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Prussian blue analogue-derived materials for
photocatalysis

Xu Han,® Wen-Wen He,*? Tao Zhou® and Shenggian Ma () *®

Prussian blue (PB) and Prussian blue analogues (PBAs), which are a family of coordination polymers (CPs),
are considered excellent catalysts, and thus widely studied in the field of electrocatalysis. To date, numer-
ous excellent studies on PBA-derived electrocatalysts have been reported. In contrast, in the field of
photocatalysis, the exploration and reports on PBA and its derivatives are relatively scarce compared to
electrocatalysis. However, in the past five years, an increasing number of PBA-derived photocatalysts has
been reported in almost every field of photocatalysis. Due to their advantages of tailorable structures,
favorable stability, low cost and simple preparation process, these materials show great potential in each
field of photocatalysis. In this review, we summarize the latest developments in the synthesis and photo-
catalytic performance of PBA-derived photocatalysts. Our discussion is focused on PBA-derived photoca-
talysts in terms of photocatalytic hydrogen evolution, photocatalytic water oxidation, and CO, photore-
duction. Subsequently, the design, catalytic performance and catalytic mechanism of PB/PBA-derived
photocatalysts are discussed. Finally, the challenges and prospects in PB/PBA-derived materials for their
application in photocatalysis and guiding principles for fabricating PBAs to realize distinguished activities
are presented.

1. Introduction

Nowadays, the increasing depletion of the traditional fossil
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prompted researchers to devote more efforts to developing
green and sustainable energy.” In this case, although wind
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duced in daily life gradually, the utilization of these energy
sources usually requires large-scale harvesting devices.>* The
collected inexhaustible energy needs to be converted into elec-
tricity for transmission before use, and in fact there is usually
a certain amount of transmission loss. In contrast, photo-
catalytic reactions allow solar energy to be directly collected
and converted into usable substances in one step, endowing
them broad application prospect in energy and material con-
version.” As an effective measure for the utilization of solar
energy, photocatalytic technologies have attracted significant
interest, and many useful achievements have been made in
photocatalytic hydrogen evolution, photocatalytic oxidation
evolution, photocatalytic CO, reduction, nitrogen photo-fix-
ation and so on.®® However, significant hurdles such as poor
solar efficiency, reaction selectivity and overall conversion rate
affect the energy and material conversion promoted by solar-
power energy. According to the literature, the solar conversion
rate of different photocatalytic technologies has only reached
10%-20%, rarely exceeding 20%. Thus, to boost the energy
utilization rate for photocatalytic reactions, the design and syn-
thesis of high-efficiency photocatalysts have become particu-
larly important. An efficient photocatalyst should overcome
some deficiencies of existing materials, such as poor light har-
vesting capability, fast recombination of photo-generated elec-
tron-hole pairs (e-h), and lack of active sites.’

Accordingly, significant efforts have been devoted to pro-
moting the catalytic activity and capacity of photocatalysts. The
strategies reported thus far to build high-efficiency multifar-
ious photocatalysts can be divided into three categories, as
follows: (i) band structure regulation, (ii) morphology and size
control of photocatalysts and (iii) surface modification.'®*>
These methods are different in terms of cost, operational
difficulty and scope of application.
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Semiconductors are good candidates for the design of
photocatalysts, which possess conductivity between that of a
conductor and insulator. Compared with metal conductors,
semiconductors have a narrow band gap, endowing them with
adequate photosensitive properties.’* The TiO, semiconductor
was first prepared to promote photocatalytic water splitting in
1972, and then the CdS semiconductor was first applied in
photocatalytic reactions in 1977.'*"® TiO, is a green catalyst
with low cost and good stability. Alternatively, CdS has a
strong visible light response, suitable band gap structure, and
simple preparation process. However, their fast e-h recombi-
nation and light poisoning limit their wider application in
photocatalytic reactions. Thus, new semiconductors have been
created to accelerate the development of photocatalytic techno-
logies, such as metal oxides, metal sulfides, g-C;N,, metal-
organic frameworks (MOFs) and covalent organic frameworks
(COFs).'%

The following components play an important role in photo-
catalytic systems, including sacrificial reagents, REDOX media
and photosensitive reagents.”®® (i) Sacrificial reagents. In
n-type/p-type semiconductors, when light energy is absorbed,
e~ /h" jump to the conduction band (CB)/valence band (VB) in
the band gap of semiconductors. If these excited e~ and h" are
not transferred immediately, they will return to the band gap
and recombine with the rest of the species. In this case, the
addition of sacrificial agents can combine the unused carriers
in photocatalytic test systems to solve this problem and speed
up the reaction. (ii) REDOX media. Photocatalytic reactions are
often limited by their sluggish kinetics, and in this case, the
addition of REDOX medium can accelerate the kinetics of the
conversion process and promote faster charge transfer. (iii)
Photosensitive reagents. Many semiconductors such as black
materials have poor absorption and response capacity in the
UV-visible region, and thus the addition of photosensitive
reagents is the key to boosting their light absorption and light
energy conversion efficiency.

To further increase the utilization rate of photo-generated
electrons and prevent electron-hole recombination, the strat-
egy of constructing heterogeneous structures has been applied
in photocatalytic reactions.”’ >° The formation of hetero-
structures can not only achieve the effective separation of e~
and h', but also change the electronic property at the interface
of different semiconductors to enhance their photocatalytic
properties. There are three traditional heterojunctions, i.e.,
straddling gap (type I) heterojunction, staggered gap (type II)
heterojunction and broken gap (type III) heterojunction.>
These traditional heterojunction types are all composed of two
semiconductors with different valence and conduction band
structures; meanwhile, the bandgaps of the two semi-
conductors overlap in different ways. In type III heterojunc-
tions, they possess a non-overlapping band gap, which cannot
transfer e~ and h* directly. Thus, only type I and type II hetero-
junctions can construct an effective heterostructure. In type I
heterojunctions (Fig. 1a), the reduction reaction and oxidation
reaction take place in the same semiconductor. In type II het-
erojunctions (Fig. 1b), the reduction reaction occurs on the
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Fig. 1 Band structures of various types of heterojunctions. (a) Type | heterojunction, (b) type Il heterojunction, (c) Z-scheme heterojunction, (d)
S-scheme heterojunction, (e) p—n heterojunction, and (f) Schottky heterojunction.

semiconductor with a positive CB and VB, while the oxidation
reaction occurs on the other semiconductor.

In recent years, several other types of heterojunctions have
been reported (Fig. 1c-f), such as Z-scheme heterojunctions,
S-scheme heterojunctions, p-n heterojunctions, and Schottky
heterojunctions, respectively.?*™** At present, Z-scheme and
S-scheme heterojunctions have been studied in-depth and
widely used for photocatalytic reactions. These heterojunc-
tions are often constructed by distinct materials with
different band gaps. (i) In 1979, Z-scheme heterojunctions
were first reported by Bard, named after the “Z-type” electron
transfer direction. In the original study, the formation of
these heterostructure systems required the presence of
REDOX. However, the light shielding effect, pH-sensitivity
and poor stability of REDOX affected the application of Z-type
heterojunctions. In 2013, a direct Z-scheme heterojunction
complex was reported to overcome the shortcomings of the
original Z-type heterojunction.’®*°° (ii) S-scheme hetero-
junctions are formed by reduced photocatalysts (RP) and oxi-
dized photocatalysts (OP), which are similar to type II hetero-
junctions. the difference between type II and
S-scheme heterojunctions is that a built-in electric field
(BIEF) is formed in S-scheme heterojunctions, and the
reduction and oxidation reactions occur on the RP and OP,
respectively. At present, the S-scheme heterojunction photo-
catalysts are usually composed of two different n-type semi-
conductors with an obvious Fermi-level difference.**® (iii)
The p-n heterojunctions are constructed by n-type and p-type
semiconductors, where the photo-excited e~ and h* will trans-
fer from the n-type semiconductor to the p-type semi-
conductor to form a BIEF at the semiconductor interface. The
p—n heterojunctions often appear in type I and type II
heterojunctions.>**® (iv) Schottky heterojunctions are a

However,

This journal is © the Partner Organisations 2024

special type of heterojunction made of a metal (Pt, Au, Ag, Ni,
Co, etc.) or metal-like material (p-type metal sulfides, metal
oxides, etc.) and a semiconductor or other heterojunctions,
which are extensively used for electrocatalytic and photo-
catalytic reactions.*’*> An in-depth analysis of the structural
characteristics and internal electron flow of heterojunctions
can help understand the electron transfer process in photo-
catalytic reactions, which is conducive to the design and syn-
thesis of high-efficiency photocatalysts.

Prussian blue (PB) and Prussian blue analogues (PBA) are
stable coordination polymers (CPs), which are similar but
slightly different to MOFs. They are constructed by metal ions
and transition-metal cyanometalates, having a three-dimen-
sional (3D) angular cubic or two-dimensional (2D) lamellar
structure.**™*” The discovery of PB can be traced back to the
early 18th century, which was the first coordination compound
to be discovered. Originally, PB was used as a dye in Berlin,
Kingdom of Prussia.*® The coordination metals of PB at that
time were Fe ions. Unless otherwise indicated, PB and PBAs
are collectively referred to as PBAs in this review. The general
formula of PBAs is AM,[M,;(CN)e],-zH,O, where the A, are
cations intercalated between the frameworks and M, and M,
the metal ions coordinated to the cyano groups.*® Besides an
adjustable nanoscale structure, PBAs have merits such as
favorable stability, low cost and simple preparation. Due to
these advantages, PBAs have been applied in various fields
such as batteries, cells, electrodes, catalysis, and nano-
enzymes (Fig. 2). According to our search on “Web of Science”
using the keyword PBAs, more than 7900 articles were reported
up to the end of December 2023. To date, there are over 30
reviews in the field of electrocatalytic water splitting related to
PBAs. However, there is no review focusing on the application
of PBAs in photocatalysis.

Inorg. Chem. Front., 2024, M, 3707-3730 | 3709
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Fig. 2 Number of articles on Prussian blue in different fields up to the
end of December 2023, data from the "Web of Science”.

PBAs and their derived materials have been widely applied
in various photocatalytic reactions.’** In this review, we sum-
marize the recent progress on PBA-derived materials in three
main types of photocatalytic reactions, which are photo-
catalytic H, evolution, photocatalytic O, evolution and CO,
photoreduction reactions respectively (Fig. 3). Firstly, we
discuss the widely used systems for photocatalytic reactions
and summarize the suitable test systems for PBA-derived
photocatalysts. Then, we focus on a systematic discussion on
PBA-derived materials regarding their synthesis strategy, metal
regulation, morphology regulation, heterogeneous structure
construction, enhanced photocatalytic performance and corre-
lation between their structure and activity. Finally, some exist-
ing scientific challenges, future development directions and

Fig. 3 Various types of PBA-derived catalysts for photocatalytic
reactions.

3710 | Inorg. Chem. Front,, 2024, M, 3707-3730

View Article Online

Inorganic Chemistry Frontiers

perspective towards opportunities for PBA-derived photocata-
lysts will be described.

2. Test system for photocatalytic
reactions

The methods for converting light energy into chemical energy
are first derived from the process of photosynthesis. In green
plants, several organelles and enzymes are involved in the
process of photosynthesis. Thus, researchers usually add some
necessary auxiliary components to photocatalysis systems to
mimic the role of the above-mentioned organelles.>*>® In
the test systems of PBAs and their derived photocatalysts, it
is necessary to choose suitable REDOX media, sacrificial
agents and photosensitizers to enhance their photocatalytic
performance.

2.1. REDOX medium for photocatalytic reaction

In the first stage of photosynthesis, light-dependent reactions
of photosynthesis systems have two important components,
i.e., PSI (product hydrogen protons) system and PSII (applied
for oxygen evolution) system, as shown in Fig. 4.>” The inven-
tion of PEC cells is inseparable from the inspiration of photo-
synthesis. Mimicking these systems, hybrid photoelectrochem-
ical (PEC) cells have been designed with REDOX media to
drive photocatalytic water splitting.”® REDOX media as an
auxiliary for electron transfer have been widely applied in
different photocatalytic reactions. 10>7/I" (I’7/I7), Ru**/Ru*",
[Co(bpy);**"** and Fe*'/Fe*" are the commonly used REDOX
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Fig. 4 (a) Schematics of the electron transfer path from PSII to PSI in
natural photosynthesis. (b) Schematics of the CdS-PSIl hybrid PEC
battery and the brief instruction of the electron transfer path.
Reproduced with permission from ref. 57. Copyright 2019, The Royal
Society of Chemistry.
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media at present.”*"®® These REDOX media are often formed
by adding their chemical solution to the photocatalytic reac-
tion systems directly. Besides, REDOX media can also assist to
construct liquid-phase Z-scheme photocatalytic systems. The
robust structure of PBAs are formed by a cyano group and
metal ions of different valence states (M,>*~C=N-M,>"), which
can make them become favorable REDOX media for photo-
catalytic reactions to build Z-scheme systems. However,
although REDOX media can improve the reaction conversion
efficiency, most of them will hinder the light absorption of
semiconductors and easily lose their activity in strong acid or
base conditions. Meanwhile, these REDOX media can only be
used in the liquid phase.® In 2021, Mei and Hang et al. found
that a Cu-Fe PBA could be used as solid-state REDOX mediator
to drive the water electrolysis process, indicating that PBAs
have a good potential for the construction of all-solid-state
Z-scheme photocatalytic systems.**

2.2. Sacrificial agents for photocatalytic reactions

In photocatalytic reactions, the photo-electrons and holes
created by semiconductors will immediately recombine if
they are not transferred immediately. Thus, to make greater
use of photo-generated electrons or holes efficiently, it is
necessary to add suitable sacrificial agents to accept the
residual photo-holes or electrons. There are two type of sacri-
ficial agents, electron donors and electron receptors, respect-
ively.®® The sacrificial electron donors are usually used in
reduction reactions (H, evolution and CO, reduction), and
sacrificial electron acceptors are usually used in oxidation reac-
tions (O, evolution).

In the case of n-type semiconductors, electron donors can
occupy the h* generated by photo-excitation, preventing the e~
from returning to the conduction band and recombining with
the h'. Regarding p-type semiconductors, electron receptors
are often combined with e~ to promote photocatalytic reac-
tions. At present, methanol, triethanolamine (TEOA), ethylene
diamine tetraacetic acid (EDTA), r-lactic acid (LA), r-ascorbic
acid (AA) or its sodium salt, and sodium sulphide/sodium
sulfite complex salt are popular sacrificial agents.®®”> Bahruji
et al. studied 20 different sacrificial agents and proved that
these sacrificial agents can all increase the efficiency of photo-
catalytic hydrogen evolution.”" The catalytic activities of
different alcohols follow the order of triol > diol > primary
alcohol > secondary alcohol > tertiary alcohol. Because PBAs
can remain stable under highly acidic conditions, most acid
sacrificial agents can be applied in photocatalytic systems with
PBAs and PBA-derived photocatalysts.”> In some alkaline-
stable PBA-derived materials, such as metal sulfides, nitrides,
and phosphates, or other PBA-containing composite materials,
TEOA and TEA can be used. In addition, Na,S/Na,SO; and
Na,S,05 are also frequently used as sacrificial agents for PBA-
derived photocatalysts.

2.3. Photosensitizers for photocatalytic reactions

Compared to sacrificial agents and REDOX media, photosen-
sitizers are the most important components for photo-

This journal is © the Partner Organisations 2024
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catalytic reactions. Most PBAs and their derived photocata-
lysts have weak light absorption capacity in the visible-light
region, causing them to poorly utilize light energy.”* Some
photosensitive substances can help overcome this problem.
They can be absorbed on the surface of photocatalysts to
increase their light absorption capacity, which are named
photosensitizers. At present, the commonly used photosensi-
tizers are eosin Y (EY) and its analogues, tris(2,2"-bipyridyl)
ruthenium(m) (RuBpy) and its analogues, porphyrins and
phthalocyanines.”*® Most of them are directly added to photo-
catalytic systems, while some of them are grafted onto semi-
conductor materials. In some cases, photocatalysts are composed
of photosensitizers. At present, the most common photosensiti-
zers used for PBAs and their derived photocatalysts are EY and
RuBpy.

In the photocatalytic systems with TEOA, EY is a commonly
used photosensitizer, which can be turned into an excited
state after absorbing light energy, and then converted into a
trilinear state (EY?*). Meanwhile, TEOA is oxidized to TEOA",
thereby assisting EY®* to convert into EY™. Finally, the photo-
electrons are transferred to the photocatalyst and the EY™ will
return to the ground state (EY).”” However, with the consump-
tion of TEOA, the reaction rate will decrease in this system.
The further addition of sacrificial agents can maintain the
reaction rate. Besides, RuBpy and Na,S,0g are often used
together in photocatalytic reaction systems. In this system, [Ru
(bpy)s]** first absorbs photons and changes into the excited
state of [Ru(bpy);]*"*. Photogenerated oxidant [Ru(bpy)s]*" is
formed through the transfer of electrons from [Ru(bpy);]*™* to
S,05°". After that, [Ru(bpy)s;]*" oxidizes the catalyst to high-
valence species and Na,S,0g will be reduced to Na,SO,. Then,
Ru(Bpy);*" will return to Ru(Bpy);>". In this process, a hole will
be generated, which can move to the surface of photocatalysts
to drive oxidation reactions.”®®® However, the high cost of
RuBpy hinders its wide use in photocatalytic systems, and it is
only widely used in the water oxidation process.

Thus, to improve light response of PBA materials, the strat-
egy of adding photosensitizers to the test systems directly is
commonly used in numerous cases. However, the use of this
approach usually makes it difficult to recycle the photosensiti-
zer, which may cause environmental pollution simultaneously.
Accordingly, connecting photosensitive groups to the PBA
framework can solve this problem, building a polymeric plat-
form for PBAs and photosensitizers to effectively improve the
light absorption capacity of the compound.

3. PBA-derived materials for
photocatalysis

PBAs and their derived materials have multiple and various
electronic and band gap structures, which will usually affect
the charge transfer direction and charge transfer ability of a
composite photocatalyst in photocatalytic H, evolution, photo-
catalytic water oxidation and CO, photoreduction reactions. In
the photocatalytic H, evolution and CO, photoreduction reac-
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tions, the charge transfer mechanisms have four steps, as
follows: (i) absorbing light energy to create excitons. (ii) The
dissociation of excitons into e~ and h'. (iii) A carrier made up
of e” migrates to the surface active sites of the semiconductor
to participate in the reduction reaction, and the h" remaining
on VB can subsequently combine with electron donors. (iv)
The evolution of the reduction products on the surface of the
catalyst. Similarly, the charge transfer mechanism for photo-
catalytic water oxidation reactions also involves the above-men-
tioned four steps. In photocatalytic water oxidation reactions,
the difference is that e” will combine with electron receptors
and the h" will move to surface active sites to evolve oxidation
from water.>™'° In these photocatalytic reactions, it is impor-
tant to select photocatalysts with suitable band gaps.®' As
shown in Fig. 5a, the Ecg for H, evolution photocatalysts
should be more negative than —0.41 V vs. NHE at pH = 7 and
the Eyp for water oxidation photocatalysts should be more posi-
tive than +0.82 V vs. NHE at pH = 7. Due to the fact that the
E¢g for different products is quite close, the accurate design of
the Ecg of photocatalysts is a good way to improve the selecti-
vity for CO, photoreduction reactions. The above-mentioned
band gap potentials can be determined by Mott-Schottky,
VB-XPS, UPS and UV-vis DRS and other characterizations,
helping calculate the band gap of PBA-derived photocatalysts
(Fig. 5b). Besides, single PBAs have a poor photo-response and
photo-stability, which hinder their application in these photo-
catalytic reactions. Thus, many strategies have been designed
to overcome the above-mentioned obstacles, as follows: (i)
adding a photosensitizer to the photocatalytic reaction system.
(if) Constructing metal sulfide or metal phosphide photocata-
lysts by using PBAs as precursors to control the morphology
and band gap of PBA-derived photocatalysts. (iii) Constructing
composite materials to form heterogeneous structures.

3.1. PBAs and their derived materials as photocatalysts for
photocatalytic hydrogen evolution

In photocatalytic hydrogen evolution (PHE) reactions, PBA-
derived photocatalysts usually have suitable band gap struc-
tures and excellent photo-stability. As remarkable precursors
or substrates, PBAs can become efficient hydrogen evolution
photocatalysts through metal or morphology regulation (a

H,0/CO,

CO,/HCOOH (E=-0.61eV) 1~

CO,/CO (E = -0.53 eV) <—0£ """"""""""""""""""""""""""

CO,/HCOH (E = -0.48 eV)
CO,/CH;OH (E = -0.38 eV)
CO,/CH, (E =-0.20 eV)

H,0/0, (E = +0.82 eV)
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summary of different PBA-based photocatalysts for hydrogen
evolution is presented in Table 1). The application of PBA-
derived photocatalysts can be divided into three main types, as
follows: (i) as REDOX media to drive photocatalytic hydrogen
evolution; (ii) excellent precursor for metal sulfides or phos-
phides, where PBA-derived metal sulfides and phosphides are
high-efficiency catalysts for photocatalytic hydrogen evolution;
and (iii) PBAs and their derived materials used to construct
composite photocatalysts for photocatalytic hydrogen
evolution.

3.1.1. PBA-based REDOX media. As a primary component
of PB, hexacyanoferrates with different valences were first used
as REDOX media for photocatalytic H, evolution reactions in
2014.%>1%% After a long time, this type of REDOX medium was
used in the PSII system with traditional photo-electrodes com-
posed of Pt/CdS materials in 2017.>” However, the exploration
of catalytic mechanisms between Pt/CdS and hexacyanoferrate
are not thorough. In the same year, Abe and Higashi proposed
an all-purpose strategy to reveal the catalytic mechanism
between metal sulfides (CdS, ZnIn,S, and CdIn,S,) and the [Fe
(CN)¢”*~ REDOX medium in Z-scheme water splitting
systems (Fig. 6).5* They demonstrated for the first time that [Fe
(CN)e]>~ will be generated from [Fe(CN)q]*~ during the progress
of H, evolution. This backward reaction may gradually
decrease the rate of H, evolution. Besides, there is a photo-
absorption peak at around 420 nm for [Fe(CN)]*", and the
light shielding effect of [Fe(CN)s]*~ can also inhibit the H,
evolution. Compared with ZnIn,S, and CdIn,S,, Pt/CdS have a
fast photo-corrosion progress, which may spontaneously form
K,[CdFe(CN)¢] layers on Pt/CdS, resulting in a higher H, evol-
ution rate of 67.7 pmol h™" (1.354 pmol g~ h™"). Subsequently
in 2018, to further explore the influence of REDOX media on
Pt/CdS, Kato and Kobayashi used a series of hexacyanidometal-
late ((M(CN)g]*", M = Fe or Ru) PBA REDOX to modify the Pt/
CdS nanorod photocatalyst.** Because the Ru(mi)/Ru(u) poten-
tial of CARu-PW (+1.42 V vs. NHE) is closer to the VB potential
of CdS-NR (+1.7 V vs. NHE), [Ru(CN)s]*” is a more suitable
REDOX medium for Pt/CdS photocatalysts, which can act as
an electron source for the photocatalytic H, evolution reaction
(Fig. 7). In the presence of [Ru(CN)e]*~, Pt/CdS-NR catalysts
can produce about 1.2 pmol H, in 6 h (100 pmol g~* h™).

b
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Table 1 Summary of different PBA-based photocatalysts for hydrogen evolution
Material Irradiation Sacrificial agent REDOX medium H, evolution rate/(mmol g~* h™) Ref.
Pt/CdS 2> 420 nm None [Fe(CN)e*~*~ 8.85 82
Pt/CdS 4> 400 nm None [Fe(CN)s >+~ 1.35 83
Pt/CdS-NR A =470 £10 nm None [Ru(CNye >+~ 1.73 84
InHCF/RCO/TaON A>400 nm None Fe*'/Fe* 2.08 85
yolk-shell CdS A > 420 nm Na,S/Na,SO; None 3.05 86
CdS frame-in-cage A > 400 nm Na,S/Na,SO; None 13.6 87
Cdy.5Zng 5S A 2> 420 nm Na,S/Na,S0; None 4.34 88
ZnCdS A > 420 nm Na,S/Na,SO; None 23 89
ZnCdsS A > 420 nm Na,S/Na,SO; None 21 90
Ni,Cd,S A > 420 nm Na,S/Na,SO; None 8.45 91
Co-FeP@NC-4 A2>420 nm TEOA None 13.3 92
NCP-60 A > 420 nm TEOA None 16.6 93
Ti0,/Cu;[Co(CN)g], 4> 420 nm TEOA None 2.86 94
PBA-TiO, A>420 nm TEOA/NalO; None 0.198 95
g-C3N4-Fe,N A2>420 nm TEOA None 0.0887 96
NiCo0,0,@GDY A>420 nm TEOA None 4.84 97
PB-Co/CdS-LT-3 A > 420 nm LA None 57.22 98
CdS/ZnCd-PBA A>420 nm LA None 19.24 99
ZnCdS/NiCoP A>420 nm LA None 11.66 100
H-NCP/H-ZCS A>420 nm Na,S/Na,SO; None 73 101
ZnIn,S,/CdS A > 420 nm Na,S/Na,SO; None 7.4 102
CN-2 A>420 nm Na,S/Na,SO; None 44.4 103
NizFeN A>400 nm TEOA None 16.96 104
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Fig. 6 (a) H, evolution yields for Pt/K,[CdFe(CN)e¢l/ZnIn,S,4 under different reaction conditions. (b) Time courses of Z-scheme water splitting system
using Pt/K,[CdFe(CN)gl/Znln,S, as H,-evolving photocatalysts. Reproduced with permission from ref. 83. Copyright 2017, The Royal Society of

Chemistry.

Inspired by the above-mentioned strategies, in 2023, a strategy
of surface modification of a RCO/TaON (Rh,Cr,_,O3; denoted
as RCO) electrode with metal hexacyanoferrates (MHCF, M =
cd", Zn", or In") was reported. MHCF can combine with the
added Fe**/Fe*" to form a REDOX medium, helping to release
RCO from the electrode to combine H' and generate H,.
Compared with the unmodified RCO/TaON electrode, the
InHCF/RCO/TaON electrode can drive a significantly higher H,
evolution rate (104 pmol h™").*® This work proved that InHCF
nanoparticles can be regarded as solid electron mediators for
achieving a Z-scheme system.

3.1.2. PBA-derived metal sulfides and phosphides for
photocatalytic H, evolution. Metal sulfides are the best candi-
date materials for photocatalysts because of their narrow band

This journal is © the Partner Organisations 2024

gap and remarkable photoresponse. Before the appearance of
MOFs and COFs, CdS was extensively studied because of its
obvious advantages such as good light absorption ability, high
stability and appropriate band gap (2.4 eV) structures.?® The
earliest application of CdS in photocatalytic water splitting was
in 1981.%” Here, a platinized cadmium sulfide composite (Pt/
CdS) was synthesized and first applied as a catalyst for photo-
catalytic H, production, achieving the H, evolution rate of
694 pmol g~ h™".% Since then, CdS-based catalysts have been
widely used for photocatalytic H, production.®

PBA can provide abundant metal sources for PBA-derived
sulfides. Further, as excellent robust framework materials, the
morphology of PBA-derived sulfides can be well regulated
through the material synthetic progress. Accordingly, many
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reaction driven by Pt/CdS—NR in the presence of K4[M(CN)g] (M = Fe or
Ru) REDOX mediators. Reproduced with permission from ref. 84.
Copyright 2018, The Royal Society of Chemistry.

fantastic structures have been obtained, such as hollow case
structures, hollow frame structures, and frame-in-cage
structure.**™** These structures can not only greatly increase
the specific surface area of materials, but also help expose
more active sites for subsequent reactions. The first appli-
cation of a PBA-derived CdS material for photocatalytic hydro-
gen evolution was only recently reported in 2017.°° In this
report, Wang and Liu designed a yolk-shell CdS microcube
with Cd-Fe PBA and Na,S. The etching equation is Cds[Fe
(CN)g]» + S>° — 3CdS + 2[Fe(CN)¢]’". Due to the different
diffusion abilities of Cd** and S>7, the CdS shell and the Cd-
Fe PBA core were initially formed. As the etching proceeds, S*~
spreads inward and combines with the inner Cd** to form a
CdS nucleus. Then, hollow yolk-shell CdS microcubes are
obtained. This hollow yolk-shell CdS microcube achieved an
H,-production rate of 3.05 mmol h™'g™", which is 2.43 times
higher than that of the pure CdS particles. Likewise, Lou pre-
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pared individual CdS frame-in-cage particles in 2020 inspired
by PBA-based electrocatalysts.””®> The CdS frame-in-cage par-
ticles were constructed through a facile two-step sulfidation.
Similar to the synthetic strategy of yolk-shell CdS microcubes,
CdS frame-in-cage particles were also obtained by etching Cd-
doping PBA (Cd-Co PBA). However, the sulfuration process of
CdS frame-in-cage particles is different from yolk-shell CdS
microcubes. In the first step, thioacetamide (TAA) and
ammonia water are used as etching reagents. Then, Na,S is
applied as an etching reagent in the second sulfuration. This
mild reaction process allows PBA to exist in the frame-in-cage
structure. The thin shells outside the CdS frame-in-cage par-
ticles can accelerate the separation of photoelectrons and
holes, achieving a high hydrogen production rate of
13.6 mmol g' h™'. The hollow structures in the above-men-
tioned two photocatalysts not only endowed these materials
with a large specific surface area and abundant active sites,
but also enhanced light-absorption capability due to the light
scattering effect.

Numerous bimetallic sulfide photocatalysts have been pre-
pared by etching PBAs with different metals. In 2020, Liu
designed a type of mono-disperse CdsZnysS nanospheres
(Cdg.5Zng 5S-S) via the solvothermal route.”® Cdg sZn, 5S-S was
obtained by etching a Cd-Zn-Fe PBA material with TAA.®® The
photocatalytic H, evolution rates of CdysZnysS-S and
Cdy.5Zn, 5S nanoparticles (Cdy sZn, sS-P, synthesized by direct
method) were 4.34 and 2.07 mmol g ' h™", respectively.
Compared with Cdy sZng sS-P, Cdy 5Zn, 5S-S has many advan-
tages, such as nano-spherical morphology, larger specific
surface area and stronger light absorption capacity. This work
provides an idea for the preparation of PBA-derived bimetallic
sulfide photocatalysts. In 2022, Tsubaki and Jin obtained a
hollow ZnCdS particle cage by modifying a Zn-Cd-Co PBA
with ammonia and TAA as etching and sulfurizing reagents,
respectively.®® In this study, there are three type synthesis
routes for ZnCdS with various shapes, including ZnCdS bulk,
ZnCdS cage and hollow ZnCdS cage (Fig. 8). The hollow ZnCdS

ZnCd-PBA

TAA,NH,-H,0

ZnCd-PBA

Cop}
TAA,NH,-H,0 TAA,NH;H,0 Na,S
- @ s N3 \—#. éaz.
= NH,-H,0
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Na,S \—

ZnCdS bulk

Na,S
\,— S e —
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Fig. 8 Schematic illustration of the synthesis of Zn—Cd PBA-induced ZnCdS derivatives via different routes. Reproduced with permission from ref.

94. Copyright 2022, The Royal Society of Chemistry.

3714 | Inorg. Chem. Front., 2024, 1, 3707-3730

This journal is © the Partner Organisations 2024


https://doi.org/10.1039/d4qi00612g

Published on 23 April 2024. Downloaded by HeFel University of Technology on 7/3/2024 1:53:39 AM.

Inorganic Chemistry Frontiers

cages could achieve a comparatively higher photocatalytic H,
evolution rate of 23.18 mmol g~* h™ under a 300 W Xenon
lamp. After 4 cyclic photocatalytic hydrogen evolution tests,
only a slight decrease in the H, evolution rate was observed,
indicating the excellent good stability of the hollow ZnCdS
cages. In the same year, this group reported a similar study on
bimetallic sulfides, as shown in Fig. 9.°> They prepared a
series of metal sulfides using PBAs as the precursor, including
CdS, MnCdS, and ZnCdS, to explore the effect of different
metal dopants on the morphology and band gap structure of
the sulfides. Among them, only ZnCdS possess a hollow struc-
ture and achieved an H, production rate of 21 mmol g~* h™.
The results indicated that ZnCdS and MnCdS both have a
narrow band-gap and a negative flat band potential (Egg) com-
pared with CdS. In contrast, the Erg of ZnCdS is more negative,
which can result in a higher driving power to support a better
photocatalytic performance. In summary, constructing hollow
structures is a good method to improve the photocatalytic reac-
tion activity of PBA-derived materials and the application of
mild etching methods can better transform PBAs into well-
structured hollow metal sulfides.

In 2021, Wang and Guo prepared a series of Ni,Cd,S photo-
catalyst by nickel doping using Ni-Cd-Co PBA and Na,S.°® The
chemical equation is Ni,Cd,[Co(CN)s], + S*~ — Ni,Cd,S + [Co
(CN)eJ>~. The Ni;Cd,S photocatalyst could achieve the H, yield
of 8.45 mmol g ' h™", which was three times higher than that
of pure CdS. The test results showed that this tiny doping

View Article Online
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content of Ni can effectively enhance the fluorescence lifetime
of the Ni;Cd,S photocarriers, reducing the recombination rate
of the photo-generated electrons and holes.

Metal phosphides are a good type of noble metal-free cata-
lysts for photocatalytic H, evolution.”” In comparison to tra-
ditional metal phosphides, PBA-derived metal phosphides
have some unique properties, such as enhanced light absorp-
tion capacity, fast photo-generated charge transfer ability, low
overpotential for HER and high stability in photoreactions.
Further, PBA-derived metal phosphides usually have hollow
structures, which are beneficial for photocatalytic H,
evolution.

In 2022, Jin and Hao designed and synthesized a variety of
ultrathin nitrogen-doped carbon Co-FeP (Co-FeP@NC).”® By
regulating the growth kinetics, Co-Fe PBA precursors with
three types of shapes were obtained, including cage, frame
and box shapes. After phosphating, these shapes were pre-
served in Co-FeP@NC materials. All these Co-FeP@NC
materials have a remarkably enhanced light absorption
capacity compared to Co-Fe PBA precursors. Among them, the
Co-FeP@NC cages have a narrowest band gap and highest sep-
aration efficiency of electron-hole pairs, achieving the H, evol-
ution rate of 13.31 mmol h™" g~" in TEOA aqueous solution.

Employing different modification strategies, Tsubaki and
Jin obtained a series photocatalysts including CoO;/NiO com-
pounds, NiCoP nanoparticles, and CoNi,S, nanorods in
2023.%° In this work, the Ni-Co PBA was first etched by NH,OH
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Fig. 9 (a) Schematic illustration of the growth mechanism for the formation of Cd—PBA, MnCd-PBA, ZnCd-PBA and their sulfide derivatives. (b)
XRD patterns of Cd—PBA, MnCd—-PBA, and ZnCd-PBA. (c) PXRD patterns for CdS, MnCdS, and ZnCdS. Reproduced with permission from ref. 95.

Copyright 2022, The Royal Society of Chemistry.
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at different etching times to obtain a precursor named NCP-x
(x =0, 30 and 60). After that, NCP-60 was used for the prepa-
ration of CoO;/NiO compounds, NiCoP nanoparticles, and
CoNi,S, nanorods. CoO;/NiO compounds were obtained by
annealing treatment of NiCoP nanoparticles and CoNi,S,
nanorods were obtained by solvothermal reaction. The per-
formance of these catalysts was higher than that of Ni-Co PBA,
and the NiCoP nanoparticles achieve the fastest H, evolution
rate of 15 mmol h™ g~' in TEOA aqueous solution. This work
indicated that the photocatalytic activity of PBA-derived metal
phosphides with a hollow structure is better than that of solid
structures.

In summary, sulfuration and phosphating are two effective
strategies for the preparation of PBA-derived photocatalysts.
However, the research on PBA-derived materials applied as
photocatalysts is still scarce thus far. There diverse techno-
logies and reagents for sulfurizing and phosphating materials.
In this case, a reasonable preparation method that mimics
PBA-derived electrocatalysis will greatly promote the prepa-
ration of PBA-derived photocatalysts.

3.1.3. PBA-derived composites for photocatalytic H, evol-
ution. To improve the photocatalytic performance of PBA
materials, PBA-derived composites have been designed and
synthesized. Various synthetic methods, such as self-assembly,
hydrothermal/solvothermal, and chemical precipitation
methods, have been reported.'® TiO, and carbon nitride
(g-C3N,) are the most popular substrate materials for photoca-
talysts because of their excellent 2D structure and good chemi-
cal stability. In 2020, Reguera and Pena reported the synthesis
of a TiO,/Cu;[Co(CN)s], composite obtained from Cu;[Co
(CN)s]. and TiO, via an ordinary chemical precipitation
method.'®" The TiO,/Cus[Co(CN)s], composite exhibited a
high hydrogen evolution rate of 2.86 mmol h™ g™*, surpassing
that of pure TiO, by 16 times. The TiO,/Cu;[Co(CN)s], compo-
site possessed a high specific surface area and suitable band
gap. However, Cuz[Co(CN)g], in the composite may easily turn

View Article Online
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into Co(OH), and Cu(OH),, causing a slight decrease in its
photocatalytic performance after several reuses. In 2021, a
PBA-TiO, Janus nanoreactor was prepared using Ni-Co PBA
and 2D TiO,,"%* which involved three key steps. Firstly, the Ni-
Co PBA precursor with unsaturated metal sites was obtained
by mild etching. Then, some TiO, was embedded on the
surface of the Ni-Co PBA precursor. Finally, TiO, evolved into
free-standing flowers on the surface of Ni-Co PBA using ethyl-
ene glycol and CH;COOH as morphology control agents. This
PBA-TiO, Janus nanoreactor achieved a higher photocatalytic
H, evolution (198 umol g~! h™) and O, evolution (168 pmol
¢! h™") performance with different sacrificial agents com-
pared with Ni-Co PBA and TiO, alone. The special interfacial
structure in the PBA-TiO, Janus nanoreactor is a type II hetero-
junction. The construction of heterojunction plays a crucial
role in the subsequent separation and transfer of photo-gener-
ated charges.

Different from combining PBA with semiconductor
materials directly, Liu synthesized g-C;N,~Fe,N composites
with PB-derived Fe,N and g-C;N, through an electrostatic self-
assembly method (Fig. 10).'®> The presence of Fe,N could
ameliorate the light absorption capacity, increase the electron-
hole separation and facilitate the photo-electron transfer
efficiency of the g-C;N,-Fe,N composites in the visible-light
region. However, the g-C3N,~Fe,N composite exhibited a rela-
tively poor photocatalytic H,-generation rate of 88.7 pmol g~
h™.

Graphdiyne (GDY) is a novel type of carbon-based material.
Due to its special electronic structure and excellent semi-
conductor properties similar to silicon, GDY has been applied
in photocatalytic reactions. Jin and Wang synthesized a
NiCo0,0,@GDY p-n heterojunction with PBA-derived hollow
NiCo,0, and GDY via the wet ball milling method (Fig. 11).***
NiCo,0,@GDY showed 4.84 and 6.91 times the photocatalytic
hydrogen performance (4.84 mmol g~ h™") of single GDY and
NiCo,0,, respectively. In situ-irradiated X-ray photoelectron
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Fig. 10 (a) UV-vis absorption spectra of pure g-C3N4 and different g-C3N4—Fe,N nanocomposites. (b) Average rates of H, evolution of pure g-C3N4
and different g-CsN4—Fe,N nanocomposites under visible-light. Reproduced with permission from ref. 103. Copyright 2019, The Royal Society of

Chemistry.
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spectroscopy (ISI-XPS) analyses suggested that the excited elec-
trons on NiCo,0, can be transferred across its internal electric
field to GDY in this tight p-n heterojunction, leading to the
better separation of charge carriers.

In 2021, Lan and Chen prepared a Co-Co PBA/CdS compo-
site (PB-Co/CdS-LT-x) with a beaded structure by integrating
Co-Co PBA with CdS through the facile temperate-induced
self-assembly method (Fig. 12).'°® PB-Co/CdS-LT-3 revealed
high activity of 57.23 mmol g~' h™". The DFT calculation ana-
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lyses demonstrated that the strong coordination link between
the Cd and -CN groups could deliver the photo-electrons
between CdS nanowires and Co—-Co PBA. Besides, the Co site
may be the active center for hydrogen evolution. The theore-
tical calculation and Bader charge analysis indicated that the
charges are transferred from CdS to Co-Co PBA and the photo-
catalytic H, evolution occurs on Co-Co PBA. This work vali-
dates the significance of coordination links in hybrid materials
and provides a theoretical basis for the fabrication of beaded
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Fig. 12 Schematic illustration of the formation of PB—Co/CdS with a beaded structure and its application in photocatalytic H, evolution.
Reproduced with permission from ref. 106. Copyright 2021, the American Chemical Society.
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photocatalysts and porous coordination polymer composites.
Similarly, Jin and Guo designed an S-Scheme heterojunction
(CdS/ZnCdPBA-x) with CdS nanorods and Zn-Cd PBA in
2023."7 The photocatalytic activity of the CdS/ZnCdPBA-15
composite (19.24 mmol g¢* h™") was lower than that of PB-Co/
CdS-LT-3 under the same test conditions. In this work, the
CdS/ZnCdPBA composite was constructed by electrostatic
interactions, which promoted the charge transfer to a certain
extent. In contrast, the coordination interactions may play a
better role in accelerating the charge transfer. That is why the
beaded structure Co—-Co PBA/CdS showed a better photo-
catalytic performance.

In 2022, Jin designed a particular S-scheme heterostructure,
ZnCdS/NiCoP, by assembling a Zn-Cd PBA-derived sulfide on
Ni-Co PBA-derived phosphide.'®® ZnCdS/NiCoP-3% achieved
an H, generation rate of 11.66 mmol g~* h™", and the hydro-
gen production rate of this catalyst could be maintained at
80% after four cycles. The construction of an S-scheme hetero-
junction restrains the fast recombination of photo-electrons
and holes, leading to a high H, evolution rate. In the same
year, Tsubaki and Jin designed a novel photocatalysts, H-NCP/
H-ZCS, by combining cubic-like ZnCdS (H-ZCS) with NiCoP
frameworks (H-NPC), reaching a high H, generation rate of
73.00 mmol g~* h™".'% 1t is worth mentioning that H-NCP/H-
ZCS has the highest hydrogen evolution rate among all PBA-
derived photocatalysts reported thus far. H-NCP/H-ZCS pos-
sessed a double-hollow structure, which can enhance the
diffusion, penetration, and mass transmission of the reaction
species. At the same time, the migration distance of photo-
generated charges in H-NCP/H-ZCS can be extremely shor-
tened. These advantages endowed the catalyst with super-
strong catalytic activity. In the same year, Yue and Yi designed
a ZnIn,S,/CdS nanohybrid (ZIS/CS) by integrating ultrathin
ZnIn,S, nanosheets on the surface of hollow CdS cubes to
form a cube-in-cube structure.'? Firstly, the hollow CdS cubes
were prepared using a Cd-Co PBA through a mild sulfuration
condition. The first etching reagent was TAA and ammonia. At
this time, the Co atoms in the Cd-Co PBA were removed,
leaving crevices and forming a hollow structure. Then, the
Na,S further etched the precursor, constructing a core-shell
structure CdS cube. Finally, ZnIn,S, in situ grew on the surface
of the hollow CdS cube through a hydrothermal reaction at
80 °C. When the amount of ZIS reached 30%, the 30% ZIS/CS
exhibited the highest H, evolution rate of 7.4 mmol g™ h™.
The EPR, XPS and DFT analyses indicated that the electron
transfer direction is from ZIS to CS, which may result in inter-
facial band bending, creating a Z-scheme charge transfer
pathway in ZIS/CS.

Inspired by the above-mentioned strategies, Ding and Wang
designed a PBA-derived type II p-n heterojunction, which was
prepared by n-type CdS and p-type NiS.''' Firstly, a small-
sheet-structure CdS was grown on the Ni-Co PBA to form a
type I heterojunction, CdS/Ni-Co PBA (CP). Then, an NiS/CdS
(CN) catalyst was obtained with Na,SO;/Na,S solution as the
etching agent. The etching chemical equation is Niz;[Co(CN)s],
+ §*7 (from Na,S) — 3NiS + 2Co[(CN)s]>". In the LA solution,

3718 | Inorg. Chem. Front.,, 2024, M, 3707-3730

View Article Online

Inorganic Chemistry Frontiers

the hydrogen evolution rate of CN-2 (the mass ratio of CdS was
73.9%) was greater than 66.3 mmol g~ h™', which was 39
times higher than single CdS. In the LA solution, the charge
transfer mechanism of CP-2 (the mass ratio of CdS is 56%)
photocatalyst followed the typical type I heterojunction accord-
ing to its band structures. The reduction reaction of protons
and the consumption of holes will occur on Ni-Co PBA simul-
taneously. However, this route will give rise to the temporary
separation of photo-generated electrons and holes, resulting in
poor photocatalytic HER activity. Alternatively, in the CN-2
photocatalyst, the n-type CdS and p-type NiS may build a p-n
heterojunction, which causing the mechanism to change from
type I to type II. Based on the built-in electric field in the CN-2,
the electrons will transfer from the CB of NiS to the CB of CdS
and the holes of CdS may be delivered to the VB of NiS,
leading to a better and faster charge transfer efficiency. This
work provides a common strategy for boosting the photo-
catalytic performance of photocatalysts by the construction of
a built-in electric field, paving a new way for the design of
novel PBA-derived photocatalysts.

In conclusion, PBAs are fascinating precursors for the
design of composite photocatalysts for photocatalytic H, evol-
ution. PBA-derived materials with a hollow structure are a
class of photocatalysts with the highest capacity for photo-
catalytic hydrogen production. However, the photocatalytic
hydrogen production performance of the composite catalysts
constructed by the direct combination of PBA and g-C3N, or
TiO, is far from satisfactory. In this case, designing and
synthesizing complexes with new semiconductors (MOFs,
COFs, etc.) and PBA-derived materials, forming strong inter-
actions between the host and guest (coordination links
between CdS and Co-Co PBA inref. 106), may be a new method
to improve the catalytic performance of composite materials.

3.2. PBAs and their derived materials for photocatalytic water
oxidation

PBAs are a type of reliable water-oxidation catalysts (WOCs) in
both electrocatalytic and photocatalytic water oxidation.''* PB
has been applied with Ru-based photosensitizers for light-
driven water oxidation reactions since 1985."" Different from
photocatalytic H, evolution systems, PB can drive visible-light-
driven water oxidation without Pt or sulfide. In water-oxidation
reactions, PB acts as a catalyst rather than a REDOX medium.
Thus, PBAs and their derived material have become the fron-
tier of research in the last ten years. A variety of PBA-derived
materials has been synthesized and applied in oxygen evol-
ution for light-driven water splitting (a summary of different
PBA-based photocatalysts for water oxidation is presented in
Table 2). In this part, we summarize the application of water
oxidation photocatalysts of PBAs by the following classifi-

cation, PBAs, PBA-derived materials, and PBA-derived
composites.
3.2.1. PBAs and their derived photocatalysts for water oxi-

dation reaction. In 2014, PB, Mn-Fe PBA, Co-Fe PBA, Ni-Fe
PBA, and Cu-Fe PBA were used as WOCs to drive water oxi-
dation with a photosensitizer ([Ru(bpy);]**) and Na,S,0g at pH

This journal is © the Partner Organisations 2024


https://doi.org/10.1039/d4qi00612g

Published on 23 April 2024. Downloaded by HeFel University of Technology on 7/3/2024 1:53:39 AM.

View Article Online

Inorganic Chemistry Frontiers Review
Table 2 Summary of different PBA-based photocatalysts for water oxidation

Material Irradiation Sacrificial agent Oxygen evolution rate Photosensitizer Ref.
PB 1> 360 nm Na,S0,/Na,S,04 1.5x 10 * mol dm™ RuBpy 113
Co-Co PBA 1>470 nm Na,S,0g TOF=2.7x10"*s7! RuBpy 114
Co-Pt PBA A>420 nm Na,S,0g 3712 pmol g~* (5 min) RuBpy 115
Ca,[Co"(H,0),]1.5_x [CO™(CN)g] 1> 420 nm Na,S,05 62 500 umol g~ (5 min) RuBpy 116
CoFe@CoCo 2 =450 nm Na,S,04 2050 pmol g~* h™" (2 h) RuBpy 117
[Ru-P,VP-CoFe] 1> 420 nm Na,S,0g TOF=5.6x10"*s7! None 118
[Cobpy-Fe] =475 nm Na,S,0g 1594 pmol g~ * h™" (1 h) None 119
[Cophen-Fe] A=475nm Na,S,0g 1553 pmol g~ h™* (1 h) None 119
[CoFe-MB] 2> 420 nm Na,S,04 71.3 pmol g h™" (2 h) None 120
[CoFe-CM] 1> 420 nm Na,S,04 49.5 pmol g h™* (2 h) None 120
[CoFe-SF] 2> 420 nm Na,S,04 28.4 pmol g h™" (2 h) None 120
Co,Fe;_,0, 1> 420 nm Na,S,0g 1900 pmol g~ h™" (13 min) RuBpy 121
Co,Fe;_,0, A>420 nm Na,S,0g 8500 pmol g* h™" (13 min) CAN 121
CoP/NC A>420 nm Na,S,0g 3000 pmol g~* (2 min) RuBpy 122
Co30,4/NC A>420 nm Na,S,0g 2000 pmol g~* (2 min) RuBpy 122
CoS,/NC A>420 nm Na,S,0g 1356 pmol g~ ' (2 min) RuBpy 122
Cu(OH,,/Cu0O 2> 420 nm Na,S,0,/NaOH 3567 pmol g™* h™ (6 h) None 123
PB/b-TiO, 1> 415 nm Na,S,0g 1319 pmol g~ " h™" (2 h) None 124
LDH-PB-1 2> 420 nm Na,S,04 1830 umol g~ h™* (2 h) None 125
Niobate/PB 1> 350 nm Na,S,0g 89.5 umol g h™ (3 h) None 126
Fe-Co PBA@ BiVO, 2 =420 nm NalO; 2370 pmol g™* h™" (4 h) None 127

= 7.1 Co-Fe PBA maintained a faster oxygen production rate,
whereas Mn-Fe PBA showed a lower activity and the other
PBAs were all inactive. In contrast to using Fe as the cyanide
center, metal Co has been introduced as the center of the
cyanide, and Fe-Co PBA, Co-Co PBA and Mn-Co PBA have
been synthesized and applied in photocatalytic water oxi-
dation. Obviously, the reaction rate of Co-Co PBA was the
highest, indicating that Co is an excellent active site for photo-
catalytic water oxidation. It is worth mentioning that the
activity of Coz0, cannot catch up with that of Co-Co PBA,
proving the potential value of Co-Co PBA in WOC
applications.

Fukuzumi and Yamada designed two PBA photocatalysts
for photocatalytic water oxidation.'**>*'® One is the Co-Pt PBA
with different valences of Pt, and the other is Ca ion-incorpor-
ated Co-Co PBA. The stability of Co-Pt PBA was excellent,
where it could maintain above 90% yield of O, in three cycles.
The Ca ion-incorporated Co-Co PBA could afford O, with
200% quantum efficiency, reaching a high conversion
efficiency of solar energy (Fig. 13). However, although PBAs
can provide water oxidation activity, the light poisoning effect
of the RuBpy photosensitizer in this type of photocatalytic
system will restrain their wide application in photocatalytic
water oxidations.
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Fig. 13 Incorporation of a small amount of Ca®* ions in a polymeric Co cyanide complex with enhanced activity for photocatalytic water oxidation.
Reproduced with permission from ref. 116. Copyright 2017, The Royal Society of Chemistry.
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The modification of PBA structures with a photosensitizer
can effectively improve their catalytic stability in oxygen evol-
ution. In 2018, Karadas, Yaglioglu and Dede prepared a [CoFe-
TPyP] by connecting porphyrins as a photosensitizer on Co-Fe
PBA.""” [CoFe-TPyP] was used for photocatalytic water oxi-
dation in a K,S,0g solution without the RuBpy photosensiti-
zer. It could maintain good photocatalytic activity after three
cycles within three hours. DFT calculations suggested that the
Fe centers can donate electrons to the porphyrin, which may
reduce the possibility of photo-electron and hole recombina-
tion, allowing the excited state to survive long enough for sub-
sequent oxygen evolution reactions. This study demonstrates
that combining PBA with photosensitive groups is an effective
means to maintain the O, evolution rates. In the same year, to
solve the problem of light poisoning, Karadas proposed a new
photosensitizer catalyst (PS-WOC) with Co-Fe PBA and [Ru-
P,VP]."*® The oxidation state of the Ru site for [Ru-P,VP-CoFe]
is similar to RuBpy. Compared with driving water oxidation by
PBAs and RuBpy, [Ru-P,VP-CoFe| maintained its stability
longer and demonstrated higher activity for photocatalytic
water oxidation. The TOF of [Ru-P,VP-CoFe] is 6 x 10™* 57",
The chemical bonding strategy between the catalyst and photo-
sensitive groups can effectively alleviate the light poisoning
issues in WOCs. In 2022, the Karadas group also reported a
series of PS-WOCs by combining different photosensitive
groups (PSs) with Co-Fe PBA."'>'?° A series of PSs including
1,10-phenanthroline (phen), coumarin (CM), safranin O (SF),
and methylene blue (MB) was used to obtain different PS-
WOCs, namely [Cophen,-Fe], [CoFe-CM], [CoFe-SF| and
[CoFe-MB], respectively. Compared with [Cophen,-Fe], the
[CoFe-PS] (PS = CM, SF and MB) catalysts exhibited better cata-
lytic stability in 6 h. The highest O, evolution rate of 71.3 pmol
g~" h™" was driven by [CoFe-MB] without RuBpy. The results
in these studies show that PSs have different absorption bands
and energy levels with a narrow HOMO-LUMO gap. The “plug
and play” synthetic strategy of building PS-WOCs provides an
ideal pathway to obtain efficient WOCs for photocatalytic
reactions.
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Iron-based metal oxides are good WOCs with a low cost,
low toxicity, and rich REDOX properties. In 2015, Ding syn-
thesized a series of PBA-derived materials, M,Fe;_,O, (M = Fe,
Co, Ni), using PBAs as a precursor by thermal decompo-
sition.”" In an Na,S,05 and RuBpy solution, the yield of O,
for Co,Fe;_,O, was 1900 pmol g‘1 in 13 min, which was higher
than that of NiFe;_,O4 (1280 pmol g~') and Fe,O; (460 pmol
g~ "). The porous metal-oxide catalysts in the above-mentioned
systems have weak catalytic stabilities, which produced almost
no oxygen after 13 min. In contrast, in a ceric ammonium
nitrate (CAN) solution, Co,Fe;_,O, catalysts afforded a higher
0, evolution rate of 8500 pmol g~ in 45 min, which was also
higher than that of Ni,Fe;_,O, and Fe,O;. Meanwhile, the
photocatalytic stability showed an obvious improvement in
CAN solution, indicating that CAN is an excellent photosensiti-
zer and sacrificial agent for photocatalytic water oxidation. In
this work, the porous PBA-derived Co,Fe;_,O, material is
easily accessible, which may be applied commercially on a
large scale.

In 2020, Ding prepared three Co-Co PBA-derived materials
through high-temperature pyrolysis strategies, including CoP/
NC, C0;0,/NC and CoS,/NC.*** The rate of O, evolution for the
COP/NC catalyst was 3000 pmol g ' after 2 min photo-
irradiation, which is larger than that of Co304/NC (2000 pmol
g™ ") and CoS,/NC (1360 pmol g~ ). This study manifested that
metal phosphides may be good WOCs, and the strategy of
using PBA as a template to create metal phosphides may be a
good way to explore high-stability and highly efficient WOCs.

3.2.2. PBA-derived composite photocatalysts for water-oxi-
dation reaction. Similar to catalysts applied in photocatalytic
hydrogen evolution, WOCs composed of PBA-derived compo-
sites have also been widely reported. In 2018, Wang designed
Co(OH),/CuO nanoparticles using Cu-Co PBA as a precursor
(Fig. 14)."** In NaOH and Na,$,0; solutions, the Co(OH),/CuO
nanoparticles displayed high catalytic efficiency (3567 pmol
¢! h™") in the visible-light-driven water oxidation reaction
without the RuBpy photosensitizer. This work indicated that
the Co(OH),/CuO nanoparticles could serve as both water oxi-
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Fig. 14 (a) Examination for the photocatalytic activity of Co(OH),/CuO at different light wavelengths. (b) Schematic diagram of the band structure
and charge transfer route for Co(OH),/CuO. Reproduced with permission from ref. 123. Copyright 2018, The Royal Society of Chemistry.
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dation catalysts and visible light absorption centers. Also, the
Co(OH),/CuO nanoparticles showed high stability in the reac-
tion system. The synergistic effect between these two com-
ponents was shown to be the key to the excellent photocatalytic
activity in the water oxidation reaction process.

In 2020, Karadas designed PB/b-TiO, catalysts by in situ
growing PB on b-TiO, (Fig. 15)."** PB/b-TiO, exhibited remark-
able photocatalytic oxidation activity compared to single
b-TiO, and PB/TiO,. The O, evolution rate of PB/b-TiO,
reached 35.6 pmol h™' with Na,S,0g as a sacrificial agent.
Compared with TiO,, the brown b-TiO, has a narrower band
gap (1.95 eV) and more efficient absorption capacity, resulting
in better activity for photocatalytic water oxidation. In the
same year, this group prepared an LDH-PBA composite using
ZnCr-LDH and Co-Fe PBA.'* LDH-PBA exhibited a three-fold
increase in activity (1.83 mmol g~* h™") compared to single
ZnCr-LDH and maintained better stability in 3 cycles. The
transfer direction of the holes in the LDH-PBA composite was
from ZnCr-LDH to Co-Fe PBA, which may give the LDH-PBA
composite better photocatalytic ability compared with the
single ZnCr-LDH. In 2021, Karadas and Unal designed a p-n
junction using Co-Fe PBA and niobate (Ca,NbzO44)
nanosheet through an in situ self-assembly strategy.'”® The
niobate/PBA junction achieved an O, evolution rate of
48.6 pmol g~' h™" with Na,S,05 as a sacrificial agent, which
was twice that of the single niobate nanosheets. Meanwhile,
niobate/PBA exhibited good stability during a 12 h experiment
for 4 cycles. The inverted-V-shaped Mott-Schottky curve of
niobate/PBA indicated that a p-n junction was formed, con-
structing a built-in electric field and accelerating the transfer
efficiency of the holes. This work suggests that building a p-n
junction is an ideal method to prepare PBA-derived materials
with improved catalytic activity for photocatalytic water
oxidation.

Ti(OBu),

1) Fe(CN)>

Fig. 15 Synthesis of PB/b-TiO, by incorporating Prussian blue in brown
TiO, assemblies. Reproduced with permission from ref. 124. Copyright
2020, The Royal Society of Chemistry.
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In 2023, Ding designed a series of PBA@BiVO, photocata-
lysts. Six types of M-Co PBA (M = Fe, Co, Ni, Cu, Zn and Mn)
cocatalysts were deposited on the surface of BiVO,.'*” The
experimental data showed that coupling BiVO, with Co-Co
PBA resulted in better light harvest ability compared to pure
BiVO,. Among the composite catalysts, Fe-Co PBA@BiVO, dis-
played the best activity for water oxidation with the O, evol-
ution rate of about 2370 ymol g~* h™" in the presence of NalO;
as a sacrificial agent. This work indicates that the formation of
composites facilitates the transfer of photogenerated charge
carriers between the two components, meanwhile boosting the
surface catalytic efficiency of BivVO,.

Based on the studies discussed above, we can draw the fol-
lowing conclusions: PBAs have already been extensively
applied in the field of light-driven water oxidation. In the
initial report, PBAs were usually used with RuBpy and Na,S,0g
as a photosensitizer and sacrificial reagent, respectively. Co-
based PBAs possess the best photocatalytic activity for light-
driven water oxidation. However, the light poisoning of RuBpy
in these systems results in poor catalytic stability. The strategy
of combining PBAs with photosensitizers not only results in
enhanced photocatalytic activity, but also solves the problem
of low catalytic stability caused by RuBpy photo-poisoning.
Meanwhile, PBA-derived catalysts such as PBA-derived sulfides
and phosphates can also improve the photocatalytic perform-
ance of water oxidation. Finally, loading PBAs on other semi-
conductor materials is an excellent modification method for
constructing different heterogeneous structures. The for-
mation of different heterojunctions can promote the charge
transfer in WOCs, thereby enhancing the photocatalytic per-
formance of PBA-derived WOCs.

3.3. PBAs and PBA-derived materials for CO, photoreduction

Compared with the photocatalytic hydrogen evolution and
photocatalytic water oxidation reactions, the research on PBAs
and PBA-derived materials for photocatalytic CO, reduction
reaction (CO,RR) is relatively less. Converting CO, into valu-
able chemicals has been regarded as the most effective way to
promote the reuse of greenhouse gases. The current research
on the use of PBAs and PBA-derived materials for photo-
catalytic CO,RR are mainly carried out in two systems, as
follows: system I “CO, + H,0” and system II “CO, + H,”.
System I can be described as follows: this type of photo-
catalytic CO,RR process usually takes place in aqueous solu-
tion. CO, and H,O are applied as reactants to generate CO and
H,, respectively, or some other alkyl compounds (CHy,,
HCOOH, HCHO, etc.). System II can be described as follows: a
“CO, + H,” gas mixture is used as the reactant to achieve the
conversion of carbon to CO and H,O or some other alkyl com-
pounds (CH,;, HCOOH, HCHO, etc.). This technology is the
reverse reaction of water gas shift (RWGS).

The selectivity and CO, conversion rate are the main para-
meters to evaluate the photocatalytic ability of a CO,RR cata-
lyst. Metal or mixed-metal oxides and metal sulfides are fasci-
nating catalysts for photocatalytic CO,RR."**""*" The character-
istics of PBA materials can improve the performance of cata-
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lysts in these two evaluation systems. The advantages of PBAs
for photocatalytic CO,RR are as follows: (i) PBAs have intrinsic
micropores structures, which are large enough for CO, mole-
cules to access. Furthermore, the N atoms in their structure
can interact with CO, molecules, endowing PBAs with good
affinity for carbon dioxide. (ii) The synergistic effect between
the bimetals in PBAs can enhance the photocatalytic activity
and selectivity for CO,RR. (iii) Owing to the tiny pores inside
PBAs, the force between N atoms and adsorbed CO, molecules
can assist CO, getting closer to the active sites of the metal,
promoting the photocatalytic reaction. (iv) PBAs have fascinat-
ing stability and adjustable structures. Therefore, in con-
clusion, these superiorities will make PBA a good candidate
for photocatalytic CO, photoreduction.

3.3.1. PBA-derived photocatalysts for CO, photoreduction
reactions. As long ago as 2012, Karadas found that M;-M,
PBAs (M; = Mn, Fe, Co, Ni, Cu; M, = Fe, Co) have fascinating
CO, adsorption capacities.’** When M; is Cu or Co, PBAs can
absorb more CO, gas. This property endows PBAs with good
potential in CO, photoreduction. To further explore PBA-based
photocatalysts for CO, photoreduction, a few PBA-derived
photocatalysts with different structures has been reported in
recent years (a summary of different PBA-based photocatalysts
for CO,RR is shown in Table 3).

In 2019, Lou prepared a PBA-derived colloidal cluster (CC)
having enhanced catalytic activity for CO, photoreduction.'*?
The Co-Fe PBA CC was constructed by 8 smaller Co-Fe PBA
nanoparticles (NPs) and there was a void space in Co-Fe PBA
CC, forming a zeolite structure. The formation process is as
follows: small PBA nanocubes with truncated corners were
obtained firstly, and then eight satellites grew on their corners,
and then grew larger. They orderly got closer along the edges
of the cores, and then attached to form cubic architectures by
taking advantage of the anchoring effect supplied from the
cores. At the same time, the cores in the PBA NPs were comple-
tely removed, transforming the core@satellite structure into an
open Co-Fe PBA CC (Fig. 16). This marvelous structure
enabled the Co-Fe PBA CC to achieve a high CO production
rate of 11.7 mmol h™ g™ (in system I) and high selectivity of
77.5%. Meanwhile, the co-product was just H, without other
hydrocarbon products.

In 2021, Ding prepared a series of PBAs (My—M;j; PBAs,
My = Mn, Fe, Co, Ni and Cu; My = Fe or Co) to drive CO,

Table 3 Summary of different PBA-based photocatalysts for CO,RR
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photoreduction reaction with RuBpy and TEOA in an aqueous
solution of acetonitrile."*® In this system (system I), there
were only two types of products, i.e., H, and CO. Ni-Co PBA
exhibited a better photocatalytic CO, conversion perform-
ance. The CO evolution rate of Ni-Co PBA was 140 mmol g~
h™ (with 0.5 mg catalyst) and the selectivity of Ni-Co PBA
reached 96.8% (with 0.25 mg catalyst). The H, adsorption
and desorption experiments suggested that the photocatalytic
CO,RR activities of M;—~Co PBAs are better than that of
Mj;-Fe PBAs, but the M;—Fe PBAs have better selectivity. The
DFT analysis revealed that Ni-Co PBA has a lower energy
barrier value around the transformation of absorbed *CO, to
*COOH. At the same time, the Ni-Co PBA also has a lower
energy barrier to absorb H* intermediates. Consequently, Ni-
Co PBA exhibited a high CO, conversion efficiency and rela-
tively low selectivity.

In 2022, Yan designed a series of FeNi-based metal/oxide
composites and FeNi-based alloys by the hydrogen reduction
method using Ni-Fe PBAs as the precursor."*® When the reac-
tion temperature was lower than 400 °C, Ni-Fe PBA was gradu-
ally transformed into a metal/oxide heterostructure. When the
temperature reached 400 °C, the cyano group may disappear to
form an FeNi; alloy. Thus, there are four product, namely
NiFe-250, NiFe-300, NiFe-400 and NiFe-500, during the hydro-
gen reduction process at different temperatures. The CO,
photoreduction test (in system II) results suggest that the
reverse water-gas shift reaction and hydrogenation from CO,
to CH, and C, 4 (two, three or four carbon hydrocarbons)
hydrocarbons can be simultaneously promoted by the exist-
ence of NiFe-300 catalyst at different temperatures, achieving
the excellent selectivity of 33.6% from CO, to C,_,. The results
of the in situ diffuse reflectance FT-IR spectroscopy measure-
ments indicated that the formation of hydrocarbons may be
caused by a two-step route of reverse water gas shift reaction
and Fischer-Tropsch synthesis.

In 2023, Fang, Zhu and Li prepared an Ni-Fe-Co-based
metal oxide (NCF-TMO) using Ni-Fe-Co PBA as the precursor
at 400 °C."*®* NCF-TMO was formed by NiO, Co;0,, and Fe,O;
and achieved a high reaction rate (in system II) in the
reduction of CO, to CO (2.9 mmol g—* h™") and CH, (1.6 mmol
¢! h™"). The mechanism analysis suggested that NCF-TMO
has an efficient e-h separation ability under photothermal
stimulation.

Materials Irradiation Sacrificial agent ~ Main products ~ Productivity/(mmol h™" g™")  Selectivity/(%)  Ref.
Co-Fe PBA CC-1 A>400 nm TEOA CO 11.7 77.5 133
Ni-Co PBA A=460 nm TEOA CcO 140 96.8 134
NiFe-300 CEL-PF300-T3 Xe light None CO/CH,4/Cy_4 None 23.4/43.0/33.6 135
NCF-TMO 300 W Xenon lamp None CO/CH,4 2.9/1.6 None 136
Co™-PBA@Co"-PBA A > 420 nm TEOA CO/H,, 50.56 CO/H,=1:1 137
Ni(OH),/PB A>420 nm TEOA (00] 108.8 88.2-95.0 138
Co-Co PBA/CoSn(OH)s/Pt 4 > 420 nm None (6(0) 0.0117 91.8 139
PW,@Co A=460 nm TEOA CcO 0.75 90.7 140
PW,,@CoNi A=460 nm TEOA CO 1.00 92.6 140
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3.3.2. PBA-derived composite photocatalysts for CO, photo-
reduction reactions. In the above-mentioned descriptions, we
concluded that PBAs and PBA-derived materials are excellent
photocatalysts for CO, photoreduction. Also, using PBAs and
their PBA-derived materials to construct a series of composite
photocatalysts is also an efficient way to improve the catalytic
performance for CO, photoreduction.

In 2022, two different studies on PBA-derived composite
photocatalysts were reported by the Yu and Zhuang groups,
respectively."*”'*® Firstly, a Co™-PBA@Co"-PBA heterojunc-
tion was obtained using two Co-Fe PBAs with different valence
states. In this study, Co™-PBA formed a cage outside Co"-
PBA, forming a core-shell structure. Due to the presence of
Co™/Co", the Co™-PBA@Co0"-PBA achieved a high CO yield of
50 mmol g~* h™" (CO/H, = 1:1) in a TEOA and RuBpy solution
(system I). The DFT calculations indicated that Co™-PBA has a
more negative CO, adsorption energy, endowing it with
enhanced adsorption and activation ability for CO,. Secondly,
a series of Z-scheme Ni(OH),-x/PB (x = 1, 2, 4, 8, or 16) photo-
catalysts was prepared, which was formed by PB and Ni(OH),
nanosheets. The Ni(OH),-4/PB photocatalyst possessed a
1.5 nm atomic-level Ni(OH), layer, which was vertically grown
on PB. This special structure could expose more Ni sites on
the surface of the catalyst. The XPS results, DFT calculations
and EPR measurements indicated that the photo-generated
electrons are transferred from PB to Ni(OH),, following the
Z-scheme mechanism. Ni(OH),-4/PB exhibited a higher CO

This journal is © the Partner Organisations 2024

evolution rate of 108.8 mmol h™" g™* (with 0.05 mg catalyst)

with a selectivity of 88.2% (system I). When 1 mg Ni(OH),-4/PB
was added to the photocatalytic system, a low CO evolution
rate (8.18 mmol h™" g7") and high selectivity of 95% were
obtained. This study proves that the construction of Z-scheme
heterojunctions is an effective strategy to improve the catalytic
performance of photocatalytic CO, reduction.

In the same year, Xiao prepared a Co-Co PBA/CoSn(OH)e/Pt
heterojunction using Co-Co PBA as a precursor.’*® In this
work, CoSn(OH)e was in situ grown on the etched Co-Co PBA
to form a Co-Co PBA/CoSn(OH)s precursor, and then Pt was
deposited on the Co-Co PBA/CoSn(OH)¢ precursor under
visible light to obtain a Co-Co PBA/CoSn(OH)/Pt heterojunc-
tion. The Co-Co PBA/CoSn(OH)e/Pt heterojunction possessed a
unique inlaid and hollow structure, which can increase the
photocatalytic activity by multiple light scattering. The photo-
catalytic CO,-to-CO rate of the Co-Co PBA/CoSn(OH)e/Pt het-
erojunction reached 11.7 pmol g~' h™" with a high selectivity
of 91.8% (system I). The by-product in this system was CH,.
This study proposes a collaborative surface regulation method
to build PBA-derived composite photocatalysts. However, the
photocatalytic performance of this Co-Co PBA/CoSn(OH)e/Pt
photocatalyst was less than satisfactory. In the following year,
Wu et al. designed an Ni-Co PBA-derived PBA-S/PDI hybrid
photocatalyst via a step-by-step strategy. The PBA-S/PDI hybrid
photocatalyst showed higher CO,-to-CO activity (15.0 pmol g™
h™) than the Co-Co PBA/CoSn(OH)e/Pt photocatalyst. The
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PBA-S/PDI hybrid is an S-scheme heterojunction, which may
result in a fast photo-electron migration process to drive
photocatalytic CO,RR. These studies suggest that constructing
an S-scheme heterojunction is a successful strategy to boost
the performance of photocatalytic CO,RR.

Polyoxometallate (POM) has been widely used in photo-
catalytic CO,RR because of its good stability and excellent
REDOX property. In 2024, Ding designed two PBA-derived
unique structures, namely PW;,@CoNi and PW,;,@Co, via
hydrothermal etching and annealing methods."*° PW,,@CoNi
and PW;,@Co possessed a hollow yolk-shell structure, which
can expose more active sites for photocatalytic reaction.
Compared with PW,,@Co, PW,,@CoNi had a relatively lower
hydrogen desorption energy. This characteristic endowed
PW;,@CoNi with stronger CO, adsorption ability, higher CO
evolution rate (15.1 pmol g~* h™') and higher selectivity
(92.6%) in system I.

4. Conclusion and outlook

In this review, we discussed the recent developments, synthetic
strategies and applications of PBA-derived materials in the
field of photocatalytic H, evolution, photocatalytic O, evol-
ution and photocatalytic CO, reduction. Although these photo-
catalytic reactions can help realize the conversion from solar
energy to high value chemicals, due to their low activity, poor
stability and low selectivity, there is still a long way to really
apply these conversions on a large scale. Many strategies for
structure modification and morphological adjustments have
been discussed to improve the performance of PBA-derived
photocatalysts. Sulfuration, phosphide and constructing com-
posites are the most important methods for PBAs to become
effective photocatalysts. To date, several common bottlenecks
still exist in PBA-derived photocatalysts, and thus we also list
some future directions at the end of this review.

(i) Most of the effective PBA-derived photocatalysts are PBA-
derived sulfides or phosphides. The common synthesis
methods always require substances containing sulfur or phos-
phorus, such Na,S, TAA, phosphorus powder, and phosphate.
However, all of them are toxic substances, which are harmful
to the environment and human body. In the future, nontoxic
organic sulfides and organic phosphides may be used to
replace the above-mentioned substances to modify PBAs and
their derived materials.

(if) At present, most PBA-derived composites are con-
structed by molecule interactions or weak electrostatic inter-
actions. The construction of PBA-derived composites through
coordination bonds or covalent bonds can not only improve
the stability of composite materials, but also provide a better
platform for photo-electron migration, thus achieving rapid
photo-electron hole separation and improving the photo-
catalytic performance of PBA-derived composites.

(iif) Constructing heterojunctions is an effective strategy to
help electron transfer, promote the utilization of photo-gener-
ated electrons and get higher catalytic activities for PBA-
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derived materials. At present, type I heterojunctions, type II
heterojunctions, S-scheme heterojunctions, Z-scheme hetero-
junctions, and p-n heterojunctions have been formed in PBA-
derived photocatalysts. Generally, the formation of p-n hetero-
junctions is more beneficial to enhance the performance of
PBA-derived photocatalysts.

(iv) PBAs and their derivatives are easy to synthesize, and
the morphology, size and crystallinity of PBAs can be adjusted
by synthetic method control. However, the nucleation and crys-
tallization process of PBAs and PBA-derived materials are com-
plicated due to their different nucleation rates and K, values.
Thus, precise structure control of PBAs cannot be realized.
Meanwhile, the photoelectron transfer path of PBA-derived
photocatalysts has not been studied deeply. In further studies
on PBA-derived photocatalysts, providing in situ characteriz-
ation experiments and appropriate theoretical calculations is
crucial in the design and preparation of high-efficient PBA-
derived photocatalysts. Besides, combining theoretical calcu-
lations and in situ characterization experiments may help
confirm the active sites, electron transfer directions and
product formation process in photocatalytic reactions.

(v) The photocatalytic processes driven by PBAs and their
derivatives generally need photosensitizers to surmount their
problems of low light harvesting. In these photocatalytic reac-
tions, EY and RuBpy are popular photosensitizers. However,
these photosensitizers are very soluble in water, making them
difficult to recycle. If these solutions are not properly treated
and discharged into the environment, they will cause serious
environmental pollution. In this case, connecting photosensi-
tizers to photocatalysts can enable the recycle and reuse of
photosensitizers. Although this type of strategy has been
reported in recent years (WOCs), few researchers have applied
it in the design of photocatalysts. In the future, we should
focus on the design of photocatalysts combining PBA-derived
materials and photosensitizers. Besides, there are no photo-
sensitizers that can be used under acidic conditions. PBAs are
extremely resistant to acid, and the design of new acid-resist-
ant photosensitizers for PBAs can expand the application
range of PBA-derived photocatalysts.

(vi) Cyanogen is a type of strong field ligand, in which both
the C and N atoms can form coordination bonds with metal
ions as coordination atoms to construct low-spin inner orbital
coordination compounds, which have higher crystallinity and
stability than bimetallic MOF materials (with carboxyl com-
pounds as ligands). At present, the preparation of bimetallic
MOF materials is relatively complex, and it is difficult to
control the proportion of different metals. On the contrary,
PBAs can precisely achieve metal regulation due to the fixed
metal atomic ratio in PBAs.

(vii) Few PBAs and their derivatives can combine all their
advantages such as facile preparation, low cost, excellent
photocatalytic performance and high stability. In H, evolution
reactions, most of PBA-derived photocatalysts cannot drive a
higher reaction rate than 20 mmol g~* h™". Also, in water oxi-
dation reactions, most PBA-derived WOCs cannot be used for a
long time. In photocatalytic CO,RR, the selectivity of PBA-

This journal is © the Partner Organisations 2024


https://doi.org/10.1039/d4qi00612g

Published on 23 April 2024. Downloaded by HeFel University of Technology on 7/3/2024 1:53:39 AM.

Inorganic Chemistry Frontiers

derived photocatalysts is difficult to reach more than 95%. In
the future, the construction of ternary or multi-component
PBA-based photocatalysts is expected to achieve the goals of
increasing the photocatalytic hydrogen evolution rate, boosting
the catalytic stability for water oxidation and improving the
selectivity for CO,RR.
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