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Abstract Two-dimensional noble metal nanomaterials(2D NMNs) are widely used as electrocatalyst. In recent years,

the researchers have focused on the synthesis of 2D NMNs at the atomic scale, and realize the improvement of

electrocatalytic performance through further structural modification to reduce the usage of noble metals. Herein, we

systematically introduce the synthesis methods of 2D NMNs categorized by element type. Subsequently, the catalytic

applications toward a variety of electrocatalytic reactions are described in detail including the hydrogen evolution

reaction(HER), oxygen reduction reaction(ORR), oxygen evolution reaction(OER) and CO, reduction reaction

(CO,RR). Finally, the potential opportunities and remaining challenges in this emerging research area are proposed.
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1 Introduction

Two-dimensional(2D) nanomaterials refer to materials
with a size limit of nanoscale in one dimension and infinitely
expandable in the other two dimensions!"?. By virtue of con-
fined dimensionality, high specific surface areas, distinct geo-
metric and electronic structure, and other fascinating physical
and chemical properties, 2D nanomaterials have displayed
prospective applications in various fields including catalysis,

=71 Since the success-

photonics, sensors, and storage devices
ful preparation of graphene through the mechanical exfoliation
method in 2004, a new and exciting research frontier of 2D
nanomaterials was opened up and gained rapid developmen
So far, various 2D nanomaterials with size and shape control
have been synthesized, such as transition metal dichalcoge-
nides(TMDs), layered double metal hydroxides(LDHs), nitrides
and carbonitrides(MXenes), etc.l'® "% Thereinto, 2D noble
metal nanomaterials(2D NMNSs) give rise to unique reactivity
patterns and have attracted extensive research interest in cata-
Iytic and energy applications due to their unique surface chemi-
stry property and high specific surface areat'®—'%),
Electrocatalysis is a core technology of next-generation
clean energy systems, such as fuel cells, electrolyzed hydrogen
production, and metal-air batteries, which plays a key role in

2921 The electrochemical

sustainable energy developmen
reactions include hydrogen evolution reaction(HER), hydrogen
oxidation reaction(HOR), oxygen evolution reaction(OER),
oxygen reduction reaction(ORR) and CO, reduction reaction
(CO,RR), etc?* 28], The noble metal-based catalysts are at the
most defined core position of a wide variety of electrocatalytic

materials?* %, Although many non-noble even non-metallic
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t*,

catalysts have been applied for electrocatalysis, their catalytic
activity and stability still could not compare to those of noble
metal catalysts?®> %!, It is worth noting that noble metal elec-
trocatalysts are usually hindered by high prices and extremely
limited reservest®. To solve the above problems, researchers
have prepared high-performance electrocatalysts by regulating
the morphology, structure and composition of noble metal ma-
terials, while reducing the usage of noble metals and the cost of
energy systems!*®*!). 2D NMNs have become highly promising
catalysts in the field of electrocatalysis because of their excel-
lent intrinsic activity and highly exposed active sites!**!!. For
instance, Huang et al."*?) reported an electrochemical method to
prepare a highly distorted porous 2D Pt nanosheet by electro-
chemical etching, and the optimized sample displays superior
ORR performance. Their specific activity and ORR mass are
10.7 and 9.8 times that of commercial Pt/C catalysts. The large
lateral size of the 2D NMNs makes it have a higher specific
surface area, which is beneficial to expose larger amounts of
active sites in the catalytic reaction and maximize the utiliza-
tion of precious metals*>*4,

The demands for high-performance electrocatalyst have
extremely stimulated the synthetic methods for preparing 2D
NMNs™), Because the atoms in the metallic crystalline domain
are closely located and firmly bonded together, there are certain
limitations in the preparation of 2D NMNs by the exfoliation
method compared to layered materials!**—**]. Therefore, most
strategies for synthesizing 2D NMNs rely on the bottom-
up wet-chemistry methods. Specifically, isotropic nuclei are
generally formed early in the synthesis process, and then the
anisotropic growth of the crystal is triggered by breaking its
symmetry to drive the synthesis of ultra-small nuclei into 2D
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morphologies*®*.

mechanisms include organic ligand-assisted growth, small

molecules/ions mediated assisted growth, template synthesis
[50—52

Some generally adopted formation

and kinetic control, etc 1 It is worth noting that these
factors can synergistically affect the 2D morphology in the
complicated growth system of 2D NMNs and achieve the
delicate control of the product.

This review aims to comprehensively introduce the
research progress made so far in the synthesis and application
of various 2D and quasi-2D NMNs. First, we introduced the
synthetic strategies of 2D NMNs categorized by element type,
and demonstrate the mechanism of improving electrocatalytic
performance through further structural modification. Next, the
research progress of new 2D NMNs in the field of electrocata-
lysis(HER, OER, ORR, CO,RR) was analyzed and summarized.
Finally, on the basis of the current development, we pointed out
the potential opportunities and remaining challenges for future
research of 2D noble metal electrocatalysts.

2 Preparation of Two-dimensional
Noble Metal Nanomaterials

Metal crystals usually exhibit highly symmetrical crystal
structure(such as cubic crystal system), and the dominant metal
bond is generally considered to be nondirectionalt®47-354,
Therefore, from the perspective of crystallography, it is difficult
for metal crystals to spontaneously grow to obtain a 2D crystal
structure with low symmetry. Meanwhile, the large surface
energy of the exposed metal surface also blocks the acquisition
of the metal 2D structure from the view of thermodynamics®>,
Hence, the anisotropic growth of materials can be realized
accessibly by breaking and reducing the symmetry of metal
crystal structure by introducing defects or adsorbatesl®”.

Despite these objective difficulties, a series of 2D NMNs
was prepared. Synthetic methods that have been proposed
include organic ligand assisted growth, small molecules/ions
mediated assisted growth, photochemical synthesis, crystal
phase transformation, template synthesis, kinetic control and
exfoliation method, etc. In the following sections, typical
examples of 2D NMNs composed of different elements will be
categorized, and their unique characteristics will be empha-
sized.

21 Pt

In the field of electrocatalysis, Pt is an irreplaceable key
material because of its high stability and high activity®®. It is
necessary to synthesize 2D Pt and Pt-based alloy structures
with both high atomic utilization and rich catalytic activity sites,
considering the rarity and high cost of Pt.

Matsumoto’s research group[sgl prepared 2D monolayer Pt
nanosheets by the liquid stripping method. The layered Pt
nanosheet precursors were primarily formed in the presence of
K,PtCl,;, hexamethylenetetramine(HMT) and sodium dodecyl
sulfate(SDS). Then exfoliation and chemical/electrochemical
reduction were performed to obtain 2D monolayer Pt
nanosheets[Fig.1(A)]. Liu’s research group™
ultrathin single-crystal Pt nanodendrites (PtNDs) in aqueous

prepared 2D

solution[Fig.1(B)]. In this strategy, the properly designed
C,N-COOH(Br") amphiphilic surfactant acts as a template to
guide the controlled synthesis of the 2D structure. The surface
epitaxial growth of Pt nanocrystals was dynamically trans-
formed into ultrathin PtND along the selectively exposed {111}
facet.

Besides, the template method is also commonly used in
the synthesis of 2D Pt nanomaterials. For example, Zhang and

co-workers!®”

used 2D nitrogen-doped graphene aerogels as
templates to produce {111} surface-exposed Pt nanosheets by
liquid-phase reduction. In the construction of 2D noble metal
nanostructures, other 2D materials have also been extensively
studied as templates. Gao and his colleagues®"
epitaxial growth of Pt on Ag nanoplates and further obtained
2D frusto-triangular Pt nanoplates surrounded by (111) plane
after etching the Ag nanoplates[Fig.1(C)]. Remarkably, ORR
performance test results showed that compared with the com-
mercial Pt/C catalyst, the resulting ultrathin Pt nanoplates with
the thickness of 1—2 nm increased the activity and the mass

introduced the

activity by 22 and 9.5 times, respectively. Gautam and
1921 prepared 2D self-supporting Pt nanosheets by the

mechanochemical transformation of the tellurium template.
1631

co-workers
Zhang et a used monolayer MoS, as the reaction template
and to obtain Pt-MoS, mixed nanosheet by liquid phase epitaxy
growth.

Other transition metals also can be introduced to optimize
the electronic structure and adsorption performance of the ma-
terial®®). Huang et a1 synthesized PtPb@Pt hexagonal
nanosheet[Fig.1(D)—(F)] with Pt{110} exposed crystal surface,
which has stable and efficient ORR performance. During the
synthesis, PtPb intermetallic compounds nanosheets derived
from the hexagonal crystal system were preferentially formed.
And the remaining Pt precursors were reduced and deposited
on the surface of the PtPb nanosheets, which continued to exist
as fcc crystal structures. High angle annular dark field image
scanning transmission electron microscope(HAADF-STEM)
images showed that the nanoplate consisted of PtPb intermetal-
lic compound nucleus and ultrathin Pt shell contained only four
to six atomic layers. Similarly, Hou et al'®"! synthesized the
triangular PtBi intermetallic compound nanosheets with the 2D
structure in the oleamine system. By tuning the heating time,
the lateral size of PtBi nanoplatelets(NPLs) can be easily con-
trolled from 20 nm to 80 nm. As an excellent anode catalyst for
formic acid or methanol oxidation, PtBi NPLs possess excellent
resistance to CO poisoning. Moreover, Wang’s group!®® pro-
posed a gel-constrained nucleation/growth method to obtain
PtCu nanosheets[Fig.1(G)—(I)]. The gel-like materials were
first obtained during the synthesis process, and then the 2D
nanostructure could be constructed by a straightforward heat-
treatment process. The as-prepared PtCu nanosheets are 4—6
atom thickness with tunable lateral size from 10 nm to 50 nm
and exhibit excellent electrocatalytic activity towards ethanol

91 ysed

oxidation. On this basis, Zhang and co-workers
PtCu nanoplates as templates to form PtCu@Pd core-shell
nanoplates and reported the phenomenon of selective element

diffusion[Fig.1(J)}—(L)].
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Fig.1 Characterization of 2D Pt and Pt-based

nanomaterials

(A) TEM images of monolayer Pt nanosheets; reproduced with permis-
sion from ref.[58], Copyright 2014, Royal Society of Chemistry;
(B) TEM images of 2D inorganic Pt nanodendrites; reproduced with
permission from ref.[59], Copyright 2019, American Chemical Society;
(C) TEM image of the ultrathin Pt nanoplates, the arrow indicates a
defect; reproduced with permission from ref.[61], Copyright 2017, Royal
Society of Chemistry; (D) TEM image of PtPb hexagonal nanoplates;
(E) HRTEM of one single PtPb hexagonal nanoplate; inset: the FFT
patterns from the white squares at the edge of and inside the nanoplate,
respectively; (F) STEM EELS elemental mapping of PtPb hexagonal
nanoplates; reproduced with permission from ref.[66], Copyright 2016,
American Association for the Advancement of Science; (G) TEM
image of PtCu nanosheets; (H) HRTEM image of PtCu nanosheets;
inset: the corresponding FFT pattern; (I) HAADF image with corres-
ponding spectral EDS elemental mapping; reproduced with permission
from ref.[68], Copyright 2013, American Chemical Society; (J) TEM
image of PtCu@Pd core-shell nanoplates; (K) aberration-corrected
HAADF- STEM image of PtCu@Pd core-shell nanoplates; (L)
HAADF-STEM and the corresponding EDS elemental mapping images;
reproduced with permission from ref.[69], Copyright 2019, American
Chemical Society.

22 Pd

Controllable synthesis of Pd-based nanocrystals by wet-
chemical syntheses has been extensively reported, and Pd-
based nanomaterials with varieties of shapes, for example, cu-
bic, octahedral and 2D hexagonnanorods, can be produced
Recently, Guo’s research group!’” used a pot of wet-chemical
method to synthesize ultrathin 2D PdMo nanosheets. The
as-prepared 2D bimetallic nanosheets exhibit the sub-nanoscale
thickness and highly curved state, which become the efficient
catalysts for ORR and OER in alkaline electrolyte.

In addition to wet-chemical syntheses, the researchers
have explored several synthetic methods for preparing 2D

[70,71]

Pd nanomaterials. CO molecules preferentially form
comparatively strong coordination bonds with the surface
atoms of metal nanomaterials, thereby adsorbing on certain low
refractive index surfaces of metals!’*!. Therefore, an appropriate
amount of CO can guide the anisotropic growth of 2D NMNs
and is an effective shape regulator. The Remita’s research
group™ synthesized ultrathin hexagonal Pd nanosheets by
emulsion synthesis. The emulsion was produced by mixing the
toluene solution of Pd precursors and the surfactant aqueous
solution, and then CO was passed through the emulsion at low
velocity for 15 min, thereby the ultrathin Pd nanoplates with
the thickness of about 2 nm were gradually formed. The slow
diffusion of CO leads to the retardatory nucleation of Pd and
protects the surface of the crystal nucleus, which is crucial for
regulating the 2D morphology of the nanosheets. Besides using
an emulsion system, Zheng’s group!”’
CO-confined growth method to synthesize hexagonal Pd nano-
sheets. Pd(acac), was reduced to Pd nanosheets in the aqueous

system under a CO gas pressure of 1 bar(l bar=10° Pa)

reported a general

[Fig.2(A)]. The as-prepared uniform Pd nanosheets exhibit
controllable edge length with the range of 20—160 nm, and the
thicknesses are less than 10 atomic layers. Furthermore, they
demonstrated a facile synthesis of ultrathin 2D Pd nanosheets
without any organic blocking agents(such as PVP)
[Fig.2(B)]". The researchers processed H,PdCl, in the CO
atmosphere to prepare a Pd carbonyl complex, which was
mixed with H,O to realize the synthesis of ultrathin 2D Pd
nanostructures.

In addition to obtaining uniform and independent 2D
nanostructures, the stacked Pd nanosheet was also prepared
through the addition of CO[Fig.2(C)]"”. The multilayer struc-
ture produces individual diffraction and Moiré patterns due to
the thick layers of interconnected atoms stacked vertically and
mismatched in rotation. The CO-limited growth method is not
only applied to the preparation of pure 2D Pd nanostructures
but also Pd-based alloy nanosheets. Han and co-workers!”™
reported the production of 2D Pd-Pt-Ag ternary alloy nano-
structures[Fig.2(D)—(F)]. In the aqueous solution with CO, the
metal precursor was co-nucleated at a suitable molar ratio. The
controlled synthesis of ultrathin 2D noble metal alloys opens a
new opportunity to enhance the catalytic activity of noble metal
nanostructures.

CO releasing agents(e.g., carbonyl metal compounds) as
the substitutes for CO are also commonly used in the synthesis
of 2D NMNs!™. These solid compounds will gradually
decompose at high temperatures and release CO molecules.
Recently, Zhang’s group®™ have reported a straightforward
way to synthesize controllable 2D PdCu alloy nanostructures
[Fig.2(G)—(1)]. The ultrathin PdCu nanosheets were prepared
by placing Pd(acac),Cu(acac), and Mo(CO), at 60 °C for 18 h
in a mixture of trioctyl phosphine oxide and oleic acid.

Moreover, Xia et al.® obtained defective nuclei in the
nucleation stage by the strategy of crystal growth kinetics con-
trol. It has been reported that by reducing the injection rate of
Pd metal precursor in the reaction system, the kinetics control
of crystal nucleation rate could be realized. Finally, Pd
nanocrystals with different twin structures including 2D single
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twin nanocrystals were obtained. Cheng et alB®¥ prepared
the 2D PdAg nanostructures by organic ligand assisted growth.
The method of synthesizing 2D metal materials by using
limb bundles as soft templates has high universality in compo-
sition. Tang et al.® reported a straightforward synthesis of
2D porous Pd nanosheets skillfully knitted by ultrathin nano-
wires. The self-assembly from low-dimensional nanomaterials
has proven to be an effective method for synthesizing

2D NMN.

(A)

Fig.2 Characterization of 2D Pd and Pd-based
nanomaterials

(A) TEM image of ultrathin Pd nanosheets synthesized in the presence of
PVP and CTAB in DMF; reproduced with permission from ref.[75],
Copyright 2011, Nature Publishing Group; (B) TEM image of the Pd
nanosheets. Inset: the size distribution; reproduced with permission from
ref.[76], Copyright 2013, WILEY-VCH; (C) ADF-STEM image of a
multilayered Pd nanosheet at low magnification; reproduced with
permission from ref.[77], Copyright 2014, American Chemical Society;
(D) high-magnification TEM images of the Pd-PtAg nanosheets, inset:
the visible lattice fringes; (E) AFM images and corresponding height
profiles of Pd-Pt-Ag nanosheets supported on a Si wafer; (F) HAADF-
STEM image and corresponding EDS elemental maps of a Pd-Pt-Ag
nanosheet, scale bar is 20 nm; reproduced with permission from ref.[78],
Copyright 2016, WILEY- VCH; (G) TEM image of the PdCu alloy
nanosheets; (H) AFM image of the PdCu alloy nanosheets; (I) DF-
STEM-EDS elemental mapping of the PdCu alloy nanosheets. Repro-
duced with permission from ref.[80], Copyright 2017, WILEY-VCH.

Graphene-based nanosheets represent one of the most im-
portant ultrathin 2D materials and offer a monolayer thickness
characteristic that provides an ideal hard template for contro-

(50841 51 ysed reduced

llable metal 2D materials . Yang et al.
graphene oxide(r-GO) as a template to prepare single crystal
Pd square nanoplates surrounded by {100} crystal planes. Shen
et al®® reported Pd-based PAM(M=Fe, Co, Ni) alloy nano-
plates with exposed {111} crystal plane, which in-sifu grows on
the rGO by impregnation sintering method.

Particularly, the precise control of the 2D NMNs can
greatly improve the material’s atomic utilization efficiency,
which can effectively enhance the catalytic activity and redu-

cing the material loading and cost®”. As shown in Fig.3(A) and

(B), our group has reported a straightforward one-pot method
for synthesizing Pd/Ru nanoribbons®™!. By ingeniously adding
RuCl;-xH,O solution, the ultrathin Pd nanosheets were broken
to form atomically dispersed Ru on 2D Pd nanoribbons. The
aberration corrected high-resolution transmission electron mi-
croscopy(HRTEM), synchrotron radiation photoemission spec-
troscopy(SRPES) and extended X-ray absorption fine structure
(EXAFS) measurements proved that atomically dispersed Ru
was successfully anchored on the surface of the 2D Pd nano-
ribbon, with Ru content up to 5.9%(mass fraction). Taking
advantage of the synergistic effect between single-atom Ru and
the ultrathin Pd substrate, this novel ultrathin Pd/Ru nano-
ribbons show superior catalytic performance for selective
hydrogenation of C=C bonds, and remarkably prohibit the
hydrogenolysis reaction. Compared with the commercial Pd/C
and Ru/C, the Pd/Ru nanocatalysts exhibit excellent catalytic
chemoselectivity. In addition, our group had also synthesized
an ultrathin Pd nanomesh by a solution-based oxidative etching
[Fig.3(C) and (D)]®). By controlling the oxidation etching rate
of ultrathin Pd nanosheets, the new type of 2D Pd nanomesh
with uniform pore size distribution can be prepared. The
as-prepared Pd nanomeshes possess an interconnected 2D net-
work with densely arrayed, ultrathin quasi-nanoribbons and
regular open holes. It’s worth noting that the unique mesopo-
rous structure makes these 2D Pd nanomeshes exhibit excellent
catalytic property for ethanol electrooxidation. Besides, we
have further utilized the regular mesh structure for supporting
other noble metals, such as Pt, and the obtained Pt nanopar-
ticles embedded in the ultrathin Pd NMs(Pd NMs/Pt) exhibit
extremely high activity and durability towards HER.

Distance (nm)

Fig.3 Precise control of the 2D Pd and Pd-based
nanomaterials

(A) HAADF-STEM image of the Pd/Ru nanoribbons; (B) HAADF- STEM
image of a Pd/Ru nanoribbon and the corresponding STEM-EDX elemental
mapping; reproduced with permission from ref.[88], Copyright 2016,
American Chemical Society; (C) TEM image of the ultrathin Pd nano-
meshes; (D) AFM phase image(inset) and the corresponding width distribu-
tion of holes of the ultrathin Pd nanomeshes. Reproduced with permission
from ref.[89], Copyright 2018, WILEY-VCH.
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23 Au

The optical and catalytic properties of gold nanomaterials
are very fascinating!'?. In recent years, various methods have
been reported to synthesize 2D Au nanomaterials with control-
lable shape, size, crystal structure, and surface properties,
which also provide fresh insights into the growth mechanism
and catalytic performance of 2D materials!?*—4,

The methods of synthesizing Au nanosheets are mainly
divided into two categories: chemical synthesis and photocata-
lytic synthesis. In the chemical synthesis system, in addition to
metal precursors, reducing agents and protective agents, the
small molecules/ions can be added to promote the anisotropic
growth of the product®®®). These ions mainly include halides
(such as chloride, bromide and iodide), which possess a strong
tendency to adsorb on the surfaces of metal. They can modulate
the redox potentials of metal ions and act as a capping agent for
specific crystal face, thereby guiding the growth of metal
nanocrystals in specified directions”’ "), For example, Zhang

et al.t

obtained high-quality monodispersed triangular Au
nanoplates by oxidative etching of I3~ ions. Furthermore,
photocatalytic synthesis is another effective method to prepare
2D NMNsH 1941 Wei ef al.1'%! reported a synthesis of 2D Au
nanoprisms by plasmon-driven, and clarified the growth
mechanism of photocatalytic synthesis at the level of single
nanoparticles. The physical position of the surfactant polyvi-
nylpyrrolidone(PVP) on a single Au nanostructure was detected
at the molecular level using nanoscale secondary-ion mass
spectrometry(NanoSIMS). The results show that PVP preferen-
tially adsorbs at the boundary of the nanoprism rather than the
top facet, thereby promoting the growth of 2D nanostructures.
Recently, 2D Au nanomaterials have also been synthesized
by the template method. When using layered material as a tem-
plate, the metal ions diffuse into the interlayer space primarily,
and are then reduced in-situ by inserting a reductant or per-
forming heat treatment therein. As shown in Fig.4(A) and (B),
Jin’s group!'®
cent lamellar hydrogels as a 2D soft template to guide the
growth of 2D single-crystal Au nanosheets and successfully

synthesized a free-standing and large-area single-crystal Au
[107]

introduced extraordinary polymer-free irides-

film with an atomic smooth surface. Ding and co-workers
used layered liquid crystal as a template to obtain Au nano-
sheets with a tunable thickness between 8§ nm and 100 nm
by photochemical synthesis shown in Fig.4(C). Moreover, Xiao

et all'%®

made layered double hydroxides as templates and
used anion exchange to reduce Au®" ions diffusing between the
layers through sodium borohydride to Au nanosheet. The
as-prepared 2D Au nanostructures are single crystals with the
thickness of several atomic layers and (001) basal plane
[Fig.4(D)].

Zhang’s group has made numerous achievements in the
crystal phase modulation of 2D gold nanomaterials, such as the
synthesis of stable scp-Au nanosheets under normal tempera-
ture and pressure conditions!'”). As shown in Fig.5(A)—(C),
for the first time, this group used graphene oxide(GO) as the
template to synthesize the pure hcp-Au nanosheets. The

(A)

50 °C——>RT.
With deceasing temperature

& /W\/\/\/\/\/\,W\/\/g

e - ey
e F - -ﬂ

(AuCI,T;

Fig.4 Schematic diagrams of three methods using
layered materials as templates

(A) and (B) The synthesis template: polymer-free iridescent lamellar
hydrogels, and the corresponding scanning electron microscopy of a typical
Au membrane(scale bar, 1 mm). Reproduced with permission from ref.[106],
Copyright 2014, Nature Publishing Group; (C) the synthesis template:
layered liquid crystal; reproduced with permission from ref.[107], Copyright
2014, Royal Society of Chemistry; (D) the synthesis template: layered
double hydroxides; reproduced with permission from ref.[108], Copyright
2015, Nature Publishing Group.

1\?0»\

'//‘
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Fig.5 Crystal phase modulation of 2D Au
nanomaterials

(A) TEM image, scale bar is 500 nm. Inset: crystallographic models for a
typical Acp-Au nanosheets; (B) HRTEM image, scale bar is 2 nm;
(C) SAED pattern; reproduced with permission from ref.[109], Copy-
right 2011, Nature Publishing Group; (D) TEM image of a typical Au
NRB, scale bar is 100 nm; (E) aberration-corrected HRTEM image taken
in the centre of an Au NRB, scale bar is 1 nm; (F) crystallographic
models illustrating the top view (top panel) and side view(bottom panel)
of a typical 4H Au NRB; (G) SAED pattern; reproduced with permission
from ref.[110], Copyright 2015, Nature Publishing Group; (H) schematic
illustration of the synthesis of fcc-Au@Pt rhombic nanoplates; repro-
duced with permission from ref.[111], Copyright 2015, Wiley-VCH;
(I) schematic illustration of the 4H/fcc-Au@PdAg, Au@PtAg and
Au@PtPdAg core-shell NRBs. Reproduced with permission from
ref.[112], Copyright 2016, American Chemical Society.
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thickness of these cp-Au nanosheets is (2.4+0.7) nm(about 16
Au atomic layers), and the lateral size is 200—500 nm. The
basic plane is the {100} plane, and the exposed four sides are
the {112} planes. Under beam irradiation, the pure hcp-Au
nanosheets can be changed into fcc structures. Besides the 2H
phase, the team further synthesized another scp phase of the
gold nanostructure(4H phase) by the template-free wet-chemical
method[Fig.5(D)—(G)]"''”". On this basis, Zhang’s research
group!"! prepared ultrathin fec-Au@Pt rhombic nanoplates by
epitaxial growth of Pt on Acp-Au square nanosheets. The
growth of the Pt layer induced the Au nanosheet as the sub-
strate to undergo a phase transition from Acp to fec[Fig.5(H)].
In addition, 4H-Au has been used as the growth template to
direct the epitaxial growth of a range of metals and alloys
adopting 4H phase, opened up a fresh strategy for the synthesis
of anomalous 2D NMNs[Fig.S(I)]“ 121131

24 Ag

It has been noted that Ag has many similar properties with
Au, for example, high conductivity and high surface plasmon
resonance(SPR) absorption in visible spectrum!!*. Neverthe-
less, the crystal nucleation and growth behavior of sensitive
metals(e.g., Au, Ag) are affected by the electromagnetic envi-
ronment. In early studies, the formation of 2D Ag nanofilms is
often induced by adjusting the wavelength of external
light!115—117),

In addition to the method of synthesizing 2D Ag nano-
plates by a photochemical reduction reaction, various strategies
have been developed. Byun’s group!''®
plates with adjustable shape by small molecule and ion-assisted

prepared 2D Ag nano-

methods, in the process of which the influence of halogen ions
on the formation of 2D Ag nanoplates had been systematically
studied. The results show that halide ions can promote the
vertical growth of crystal by selectively depositing Ag on the
seeds of nanoplates, thus significantly affecting the 2D mor-
phology.

The nucleation control can also be realized in the crystal
growth kinetics by using the oxidizing group as the etchant,
thereby obtaining the crystal nucleus with stacking faults

[100]

or twins" . This method has also shown more extensive

application in the synthesis of Ag nanosheets. For instance, Yin
et al."""! obtained high-quality triangular Ag nanosheets by the
oxidation and etching of H,0,. In this method, all kinds of
silver sources can be straightly converted into 2D morphology
with appropriate end-capped ligands, which significantly im-
proves the repeatability of synthesis. Similarly, Kawazumi and
co-workers® have studied the rapid morphological transfor-
mation of crystal silver from sphere to prism in H,0, aqueous
solution. Xia et al!" demonstrated that the type of sealant
present in the reaction solution would determine whether the
growth pattern of Ag nanowires is horizontal or vertical.
Recently, Wu ef al.l'"" have prepared Ag nanosheets by
the mechanical compression process. As shown in Fig.6(A), the
first step in the preparation is to stack Ag(or Au, Fe, appro-
ximately 70 pm) foil with sacrificial foil, and then to fold and
mechanically roll the foil 20 times, thereby the binary metal

plates(about a few nanometers thick) can be obtained consis-
ting of a large number of alternating layers of metal nanometers.
The second step is to selectively etch the sacrificial metal to
obtain the independent ultrathin 2D metal nanosheet. The
average thickness of Ag nanosheets manufactured by this
method is about 4 nm, and the average transverse size is about
3—5 um([Fig.6(B)—(D)].

(A)
Foldmg Calendenng

Folding

) Calendenng
Repeat |

Selective Etching

Fig.6 Mechanical compression process

(A) Schematic illustration of the fabrication of metal nanosheets to
advance from thin metals toward their 2D nanolayer structures;
(B) atomic-resolution annular bright-field(ABF) image of Ag nano-
sheet; (C) AFM image of three Ag-nanosheet layers with thickness of
2.9, 0.9, and 3.4 nm; (D) cross-sectional SEM images of the obtained
Ag nanosheet film after suction filtration(left: low magnifications,
right: high magnifications). Insets: photograph of a freestanding Ag
nanosheets “paper” after suction filtration. Reproduced with permis-
sion from ref.[121], Copyright 2016, WILEY-VCH.

2.5 Rh

As a member of noble metal elements, Rh is one of the
rarest metals, and also plays a significant role in electrocataly-
sis processes''?.. For the majority of reactions catalyzed by 2D
nanomaterials, there is a strong correlation between selectivi-
ty/activity and surface atomic structure, which has led to a great
deal of researches on the synthesis of 2D Rh nanocrystals'*”’.

Small molecule adsorbents are frequently used in the syn-
thesis of 2D NMNs. The most typical example is CO, which
can be selectively adsorbed on the specific crystal plane of
some transition metal monomers or alloys. As shown in
Fig.7(A) and (B), Zheng’s group!'”) has reported an efficient
CO-assisted growth strategy for the preparation of single-
crystal Rh nanosheets with atomic thickness and controllable
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size. The detailed mechanism study shows that the formation
process of Rh nanosheets is divided into two steps. In the early
stage, small Rh carbonyl clusters with a size of 1—2 nm
formed dispersedly. As the reaction proceeded, the Rh carbonyl
clusters tended to aggregate together and shape into the typical
2D morphology to minimize the surface energy. It is discerna-
ble that the size of the nanosheets increased with the reaction
time.

Besides, formaldehyde molecules also play a similar role
in the preparation of 2D NMNs due to the strong selective ad-
sorption of carbonyl groups on the metal. Using acetylacetone
Rh as the precursor and formaldehyde as the shape controller,
Zheng’s groupt'®” synthesized 2D Rh nanofilms with the

thickness of about 1 nm by simple hydrothermal method
without surfactant. Li’s er al.!'*) synthesized semi-transparent
ultrathin Rh nanosheets with an edge length of 500—600 nm
through the solve-thermal method[Fig.7(C) and (D)]. The 2D
NMNs synthesized by using small molecules/ion modifiers as
soft templates generally possess high structural uniformity, and
the exposed crystal plane of the obtained metal nanostructures

Fig.7 Characterization of 2D Rh nanomaterials

(A) TEM image of Rh nanosheets; (B) high-resolution HAADF-
STEM image projected along the [111] axis of Rh nanosheets;
reproduced with permission from ref.[123], Copyright 2015,
WILEY-VCH; (C) low-magnification TEM image of the PVP-capped
ultrathin Rh NSs; scale bar, 2 nm; (D) high-magnification TEM
image of the PVP-capped Rh NSs. Scale bar, 100 nm. Reproduced
with permission from ref.[125], Copyright 2014, Nature Publishing
Group.

2.6 Ir and Ru

Ir has been widely used as a best-performing electrocata-
lyst for OER. Recently, a wet-chemical synthesis method of
Ir-based superstructures composed of ultrathin nanosheets has
been reported[Fig.8(A)]!'?%. In this synthesis, iridium chloride
(III) can be reduced by benzyl alcohol in the presence of citric
acid, glyoxal and poly(vinyl pyrrolidone). The obtained Ir
superstructure was constructed by many 2D building blocks.

This work promotes the further improvement of electrocatalytic
performance by rationally combining 2D NMNs with 3D
structures. Yamauchi’s group!?”? prepared 2D mesoporous
metal Ir nanosheets through a simple wet-chemical reduction
route, which is the first report to synthesize a 2D mesoporous
metal nanosheet[Fig.8(B)]. Specifically, dissolve poly(ethylene
oxide)-b-polystyrene(PEO-b-PS) in DMF, then mix with IrCl;
aqueous solution and formic acid and keep the solution in a
water bath at 80 °C for 5 h. In the reaction, PEO-b-PS micelle
is a sacrificial pore guide agent to produce mesopores, and the
degradation of formic acid produces CO to control the genera-
tion of 2D topography. This fresh 2D mesoporous metal nano-
structure effectively increases the specific surface area of the
material and makes the material receive abundant catalytic
active sites.

50nm

Overlap

Fig.8 Characterization of 2D Ir, Ru and Ru-based
nanomaterials

(A) HAADF-STEM image of 3D Ir superstructure; reproduced with
permission from ref.[126], Copyright 2016, American Chemical Society;
(B) TEM image of mesoporous Ir nanosheets; reproduced with permis-
sion from ref.[127], Copyright 2018, American Chemical Society;
(C) HRTEM image of triangle Ru nanoplates; insets: the geometric
model of the nanoplates; reproduced with permission from ref.[128],
Copyright 2012, American Chemical Society; (D) TEM images of Ru
nanosheets; reproduced with permission from ref.[129], Copyright 2016,
American Chemical Society; (E) HAADF-STEM image of RuCu NSs;
(F) HAADF-STEM-EDS elemental mappings of RuCu NSs; reproduced
with permission from ref.[130], Copyright 2019, WILEY-VCH.

Unlike typical transition metals, Ru usually adopts the

hep crystal phase. Yan er all'?®

triangular Ru nanofilms with adjustable edge length and

reported the preparation of
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thickness by the hydrothermal method[Fig.8(C)]. DFT calcula-
tion demonstrates that the formation of the nanostructure is due
to the selective adsorption of some small facet selectors and the
inherent Ru crystal characteristics. Peng and his colleagues!'*”’
reported an independent 2D Ru nanosheet with a significantly
exposed low energy (001) surface[Fig.8(D)]. The formation of
Ru nanosheet was initiated by the self-decomposition of Ru(III)
metal precursor, thereby leading the growth of nanosheets, in
which isopropanol and urea play a key role in determining the
final 2D morphology.

Recently, some 2D alloy precious metal sheets have also
been prepared. Huang’s group!"”
snowflake NS, which is composed of crystalline Ru and
amorphous Cu and serves as a highly efficient electrocatalyst
for OER and HER[Fig.8(E) and (F)]. Li et al.l"! reported a
stable cobalt-substituted ruthenium nanosheet. The HAADF-
STEM and XAFS results demonstrated that the cobalt atoms in

the nanosheet are isolated in the ruthenium lattice. In alkaline

prepared a novel RuCu

HER reaction, its catalytic performance is better than those of
commercial Pt/C catalyst and other Pt-free catalysts.

In addition, 2D amorphous Ir nanomaterials have been
modulated and exhibited excellent OER performance. As

shown in Fig.9, our group[m]

proposed a general and effective
route for preparing dozens of different amorphous noble metal
nanosheets with thickness less than 10 nm by directly annealing
the mixture of metal acetylacetonate and alkali salts. By pre-
cisely controlling annealing temperature and types of alkali
salts, besides monometal NS, such as amorphous Ir NSs,
amorphous Ru NSs and amorphous Rh NSs, dozens of different
amorphous bimetal NSs and trimetal NSs can be successfully
and conveniently prepared, such as RhFe NSs, IrRu NSs and

IrRuRh NSs.
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Fig.9 2D amorphous Ir nanomaterials
(A) Schematic illustration of the general synthetic process for
amor- phous noble metal noble metal nanosheets(NSs); (B)
TEM image of amorphous Ir NSs; (C) HAADF-STEM image
and the corresponding EDS elemental mapping of amorphous
Ir NSs. Reproduced with permission from ref.[132], Copyright
2019, Nature Publishing Group.

The schematic diagram of two-dimensional noble metal
nanomaterials and the morphologies of these catalysts are
displayed in Fig.10.
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Fig.10 Schematic diagram of two-dimensional noble
metal nanomaterials and morphologies of these
catalysts displayed in the outer most circle

(A) Reproduced with permission from ref.[93], Copyright 2011, Royal

Society of Chemistry; (B) reproduced with permission from ref.[104],

Copyright 2012, American Chemical Society; (C) reproduced with

permission from ref.[105], Copyright 2016, Nature Publishing Group;

(D) reproduced with permission from ref.[109], Copyright 2011, Nature

Publishing Group; (E) reproduced with permission from ref.[110], Copy-

right 2015, Nature Publishing Group; (F) reproduced with permission

from ref.[106], Copyright 2014, Nature Publishing Group; (G) repro-
duced with permission from ref.[121], Copyright 2016, WILEY-VCH;

(H) reproduced with permission from ref.[120], Copyright 2011,

WILEY-VCH; (I) reproduced with permission from ref.[75], Copyright

2011, Nature Publishing Group; (J) reproduced with permission from

ref.[77], Copyright 2014, American Chemical Society; (K) reproduced

with permission from ref.[88], Copyright 2016, American Chemical

Society; (L) reproduced with permission from ref.[89], Copyright

2018, WILEY-VCH; (M) reproduced with permission from ref.[66],

Copyright 2016, American Association for the Advancement of Science;

(N) reproduced with permission from ref.[58], Copyright 2014, Royal

Society of Chemistry; (O) reproduced with permission from ref.[61],

Copyright 2017, Royal Society of Chemistry; (P) reproduced with

permission from ref.[59], Copyright 2019, American Chemical Society;

(Q) reproduced with permission from ref.[123], Copyright 2015,

WILEY-VCH; (R) reproduced with permission from ref.[132], Copy-

right 2019, Nature Publishing Group; (S) reproduced with permission

from ref.[128], Copyright 2012, American Chemical Society; (T) repro-
duced with permission from ref.[129], Copyright 2016, American

Chemical Society.

3 Application of 2D Noble Metal Mate-
rials in Electrocatalysis

In order to obtain low-cost and sustainable energy, a
variety of 2D NMNs have been explored as photo- and electro-
catalysts for energy-related reactions. HER, OER, ORR and
CO,RR are the core of clean energy conversion technology in
the future!'** =13 The high-efficiency catalysts engineering
for these catalytic reactions is of great significance for clean
and sustainable development. The rich chemical and physical
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properties of 2D NMNs provide opportunities for exploiting
their applications in energy catalysis.

3.1 Hydrogen Evolution Reaction(HER)

Hydrogen is a clean and sustainable energy carrier with
ultra-high energy density(about 140 kJ/g)!"*"\. It is considered
as one of the most potential alternatives to fossil fuels. Among
various hydrogen production technologies, electrolysis of water
for hydrogen production(HER) has attracted much attention
from researchers due to its clean characteristic and high purity
of hydrogen produced!**!*%],

In 2D noble metal electrocatalysts, Pt has been extensively
studied due to its high inherent HER activity!**"*!]. Zhang’s
group'® prepared 2D Pt-MoS, hybrid nanostructures by
epitaxial growth using 2D MoS, nanosheets as templates.
The optimized Pt-MoS, hybrid nanostructure displays HER
performance superior to the commercial Pt catalyst at the
identical Pt loading. Besides, the 2D ultrathin single crystal Pt
nanodendrites(PtNDs) synthesized by Liu et al.B” exhibited
excellent electrocatalytic HER performance. Meanwhile, a
great number of studies have revealed atomically dispersed
platinum catalyst with enhanced catalytic performance and
stability. Wu’s group!'**! has presented a new structure with the
submonolayer Pt controllably deposited on an intermetallic
Pd;Pb nanoplate(AL-Pt/Pd;Pb), which exhibited an outstanding

HER activity in acidic media. Our group!'*’!

synthesized a
unique Cu-Pt dual site alloyed Pd nanoring based on atomica
modification on ultrathin Pd nanorings. XAFS confirmed the

ultrafine structure comprising atomically dispersed Cu-Pt dual
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Fig.11 Electrochemical HER performances

(A) The HER polarization curves of Pd nanosheets, Pd/Cu nanorings,
Pd/Cu-Pt nanorings and commercial Pt/C in 0.5 mol/L H>SO; solu-
tion with a scan rate of 5 mV/s at room temperature; (B) HER mass
activity normalized by mass of Pd and Pt at —0.05 V of the four cata-
lysts; reproduced with permission from ref.[143], Copyright 2017,
WILEY-VCH; (C) polarization curves of Pd NMs/Pt, Pd NMs and
commercial Pt/C electrocatalysts in 0.5 mol/L H>SOj solution with a
scan rate of 5 mV/s; (D) durability test of Pd NMs/Pt and commercial
Pt/C. Reproduced with permission from ref.[89], Copyright 2018,
WILEY-VCH.

sites on the 2D nanorings, which is the active site for the
catalytic reaction. This new trimetallic alloy catalyst exhibits
excellent HER catalytic activity in acidic environment, with
only 22.8 mV overpotential at a current density of 10 mA/cm?,
and has a high mass current density[Fig.11(A) and (B)]. This
research group also developed a high-efficiency and stable
HER catalyst with Pt nanoparticles dispersed on Pd nanomesh.
(Pd NMs/PH® Impressively, the overpotential of the Pd
NMs/Pt at 10 mA/cm? is only 21.3 mV, which is the smallest
one among all the electrocatalysts evaluated[Fig.11(C)]. And
Fig.11(D) shows the long-term cycle stability of the Pd
NMs/Pt.

In addition, some of the 2D non-platinum catalysts also
show prominent HER catalytic activity. Huang’s group!"
reported a channel-rich RuCu snowflake nanosheet composed
of crystalline Ru and amorphous Cu. The prepared RuCu
NSs/C was annealed in air at 250 °C for 1 h(expressed as RuCu
NSs/C-250 °C), and the HER activity was evaluated. The
optimized sample displays superior performance under acidic
and alkaline conditions due to the structural advantages. The
4H/fec-Au@PdAg NRBs prepared by Zhang et al.''®! exhibit
excellent activity when used as HER electrocatalysts, even
comparable to the commercial Pt/C.

3.2 Oxygen Evolution Reaction(OER)

OER is a key reaction in sustainable energy systems,
such as electrolyzed water and metal-air cells. Since OER
is a four-electron transfer reaction, overcoming the kinetic
barrier requires a higher energy than HERI"4. It is well known
that Ir-based materials usually exhibit excellent catalytic
properties in OER. In recent years, the controllable synthesis
of 2D Ir and its application in OER have been widely
reported!'?”132],

Yamauchi er al.'*” reported a novel synthesis strategy
to prepare 2D mesoporous metallic Ir nanosheets. Since the
mesoporous structure increases the surface area of the material,
the usability of the active site was improved. Compared with
commercial catalysts and other Ir-based nanomaterial catalysts,
2D mesoporous metallic Ir nanosheets exhibit added OER
catalytic activity under the acidic conditions. The overpotential
of 2D mesoporous metallic Ir nanosheets is only 240 mV at
the current density of 10 mA/cm? vs. RHE. In addition, it
has a lower Tafel slope(49 mV/dec) in 0.5 mol/L H,SO, elec-
trolyte.

Impressively, as shown in Fig.12(A)—(C), the 2D
amorphous Ir nanosheets prepared by our group!*? display
excellent acidic OER performance. Compared with crystalline
Ir nanosheets and commercial IrO, catalysts, the mass activities
of the as-prepared sample were increased by 2.5 and 17.6
times, respectively. In-situ X-ray absorption fine structure
spectroscopy shows that during the OER catalysis process, the
valence state of Ir has increased(invariably less than +4 valence)
and returned to the original state after the reaction[Fig.12(D)
and (E)]. In addition, the atomic structure of the 2D amorphous
Ir nanosheets remains stable and has excellent stability
through the long-term durability test[Fig.12(F)]. These 2D
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Fig.12 Electrochemical OER performance and operando X-ray absorption spectroscopy of amorphous Ir NSs
(A) Polarization curves of amorphous Ir NSs, crystalline Ir NSs, commercial RuO, and IrO, catalysts, respectively; (B) corresponding Tafel plots
of amorphous Ir NSs, crystalline Ir NSs, commercial RuO, and IrO, catalysts, respectively; (C) overpotentials at 10 mA/cm?(left axis) and mass
activity at 1.53 V(vs. RHE)(right axis) of amorphous Ir NSs, crystalline Ir NSs, and commercial IrO; catalyst, respectively; (D) in-situ XAFS
spectra change of the Ir Ls-edge; (E) in-situ XAFS spectra change of the Ir Ls-edge; (F) XANES spectrum of amorphous Ir NSs after durability

test. Reproduced with permission from ref.[132], Copyright 2019, Nature Publishing Group.

amorphous Ir nanosheets are currently reported as one of the
most remarkable OER electrocatalysts under acidic condi-
tions.

3.3 Oxygen Reduction Reaction(ORR)

Polymer electrolyte membrane fuel cellPEMFC) as an
electrochemical power generation device with high power den-
sity, fast start-up speed, clean and high efficiency has a wide
application prospect in electric vehicles, aerospace and other
fields!'4>:1461, Among them, the cathodal ORR became the bot-
tleneck for fuel cell development due to sluggish kinetics!*”.
Although Pt suffers from the exorbitant price, it still plays an
important role in the application and study of ORR catalysts.

(661 synthesized PtPb@Pt hexagonal nano-

Huang’s group
sheets with Pt{110} exposed crystal planes. Electrochemical
tests showed that at 0.9 V, the specific activity and mass
activity of PtPb@Pt nanosheets reached 7.8 mA/cm’ and
4.3 A/mg, respectively[Fig.13(A) and (B)]. At the same time,
the decay inactivity after 50000 voltage cycles is negligible,
which indicates that they have excellent long-term durability.
Recently, they also prepared a porous Pt nanosheet by electro-
chemical corrosion of ultrathin PtTe, NSsM?. The specific
surface area of the material was increased by introducing the
porous structure, thereby greatly improving the utilization rate
of surface active sites. The prepared E-Pt NSs showed
enhanced ORR activity with mass activity(2.07 A/mgp,) and
specific activity(3.1 mA/cm?) at 0.90 V, which are 9.8 and 10.7
times that of the commercially available Pt, respectively
[Fig.13(C) and (D)]. Besides, Matsumoto and co-workers?®]
reported a 2D Pt nanosheet obtained by exfoliating layered
platinum oxide, which showed enhanced ORR activity in
alkaline electrolytes.
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Fig.13 Electrochemical ORR performances

(A) ORR polarization curves of PtPb nanoplates/C, PtPb nanopar-
ticles/C, and commercial Pt/C catalysts; (B) specific and mass activi-
ties of different catalysts; reproduced with permission from ref.[66],
Copyright 2016, American Association for the Advancement of
Science; (C) ORR polarization curves of E-Pt NSs/C, A-Pt NSs/C,
and commercial Pt/C; (D) mass activity and specific activity of
different catalysts. Reproduced with permission from ref.[42],
Copyright 2019, WILEY-VCH.

3.4 CO; Reduction Reaction(CO,RR)

A large amount of CO, released by burning fossil fuels has
caused increasingly serious environmental problems. Conver-
ting CO, into high value-added chemicals or liquid fuels is
an ideal way to solve the problems of climate warming and

U481 Therefore, CO, reduction technology has

energy crisis
always been a research hotspot for researchers. Noble metal
nanomaterials have shown wide application prospects in

CO,RR due to their low potential, high current density and
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good selectivity!*.

Luo’s groupt'®” discussed the effect of size and morpho-
logy of noble metal nanomaterials on electrocatalytic CO,
reduction reaction performance. Through wet-chemical me-
thods, they synthesized 2D triangular Ag nanoplates composed
of two (111) planes and three (100) planes by reducing AgNO;
aqueous solution in the presence of NaBH,;, H,O, and
trisodium citrate. As shown in Fig.14, compared with similarly
sized Ag nanoparticles(SS-Ag-NPs) and bulk Ag, the as-
prepared triangular silver nanoplates(Tri-Ag-NPs) exhibit
enhanced current density and higher Faraday efficiency for CO
formation at an extremely low overpotential of 0.746 V, which
indicates that the CO,RR catalytic efficiency is related to the
shape of catalyst. Meanwhile, 2D Tri-Ag-NPs are the most
active electrocatalyst in the formation of CO compared with
other morphology Ag nanomaterials.
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Fig.14 Electrochemical CO,RR performance
(A) Cathodic LSV results of Tri-AgNPs; (B) FEs of CO under
various applied potentials. Inset: the CO, CH4 and H, overall FE
for Tri-AgNPs; (C) CO FEs at a fixed potential of —0.855 V; (D) CO
partial current density. Reproduced with permission from ref.[150],
Copyright 2017, American Chemical Society.

4 Conclusions and Perspectives

2D NMNs exhibit excellent performance in the field of
electrocatalysis due to their unique chemical, mechanical, and
optoelectronic properties brought by special structure. In this
review, we summarized the representative 2D NMNs and cor-
responding preparation strategies according to different metal
elements, and the mechanisms behind these strategies are also
discussed. It is strongly noted that some 2D NMNs reveal ex-
cellent performance in catalyzing reactions related to renewable
energy like HER, OER, ORR and CO,RR. It combines the
merits of both noble metal and 2D nanostructures, while
bridges the unique features between them. Firstly, the high
specific surface area and abundantly exposed surface atoms of
2D NMNs are deemed to be responsible for their higher elec-
trocatalytic activity compared with the 0-1 dimensional metal
counterparts. Secondly, by means of fine regulating towards 2D
NMNs(such as element doping and surface modification), the
properties get obviously improved for electrocatalysis. Fur-
thermore, the 2D noble metal-based nanomaterials can be used

as a host substrate material to support atomically dispersed
metals. Combining the concepts of size and alloying effect, the
synergistic effects between noble metals substrate and the
single-atom component can greatly boost the quality activity of
the single atom alloy catalyst.

Although the great progress has been made in synthesis
and applications of 2D NMN:ss, there are still lots of challenges
existing in this field. Firstly, due to the complex growth me-
chanism and structure-property relationship of 2D materials,
the thorough comprehension of their formation is still fuzzy
despite the achieved multiple synthesis methods. In recent
years, the rapid development of in-sifu technology, such as
in-situ transmission electron microscope, in-situ synchrotron
radiation spectrum and in-situ Raman spectrum, provides a
chance for deeper research on 2D NMNs formation mechanism.
The combination of various in-situ technologies is required in
this regard. Secondly, the wet-chemical method commonly
always introduces surfactants, which can cause unwished
activity degradation. Therefore, an effective surface-cleaning
synthesis strategy is in sore need with simultaneous free of
surfactants and stable 2D structure. Thirdly, from the view of
practical application, the study of 2D NMNs remains at the
stage in laboratory. Their yield and quality are far from the
demand in industrialization and commercialization. More con-
venient and effective preparation methods are called to boost
the scale application considering the high cost of noble metals.
Fourth, metal nanomaterials with different crystal phases
usually exhibit special performance due to changes in the
atomic arrangement and electronic structure, and have potential
in various applications. However, it is still a big challenge for
the crystal phase engineering of 2D NMNs, and it was rarely
reported of 2D NMNs with novel crystal phases. Generally,
internal stress and surface stress play a crucial role in regula-
ting the crystal phase of 2D NMNs. Researchers should pay
attention to the preparation method of 2D NMNs to obtain a
novel crystal phase(such as the amorphous phase) and the
transformation between different phases, which will be a poten-
tial research direction. Last but not the least, regarding the
physical and chemical properties of materials, single 2D NMNs
is quite a limited system. Construction of appropriate hetero-
structure could promote their performance. As a result, exploi-
tation of the composite structure of 2D NMNs as highly active
substrate and low dimension materials(like 0D-2D and 1D-2D),
and even with 3D structure, may become an interesting area for
high performance catalysts.

In conclusion, there remains lots of space for research
about synthesis and application of 2D NMNs, facing both
opportunities and challenges. We believe that following the
deepening of theoretical research and experiments, 2D NMNs
ascend the heights by right of its unique properties and then
wider applications.
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