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High-performance electrocatalysts for the hydrogen evolution reaction are of interest in the

development of next-generation sustainable hydrogen production systems. Although expensive
platinum-group metals have been recognized as the most effective HER catalysts, there is an ongoing
requirement for the discovery of cost-effective electrode materials. This paper reveals the prospects of
two-dimensional (2D) noble metals, possessing a large surface area and a high density of active sites
available for hydrogen proton adsorption, as promising catalytic materials for water splitting. An
overview of the synthesis techniques is given. The advantages of wet chemistry approaches for the
growth of 2D metals over deposition techniques show the potential for kinetic control that is required as
a precondition to prevent isotropic growth. An uncontrolled presence of surfactant-related chemicals
on a 2D metal surface is however the main disadvantage of kinetically controlled growth methods,
which stimulates the development of surfactant-free synthesis approaches, especially template-assisted
2D metal growth on non-metallic substrates. Recent advances in the growth of 2D metals using a

Received 11th January 2023, graphenized SiC platform are discussed. The existing works in the field of practical application of 2D

Accepted 23rd February 2023 noble metals for hydrogen evolution reaction are analyzed. This paper shows the technological viability
DOI: 10.1039/d3cp00156¢ of the "2D noble metals” concept for designing electrochemical electrodes and their implementation
into future hydrogen production systems, thereby providing an inspirational background for further

rsc.li/pccp experimental and theoretical studies.

efficient approaches should therefore be applied to ensure a
scalable cost-efficient production of HER catalysts beyond the
conventional bulk PGM-based ones. One of the possible solu-
tions to address this challenge involves replacing PGM."” " In
this context, advanced non-PGM catalysts with a large surface

1. Advantages of 2D noble metals

In the long-term, hydrogen technologies are foreseen to be the
cornerstones of sustainable and renewable energy sources,"”
and will replace traditional fossil fuels.> With this target in

mind, it is imperative to pay special attention to the imple-
mentation of new strategies of green hydrogen production and
the improvement of existing technologies towards new hydrogen
storage materials®® and highly efficient catalysts for the hydro-
gen evolution reaction (HER).°'° The HER is a fundamentally
important process in electrochemical water splitting for clean
hydrogen production.'* ™ Even though platinum group metals
(PGMs) are considered to be superior catalysts for the HER,'***
they are referred to as critical raw materials due to their limited
abundance.'® Indeed, the natural scarcity of noble metals (NMs)
largely determines their high cost. Efficient catalysts should
contain a high NM content to ensure a good performance, which
impedes their large-scale production and implementation. More
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area, high electrical conductivity, low toxicity, and appropriate
catalytic activity (i.e., near-to-zero Gibbs free energy of hydrogen
adsorption (AGys), as low as possible water decomposition
barrier, wide potential window, fast charge transfer, and good
stability, are highly sought. Despite huge efforts dedicated to
developing advanced non-PGM catalytic materials,”** para-
meters describing their catalytic activity in the HER are, in most
cases, noticeably lagging behind the indicators of NM-based
catalysts. PGMs are still the gold standard for the hydrogen
evolution reaction. For this reason, even the lower cost of non-
PGM materials does not play a decisive role. With an appropriate
strategy, catalysts based on precious metals can be, however, re-
designed and re-engineered towards less NM consumption and
more cost-efficient technologies. This implies designing HER
catalysts with as low a NM content as possible. To some extent,
this can be achieved via a 3D-to-2D phase transformation. The
main goal is to create planar (2D) arrays of metal atoms with low

Phys. Chem. Chem. Phys., 2023, 25, 8281-8292 | 8281


https://orcid.org/0000-0002-8685-3332
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp00156c&domain=pdf&date_stamp=2023-03-09
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp00156c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025012

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 1401. Downloaded on 10/11/1404 10:48:07 ..

(cc)

Perspective

coordination numbers that will eventually lead to the discovery
of atomically thin structures with a high density of coordinatively
unsaturated metal sites (CUMS) and a large electrochemically
active surface area. This will enable not only the production of
low-cost and mass-efficient large-area metal-based catalysts that
is important in terms of rational PGM use, but will also improve
the overall catalytic performance towards HERs by utilizing
CUMS as catalytically active centers. Indeed, surficial atoms of
2D metal nanosheets have low coordination numbers and, thus,
can facilitate hydrogen proton adsorption for the efficient HER.
This is because almost all the metal atoms in the 2D catalyst will
be involved in the catalytic reaction. Such highly exposed CUMS
can eventually increase the utilization efficiency of NMs while
maintaining their outstanding catalytic properties. Furthermore,
as demonstrated by the specific example of subnanometric Ru
clusters,> low-coordinated Rh clusters exhibit upshifted d band
centres and hence are more catalytically active in the HER
compared to highly coordinated Rh structures. A similar effect
of the coordination number on the d band centre was also
reported for Pt>* and Au*® nanoclusters. The above highlights
the exceptional importance of 2D metals with an abundance of
low-coordinated atoms as promising novel HER catalysts.

This work provides a brief overview of the currently existing
approaches and challenges in the growth of 2D noble metals
and summarizes the use of selected 2D metals as catalysts for
the hydrogen evolution reaction.

2. Advances in the synthesis of 2D
noble metals

Modern HER electrocatalyst design concepts require a more
rational utilization of NMs especially PGMs to achieve their
catalytic activity, comparable to that of the state-of-the-art
commercial Pt/C catalysts. A possible way toward the sustainable
use of these precious resources is coordination engineering of
NMs that can be efficiently realized through the creation of
atomically thin metal catalysts. In this regard, a profound theore-
tical and experimental comprehension of the fundamental
mechanisms behind the formation of low-coordinated 2D NMs
is of particular importance. From a theoretical point of view, most
two-dimensional metals are predicted to be stable, at least when
they have hexagonal and honeycomb structures.*® This prediction
was mainly reached based on an estimation of the cohesive
energy and in-plane elastic constants at 0 K. However, the
room-temperature stability of 2D metal nanosheets is still an
unaddressed issue. Intuitively, one can expect a 2D-to-3D transi-
tion for metals possessing a relatively low 0 K-cohesive energy for
their 2D structure and a comparatively large 0 K-cohesive energy
for their 3D counterpart. According to Fig. 1, close-packed hex-
agonal 2D metal lattices are energetically less stable than their
bulk counterparts. Taking the above into account and considering
the connection between cohesive energy and surface energy
(the stronger the cohesion, the higher the surface energy), it can
be concluded that the growth of 2D noble metals is quite a
challenging task due to their strong tendency to agglomerate to
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Fig. 1 Relationship between the experimental values of the cohesive
energy of bulk noble metals and the theoretically predicted cohesive
energies for their 2D counterparts. The experimental data were extracted
from the literature,?® while the theoretical data for hexagonal structures
were reported by Nevalaita and Koskinen.2®

form 3D close-packed structures.”” In other words, there are inherent
thermodynamic restrictions to prevent anisotropic growth of metal
nanosheets, which can be, however, eliminated or avoided through
realization of the kinetically controlled synthesis. Nevertheless, due
to the adaptability and flexibility of conventional physical and
chemical methods (like atomic layer deposition, magnetron sputter-
ing, chemical vapor deposition, thermal evaporation, electrodeposi-
tion) to meet strict conditions for thin-film deposition at an extreme
thickness limit, these techniques are also broadly used for the
formation of 2D metals. However, in this case, the need to make
an appropriate choice of substrate comes to the forefront. Indeed,
the wetting nature of the metal film on the substrate, and hence the
film growth regime (2D or 3D), is strongly dependent on the metal-
substrate interaction.”® The possible routes for the synthesis of 2D
noble metals are introduced in the following subsections.

2.1. Ruthenium

In their recent study, Chen et al.*° reported the synthesis of two-

dimensional ruthenium nanocrystals using an O,-mediated
solution-based colloidal method. More specifically, 2D Ru is
formed in three stages, including: (i) the initial reduction of the
RuCl; precursor (at 180 °C) followed by the appearance of small
irregularly shaped Ru nanosheets, (ii) a gradual in-plane den-
dritization and (iii) a final filling of the empty channels
between the separated Ru branches by the Ru atoms, respec-
tively (Fig. 2). From a kinetics point of view, the growth process
can be understood as an aggregation of freshly reduced zero-
valent Ru atoms (Ru’) towards the formation of early-stage
nuclei and enlarged Ru,, clusters:

Ru*" + 3e — Ru’ (1)
n(Ru®) — Ruj (2)
Rud + Ru*" + 3¢~ —» Rud., (3)
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Fig. 2 Time evolution of the morphology of Ru nanosheets. Transmission
electron microscopy (TEM) images were made at different reaction times:
(@) 180 min, (b) 190 min, (c) 200 min, (d) 220 min, and (e) 420 min.

Reproduced with permission from ref. 31. Copyright 2020 Wiley-VCH
GmbH.

X-Ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) measurements allowed authors to reveal that the free-
standing 2D Ru has a hcp structure with a (001) basal plane and
is completely metallic (only Ru-Ru bonds were identified). This
result allows us to exclude the formation of RuO, under
synthesis conditions. Indeed, the oxidation requires heat treatment
at 300 °C for 1 h under 5% H,/Ar and air. This is in good agreement
with the previous finding, according to which the oxidation of
single-crystalline Ru(0001) surfaces begins only above 550 K (or
277 °C).*" The important role of O, gas in decreasing the reduction
rate of the Ru** to 0.10 mM min " was highlighted, if we compare
it with that of the Ar-controlled process (0.43 mM min~"). 4.3-fold
slowdown of the Ru*" reduction reaction that entails a limitation of
the atom attachment/addition to the growth front is a key factor
causing the formation of 2D ruthenium nanosheets. Indeed, the
use of stronger reducing agents like H, and Ar gave rise to the
growth of Ru nanoparticles and Ru nanowires rather than
the formation of planar ruthenium nanosheets. This indicates a
distinct possibility of forming 2D Ru via kinetic control.

A similar solvothermal approach was applied to form Ru
nanosheets of ~1.0-1.2 nm thickness (approximately 5-7
atomic layers) through the reduction of Ru acetylacetonate at
180 °C over 18 h in the presence of urea and isopropanol.®” It
was stated that the isopropanol is responsible for the directional
(anisotropic) growth of Ru nanosheets, while the urea can stave
off the aggregation of the initially separated Ru nanosheets,
thereby promoting the in-plane growth mode.

Several efforts were also made to grow ultrathin Ru films on
glass,** Au (111)** and Si(100)*® substrates by atomic layer deposition
(ALD), electrochemical deposition and dc-magnetron sputtering,
respectively. In most cases, the supporting substrate may significantly
affect the growth mode and physicochemical properties of the
deposited films. However, the mentioned examples concern not
only different substrates, but also different growth methods.
This brings additional method-related influencing factors on Ru
growth. Therefore, a direct comparison between the corresponding
growth modes would be incorrect. At the same time, it can be noted
that the Ru film on gold is relatively homogeneous.** This is due to
a small lattice misfit between Au(111) and Ru(0001) that promotes
Ru heteroepitaxy on gold surfaces. Meanwhile, Ru film growth
on more lattice-mismatched substrates like silicon®® and glass®
resulted in the formation of the polycrystalline phase (grained
films). The presence of the grain boundaries in polycrystalline film
leads to the appearance of unique catalytically active sites that are
missing in the continuous layers. This can eventually affect the
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Fig. 3 Anillustration of the transformation of exfoliated RuO, nanosheets

into a Ru monolayer. Reproduced with permission from ref. 37. Copyright
2013 American Chemical Society.

RuO2 nanosheets

HER performance of Ru catalysts. Furthermore, as was recently
demonstrated,*® the substrate properties may influence the cataly-
tic performance of 2D metal. It was revealed that modulation of the
charge transfer at the 2DAu/SiC interface affected the d band center
of the gold layer and the Gibbs free energy of hydrogen adsorption
(generally accepted descriptors of the HER). The same phenomena
can be expected in the case of Ru film. Nevertheless, since in
almost all cases the thickness of the resulting Ru films exceeds
2 nm, they cannot be classified as true atomically thin Ru layers.
The catalytic properties of such Ru layers may be interesting in
their own right.

One more interesting approach for the synthesis of 2D Ru was
originally proposed by Fukuda et al.*” This method called topo-
tactic metallization involves the reduction of pre-synthesized
exfoliated RuO, nanosheets with subsequent formation of the
ruthenium monolayer (an average thickness of ~0.6 nm) with
hexagonal symmetry (Fig. 3). The successful reduction was
achieved through treatment in a gas mixture atmosphere (5%
H, +95% N,) at 200 °C. Since Ru is believed to be one of the best
catalysts for ammonia synthesis,* then the question arises as to
whether the use of a (5% H, + 95% N,) gas mixture in the
presence of Ru catalyst can cause a NH; synthesis reaction. Since
the authors in ref. 37 have not commented on the possibility of
ammonia production by the conventional Haber-Bosch process,
one can assume that the proposed synthesis conditions are far
different from those that initiate the reaction using a Ru/C catalyst
(T = 460 °C, P = 50-100 bar, H,/N, ratio of 1.5).*

2.2. Iridium

From Fig. 1 it is clear that iridium has quite a high value of
cohesive energy for the 3D phase that makes the synthesis of
atomically thin Ir layers extremely challenging. For this reason,
only several studies on the growth of ultrathin Ir layers have been
published to date.’®*' The performance of the wet-chemical
method for the synthesis of freestanding ultrathin Ir nanosheets
(with a thickness of 5-6 atomic layers) has been explored in ref.
40. This method is based on the thermal decomposition of formic
acid into H, and CO components at 100 °C for 5 h that is
accompanied with a reduction of IrCl; precursor using released
reducing agents (Fig. 4). It was also emphasized that CO plays a
dual role of the reducing agent and a surface-confining agent. The
latter is a necessary condition for the lateral growth of Ir over the
(111) plane. Moreover, partial hydroxylation of the surface was
suggested as a possible reason for the minimization of the surface
energy and the formation of the stable 2D structure of iridium.
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Fig. 4 The proposed mechanism underlying the formation of the Ir
nanosheets. Reproduced with permission from ref. 40. Copyright The
Author(s) 2020. Published by Oxford University Press on behalf of China
Science Publishing & Media Ltd.
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These results provide a good scientific background for further
experimental work towards obtaining the iridium monolayer.

Attempts to grow the nanometre iridium films onto a porous
anodic alumina (PAA) template by using an atomic layer
deposition technique have also been reported.*' However, the
measured thickness of 3 nm is pretty far from the true 2D limit.
It remains to be seen whether the atomic layer deposition can
be used to synthesize a large-area iridium monolayer. Probably,
the key to solving this problem lies in the optimization of the
reaction chamber and the iridium source temperatures during
ALD cycles.

2.3. Rhodium

Belonging to platinum-group metals and possessing superior
catalytic activity, Rh in 2D form is of special interest for catalysis
due to its internal physical and chemical properties.** Like other
2D noble metals, Rh nanosheets are synthesized mainly in the
presence of surface-capping agents.”>"** Polyallylamine hydro-
chloride (PAH) was used as a capping and shape directing agent
to form carbon nanotube (CNT)-supported 2D rhodium
nanosheets with a thickness of 0.9 nm*® and free-standing
ultrathin rhodium nanosheet layers with a thickness of 0.8 nm
that correspond to 6 atomic layers.** In both cases, the mecha-
nism underlying the formation of 2D Rh nanosheets lies in
inhibiting the isotropic growth by the attached polyallylamine
hydrochloride molecules (Fig. 5A). The strong interaction
between PAH and RhCl; precursor molecules lowers the
reduction rate of RhCl; precursor, enabling kinetically controlled
synthesis. The process starts with reducing Rh** to Rh® under
heating conditions (at 120 °C) followed by the formation of small
Rh nanoparticles with a size of 3 nm after 30 min and their
gradual transformation to dendritic Rh nanosheet nanoassem-
blies over 1.5 h. The points of attachment of capping molecules
provide necessary conditions for the appearance of 2D Rh nuclei
and eventual formation of atomically thick ultrathin Rh
nanosheets. The synthesis time of 6 h was identified as the time
frame sufficient enough to form a final product - Rh nanosheet
nanoassemblies with a mean size of 95 nm.

Another research study®® described the growth recipe of
single-layered rhodium nanosheets (with a thickness of ~4 A)
that is based on the reduction of Rh(acac); at 180 °C for 8 h in
the presence of poly(vinylpyrrolidone) (PVP) surfactant. This
method enables Rh nanosheets to be obtained with an edge
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Fig. 5 (A) Theillustration of the confinement growth of 2D Rh nanosheets
at 120 °C for 6 h. Reproduced with permission from ref. 44. Copyright ©
2016 American Chemical Society. (B) A possible growth mechanism of 2D
Rh nanoplates proposed by Jang et al.*® Reproduced with permission from
ref. 47. Copyright © 2010 American Chemical Society.

length of approximately 500-600 nm. Despite the efficiency of
these methods, it is felt that using of surface-capping agents is in
principle undesirable and should be avoided.*® This is due to the
fact that the capping molecules may hinder the chemical reaction
between the metal surface and targeted substances (for example,
hydrogen protons, water molecules, hydronium ions), thereby
adversely affecting the catalytic performance of 2D metal layers
especially towards the HER. In this regard, the cyanogel-reduction
method proposed by Liu et al*® implies the capping agent-free
synthesis of ultrathin rhodium nanosheets (3-4 atomic layers)
through the reduction of a jelly-like RhCl;-K;Co(CN), cyanogel
with formaldehyde at 180 °C for 12 h. It was argued that the 2D
structural units of the 3D cyanogel skeleton serve as a self-
platform for the formation of 2D Rh nanosheets. In line with
this, earlier work by Jang and others*” showed that extremely thin
Rh nanoplates (average thickness of 1.3 + 0.2 nm) can be
synthesized through the reaction between [Rh(CO),Cl], precursor
and oleylamine. It was hypothesized that the formation mecha-
nism is based on the strong metal-metal interaction between the
dissolved Rh precursor molecules. Since the resulting Rh-based
complex has a chain structure, the van der Waals interaction
between the neighboring chains (via alkyl groups) may result in
the formation of a lamellar structure and a gradual self-
assembling of reduced Rh® species into 2D plates (Fig. 5B).
Another example of the surfactant-free synthesis of the
ultrathin Rh layers with thicknesses from 1 to a few monolayers

This journal is © the Owner Societies 2023
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is a direct layer-by-layer growth of Rh onto single-crystal Ru(0001)
by means of an e-beam evaporator.*® Rh films were grown in an
ultrahigh vacuum chamber at a growth temperature of 650 K and
a base pressure of 10 ' mbar. These conditions enable us to
avoid atom intermixing at the Rh/Ru interface and undesired
adsorption of residual gases. It was revealed that the first Rh layer
grows pseudomorphically, completely reproducing the hep struc-
ture of the Ru substrate. However, the second one and next layers
stack in an fcc sequence.

2.4. Osmium

There is practically no information on the existence of osmium
in 2D form (having only one monolayer). This is partly due to its
highest cohesive energy (for both 2D and 3D cases), as was
shown in Fig. 1, and hence a high melting point that makes it
impossible to easily grow the Os layers. Other drawbacks limiting
the Os-involved experimental studies include its natural scarcity,
and its tendency to form highly toxic and volatile OsO, tetroxide
by reacting with atmospheric oxygen under ambient conditions.*’
Wet chemical synthesis approaches enable the growth of only
Os nanoparticles of very small size (<2 nm).>® This specificity of
osmium complicates the formation of large area 2D Os layers
by using the kinetically controlled process. Meanwhile, growth by
deposition techniques is an appealing alternative to form the
continuous Os monolayer via using, for example, strongly-
interacting substrates. This eventually might lead to good wetting
characteristics of the Os film. A systematic review of the existing
literature, including reports on the growth of thin osmium films
by using a differential potential pulse deposition method,”
atomic layer deposition,®* chemical vapor deposition,*> and
magnetron sputtering,>® has highlighted a potential pathway for
the synthesis of true 2D Os layers. In particular, a more beneficial
combination of the molecular precursors for ALD/CVD growth
and supporting substrates could facilitate a template-assisted 2D
growth regime of osmium. In this context, a recent report on the
modification of graphene by osmium adatoms (up to reaching
18% coverage)®’ indicates that graphene can be potentially used
as a substrate for the formation of 2D Os nanopatches (due to the
strong tendency of the metal adatoms to form the clusters).
Adjusting the osmium-graphene interaction is a promising tool
to control the Os cluster planarity and a transition between 2D
and 3D cluster shapes. In general, there are different approaches
to controlling a metal-graphene interaction. This control can be
achieved through defect,®® strain,> and substrate®® engineering.
Moreover, appropriate surface modification of graphene by func-
tional chemical groups also enables fine tuning of the metal-
graphene interaction.®® Although these techniques were initially
exploited to alter the strength of the interaction between graphene
and other metals than osmium, their scope can be also extended
to the Os case.

2.5. Palladium

Probably due to a comparatively low cohesive energy (Fig. 1),
palladium is more prone than the previously considered metals
to forming extremely thin 2D nanosheets by means of top-down
methods. According to earlier reports, successful deposition of
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a Pd monolayer onto Al (111),*" Pt(111),*> Ni(111),> Mo
(100),°*°° Ta (110),°® Re{0001},*” and HOPG®® can be achieved
through a thermal evaporation approach. Among the most com-
mon methods for the synthesis of 2D Pd layers is CO-mediated
growth,*””® electrochemical deposition,”*”® and the reduction of
a PdCl,-graphite intercalation compound precursor.””*°
sual route to grow two-dimensional palladium dendritic nanos-
tructures was proposed by Zhu et al.®!

The method is based on in situ liquid-cell transmission
electron microscopy (TEM). Within this approach, electron
beam irradiation of the liquid tetrachloropalladate precursor
surrounded by two SiN membranes resulted in the reduction of
the palladium ions to Pd® followed by the formation of the
initial Pd nuclei on SiN and a gradual growth of branched
nanostructures by a diffusion-limited aggregation mechanism

(Fig. 6).

An unu-

2.6. Platinum

Due to its outstanding catalytic performance, platinum has
received great attention from the research community for a
long time. However, the high cost of bulk platinum hinders the
large-scale production of Pt-based catalysts and is a trigger for
the development of new technologies assuming reduction of
the platinum consumption with a simultaneous increase in
active surface area. In this context, the implementation of 2D
Pt-based technologies is a reliable strategy to meet the above-
mentioned challenge.

In earlier works, Madey et a reported
the deposition of atomically thin Pt layers on metallic sub-
strates like W and Cu surfaces by the evaporation technique. It
was shown that 2D Pt film growth at room temperature
proceeds through layer-by-layer growth rather than by island
growth mode (at least for the first two monolayers). The
detrimental role of the oxygen atmosphere on the stability of
the platinum monolayer was underlined.®*?

L 82 L 83

and Schrdder et a

® cluster
@ monomer

Fig. 6 A sketch of the mechanism of the formation of the 2D Pd dendritic
nanostructures. Reproduced with permission from ref. 81. Copyright ©
2014 The Royal Society of Chemistry.
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As was shown later, the growth of continuous 2D Pt layers on
non-metallic substrates (Si(111),** TiO,terminated SrTiO;
(001),®> Si0,/Si%) by different deposition techniques (magnetron
sputtering and electron beam evaporation) is quite a challenging
task due to their unsuitable wettability. Instead, the formation of
Pt nanocluster/nanoisland arrays is usually observed. However,
since the height of the Pt islands/clusters is controllable (until
reaching 0.13 nm®) they are of interest to catalytic applications
in their own way. Concomitantly, an ALD technique was found to
be the more effective method to forming continuous ultrathin Pt
layers on graphene oxide®” and titanium carbide (TiC),*® respec-
tively. For example, the use of MeCpPtMe; as a Pt precursor and
ozone as a co-reactant enabled the formation of stable Pt films
with thicknesses ranging from 1 to 6 monolayers.*®

Surface-limited redox replacement (SLRR) is another pro-
mising approach to form a Pt bilayer or monolayer on
graphene® or gold.”® The core of this method is based on the
galvanic displacement on a underpotentially deposited (UPD)
Cu layer (sacrificial metal) by the platinum. In contrast, there
are a few reports on more economically beneficial galvanic-
replacement-free electrochemical deposition of Pt overlayers on
Ag nanocrystals®® and 111 textured Au thin films.*?

Surfactant-directed solution-phase synthesis was proposed
as a facile route to grow two-dimensional ultrathin single-
crystalline platinum nanodendrites in aqueous solution under
ambient conditions.”® The formation mechanism implies the
initial chemical reaction between C,,N-COOH (Br ™) surfactant
that acts as a structure-directing template and facet-capping
agent and H,PtCls in the presence of ascorbic acid (reducing
agent). This reaction is followed by stabilization of the C,,N-
COOH/PtCls>~ lamellar mesophase with subsequent reduction
of PtClg>~ into 2D Pt nanocrystals (Fig. 7). Although the thick-
ness of these metal nanodendrites is 2.3 nm, there is ample
room for their thinning via adjusting the growth conditions.

A carbon-rich (6,/3 x 6,/3) R30° surface reconstruction of
SiC also called a buffer layer and zero-layer graphene was
recently identified as a promising template for growth of 2D Pt
(with a thickness of 3-4 A) by a physical vapor deposition
technique.’* Due to the fact that approximately 30% of carbon
atoms belonging to the buffer layer are covalently bonded to the
silicon atoms of the SiC substrate, the buffer layer is corrugated,
acting as a unique sp®>-sp® hybrid platform that is capable of
preventing the formation of 3D Pt islands at early growth stages.
This arises from the nonuniform potential energy landscape
caused by the presence of sp*-bonded carbon atoms.

okt =
g3

% o)

°:pt [001
¢ : C;N-COOH (Br)

epitaxial growth along <111>

Fig. 7 The mechanism of the step-by-step in-the-plane epitaxial growth
of platinum nanodendrites. Reproduced with permission from ref. 93.
Copyright © 2019 American Chemical Society.
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Masayuki Shirai and their colleagues®>*° proposed that the
hydrogen reduction of platinum tetrachloride intercalated
between graphite layers can also be used as a possible method
for the synthesis of two-dimensional platinum nanosheets (1-
3 nm in thickness and 100-500 nm in width) between the
graphite layers.

2.7. Gold

According to Fig. 1 the cohesive energy of gold is comparable to
that of the Pd. This creates good preconditions for the synthesis
of 2D gold nanosheets by using top-down approaches. In
particular, two research groups reported the synthesis of free-
standing two-dimensional gold membranes using in situ trans-
mission electron microscopy.”’”*® One of the approaches sug-
gests the initial welding of two Au nanocrystals followed by the
induction of in-plane tensile strain near the grain boundary
region.”” This manipulation resulted in the extreme mechan-
ical thinning of the local Au bicrystal region and a final
formation of the free-standing 2D Au membrane (Fig. 8). The
resulting atomically thick membrane had a simple-hexagonal
lattice. A similar approach was based on in situ dealloying of the
Au-Ag alloy during the TEM.?® E-beam exposure of the alloy
causes much faster sublimation of the Ag atoms from the
exposed region compared to Au atoms. As a result, the remain-
ing gold atoms diffuse to vacancy sites and gradually form a
hexagonally close-packed Au monolayer.

Another type of 2D Au synthesis method involves directly
depositing extremely thin gold layers on foreign substates,
which makes it possible to facilitate the using of 2D Au for
catalytic applications through avoiding process steps related to
2D Au transfer to the preferred substrate. In this regard, some
efforts have been dedicated to forming 2D Au on Cg, covered
HOPG,” defect-free boron nitride nanotubes (BNNTs),'*
Au(111)/HOPG'®" and MgO/Ag(001)."*> However, despite that
in all mentioned cases the obtained 2D Au product is atomically
thin, it can be referred to the planar islands or even small 2D
clusters rather than to large-area monolayers. It is interesting to

[1i0)

=0

@ Mechanlcal thinning

&S

(@ Membrane nucleation

| ~

(3 Diffusive membrane growth

Fig. 8 A sketch of the mechanical thinning mechanism of the formation
of a 2D gold membrane using in situ TEM. Reproduced with permission
from ref. 97. Copyright © 2020 American Chemical Society.
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note that recent progress in the sublimation growth of high-
quality and large-area buffer layers on SiC enabled this platform
to be exploited to host the gold atoms.'® More specifically, the
annealing of the vapor-deposited gold nanostructures on the
buffer layer led to the intercalation of the gold species below
the buffer layer, with subsequent conversion of the buffer layer to
quasi-free-standing graphene. This enables confining the gold
atoms and their self-assembly into a 2D Au layer with semicon-
ducting properties.

Wet chemistry synthesis strategies have also been applied to
grow 2D Au nanosheets.'** " Jeong et al.'%* used r-arginine as
the reductant and the capping agent to reduce hydrogen
tetrachloroaurate trihydrate (HAuCl,-3H,0) at 95 °C for 2 h in
order to form single-layered Au nanosheets with a mean lateral
size of 11.65 pm. Another reported method dealt with the array
of uniform 2D gold clusters formed on Si using colloidal
solutions in the presence of liquid CO,."”> A promising wet
chemistry method for the facile synthesis of 2D Au nanosheets
(only 1-2 atomic layers) using a layered double hydroxide (LDH)
template was proposed by Wang et al.’®® This method involves
the reaction between Au precursor (AuCl,) and Mg/Al-LDH that
accompanied the insertion of AuCl, species between layers of
LDH and their reduction by using NaBH, (Fig. 9).

A further example of an aqueous approach is represented by
a methyl orange (MO)-mediated synthesis method that exploits
aqueous solutions of HAuCl,, Naz;CcsH50, and MO to form
highly catalytically active 2D Au nanosheets with a thickness
of only 0.47 nm under ambient conditions.'”” In this case,
methyl orange acts as a confining agent.

2.8. Silver

Historically, the growth of extremely thin silver layers including
2D Ag has been studied over the years. Like other noble metals,
vapor-deposited Ag monolayers on different substrates (Ge(111),'%®
Ru(001)," si(111),"*° Ni(111),""" W(110),"** Ni(001),"** Cu(001),"**
graphite'”) were initially in focus. In parallel with this, a set of
experiments related to the electrochemical deposition of 2D Ag
layers under Langmuir films (negatively charged organic
monolayers"'®™® or even neutral amphiphilic Schiff bases'')
was carried out in the 1990s. In most cases, a 2D growth regime
manifests as the formation and evolution of the dendritic silver
nanostructures below organic monolayers. It was stressed that the
morphology of such nanostructures is defined by a balance
between the surface pressure of the Langmuir monolayer, an
applied voltage, and a silver ion concentration.

More recent approaches utilize organic or non-organic
layered templates (redox-active tyrosine-mediated Peptide'°

Fig. 9 A possible growth mechanism of ultra-thin 2D Au nanosheets
proposed by Wang et al.'° Reproduced with permission from ref. 106.
Copyright © 2015 Macmillan Publishers Limited.
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and layered double hydroxide (LDH),"*" for example) to synthe-
size 2D Ag in the interlayer space by using wet chemistry. In the
former case, the key step is the binding of silver ions to the
peptide at the cysteine sites. As a result, Ag ion-coordinated
peptide monomers interact with each other so that the multi-
layer stacking in the peptide template is formed at the air/water
interface through n-n interactions between aromatic side
chains (Fig. 10A). At the final stage, the reduced Ag species
located between the peptide layers tend to self-assemble into
2D layers. Although further practical application of synthesized
2D Ag seems to be challenging due to the possibly detrimental
effects of the organic template on the electronic properties of
the metal nanosheets, the authors in ref. 120 argued that their
structures possess excellent electrical properties even without
the removal of the organic surfactant.

The use of a hard inorganic LDH template to provide the
conditions for anisotropic growth of 2D Ag is another promising
approach. This method suggests exploitation of a 2-dimensional
silver carboxylthiolate (Ag-3-M-NS) as the precursor (Fig. 10B). It
was shown that the layered structure of LDH acts as an effective
platform for interlayer confining of the silver carboxylthiolate
and its subsequent reduction to Ag°. It was emphasized that a
worthwhile hard inorganic LDH template can be removed via
acid treatment while keeping the 2D nature of the silver
nanosheets intact.

a -Helical folding

AN\ OH
&

Ag* binding

ﬂf&%ﬁg -

Long-Range Electron Transfor

® Layer-by-layer

In situ hybridization
between Ag-3-M-NSs
and LDHs

Ag-3-M self-assembly Ag-3-M-NLs

ﬁ\ Acid treatment Tgmaaauada Reduction
AR

USN/LDO

USN “card house” structure Ag-3-M-NS/LDH

Fig. 10 (A) Schematics of the peptide-template-mediated formation of
2D Ag layers.*?° Reproduced with permission from ref. 120. Copyright ©
2020 American Chemical Society. (B) Illustration of the formation process
of single Ag layers within the interlayer space of LDH. Reproduced with
permission from ref. 121. Copyright © 2019 American Chemical Society.
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Fig. 11 A sketch of the formation of 2D Ag film using epitaxial graphene
on SiC as a confining template. Reproduced with permission from ref. 122.
Copyright © 2019 The Royal Society of Chemistry.

As was already mentioned, graphenized SiC can be utilized
as a host template to accommodate 2D metal layers. In particular,
two different cases were considered: (i) the growth of 2D Pt on
buffer layer/SiC and (ii) Au intercalation beneath the buffer layer
followed by the formation of 2D Au in the space between the
decoupled buffer layer and SiC. In contrast, Briggs and
colleagues'** have gone further by utilizing defective monolayer
epitaxial graphene on SiC to grow the confined 2D Ag layer. In this
regard, the defects provide extra intercalation channels, thereby
facilitating the penetration of the evaporated Ag species beneath
both the topmost graphene layer and the buffer layer, respectively
(Fig. 11).

3. 2D noble metal-based catalysts for
the hydrogen evolution reaction
Despite the huge potential of 2D noble metal-based catalysts in

the hydrogen evolution reaction, literature analysis has revealed
that the HER performance of 2D metals is still relatively
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understudied. There are only a few experimental studies discuss-
ing the benefits of 2D Ru,***? 2D Ir,** 2D Rh*® and 2D Pt** as HER
electrocatalysts. Chen et al.*° revealed that among different elec-
trodes including Ru nanowires, Ru nanoparticles and commercial
Ru electrodes (Fig. 12A and B), 2D Ru nanosheets synthesized by
the O,-mediated solution-based colloidal method exhibit the
most superior HER catalytic activity (with a Tafel slope of
58.6 mV dec ') under acidic conditions (H,-saturated 0.1 M
HCIO, aqueous solution). This is achieved through favourable
combination of electrochemically active specific surface area and
Gibbs free energy of the hydrogen adsorption. Improved reaction
kinetics arising from the 2D nature of ruthenium was also
identified as the main reason of the excellent catalytic properties
of 2D Ru formed by a solvothermal approach.*® Possessing a
Tafel slope and overpotential to achieve a current density of
10 mA mg ' that are comparable to those of commercial Pt/C
electrodes (46 mV dec™ ' and 20 mV vs. 31 mV dec™ " and 5 mV in
in 0.5 M H,SO,, respectively), 2D Ru-based electrodes have
significant advantages in terms of the metal price, which makes
them a nice alternative to platinum (Fig. 12C and D). Based on the
analysis of the Tafel slope, it was suggested the Volmer-Heyrovsky
mechanism dominates the HER mechanism for 2D Ru. This is in
contrast to the Pt electrocatalyst, for which the HER follows the
Volmer-Tafel mechanism. For 2D Ru, the rate of the HER was
limited by the desorption process.

Switching to other noble metals, it is worth noting that the
electrochemical electrodes based on partially hydroxylated 2D
iridium nanosheets show an outstanding HER catalytic perfor-
mance under both acidic (0.5 M H,SO,) and alkaline conditions
(in 1 M KOH) manifested as the 50 mV-improvement in over-
potential (at 10 mA cm ™~ 2) compared to commercial Pt/C and Ir/
C electrodes (Fig. 12E).”° Those authors underlined the criti-
cally important role of the partial hydroxylation in the reaction
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(A) Linear sweep voltammetry (LSV) curves and (B) Tafel plots of Ru nanosheets for the HER in 0.1 m HClO,4 solution. Reproduced with

permission from ref. 30. Copyright © 2020 Wiley-VCH GmbH. (C) LSV curves and (D) Tafel plots of Ru nanosheets for the HER in 0.5 M H,SO4 electrolyte
with pH = 0. Reproduced with permission from ref. 32. Copyright © 2016 American Chemical Society. (E) Polarization curves of Ir nanosheets for the HER
in 1 M KOH and (F) an illustration of the HER mechanism for Ir nanosheets. Reproduced with permission from ref. 40. Copyright © Copyright The
Author(s) 2020. (G) LSV curves and (H) Tafel Plots of ultrathin Pt nanodendrites. Reproduced with permission from ref. 93. Copyright © 2019 American

Chemical Society.
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kinetics at the 2D Ir surface. Under acidic conditions H*
adsorption mainly occurs at the pristine 2D Ir surface, however,
hydroxyl groups on an Ir surface favour H,O adsorption under
alkaline conditions (Fig. 12F). Rhodium is another prominent
representative of the catalytically active noble metal groups.
Specifically, a unique 2D structure of rhodium nanosheets
functionalized by polyallylamine and supported by CNT offers
excellent conditions (large electrochemically active specific
surface area, good stability, fast electron transport, etc) for the
hydrogen evolution reaction in acidic medium (N,-saturated 0.5 M
H,S0,).* A comparison of the catalytic characteristics of commer-
cial Pt nanocrystals and the synthesized nanosheets is in favor of
the latter. In this case, 2D Rh exhibited a lower onset potential
compared to that of Pt nanocrystals (—1 mV vs. 10.4 mV, respec-
tively) and a similar Tafel slope (30 mV dec™ " vs. 31 mV dec ™ *). The
latter also highlights that the HER at 2D Rh proceeds in a manner
similar to that of Pt, with a dominating Tafel reaction mechanism.
Two main reasons for the improved HER catalytic activity were
singled out: (i) the 2D nature of rhodium nanosheets and (ii) the
proton enrichment at the electrode/electrolyte interface due to
functionalization of the Rh nanosheets with polyallylamine.

A final example of the 2D-metal-based hydrogen electro-
catalyst concerns the platinum that is regarded as a ‘“‘gold
standard” metal for the HER. A transition from bulk Pt to 2D
Pt is accompanied by changes in the electrochemical activity
towards the HER under acidic conditions.”® This is mainly
caused by an increase in the electrocatalytic active surface area
of Pt from 46.4 m> g~ ' for commercial Pt/C to 51.4 m> g~ for
2D Pt nanosheets. As a direct consequence of that, 2D Pt
demonstrates a smaller overpotential of <0.01 V at a current
density of 50 mA cm™ > and lower Tafel slope (32.7 mV dec )
compared to Pt/C, indicating its better electrochemical activity
and faster reaction kinetics (Fig. 12G and H). This is however
possible not only due to the extraordinary internal properties of
2D Pt, but also due to the presence of the remaining surfactant-
related chemical groups at the 2D Pt surface which may alter
the hydrogen proton adsorption.

4. Concluding remarks

The current status of research investigations regarding 2D
noble metals has been highlighted. Special focus was placed
on the synthesis methods and applications of 2D noble metals
for the hydrogen evolution reaction. Although the anisotropic
growth of 2D metals is a technologically intricate process,
which is mainly due to the large surface energy of most metals,
a kinetic control approach offers a promising route to synthesize
extremely thin 2D metal nanosheets. However, since in most
cases the kinetically controlled growth methods require the
presence of the surfactant or capping agents the quality of the
resulting 2D metal nanosheets suffers from the remaining
functional groups on their surfaces that can affect the catalytic
performance of 2D metal in unexpected ways. This explains the
research efforts to develop surfactant-free and capping agent-free
synthesis methods. In line with this, one-step template-assisted
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growth of 2D metals by using deposition techniques is of special
interest. An appropriate choice of substrate and a fine control of
the synthesis conditions (precursor type, temperature, time,
pressure etc.) are keys to ensure a 2D growth regime. Although
a traditional way to produce metal monolayers implies a pseudo-
morphic epitaxy on other metal surfaces, more recent approaches
include the formation of 2D metals on non-metallic substrates
like graphene, graphite, graphenized SiC, etc. The latter one is
considered to be a rich platform to host vapor-deposited 2D metal
layers atop the surface and to confine them by employing the
intercalation process.

2D noble metals are characterized by a high density of
coordinatively unsaturated metal sites and large surface area,
which make them excellent electrocatalysts for the hydrogen
evolution reaction. Even though there are not much experi-
mental data on the catalytic activity of 2D metals towards HERSs,
the existing results suggest that with appropriate design of
selected 2D metals the HER performance can be even better
than that of commercial Pt electrodes. This provides both
experimentalists and theoreticians with an inspirational frame-
work for further application-focused investigations of 2D metal-
based electrocatalysis and more sophisticated design of 2D
noble metals.
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