAS), in situ Fourier transform infrared spectrosco-
py (FT-IR), and in situ ESR spectroscopy, are integrated with
DFT-based calculations to uncover the insightful and overall
structure−performance relationship for single-atom photo-
catalysts. Besides, detailed and in-depth photocatalytic
mechanisms for these reactions are also explored.
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Though many breakthroughs have been made in the above
field, there are still many challenging obstacles to overcome.
For instance, the rational design and synthesis of appropriate
single-atoms (e.g., Fe, Ni, Ru, Rh, Pd, Ag, Pt, and Au) with
desirable coordination environments (e.g, M-N4, M-P3, M-N/
O, and M-N/P) showing high activity and selectivity toward
specific reactions is of great importance. Besides, it is highly
desirable to seek suitable strategies for achieving strong metal−
support interactions in single-atom photocatalysts, assuring
long-term stable activity and selectivity. For instance, supports
with abundant coordination sites (e.g., N4, P3, N/O, and N/P)
should be designed and synthesized for anchoring large
amounts of single atoms as active sites. Moreover, supports
with sufficient cation/anion vacancies can also be utilized to
stabilize suitable single atoms to achieve strong metal−support
interactions. Furthermore, more approaches should be
discovered for the controllable, scaled-up, and cost-effective
production of single-atom photocatalysts via eco-friendly
routes. On the other hand, a variety of powerful in situ or
operando characterization techniques, in situ transmission
electron microscopy (TEM), in situ X-ray photoelectron
spectroscopy (XPS), and in situ Raman spectroscopy, can be
adopted to disclose the real-time morphologies, structures,
compositions, and surface chemical states of photocatalysts as
well as intermediate/product compositions and contents for
important reaction processes. The above measurements and
calculations can be further utilized to understand the true
structure−activity relationship for these photocatalysts as well
as the actual and precise reaction mechanisms. Moreover, an
increasing advancement of computation methods permits
better integration of experimental and computational ap-
proaches to elaborate the structure−activity correlation and/or
reaction mechanisms for single-atom photocatalysts. Further-
more, it is of great significance to achieve a high-throughput
screening of novel photocatalysts via theoretical computations,
followed by experimental design and fabrication of these
photocatalysts toward specific reactions. The acquired knowl-
edge and achievements are anticipated to tremendously
advance the widespread utilization of high-performance and
brand-new single-atom photocatalysts in the near future.
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Kalathil, S.; Andrei, V.; Domen, K.; Reisner, E. Molecularly
engineered photocatalyst sheet for scalable solar formate production
from carbon dioxide and water. Nat. Energy 2020, 5, 703−710.
(15) Wu, X.; Li, J.; Xie, S.; Duan, P.; Zhang, H.; Feng, J.; Zhang, Q.;
Cheng, J.; Wang, Y. Selectivity control in photocatalytic valorization
of biomass-derived platform compounds by surface engineering of
titanium oxide. Chem. 2020, 6, 3038−3053.
(16) Dilla, M.; Moustakas, N. G.; Becerikli, A. E.; Peppel, T.;
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Chapter 7: Conclusion and Perspective

7.1 Conclusions

This thesis is focused on the design, synthesis, and application of novel nanomaterials for 

solar-driven production of valuable chemicals and the mechanism study of these 

photocatalysis processes. Based on the works in this thesis, conclusions can be drawn as 

follow:

1. Two-dimensional nanomaterials, including transition metal-based metal-organic

frameworks and metal phosphorus trisulfide, which possess ultrathin layered structures, 

could be utilised as an excellent platform for improving photocatalytic performances 

toward hydrogen production. The 2D Co-MOF, Ni-MOF and FePS3 play key roles in 

improving the photocatalytic activity of the main photocatalyst by providing sufficient 

reactive sites and facilitating charge separation and transfer. Since the light-harvesting 

ability and band structure of these nanomaterials vary, probing into the origin of the 

structure-performance relationship and finding out a universal strategy for designing 

and screening outstanding high-performance photocatalysts are of great importance for

research on solar-to-hydrogen transformation.

2. Considering most research focused on using the photo-induced electrons to realize the

solar-driven hydrogen evolution, the drawback is that the simultaneously formed 

photoexcited holes have been neglected. It is significant to utilise the photogenerated 

holes to react with abundantly available hole scavengers, such as biomass, biomass‐

derived intermediates and plastic wastes, to produce value-added chemical products. It 

is worthwhile developing high-performance photocatalyst for realising the simultaneous 

production of hydrogen and valuable chemical products.

121



3. Thanks to the abundant reactive sites and adjustable coordination environments, novel

singe-atom-based photocatalysts exhibit excellent performance for various solar-driven 

reactions. The combination of fabricating single-atom photocatalysts and adapting for 

emerging reactions, together with exploring the origin of performance-structure 

relationships of excellent photocatalysts will significantly broaden the boundary of solar-

driven applications.

7.2 Perspectives

Photocatalysis on energy conversion and storage is a complicated process, involving 

optical, electrical, and chemical processes. To sustain the development of solar energy 

transition for renewable energy supply, more efforts need to be made to the development

of high-performance photocatalysts to overcome the challenging obstacles, such as low 

quantum yield, poor selectivity toward target products, and low conversion efficiency. To 

this end, theoretical calculations and advanced characterization techniques are useful for 

the comprehensive understanding of the solar-driven reactions of energy transformation. 

Probing the mechanism of the solar-driven conversion is to better understand the origin 

of the structure-performance relationship of the photocatalysts for hydrogen production 

and is expected to be extended to the other photocatalytic reactions. Ideally, the massive

computation could also be employed to guide the design and synthesis of photocatalysts 

for reactions producing specific products, not just hydrogen, but also value-added 

chemicals. The combination of searching for high-performance photocatalysts and 

improving solar-driven reaction efficiency will be of great benefit to the development of

solar energy conversion for achieving the aim of carbon neutrality. Hopefully, affordable, 

stable and durable photocatalysts will be developed and utilized for practical scaled-up 

production of valuable chemical products in the near future.
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