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ABSTRACT

With the increasing serious water pollutions, an increasing interest has given for the nanocomposites as envi-
ronmental catalysts. To date, noble metals-based nanocomposites have been extensively studied by researchers in
environmental catalysis. In detail, serving as key functional parts, noble metals are usually combined with other
nanomaterials for rationally designing nanocomposites, which exhibit enhanced catalytic properties in pollutants
removal. Noble metals in the nanocomposites possess tailored properties, thus playing different important roles
in catalytic oxidation reactions for pollutants removal. To motivate the research and elaborate the progress of
noble metals, this review (i) summarizes advanced characterization techniques and rising technology of theo-
retical calculation for evaluating noble metal, and (ii) classifies the roles according to their disparate mechanism
in different catalytic oxidation reactions. Meanwhile, the enhanced mechanism and influence factors are dis-
cussed. (iii) The conclusions, facing challenges and perspectives are proposed for further development of noble
metals-based nanocomposites as environmental catalysts.

1. Introduction

Since the sustainable economic development, global population
growth and climate change, various organic pollutants discharges
massively into environmental water, thus causing serious environmental
pollution and bringing threats towards human health (Chen et al.,
2019c; Gautam et al., 2019; Ibrahim et al., 2020; Li et al., 2020b; Liu
et al., 2019e; Luo et al., 2020a; Shen et al., 2019a; Song et al., 2020a;
Yang et al., 2019¢; Ye et al., 2019b). Hence, it is urgent to treat organic
pollutants. To date, nanomaterials, with high surface area, abundant
active atoms that possess dangling bonds exposed on the surface, have
obtained much interesting and provided a great potential as environ-
mental catalyst, which exhibits high catalytic degradation efficiency for
organic pollutants (Chen et al., 2019d; Hodges et al., 2018; Luo et al.,
2020Db; Song et al., 2021; Wang et al., 2020, 2019d; Yang et al., 2020a,

2020c). For most nanomaterials, the key criterion for serving as envi-
ronmental catalysts is high catalytic activity for rapidly producing
reactive oxygen species (ROS) (Yang et al., 2020e; Zhu et al., 2020).
Among the variety of nanomaterials, noble metals (Au, Ag, Pt and
Pd) nanomaterials possess high specific surface area, unique electronic
and optical properties such as localized surface plasmon resonance
(LSPR), which makes up of collective oscillations of free electrons in
noble metal NPs driven by the electromagnetic field of incident light,
thus exhibiting high catalytic activity for rapidly producing ROS (Huang
et al., 2020b; Liotta et al., 2009; Yu et al., 2013; Zhang et al., 2020). For
most noble metals nanomaterials, although possessing superior catalytic
property, it tends to aggregate to nanoparticles (NPs) with large size,
thus decreasing the surface energy, and reducing the lifetime and effi-
ciency (Fu et al., 2019c¢; Shen et al., 2020). The high cost of noble metals
also confines their further applications. Hence, most studies have
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rationally designed nanocomposites with noble metals as key functional
parts, which can realize high activity in catalytic oxidation degradation
of pollutants, meanwhile addressing issues and challenges faced by
noble metals catalysts (Qin et al., 2019a, 2019¢; Zheng et al., 2020). In
detail, noble metals in nanocomposites possess tailored properties,
which play important roles in different catalytic oxidation reactions for
pollutants removal. For instance, noble metals combined with carbon
nanomaterials, such as carbon nanotubes and graphene, can realize the
precise control of size and morphology related to light absorption ability
by engineering noble metals NPs nucleation and growth, and prevent
noble metals from aggregation and leaching, thereby realizing high
catalytic performance in pollutants degradation (Bogireddy et al., 2020;
Cheng et al., 2015, 2020; Teixeira et al., 2018; Wu et al., 2011). Except
carbon nanomaterials, noble metals have also combined with other
nanomaterials such as metals organic frameworks (MOFs), covalent
organic frameworks (COFs) and metal oxides for the photo/Fenton
catalytic degradation of pollutants (Hu et al., 2020; Liu et al., 2017b;
Misra et al., 2020; Yang et al., 2017, 2019a; Zhou et al., 2018).

In recent years, the publications about the synthesis approach for
fabricating noble metal-based nanocomposites and their applications in
catalysis have been reported (Ayati et al., 2014; Kavitha et al., 2020; Liu
et al., 2019a, 2017a, 2017b; Yang et al., 2019a). For example, Ayati
et al. kept an eye on Au NPs/TiO, on the catalytic and photocatalytic
application for various pollutants removal from wastewater. They dis-
cussed the effects of operating parameters such as Au NPs size, loading
amount, pH and calcination when synthesizing Au NPs/TiOy (Ayati
etal., 2014). Liu et al. overviewed the light absorption of metal NPs and
mechanisms in metal-induced photocatalysis, and divided the roles of
metal NPs into activity enhancement, semiconductors photosensitiza-
tion, LSPR catalysis, photothermal effect, light-trapping effect in the
applications of water splitting, artificial photosynthesis and inert mo-
lecular activation (Liu et al., 2017a). And Lin et al. concluded nano-
hybrids composed of noble metals and metal oxides for some typical
solar energy conversion applications, such as photocatalytic degrada-
tion of organic pollutants, hydrogen generation, and CO» reduction (Liu
et al., 2017b). Recently, Kavitha et al. focused on the noble
metals-polymeric g-C3N4 heterostructure with highlighting the metal
deposition methods and optical properties. They discussed the photo-
catalytic applications according to different noble metals (Ag, Pd, Au
and Pt) depositing g-C3N4 (Kavitha et al., 2020). It can be known that
these present reviews on environmental catalysis application of noble
metals-based nanocomposites mostly focused on photocatalytic degra-
dation, and usually emphasized the functions and applications of the
holistic nanocomposites. But the systematic summarization for revealing
noble metals in the nanocomposites is brief, and the enhanced mecha-
nism for pollutants degradation over noble metals need to be specifically
analyzed. In addition, the advanced characterization techniques and
theoretical calculation for evaluating noble metals were not specifically
concluded.

From current researches of noble metal-based nanocomposites,
except for in photocatalysis application, noble metals-based catalysts
can be used as multifunctional catalysts in Fenton-like applications to
efficiently decompose H0; to produce eOH, increase the metal redox
cycle, or produce HyO> in-situ to reduce the risk in transportation and
addition of HyO4 (Jiang et al., 2017; Luo et al., 2014; Navalon et al.,
2011; Navalon et al.,, 2010). Hence, the applications of noble
metals-based nanocomposites in Fenton-like reactions are worth
reviewing. At present, except above mentioned reviews involving pho-
tocatalytic applications, some other reviews related to noble
metals-based nanocomposites overviewed the synthesis nanocomposites
composed of noble metals and other nanomaterials such as zeolite,
metal-organic frameworks, magnetic (Fe3O4) in other different catalysis
applications (Mishra et al., 2019; Wu et al., 2019b; Yang et al., 2017).
But few reviews pay attention to noble metals-based nanocomposites for
Fenton-like applications. Overall, even if some reviews have already
involved the roles of noble metals in nanocomposite for photocatalytic
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degradation applications, it is not comprehensive and does not refer to
the roles of noble metals for Fenton-like reaction applications. An up-
date on the development of noble metals-based nanocomposites in cat-
alytic oxidation degradation of pollutants is relatively absent. Certainly,
a systematic conclusion on the underlying mechanism of enhanced
catalytic activity is in demand to explore the correlation between
degradation activity and roles of noble metals.

This timely review innovatively classifies the roles of noble metals
corresponding to different reactions. Specifically, we focus on the recent
progress of noble metals in nanocomposites in catalytic oxidation
degradation of pollutants (photocatalytic and Fenton/Fenton like
oxidation degradation), and classifies the roles according to their
disparate role in different catalytic oxidation reactions. In addition, the
advanced characterization techniques and rising technology of theo-
retical calculation for evaluating noble metals, and the facing challenges
of noble metals-based nanocomposites as environmental catalysts for
further advances are also systematically summarized. The summary will
be beneficial to better understand the mechanism, fully utilize the noble
metals and promote their catalytic performance in environmental
catalysis. In addition, a number of reviews related to noble metals in
environmental detection and catalytic reduction of pollutants have been
reported by our groups, which impels us to further review the applica-
tions and mechanism of noble metals in catalytic degradation of pol-
lutants for fully revealing the progress and achievement of noble metals-
based nanomaterials (Fu et al., 2020; He et al., 2020, 2018; Qin et al.,
2021, 2018, 2019b).

2. The roles of noble metals in photocatalytic oxidation

Photocatalytic oxidation as one technology of AOPs could realize
high removal efficiency of pollutants from wastewater (Lai et al., 2019;
Li et al., 2020a; Liu et al., 2020b; Wang et al., 2019c, 2021; Ye et al.,
2019a; Yi et al., 2019; Zhou et al., 2020a). However, the disadvantages
of commonly used semiconductor-based photocatalysts, such as fast
recombination of charge carriers, narrow light response range and
photo-corrosion, limit the wide applications of photocatalytic oxidation
in environmental pollutant treatment (Li et al., 2019a; Yang et al.,
2019b). Up to now, a large number of studies have studying the depo-
sition or doped of noble metals on photocatalysts (Jiang et al., 2015; Wu
etal., 2013; Yan et al., 2013), for realizing an enhanced light absorption
ability, promoted charge separation and more active sites (Meng et al.,
2019a). In this section, the enhanced mechanisms by noble metals in
photocatalytic pollutants oxidation are discussed in detail and disparate
roles of noble metals are concluded. Moreover, the effect of size,
morphology and interface properties is also elaborated by investigation
of photocatalytic degradation applications. For comparison, Table 1 lists
the photocatalytic pollutant degradation over different noble
metals-based nanocomposites according to their disparate role.

2.1. Co-catalyst as light harvesting units

It is well known that maximum harvest and utilization of solar light
plays a vital role in promoting photocatalytic activity of photocatalysts.
So far, the LSPR of noble metals (Au and Ag), made up of collective
oscillations of free electrons in noble metal NPs driven by the electro-
magnetic field of incident light (Chen et al., 2013a; Fuku et al., 2013; Ma
et al., 2018; Zhang et al., 2021a), has been widely used to manipulate
light absorption for enhancing photocatalytic activity. Some plasmonic
noble metals (such as Au and Ag) have been successfully used in pho-
tocatalysis under Vis-light and NIR-light irradiation through
morphology, size and component control, for maximizing the utilization
of full spectrum solar energy in wastewater treatment (Chen et al.,
2013a; Liang et al., 2020; Vaiano et al., 2019; Wu et al., 2013; Zhao
et al., 2019).
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Table 1
The performance comparison of pollutants degradation over noble metals-based nanocomposites according to their disparate role in photocatalytic oxidation.
Role Noble Nanocomposites Size of Pollutants Efficiency (rate Manifestation of noble metals Ref.
metals noble constant)
metals
(nm)

Light Au TiO, NBs”/Au 5-15 Tetrabromobisphenol A 97% degradation The visible light response was enlarged over (Chen
harvesting NPs within 100 min 570 nm. et al.,
units (0.0317 min™) 2014b)

Au@CNT’@TiO, 11-16 Methylene orange 97% degradation The overall light absorption was enhanced. (Misra
within 60 min etal,
(0.0158 min™?) 2020)
BTO®-Au NRs 51 a-naphthol Rhodamine B~ 98% degradation The optical adsorption range was enlarged to (Li et al.,
within 60 min 400-1400 nm. 2018a)
(0.0307 min™)
100% degradation
within 20 min
(0.2566 min™")
Ag Ag@P25! 1-3 Rhodamine B 100% degradation The optical adsorption range was 400-800 nm. (Chen
within 30 min etal.,
(0.1130 min™") 2013a)
Ag/W0O3-110 ~4 Methylene orange 98% degradation The optical adsorption range was significantly (Ding
within 200 min enhanced in the visible region. etal.,
2017)
Ag/AgGaO, - Methyl blue 95% degradation The visible-light absorption was in the range of ~ (Zhang
within 180 min 420-700 nm. etal.,
2017)

Electron Au BaTiO3/Au/g- - Rhodamine B 100% degradation Au NPs served as electron mediator between (Wu
sinks/ C3Ny within 20 min BaTiO3 and g-C3Ny. et al.,
bridge 2020)

BiVO4-Au@CdS Rhodamine B 96% degradation Au NPs received the photogenerated electrons (Yeetal,
within 180 min from BiVO,4 and holes from CdS. 2018)
(0.0430 min ™)
Ag Ag/mpg-CsN,* Ag single Bisphenol A 98% degradation A Schottky barrier was formed thus promoting (Zhu
atom within 60 min the separation of charge carriers. et al.,
2017)
WO3/Ag/CN' - Rhodamine B 96.2% degradation Ag NPs could receive the photogenerated (Chen
Tetracycline within 40 min electrons from WO3 and holes from CN. et al.,
(0.0530 min ™) 2019b)
90% degradation
within 140 min
(0.0150 min™?)
Pt Sn0,/Pt/In,03 - 2,4-dichlorophenol 90% degradation Pt served as electron bridge, in which the (Sun
within 180 min photogenerated electrons from SnO; transferred et al.,
(0.0237 min™1) to Pt through the Schottky barrier and then 2020b)
recombined with holes from In,0s3.
BiOI/Pt/g-C3Ny - Phenol Tetracycline 71.2% degradation Pt acted as a channel for the combination of (Jiang
hydrochloride within 180 min photogenerated electrons from BiOI and holes et al.,
(0.0077 min™1) from g-C3Ny. 2020)
83.1% degradation
within 180 min
(0.0514 min™ ")
Catalytic Pt Pt-porous TiO, Pt single Toluene 58.95% removal Electrons on Pt single atom could effectively (Xu et al.,
active sites atom rate within 0.6 s react with O3 thus producing O3 and 05" and 2020)
residence time degrading toluene.
Pt/MO® 3-4 Toluene 90% removal rate Pt NPs provided more active sites for toluene (Yuet al,,
oxidation. 2020a)

a

b

NBs, nanobelts.

CNT, carbon nanotubes.

BTO, bismuth titanate nanosheets.
P25, commercial TiO,.

mpg-C3Ny4, mesoporous g-CsNy.

f CN, g-CsNy.

8 MO, octahedral manganese oxide.

c
d

e

2.1.1. Morphology control

As to plasmonic Au-based photocatalysts, there are diverse
morphology structures of Au such as nanorods, nanosphere, and nano-
star, and nanocages. (Golabiewska et al., 2016; Yen et al., 2009; Zhao
et al., 2015), which exhibit different response ability towards light re-
gion. Among the various morphology of Au, Au nanorods (Au NRs) and
Au nanocages (Au NCs) possesses longitudinal plasmonic absorption, in
addition to the transverse plasmonic absorption (at 520-540 nm) that is
similar to Au NPs. The longitudinal plasmonic absorption along the axial
direction is largely determined by aspect ratio of Au NRs and Au NCs

(Jiang et al., 2016; Li et al., 2014; Wang and Astruc, 2015). With the
aspect ratio of Au NRs and Au NCs increasing, it could proper broaden
the light utilization including the full range of Vis-light and part of NIR
regions, and thus help synthesize photocatalysts with maneuverable
light absorption ability (Chen et al., 2013b; Huang et al., 2006; Li et al.,
2018a). Generally, it is hard to compare the improvement effect of noble
metals with different morphologies in different study. But in a study
from Golabiewska et al., the photocatalytic degradation for phenol by
TiO5 modified with different morphologies of Au, such as nanospheres,
nanostars, and nanorods, was conducted to further study the effect of
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morphology (Golabiewska et al., 2016). The photocatalytic activity in
Vis-light region of noble metals with different morphologies decreased
in the following order: nanospheres > nanorods > nanostars.

2.1.2. Size control

It can be easily known that plasmonic noble metals-based photo-
catalytic activity could be promoted when LSPR absorption is enhanced.
The size of noble metals would significantly affect the LSPR absorption
ability. To explore the correlation, some attention has been focused on
studying the size effect of LSPR during photocatalytic degradation (Bai
etal., 2016; Mittal et al., 2018; Rani et al., 2021). Generally, the smaller
NPs at a certain loading amount was beneficial for promoting the SPR
effect, leading to more visible light harvesting and thus enhancing the
catalytic activity (Ding et al., 2017; Jiang et al., 2014; Kamarudin et al.,
2021; Li et al., 2018b). For example, the Ag-1%@P25 with diameter of
1-3 nm displayed the best photocatalytic activity for RhB degradation,
which was 22-fold higher than commercial P25 and~6 times than
Ag-0.5%@P25, Ag-5%@P25 and Ag-10%@P25 (Fig. 1a) (Chen et al.,
2013a).

But for other groups, they reported other phenomenon of size effect
on LSPR absorption ability of noble metals (Trabelsi et al., 2017). That
is, the proper increase of noble metals size would be beneficial for
enhancing catalytic activity, which is related to localized electric field of
LSPR. When the size of noble metals increases, the localized electric field
may be enhanced, thus exciting the semiconductors and finally pro-
moting the photo-reaction. Taken the Ag-a-Fe;Os nanocomposite as
example, the LSPR peak exhibited a slight red-shifted and the peak be-
comes broader with Ag size increasing (Zhang et al., 2014). And the
photocatalytic activity of the nanocomposites for RhB degradation was

Journal of Hazardous Materials 422 (2022) 126950

gradually improved with the increase of Ag NPs size, and then decreased
when the size was over 13.6 nm. Similar results were also found in
M@SiO; (M = Au, Ag) composites synthesized by Lee et al (Lee et al.,
2017). Overall, the size of noble metals significantly affects the LSPR,
thus influencing the catalytic activity, but there is no consensus on how
the size of noble metal affect. To better get insight, more focus could be
paid to figure out the size effect when keeping other condition the same,
such as loading amount, morphology of noble metals.

2.1.3. Component control

The LSPR effect is strongly influenced by different noble metals
component (Xie et al., 2018). Generally, the plasmon absorption band of
Ag NPs is located at 380-420 nm and Au NPs is located at around
520 nm (Jin et al., 2016). As for single component of noble metals, Au
NPs are more available because the resonant wavelength of Au NPs lo-
cates at the Vis-light region, and are more chemically stable and resis-
tant (Ding et al., 2017; Ju et al., 2020; Wang and Astruc, 2014). In actual
application, the component and morphology of different noble metals
can be adjusted to complement each other, so as to achieve the
maximum utilization of solar light (Bai et al., 2015; Chen et al., 2017;
Mittal et al., 2018; Osajima et al., 2021). Overall, the integration of
plasmonic noble metals with semiconductors could broaden light ab-
sorption range from UV-Vis-NIR regions owing to the LSPR effect, which
can be adjusted by tailoring the size, shape or component of plasmonic
noble metals.

2.2. Co-catalyst as electron sinks/bridge

Promoting photogenerated charges separation is an effective strategy

Fig. 1. (a) Plots of In(C,/Co) vs. reaction time for photodegradation of RhB over P25 and Ag@P25 with various Ag content under Vis-light irradiation. (b) Band
structure for noble metals and semiconductors before contact/after contact. (c) Mechanism of UDMH photocatalytic degradation over TiO, NRAs/CdS/Au under Vis-
light irradiation. (d) Mechanism of 2,4-DCP degradation over SnO»/Pt/In,0O3 under Vis-light irradiation.

(a) Reproduced with permission from Chen et al. (2013a) Copyright 2013 Elsevier. (b-c) Reproduced with permission from Gao et al. (2017) Copyright 2017 Nature
Publishing Group. (d) Reproduced with permission from Sun et al. (2020b) Copyright 2020 Elsevier.
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for enhancing photocatalytic efficiency. Among the strategies for pro-
moting photogenerated charges separation, noble metals often used as
co-catalyst as electron sinks/bridge in photocatalysts: (i) fabricating
Schottky junction with an appropriate semiconductor; (ii) constructing
Z-scheme with semiconductors (Wang et al., 2016; Zhong et al., 2021).
All the strategies aim at facilitating the separation of photogenerated
charges, thus making the photogenerated electrons or holes stay on
semiconductors to effectively participate the redox reactions.

2.2.1. Schottky junction

As for Schottky junction, generally, when noble metals are combined
with semiconductors, a potential difference is formed at their metal-
semiconductor interface owing to their different work functions (Li
et al., 2007; Subramanian et al., 2001; Xiong et al., 2010). The potential
difference causes the electron transfer to generate Schottky junction,
and the band bending is constructed when the Fermi energy reaches
equilibrium between metal and semiconductors (Fig. 1b). As for most
noble metals/semiconductors photocatalysts, the Schottky junction can
induce photogenerated electrons to directly migrate from semi-
conductor to noble metals via built-in internal electric field (Chen et al.,
2019a). It could efficiently prevent that electrons or holes flow back
from noble metals to the semiconductor, resulting in a unidirectional
flow channel and thus promoting the separation of photogenerated
electron-hole pairs (Zhu et al., 2017). The property endows noble metals
the electron sink property to promote the photocatalytic degradation of
pollutants (Ismail et al., 2009; Peng et al., 2019; Xiong et al., 2010).
Similarly, as for ternary photocatalysts, the electron also follows the
unidirectional flow channel from semiconductors to noble metals
(Fig. 1c) (Gao et al., 2017).

Actually, the ability of noble metals combing with semiconductors to
form Schottky junction is largely depended on the work functions (Liu
et al., 2017b). Pt is recognized as the most efficient cocatalysts owing to
its large work function among the several noble metals (Meng et al.,
2019b). The work function of Pt is 5.64 eV versus Eyacyum (1.1 €V vs
NHE), which is larger than that of most semiconductors (Aiyun et al.,
2016). Therefore, the process of electrons transferred from semi-
conductors to Pt is more easily. In contrast, other metals possess smaller
work function, leading to the weakened driving force of electron
transfer, which is depended on Fermi level difference between most
semiconductors and noble metals. It illustrated that Pt is more effective
than other noble metals when it combines with semiconductors for
transferring and reserve electrons. Hence, Pt/semiconductors may
exhibit superior catalytic efficiency for pollutants degradation. Taken
different noble metal NPs (Ag, Pd, and Pt) anchored TiO, photocatalysts
as example (Li et al., 2016), Pt-TiO, photocatalyst for perfluorooctanoic
acid (PFOA) degradation was 12.5-fold higher than pure TiO,, while
Pd-TiO; and Ag-TiO2 photocatalysts were only 7.5 and 2.2-fold higher
than pure TiO,, because the electrons could be easily transferred from
CB of TiO5 to Pt.

2.2.2. Noble metal-based Z-scheme system

As for another strategy for promoting photogenerated charges sep-
aration, Z-scheme system-based photocatalysts with noble-metal NPs as
electron bridges could be constructed (Meng et al., 2019a). Specifically,
in a typical Z-scheme photocatalytic system, the photogenerated elec-
trons produced on one semiconductor would transfer and recombine
with the photogenerated holes produced by other semiconductor,
leaving the photogenerated electrons at a relatively higher position and
the photogenerated holes at a lower position, thus could effectively
involve in the ROS production reactions (Low et al., 2017). When
involving noble metal in the Z-scheme photocatalytic system, Z-scheme
photocatalysts with the structure of semiconductor I/noble metal
NPs/semiconductor II were often designed (Zhong et al., 2021).
Generally, noble metal NPs were placed between two semiconductors to
serve as charge “bridge” as shown in Fig. 1d. In detail, noble metal NPs
could receive photogenerated electrons from semiconductor I, and
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photogenerated holes from semiconductor II, which could effectively
protect the holes on the VB of semiconductor I and the electrons on the
CB of semiconductor II, thus accelerating charge transfer (Wang et al.,
2019b; Yu et al., 2020b). So far, various Z-scheme system-photocatalysts
with noble metals as electron bridges have been widely developed to
photocatalytic pollutants degradation, which display boosted photo-
catalytic activity, such as Ag-bridged 2D/2D BisFeTi3015/8-C3Ng,
StTiO3/Ag/AgsPO,, SnO,/Pt/Iny0s, BaTiOs/Au/g-CsNs, Cus0/Au/-
BiPO4 and BiVO4-Au@CdS (Li et al., 2015a; Sun et al., 2020b; Wang
et al., 2019b; Wu et al., 2020; Ye et al., 2018; Yu et al., 2020b).

Serving as electron sink or bridge, noble metals can efficiently
facilitate the separation of photogenerated charges, which depends on
the work function of noble metal and semiconductors, deposition posi-
tions of noble metals on the semiconductor, and surrounding environ-
ment (Chen et al., 2019a; Li et al., 2018c; Pulido Melian et al., 2012;
Zhao et al., 2016). In addition, it is worth noting that noble metals
serving as electron sinks can not only facilitate the separation of pho-
togenerated charges and thus promote photocatalytic oxidation reac-
tion, but also function as active sites for photocatalytic reduction of
many reducible pollutants such as nitroaromatics and Cr (VI), illus-
trating the excellent electron sink property of noble metals (Misra et al.,
2020; Patnaik et al., 2020; Qiu et al., 2019).

2.3. Co-catalyst as catalytic active sites

In addition, active sites, producing more ROS or activating redox
reaction, are also vital for a photocatalyst (Yu et al., 2010). Noble metals
could serve as direct catalytic active sites, which could be excited to
produce hot electrons as active catalytic sites under resonant excitation,
thus performing the catalytic reaction (Lang et al., 2018; Li et al., 2013;
Liu et al., 2018a; Zhang et al., 2018d). The activity for noble metals as
active sites is also related to the work functions (Sun et al., 2020a; Trang
et al.,, 2020; Yu et al., 2018). The higher work function is conducive
reserve electrons, thus could furnish active sites for producing 05" In
the research of Abdel-Wahab et al., different noble metals (Ag, Au and
Pt) anchored on TiO; photocatalysts were constructed for photocatalytic
degradation of acetaminophen (AP) (Nasr et al., 2019). The enhanced
catalytic activity for AP degradation was because noble metals (Ag, Au
and Pt) could furnish active sites for producing of ¢OH and O,*. Among
the noble metals (Ag, Au and Pt) anchored on TiO, photocatalysts,
Pt/TiOy photocatalysts exhibited the highest photocatalytic perfor-
mance, which was because Pt possessed better activity than Ag and Au.
Recently, a number of studies have reported noble metals serving as
catalytic sites for photocatalytic degradation of volatile organic com-
pounds (VOCs), which greatly improves the surface active sites of
catalyst and increases the contact opportunity with VOCs (Chen et al.,
2016; Fu et al., 2019b; Liang et al., 2021; Liu et al., 2019b; Xu et al.,
2020; Yu et al., 2020a; Zhang et al., 2019).

3. The roles of noble metals in Fenton/Fenton-like oxidation
process

Fenton oxidation as efficient technologies have been widely studied
to degrade pollutants via producing highly reactive ¢OH in the Haber-
Weiss cycle (Li et al., 2019b; Yan et al., 2016; Ye et al., 2020; Zhou
et al., 2020b), known as chain reactions eOH + Hy05 — Hy0 + 05"
+H" and 0, +H" + Hy05 — Oy + ¢OH + H,0. To overcome the
drawbacks of traditional Fenton oxidation such slow redox cycle,
accumulated iron sludge and hazardous H,O5 transportation, there have
been many studies using noble metals-based catalysts to drive
Fenton-like related reaction. Under certain circumstances, noble metals
can act as both electron donors or electron acceptors, so noble
metals-based catalysts can be used as multifunctional catalysts in
Fenton-like reactions to efficiently decompose H20O; to produce eOH,
increase the metal redox cycle, or produce HyO; in-situ to reduce the risk
in transportation and addition of HpO,. Table 2 clearly displays the
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Table 2
The performance comparison of noble metals-based nanocomposites according to their disparate role in Fenton/Fenton-like oxidation.
Role Noble Nanocomposites Size of Pollutants Efficiency Manifestation of noble metals Ref.
metals noble
metals
(nm)
As catalyst for Au Au/HAp* 4.9 Phenol 82% conversion at 343 K A redox process Au® < Au®" may (Han et al., 2008)
producing occur to activate H,O, producing
«OH oOH.
Au/HO-npD” <1 Phenol 93% degradation at room Au played a role in electron relay (Navalon et al.,
temperature from oxidation to the reduction 2010)
semi-reaction and the reduction
process would produce ¢OH.
Au/SRAC’ 4.4 Bisphenol A 89% conversion at 313 K Au active sites with dangling carbon ~ (Yang et al.,
atoms displayed partially negatively ~ 2013)
charged or polarized, and the redox
process would decompose H;0,
producing eOH.
Ag Ag/D3 3.2 Phenol Rate constants = 4.73 s~ ! Ag acted as an efficient photo- (Espinosa et al.,
Fenton active sites for producing 2015)
oOH.
As catalyst for Pd Pd/Al,03 - Benzoic acid 80.12% degradation with 12he ~ Pd/Al,O3 with large surface area (Zeng et al.,
activating mechanism of Pd-based was beneficial for producing atomic ~ 2020)
atomic catalysts for prom0 min H*, subsequently promoting Fe>"
hydrogen reduction to Fe?*,

Pd/MIL-101(Cr) 6.5 4-chlorophenol

Pd@Fe3;04,@MOFs 20 2-cholophenol

2,4,6-
trichlorophenol
Phenol
As catalyst for Au Au@Mn/MoS, Single Methyl blue
generating atom
H,0,
Au/ZnO 4-7 -
Pd Pd/Ct - Rhodamine B
Pd NP-PTH-CNTs' 5.33 Amaranth

100% degradation with 90 min

100% degradation with
120 min
75% degradation with 120 min

100% degradation with 10 min
H0, yield: 1.5 mM in 6 h at
visible light irradiation; Methyl
blue degradation: 100% with
60 min

H,0; yield: 18.3 mM in 12 h at
UV light irradiation

H,0, yield: 53.1 mg/L in

120 min at pH 2 and a current
of 100 mA;

Rhodamine B degradation:
100% with 30 min

(0.1090 min™ 1)

Amaranth degradation: 96%
with 15 min (0.6 V vs SHE)

Pd° could efficiently retain H; and
thus activated Hj to produce atomic
H* for promoting Fe>* reduction.
The electron enriched in Pd NPs
would transfer to Fe;04, leading to
fast regeneration of Fe3™.

Au enhanced the H;0, generation
ability of MoS,, owing to the
decreased recombination of
photogenerated charge carriers.

Au exhibited high selectivity for 2e”
oxygen reduction reaction (ORR),
facilitating the H,0, formation.

Pd was beneficial for adsorbing
superoxo molecule, and then
interacted with a hydrogen atom
dissociated by Pd, thus contributing
to production of HyO5.

Pd with small size displayed high
activity in ORR.

(Liu et al., 2019¢)

(Niu et al., 2018)

(Song et al.,
2019a)

(Meng et al.,
2020)

(Yuan et al.,
2011)

(Reyes-Cruzaley
et al., 2019)

# HAp, hydroxyapatite.
> HO-npD, Fenton-treated diamondnanoparticles.
¢ SRAC, Styrene-based activatedcarbon.

4 D3, Diamond nanoparticlestreated by Fenton and subsequent H, annealing reduction.

¢ C, commercial bamboo charcoal.
f PTH-CNTs, polythiophen-carbon nanotubes.

performance comparison of noble metals-based nanocomposites ac-
cording to their disparate role in Fenton/Fenton-like oxidation.

3.1. As Fenton-like catalytic sites for producing eOH

Noble metals could serve as Fenton-like catalysts to effectively
catalyze Hy05 decompose to produce eOH (Han et al., 2008; Navalon
et al., 2010). Among these noble metals, Au NPs are widely used as
Fenton-like catalysts to decompose H20O5 in the Haber-Weiss cycle (Liu
et al., 2020a). Compared with traditional Fenton system, the advantage
of Au NPs-based materials as Fenton-like catalysts is the higher standard
electrode potential of Au™/Au (E°(Au®*/Au™) =1.360 V vs NHE;
E°(Au*/Au®) = 1.830 V vs NHE) than Fe3'/Fe?* (E%(Fe®'/Fe?") =
0.771 V vs NHE) (Conte et al., 2008; Zhou et al., 2021). The high
oxidation state of Au™" with the strong ability to obtain electrons is
beneficial to the regeneration of Au® in the subsequent reduction reac-
tion. At the same time, the leaching and shedding of Au NPs can be
avoided due to the inertness of Au NPs in the natural environment,

thereby ensuring the stability of the catalyst. Most importantly, Au
NPs-based materials as an iron-free Fenton-like catalyst can avoid the
yield of precipitated sludge. The first novel work is Au NPs anchored on
hydroxyapatite (Au/HAp) for phenol degradation in Fenton-like reac-
tion (Fig. 2a) (Han et al., 2008). They preliminarily proposed that a
redox process Au™"/Au® occurred, leading to the production of eOH
(Egs. (1) and (2)) (Suh et al., 2000). The detailed mechanism involves a
transformation of positive and neutral states of Au NPs (Fig. 2b) (Man-
tzavinos and Poulios, 2010; Martin et al., 2011; Navalon et al., 2010).

Au’ +H,0, »Au’ + OH™ + ¢ OH @))

Au" +H,0, »Au’ + e¢OOH +H* 2

Normally, the size effect of noble metals has a certain impact on the
catalytic activity, and the effect on Fenton reaction is no exception
(Kiyonaga et al., 2009; Qin et al., 2019b). Most of previous studies have
reported that the catalytic activity of noble metals NPs-based catalysts
increased with NPs size decreasing, because smaller Au NPs could
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Fig. 2. (a) TEM images of Au/HAp catalysts. (b) Proposed mechanism for phenol degradation in the presence of Au/OH-npD and H20,. (c) TC degradation over Au
NCs/CNT with different Au size on TC degradation. (d) The proposed mechanism for ¢OH production in the Au-Fenton system. (e) The proposed mechanism of H>O,

decomposition over Ag NPs/H,0, catalytic system.

(a) Reproduced with permission from Han et al. (2008) Copyright 2008 American Chemical Society. (b) Reproduced with permission from Navalon et al. (2010)
Copyright 2010 John Wiley and Sons Ltd. (c) From Liu et al. (2020a) Copyright 2020 American Chemical Society. (d) Reproduced with permission from Yang et al.
(2013) Copyright 2013 Elsevier. (e) Reproduced withpermission from He et al. (2014) Copyright 2014 Elsevier.

effectively decompose H20, to form eOH (Quintanilla et al., 2012).
Especially, when the size of Au is less than 2 nm, known as Au nano-
clusters (Au NCs), it exhibits highly unique physicochemical behavior
and catalytic activity, which is intermediate between single Au atoms
and relatively larger Au NPs, and exhibits higher catalytic activity by
exposing Au atoms (Cai et al., 2020; Liu et al., 2020a; Wang et al.,
2019c). For example, under the same Au loading amounts, Au NCs/CNT
catalysts with ultrasmall-sized Au NCs (<2 nm) showed more efficient
catalytic performance for TC degradation than Au NPs/CNT catalysts
with larger-sized Au NPs (>2 nm), which was because the Au NCs ma-
terials possessed higher atom utilization, selectivity and more exposed
active sites (Fig. 2¢) (Liu et al., 2020a). In addition to size effect of noble
metals, the property of supports for anchoring noble metals, and reac-
tion conditions such as pH, dosage of H>O, and temperature also affect
the catalytic efficiency of Au NPs-based catalysts towards HyOo
decomposition (Martin et al., 2011; Navalon et al., 2011; Naya et al.,
2011; Qin et al., 2019b; Yang et al., 2016).

The mechanism of Au NPs-based catalysts towards H,02 decompo-
sition in Fenton-like reaction has been well proposed. Obviously, the
mechanism mainly involves the redox cycling of Au’/Au™t (Aut or
AuH) or Au®/Au®, decomposition of Hy0; to form eOH, and following
the regeneration of Au active sites (Martin et al., 2011; Sha et al., 2016;
Shang and Liu, 2011). That is to say, Au NPs-based catalysts in HyO9
decomposition reaction also follow the principle of the Haber-Weiss
cycle, similar to the traditional Fenton reaction, as shown in Fig. 2d
(Liu et al., 2020a; Yang et al., 2013). It has been reported that the
negatively charged or partial polarized Au NPs could promote the
adsorption and decomposition of HyO, (Yang et al., 2016). Firstly, Au
NPs would be polarized or negative electricity. Then, HyO5 was
decomposed into eOH at the Au-support interface, which was then
released to oxidize pollutants. Last, the active sites Au> were regener-
ated via metallic Au® reduced by H205. Overall, the valence states of the
Au NPs are various during Fenton-like reaction, including Au®, Au®,
Au*, and Au®", which are related to the property, structure and

electrophilicity of the supports, the preparation method of Au NPs, as
well as pH, etc. Nevertheless, the reason of how the valence states of Au
varying during the Fenton reaction remains uncertainty, which is in
need of further research.

In addition to Au NPs, the H,O2 decomposition is also demonstrated
on Ag NPs (Guo et al., 2008; He et al., 2012; Wang and Balbuena, 2005;
Zhang et al., 2012). As for Ag NPs/HO, catalytic system, a
charge-discharge type is presented to investigate HyO2 decomposition
over Ag NPs (Fig. 2e) (Chen et al., 2008; He et al., 2011, 2014; Jones
et al., 2011). As for the persulfate-based oxidation systems, noble metal
NPs also exhibit potential as peroxymonosulfate activator (Feng et al.,
2017; Wang et al., 2017).

3.2. As catalysts for promoting Fe> /Fe®* redox

Acceleration of metal redox cycle such as Fe?*/Fe3" is important for
promoting Fenton/Fenton-like related reactions. Recently, some studies
have utilized noble metals to activate H, to form activated atomic
hydrogen (-H*), which exhibits satisfying reduction ability and thus
accelerates the reduction of metal species such as Fe>* (Chaplin et al.,
2012; Das et al., 2019). Actually, among noble metals, Pd with lower
energy barrier is the most favorable one in HyO5 synthesis, because it has
higher adsorption energy to Hy (Jiang et al., 2017). Thus, it can effec-
tively activate Hy and thus form Pd-H*, and the dissociation energy of
Pd-H* is 21-24 kcal/mol, which is relatively low among other transition
metals and conducive for -H* to diffuse from active sites (Liu et al.,
2019d). The mechanism of Pd-based catalysts for promoting Fe?*/Fe3*
redox follows Egs. (3) and (4), which was firstly demonstrated by Georgi
et al. as shown in Fig. 3a (Georgi et al., 2016). The process mainly
involved that Hy was firstly adsorbed and dissociated into H* on Pd
surface, which then diffused and reacted with Fe3*, thus regenerating
and forming Fe2t (Jiang et al., 2017; Pozzo and Alfe, 2009; Wu et al.,
2019a).
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Fig. 3. (a) The proposed mechanism of accelerating Fe>'/Fe>" recycling by -H* produced on Pd/Al,Os. (b) Mechanism of H,O, generation over the Au/
a-FeOOH-APC catalyst under electro auxiliary. (¢) Proposed mechanism of phenol degradation over Pd/MNPs/electro-Fenton system.

(a) Reproduced with permission from Georgi et al. (2016) Copyright 2016 Elsevier. (b) Reproduced with permission from Zhang et al. (2018c) Copyright 2018
American Chemical Society. (c) Reproduced with permission from Luo et al. (2014) Copyright 2014 Elsevier.

2=Pd+ H, - 2=Pd-H=x 3

=Pd-Hx +Fe" > Pd+H" + Fe" ()]

Additionally, Pd-based electrochemical oxidation systems are
researched for acceleration of Fe?* /Fe>* cycling to promote degradation
of pollutants (Huang et al., 2017; Qin et al., 2015). In the electro-
chemical systems, except the reduction of Fe>* by activated -H* on Pd
catalysts (Egs. (3) and (4)), the regeneration of Fe2* can also be ascribed
to oxidation dissolution of Fe>" from Fe-compounds by in-situ produced
H20; on noble metal catalysts, or the direct electron transfer from the
cathode to reduce Fe3* (Liao et al., 2013; Luo et al., 2014). Some studies
have noticed the issue, and found that the -H* on Pd active sites plays the
main contribution in the regeneration of Fe?>* in Pd-based electro-
chemical oxidation systems (Luo et al., 2014; Zeng et al., 2020). Pd
could provide sufficient active sites for Hy adsorption and electrical
inducing the conversion from H' to -H*, thereby accelerating trans-
formation rate of Fe>*/Fe®". Except -H* over Pd NPs play a role in Fe>*
reduction, the Pd were manifested that the electrons enriched on Pd
would transfer to Fe species after Fe?t were oxidized by H30,, thus
resulting in fast regeneration of Fe?t (He et al., 2019; Li et al., 2015b;
Niu et al., 2018).

3.3. As catalysts for generating H,02 in Hydrogen-enabled conditions

In Fenton reaction, establishing HoO5-based catalytic reaction con-
cerns the source of HyO», includes the addition and in-situ production of
H0, in reaction system. In-situ production of HyO can be considered as
an ideal method for providing H20s, since O3 is safe and readily avail-
able raw source for HyO5 generation (Nogueira et al., 2005; Zhang et al.,
2018a). With the assistance of noble metal-based nanocomposites as
cathode or catalysts, HyO, can be generated by catalytic hydrogen
oxidation or O activation process (Pi et al., 2020). During the synthesis
of HyO;, generation over noble metal-based nanocomposites, the various
hydrogen sources could be effectively utilized by noble metals, such as
Hy gas or hydrogen substitutes (hydrazine, formic acid, and glucose)
(Choudhary et al., 2007; Dai et al., 2018; Li et al., 2015b). Recently, an
interesting study was reported that Au NPs could catalytically oxidize
glucose to synthesize HyO5 via a “green” process, similar to the process
of natural glucose oxidase (Eq. (5)) (Huang et al., 2020a). Inspired by
the characteristics of Au NPs catalytic reaction, the glucose could be
used as hydrogen source for HoO5 generation in pollutant removal over
Au NPs-based catalysts and the mechanism for HoOy generation was
displayed in Fig. 3b (Zhang et al., 2018c).

Glucose + O, + HZOAu = gluconic acid + H,O 5)



Y. Fu et al.

Among noble metals, Au and Pd are reported to possess high selec-
tivity and activity for HpOy generation (Cho et al., 2020; Shen et al.,
2019b; Song et al., 2020b, 2019a; Zhang et al., 2018b). In some studies,
AuPd bimetallic materials are often used for in-situ synthesis of HoO2
and achieve efficient degradation of pollutants via electro-Fenton pro-
cess (Qin et al., 2015; Sun et al., 2015), because Au could affect AuPd
nanocrystals and thus provide more exposed -H* that was chemisorbed
on the Pd surface, which was beneficial for the H,O5 synthesis. However,
with Au NPs size increasing to 30 nm, only HyO instead of HyO2 was
produced, indicating the practical limitation of Au based catalyst.
Hence, in practical, Pd NPs or Pd-based nanocatalysts are usually used
for HyO; generation (Liao et al., 2015, 2018; Pi et al., 2020; Xie et al.,
2015; Yu et al., 2015). There are a number of studies synthesized HyO2
over Pd-based nanocomposites using in-situ electro-generated Hy and O4
(Egs. (6)-(8)) (Liu et al., 2018c; Luo et al., 2014; Tan et al., 2020; Yuan
etal., 2011). As shown in Fig. 3¢, Hy and O, gas were firstly produced by
electrolysis of Hy0, then two H atoms were diffused and chemisorbed
onto the Pd surface to react with Oy, resulting in generation of H20,.
Under the electro-assistance condition, the applied current intensity or
voltage value have considerable impact on the H,O5 generation at the
cathode. The higher applied current intensity or voltage value is
conducive for exposing more activated atoms of noble metals-based
materials at cathode. But the generation dosage of HyO, would not al-
ways increase with applied current intensity increasing, which is owing
to some parasitic reactions (Yan et al., 2016).

Anode:2H,0, — 4e~ — 4H" + 0, (g) ©)
Cathode:4H,0, + 4~ — 40H™ + 2H, (g) @
Ha(g) +05() PAH, O, ®

In conclusion, small diameter (less than 5 nm) and lack of crystalline
order of noble metals should be required for achieving high H,0,
selectivity (S. Zhu and Chen, 2020; W. Zhu and Chen, 2020). The su-
periority of noble metals in HyO, generation primarily depends on the
strong binding ability towards O, and the ability could be easily
adjusted through the metal d electrons and coordination configurations
of the active sites.

4. Important characterization technologies for evaluating noble
metals

4.1. Emerging characterization techniques

In recent years, some advanced and specific techniques have been
used to explore and analyze the working mechanisms of noble metals at
atomic-scale level, as well as the relationship between the structures and
performance. For example, some advanced characterization techniques
such as aberration-corrected scanning transmission electron microscopy
(AC-STEM), X-ray absorption spectroscopy (XAS), as well as in-situ
characterization techniques such as in situ environmental TEM
(ETEM), in situ Fourier transform infrared spectroscopy (FTIR) and in
situ XAS, have been used to deeply study the features of noble metal-
based catalysts and will be concluded in detail.

4.1.1. AC-STEM and XAS

Different from conventional TEM technique, AC-STEM is developed
to identify the atomic-scale active sites of noble metals due to the ad-
ditive beam current and resolution (Dong et al., 2020). Especially,
aberration-corrected high-angle annular dark field scanning trans-
mission electron microscopy (AC-HAADF-STEM) could offer high reso-
lution images at atomic scale through gathering the electrons scattered
from a loop near the beam by a loop dark field detector (Wang et al.,
2019a). As for noble metals, especially single atoms of noble metals, it
could be directly observed from the light spots (even at atomic-scale).
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For example, the single Pd atoms uniformly located on g-C3N4 modi-
fied with carbon vacancies (Cv-CN) could be clearly observed from
AC-HAADF-STEM as shown in Fig. 4a, with significant contrast. And no
Pd sub-nanometer clusters nor nanoparticles could be visualized, further
demonstrating the successful synthesis of single Pd atoms (Liu et al.,
2021).

Before the appearance of AC-STEM, the fine structural information
on noble metals-based nanocomposites mainly depends on the XAS
analysis, which is composed of two consecutive regions: the X-ray ab-
sorption near edge structure (XANES) and the extended X-ray absorption
fine structure (EXAFS) (Zhang et al., 2021c). The former could offer
information about the valence state and coordination geometry of noble
metals with supported materials. And the latter could reflect the many
local structural information about the absorbing atoms (Dong et al.,
2020). XAS cannot provide visualized evidences as those from electron
microscopy, but it is more informative for multiple-shell/component
analysis. Usually, XAS analysis equipped with other characterization
technique such as STEM, XPS and nuclear magnetic resonance (NMR)
spectroscopy is used to better understand the noble metals-based
nanocomposites at atomic scale (including single atoms of noble
metals catalyst) (Nan et al., 2017).

4.1.2. In-situ characterization techniques

In addition to above ex situ characterization techniques, in situ/
operando characterization techniques for noble metals-based nano-
composites characterization have been developed to better identify
active sites and monitor the variation of geometric structure and elec-
tronic environment.

(i) In situ ETEM: a gas-in-microscopy operation method. It requires
confinement of the gas environment near the catalyst at a desired
temperature with the high-vacuum electron microscopy column,
which can offer more dynamic structure variation under reaction
condition. In the study of Corma et al., they found that Pt species
could reversibly disintegrated and aggregated under the condi-
tions of 500-550 °C in O (oxidized atmosphere) and 300-400 °C
in Hy (reductive atmosphere) under in situ ETEM (Liu et al.,
2018b), indicating that the structure of Pt species encapsulated
on MCM-22 was super sensitive to the gas reactants and
temperature.

(ii) In situ XAS: sensitivity analysis of local structure and valence
state with a quick scanning rate (approaching picoseconds) under
various chemical conditions (Chen et al., 2014a). Commonly, the
analysis of the absorption spectra is based on comparing the
tested spectra with some known structural properties that have
been manifested (Yuan et al., 2019). In the system of Ag@FAU
systems, in situ Ag-K edge XANES spectra were recorded as
temperatures increasing. The energy changes of pretreated sam-
ples obviously displayed that the oxidation states of Ag cluster in
FAU zeolite altered (Yamamoto et al., 2009).

(iii) In situ FTIR: the common used modes include in situ transmission
IR (TIR), diffuse-reflectance IR Fourier Transform (DRIFT),
attenuated total reflection IR (ATR-IR), and reflection-absorption
IR (RAIR) similar to the ex situ FT-IR method. Generally, CO-
probed FTIR analysis was often used for identifying the site of
noble metal single atoms-based catalysts, and ratio of different
metals in the multiple metallic catalysts (Dong et al., 2020; Tou
et al., 2019).

Usually, multiple in situ characterization techniques are simulta-
neously conducted to get better insight into the noble metal-based cat-
alysts at the atomic level (Godoi et al., 2016). Although the recent
progress on the advanced characterization techniques such as in situ
methods provides more information for identifying the instinct proper-
ties and mechanism, the further understanding and utilization of in situ
characterization techniques should be focused, and more challenges are
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Fig. 4. (a) AC-HAADF-STEM of Pd atoms anchored g-C3N,. (b) Degradation pathway of paracetamol catalyzed by ZnFe;O4-Au. (c) Proposed routes (1 and 2) of H>O,

decomposition over AuNCs/CNT surface.

(a) Reproduced with permission from Liu et al. (2021) Copyright 2021 Elsevier. (b) Reproduced with permission from Huerta-Aguilar et al. (2019) Copyright 2019
Royal Society of Chemistry. (c) Reproduced with permission from Liu et al. (2020a) Copyright 2020 American Chemical Society.

proposed in the perspective.

4.2. Theoretical calculation

Generally, theoretical calculations can provide structure information
at atomic scale of noble metals-based nanocomposites such as electronic
structure, supply the activation energy barriers of reaction and verify the
function of each structure (Deng et al., 2020; Fu et al., 2019a; Hu et al.,
2012; Ma et al., 2017; Zhang et al., 2021b), which can supplement the
experimental results. Density functional theory (DFT) calculations are
often performed to reveal the properties of noble metals-based photo-
catalysts, such as the electronic band structures, Hirshfeld charge, and
DOS, and highest occupied molecular orbital-lowest unoccupied mo-
lecular orbital (HOMO-LUMO) transition could be obtained (Ma et al.,
2017; Song et al., 2019b; Tong et al., 2018; Xu and Carter, 2019; Yang

10

et al., 2020b, 2020d; Zhao et al., 2018). Except for basic properties
analysis for noble metals-based catalysts, DFT calculation could be also
performed for better understanding the catalytic degradation mecha-
nism, which is most important for analyzing degradation products. A
number of studies have used DFT analysis based on Gaussian or Vienna
Ab initio Simulation Package (VASP) to research the reaction mecha-
nism. Taking Au-based catalysts in catalytic pollutants degradation as
examples, DFT analysis has been performed to deeply study the char-
acteristic of catalysts and catalytic mechanism in oxidation process
(Huerta-Aguilar et al., 2019; Liu et al., 2020a). As shown in Fig. 4b, DFT
analysis demonstrated that ¢OH produced on ZnFez04-Au system firstly
attacked paracetamol and thus formed several possible intermediates
via a high energy transition state. And the total energy differences
gradually reduced in each step until the final product was produced,
indicating oxidation rate of paracetamol was slow at initial period and
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then accelerated with reaction rate getting higher. In addition, it was
reported that DFT analysis based on VASP was performed to study the
production, adsorption, and decomposition paths of HyOy over Au
NPs/CNT catalysts in Fenton-like reaction (Fig. 4c).

5. Conclusions and perspectives

This review innovatively classifies the roles of noble metals accord-
ing to their disparate functions in photocatalytic oxidation and Fenton/
Fenton-like oxidation reactions, and summarizes advanced character-
ization techniques for evaluating noble metals. In the photocatalytic
degradation, noble metals play important roles in enhancing light har-
vesting, facilitating photogenerated charge carrier separation/transfer,
and providing catalytic active sites. The roles of noble metals in Fenton/
Fenton-like systems mainly include: as active sites for decomposing
H,0, to produce eOH, accelerating Fe?*/Fe3* redox and in-situ pro-
ducing Hy0». Overall, integrating the multifunctional noble metals with
other nanomaterials (supports or semiconductors) can improve the
catalytic activity in the oxidation degradation of pollutants and noble
metals play important roles in boosting performance of nanocomposites.

Despite noble metals-based catalysts make some progress in the
component and structure design and have certain potential in solving
environmental issues, many challenges still remain to design and syn-
thesize nanocomposites, which needs to solve for fully exerting the ca-
pabilities of noble metals.

(1) Continuing exploring the fundamental understanding of catalytic
mechanism over noble metals-based nanocomposites by in situ/
operando characterization techniques is urgently needed for dy-
namic monitoring the process under working conditions. Dy-
namic monitoring the reaction of noble metals-based
nanocomposites during photocatalytic oxidation and Fenton/
Fenton-like oxidation is conducive to analyze the domination
mechanism and variation in the geometric or electronic structure,
thus analyzing different reaction pathways. It could find the vital
impact on an enhanced catalytic activity by analyzing dynamic
structural variation of the interaction between noble metals and
other nanocomposites. At present, a majority of studies have
performed in situ/operando structural characterizations at gas
phase reaction conditions. However, most applications of noble
metals-based nanocomposites in photocatalytic oxidation and
Fenton/Fenton-like oxidation for organic pollutants degradation
are under liquid phase reaction conditions. Hence, the in situ/
operando structural characterizations should be further upgraded
through integrating more techniques to achieve dynamic monitor
for complex liquid reactions.

Expect in situ/operando characterization techniques, further
fundamental understanding of catalytic mechanism over noble
metals-based nanocomposites should be analyzed by theoretical
calculations. Exactly, the insight on the mechanism could be
obtained through combing theoretical calculations with experi-
mental measurements. It could reasonably account for the
experimental results for revealing the photocatalytic oxidation
and Fenton/Fenton-like oxidation process, and the condition for
theoretical calculations should be similar to experimental con-
ditions. The theoretical calculations based on experimental re-
sults are helpful and reliable for designing a novel efficient noble
metals-based nanocomposite, and can imitate the available
structure of active sites, interaction between noble metals and
support surface, and reaction intermediates, and active radicals,
as well as the reaction mechanisms. Certainly, the satisfying
simulated results acquired by theoretical calculations should be
based on the premise of setting well calculated parameters. Then
combining with experiment measurements, a more distinct
comprehension of the catalytic mechanism over noble metals-
based nanocomposites could be obtained. Taking full advantage
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of theoretical calculations would be better for design a novel and
effective noble metals-based nanocomposites with appropriate
function in catalytic oxidation for pollutants removal.

How to decrease the cost/usage of noble metals in the nano-
composites should also be concerned, owing to the high cost and
scarcity of noble metals. On the one hand, rational utilization the
controllable size and morphology property of noble metals is a
direct strategy. Specifically, as for noble metals-based photo-
catalysts, the morphology of plasmonic noble metals could be
adjusted to absorb the different light region from Vis-light to NIF
region, thus avoiding the addition of other nanomaterials. Taking
Au NRs for instance, by regulating the aspect ratio of Au NRs, the
absorption spectrum can be adjusted from Vis-light to NIF region.
In addition, decreasing the size of noble metals to ultra-small size
is a great option to decrease the cost and simultaneously keep the
high activity. Preparing noble metal single atoms-based nano-
composites may solve the problems in cost and resource. Actu-
ally, there are some studies that reported noble metal single
atoms-based nanocomposites exhibit inspired activity in cata-
lytic oxidation for degrading recalcitrant contaminants. But the
harsh synthesis conditions may limit their production. Hence,
more attention could be focused on the development of control-
lable technologies to fabricate cost-effective noble metal single
atoms-based nanocomposites.

Continuing probing and developing relevant functional noble
metals-based nanocomposites is a key issue for realizing superior
performance in catalytic oxidation for pollutant removal. As
concluded above, when noble metals-based nanocomposites are
applied in catalytic oxidation reactions, it usually plays multi-
functional properties in the enhancement effect, rather than
display only one function, which lies on the property (size and
morphology) of noble metals and supports, deposition positions
of noble metals on supports/semiconductors (synthesis method),
as well as work function of noble metals and semiconductors.
Although noble metals-based nanocomposites exhibit multi-
functional catalytic ability towards different reaction, some
active center of noble metals is not favorable for some reaction
pathways. For example, some noble metal single atoms-based
nanocomposites is not conducive for electrocatalytic oxidation
of small organic pollutants, and breakage of O—O bonds of O,
impeding the synthesis of HoO2. Hence, according to the different
requirements on pollutants removal, designing a specific noble
metals-based nanocomposite is more beneficial to achieve super
high removal efficiency. Overall, the reaction selectivity of noble
metals-based nanocomposites still needs to promote by regu-
lating the electronic structure and coordination between noble
metals and supports, and during the process, theoretical calcu-
lations could be applied, which could verify rationality and reveal
the mechanism.

(5) Again, further exploring novel noble metals-based nano-

composites strategies and synthesis means to realize quick and
extensive fabrication is promising but challenging for practical
applications all the time. For noble metals nanoparticles and
nanoclusters, the synthesis methods are diverse and relatively
mature, but for noble metals single-atom based catalysts, the
synthesis is not enough. Although the novel synthetic method
such as atomic layer deposition (ALD) is developing, the synthetic
mechanism is still unrevealed and how to realize high metal
coverage is needed to achieve. In addition, from a perspective of
applications, during synthesis of noble metals-based photo-
catalysts, the process of decorating noble metals on semi-
conductors is a bit difficult. It should be noticed that noble metals
with small size need to be precisely prepared and controlled to
decorate on the desired sites of semiconductors, and the noble
metals with relatively high work function may reduce their own
benefit when combined with semiconductors. Therefore, the
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exploration of noble metals-based photocatalysts should be
focused on not only the preparation approach of noble metals, but
also the decoration tactics of noble metals on semiconductors.
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