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Heterostructures Based on 2D Materials: A Versatile

Platform for Efficient Catalysis

Tofik Ahmed Shifa, Fengmei Wang, Yang Liu, and Jun He*

The unique structural and electronic properties of 2D materials, including the
metal and metal-free ones, have prompted intense exploration in the search for
new catalysts. The construction of different heterostructures based on 2D mate-
rials offers great opportunities for boosting the catalytic activity in electo(photo)
chemical reactions. Particularly, the merits resulting from the synergism of the
constituent components and the fascinating properties at the interface are tre-
mendously interesting. This scenario has now become the state-of-the-art point
in the development of active catalysts for assisting energy conversion reactions
including water splitting and CO, reduction. Here, starting from the theoretical
background of the fundamental concepts, the progressive developments in the
design and applications of heterostructures based on 2D materials are traced.
Furthermore, a personal perspective on the exploration of 2D heterostructures

for further potential application in catalysis is offered.

1. Introduction

Apart from size effect, dimensionality is also considered as an
indispensable parameter in exploring the properties of mate-
rials.!l For instance, allotropes of carbon such as graphite,
graphene, carbon nanotube, and fullerene appear as 3D, 2D,
1D, and OD, respectively, and demonstrate distinct physical
and chemical properties. The discovery of graphene in 2004
by Geim and co-workers!? has offered an opportunity to inves-
tigate various points in scientific research and engineering
fields based on other 2D materials.l¥! Particularly to the context
of catalysis, the design of 2D catalysts paves a promising way
for excellent performance in activity, stability, and selectivity
toward catalyzing a given reaction. Experimental and theoret-
ical researches conducted so far reveal the fact that ultrathin 2D
materials possess fascinating advantages in catalysis.*”! First
and for most, 2D geometry renders the materials considerably
exposed surface area, which is more pronounced by reducing
the thickness, eventually easing the contact between catalyst

Dr. T. A. Shifa, Dr. F. M. Wang, Y. Liu, Prof. ]. He

CAS Center for Excellence in Nanoscience

CAS Key Laboratory of Nanosystem and Hierarchical Fabrication
National Center for Nanoscience and Technology

Beijing 100190, China

E-mail: hej@nanoctr.cn

Y. Liu, Prof. ). He

University of Chinese Academy of Sciences

Beijing 100049, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.201804828.

DOI: 10.1002/adma.201804828

Adv. Mater. 2018, 1804828

1804828 (1 of 17)

surface and the adsorbate. Moreover, the
interior atoms could be brought to sur-
face when the thickness is decreased to
monolayer. Thus, more active sites would
be availed for catalysis. To be noted, there
is also a great possibility of introducing
defects, unsaturated sites, and/or active
edges during the formation of ultrathin
structures. Under these conditions, the
adsorption—desorption energy barrier is
sequentially regulated and ion mobility
or mass transport is facilitated. Further-
more, some materials beyond graphene,
e.g., layered double hydroxides (LDH),
possess improved electronic conductivity
at ultrathin features as in the case of
atomic-thickness nanosheets.®l And the
exploration of nanometer thick 2D crystals
with intriguing physical and chemical properties has effectively
expanded the family of 2D materials.[*1%

Notably, the unique structural and electronic properties of 2D
materials have prompted intense exploration in search for catal-
ysis.! The successful preparation of various 2D crystals!!!l has
nurtured the diversity of heterostructures that could be derived,
where the synergetic effect plays a pivotal role in optimizing
the kinetics and energetics of surface catalysis.%!2l Aiming at
improving performance, frontiers of 2D materials such as gra-
phene, graphitic carbon nitride (g-C3N,), transition metal dichal-
cogenides (TMDs) have been integrated with other materials.
The merits resulting from synergism of the constituent com-
ponents and the fascinating properties at the interface are tre-
mendously interesting.[®13] This scenario has now become the
state-of-the-art point in the development of active catalysts for
assisting energy conversion reactions including water splitting
and CO, reduction. Hence, the construction of heterostructures
has gone through considerable advances deserving a comprehen-
sive outlook and plausible forecasts. Herein, after introducing
frontier 2D materials, we trace the progressive developments in
the design and applications of their heterostructures. Particular
emphasis will be given to the efforts for developing efficient
catalysts to drive important, yet thermodynamically challenging,
reactions. Finally, we offer our perspective on the exploration of
2D heterostructures for further potential application in catalysis.

1.1. Graphene
Graphene is characterized by a single-atom-thick nanosheet

of planar structure (Figure 1a) in which sp*hybridized carbon
atoms are arranged in a honeycomb lattice imparting excellent
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conductivity and extraordinary mechanical and chemical
stability.'¥ In the case where a heterostructure photocatalyst
is designed making graphene as one of the components, a
rapid electron transfer from the catalyst to graphene can be
achieved as the Fermi level of graphene (0 V vs NHE) is lower
than the conduction band position of most photocatalysts. This
ensures a high spatial separation of the photogenerated elec-
tron-hole pairs due to the rapidly transferring of electrons
from photocatalyst, whereas those of holes left for oxidation
purpose, to grapheme. The ultralarge theoretical surface area
(2630 m? g1 of graphene is also another feature. This can
be associated with the increase of surface active sites which
is quite beneficial for catalysis.l'®! The case of CO, reduc-
tion takes particular advantages from the graphene’s large 2D
m-conjugated structure, well consistent with the m-conjugated
bond in CO, molecular. The initiation of a n—m conjugation
interaction between graphene and CO, remarkably contrib-
utes to the adsorption of CO, moleculars on the surface of
graphene containing catalysts and eventually easing their
reduction.’’! Another intriguing feature that currently won the
attention is the possibility of atomic dispersion in the graphene
matrix.'®2% This is practically obvious for reduced graphene
oxide (rGO) that develops a large volume of surface functional
groups that would serve as anchoring sites and prevent aggre-
gation.!l Thus, various metal atoms, e.g., Ni,??l Co,?¥ etc,,
can be uniformly deposited on the surface of graphene or rGO
nanosheets with atomic dispersion. The single-atom implanta-
tion on the 2D surface could realize excellent catalytic activity
in CO, reduction and hydrogen evolution reaction (HER). This
conveys the current status of this field that has now reached the
level of tenaciously implanting single metal atom in 2D mate-
rials for superior activity.

1.2. Graphitic Carbon Nitride

The metal-free polymeric material known as g-C3N, is perhaps
one of the oldest 2D framework in the record of scientific lit-
eratures. Its history goes back to the identification of melon,
linear polymer consisting of interconnected tri-s-triazines via
secondary nitrogen, in the 1830s (Figure 1b).24 In the case
of g-C3N,, the arrangement appears in the 2D form in which
the atoms are composed of tri-s-triazines interconnected via
tertiary amines. There exists a close resemblance in terms of
m-conjugation and 2D feature with that of graphite as has been
proven experimentally.?) The altered localization of electrons
and the presence of nitrogen atoms are thought to be the reason
behind the smaller interlayer distance (0.326 nm) in g-C3N,
than that in graphite (0.335 nm).2%IThe most intriguing fea-
ture of g-C3;N, relies on the s-triazine ring structure. It shows a
considerable thermal (up to 600 °C in air) and chemical resist-
ance (stable in acids, alkalis, and various organic solvents).
Unlike graphene, g-C;N, possesses an appealing electronic
structure with suitable bandgap for harvesting solar energy in
a wider spectrum.?®?’] The history of 2D g-C3N, in heteroge-
neous catalysis is rather very recent. It has been recognized
as a metal-free visible-light-driven photocatalyst for hydrogen
production from water in 2009.12”! This material is significantly
robust and nonvolatile because its oxidation and reduction
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potentials are energetically suitable for water splitting. It is also
possible to entrap metal or other functional materials to expose
active sites with abundant melon moieties in the framework. It
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Figure 1. Frontiers of 2D materials used in catalysis and their heterostructures: a) graphene, b) g-C;N,, c) transition metal dichalcogenides,

d) 2D-2D, €) 1D-2D, and f) 0D-2D.

is predictable that combining g-C3N, with other 2D materials,
e.g., MoS,,1?8! NiFe-LDH,? etc., will induce unique electronic,
mechanical, and chemical properties tunable with respect
to efficiently catalyzing the desired reaction. This results in a
tremendous amount of interest to construct active and stable
catalysts.

1.3. Transition Metal Dichalcogenides

Transition metal dichalcogenides are other class of 2D mate-
rials that are vastly investigated following the unconventional
properties of graphene.’%3l TMDs have attracted signifi-
cant interests due to their promising energy applications and
striking fundamental properties. The typical crystal structure is
illustrated in Figure lc. In their layered structure, each unit is
composed of a transition metal (M) layer sandwiched between
two chalcogen (X) atomic layers. Depending on the particular
combination of transition metal and chalcogen elements,
TMDs can have thermodynamically stable phase of either 2H
or 1T phase, and other phases can be obtained as a metastable.
The atoms are covalently bonded within each layer (X-M-X),
where the metal and chalcogen atoms have oxidation states of
+4 and -2, respectively. And the individual layers are connected
together by weak van der Waals (vdW) forces.?!l The surface of
the layers is terminated by the lone pair of chalcogen atoms.
As a result of the difference in oxidation states, considerable
ionic character is induced between the metal and chalcogen
atoms.BY Moreover, the 2D TMD nanosheets could be achieved
by exfoliation of bulk crystals or building up individual atoms
via vapor deposition.?? These situations pave the way leading to
maximal exposure of active sites for catalysis. The unique struc-
ture of TMDs can also be visualized from the perspectives of
two distinctive orientation featured by surface inertness (basal
planes) and high surface energy (edges) exhibiting anisotropic

Adv. Mater. 2018, 1804828

1804828 (3 of 17)

properties. It has been observed®® that the electrical conduc-
tivity along the layer is =2200 times higher than that across the
vdW gaps between layers, predicting a considerably faster elec-
tron transport on the edges as compared to the basal planes.
Such inherent characteristic of TMDs can give rise to a promi-
nently active catalysis in electrocatalytic hydrogen evolution
reaction provided that the active edges is maximally exposed.
Therefore, increasing the conductivity and improving the den-
sity of accessible edges of TMDs have been proposed in the
past few years as a means of attaining enhanced performances.
Heterostructurring plays a pivotal role in tuning the catalytic
activities of TMDs.

1.4. Others

Many other 2D layered materials, such as transition metal
carbonitrides (MXenes),* layered double hydroxides, 3%l
metal-organic frameworks (MOFs),’”] etc., are designed and
synthesized. These basic crystal structure are used as catalysts
for given reactions. As to MXenes, they are widely utilized as
active materials in energy conversion.®® Some of them are
explored for catalyzing water splitting. For example, Mo,CT,
was theoretically and experimentally studied by She et al.?¥
for stable HER activity in acid media. It possessed a small
hydrogen absorption energy of 0.048 eV. They speculated that
the basal planes of Mo,CT, are catalytically active toward HER,
which is different with the case in hexagonal phased MoS,.

2. Heterostructures Based on 2D materials

This extensive library of layered 2D materials provides the
possibility to design heterogeneous integration for novel hybrid
structures. The dangling-bond-free surface is demonstrated
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Figure 2. a,b) Schematic illustration of typical architectures of lateral (a) and vertical (b) heterostructures based on 2D materials. c) Scanning electron
microscopy (SEM) image of monolayer WS,/WSe, superlattice. d) Spatial maps of normalized lattice constants a,. e) SEAD pattern of superlattice.
f) Enlarged diffraction spots as indicated in (e). g) 3D and cross-sectional views of the simulated atomic structure of the P/CTAB lattice. h,i) Cross-
sectional TEM images in different resolution. c—f) Reproduced with permission.*l Copyright 2018, American Association for the Advancement of
Science. g—i) reproduced with permission.’l Copyright 2018, Macmillan Publishers Limited, part of Springer Nature.

on each layer of 2D crystal without direct chemical bonding
to the adjacent layer. The interaction between the neighboring
layers of these layered materials are characterized by van der
Waals force. Thus, the highly disparate materials could be
integrated without constricts of crystal lattice mismatching.
In this regard, theoretical models are widely applied to under-
stand the properties of various 2D crystals and their hetero-
structures. The electronic and elastic properties of 2D mono/
heterostructures are predicted through many theoretical
approaches, like ab inito and tight-binding (TB) methods.l*%
The excellent properties of 2D materials are even more pro-
nounced when they are integrated with other functional
materials to construct 2D-2D, 1D-2D, and 2D-0D hetero-
structures, as exemplified in Figure 1d—f. Being able to incor-
porate multiple electronic features into one system, the design
of heterostructures has brought us versatile functionalities.
The structural and electronic benefit of heterostructures for-
mation provide a fertile ground to maximize the geometrical
exposure of active edge sites and optimize the energetics and
kinetics of catalytic reactions. Particularly, the merits resulting
from synergism of the constituent components and the fasci-
nating properties at the interface are tremendously interesting.
It is believed that heterostructures formed by combination of
two different materials play important role in catalytic reac-
tions as “a combined-two is better than an isolated-two.”l6+1]
When heterostructures form, there would be variation in the
work function, the position of the valence band and conduc-
tion band, and the density of states.*”] These variations lead
to entirely different electronic structures thereby endowing
a great opportunity in tuning the carrier distribution and
mobility for enhanced activity.
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2.1. Structural and Electronic Properties

The heterostructures, potentially integrating the advantages
and overcoming the weakness of the individual ones, usually
consist of two or more distinctive components. The rational
construction of the heterostructure could tune the electronic
structure to realize the efficient catalytic activity due to a syn-
ergistic effect between the different components.**! When
contacting different crystals together, charge redistribution or
strain might occur between the neighboring crystals. Thus, the
change of the properties, including electronic and structural
ones, will be induced in each other.*]

The heterostructure based on 2D materials can be generally
classified as lateral heterostructure and vertical heterostructure
(Figure 2a,b). The lateral heterostructure are constructed with
different 2D crystals, which are bonded in atomic level.l>*] The
chemical vapor phase epitaxial growth method®! is utilized to
construct the ternary or multivariate ordered heterostructures
on lateral direction. With this method, the graphene-h-BNI*/]
and various TMD (i.e., MoS,, WS,, and MoTe,) based hetero-
structures®®l in one plane have been realized recently. Park
and co-workers*%) synthesized coherent atomically thin super-
lattices where WS, and WSe, monolayers are repeated and
laterally integrated within the single layer (Figure 2c). These
dislocation-free superlattices fully matched lattice constant
across heterointerfaces with an isotropic lattice structure
and triangular symmetry. Figure 2d shows the structural
information with the orientation of a, (perpendicular to the het-
erointerfaces), provided by the electron microscope pixel array
detector (EMPAD), of the whole superlattices with nanoscale
resolution, revealing the lattice coherence. Furthermore, the
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Figure 3. a) Charge redistribution in WS,@WS, heterostructure. b) The density of states comparison of the W atom on the surface and interface
around the Fermi level. a,b) Reproduced with permission.®!l Copyright 2017, Wiley-VCH. c) Top view and side view of the spatial distribution of VBM
and CBM states for the Moire structure. Reproduced with permission.!®> Copyright 2013, American Chemical Society. d) High-resolution TEM images
of a boundary region of single-layer MoS, and the hetero-bilayer, showing the resulting Moire pattern. Reproduced with permission.? Copyright 2014,
National Academy of Sciences. e) Schematics depicting photocarrier transfer between Cyng~C3Ny. L, and 1, represent the photocarrier diffusion length
and lifetime, respectively. Reproduced with permission.”! Copyright 2017, American Chemical Society. f) Illustration of type |, II, and Il heterostruc-
tures and their applications, where red and blue indicate conduction and valence bands, respectively. Reproduced with permission.®® Copyright 2016,

American Physical Society. g) Redox potentials of water at pH = 7.

selective-area electron diffraction (SAED) data (Figure 2e)
exhibited a single-crystal-like pattern with sharp and isotropic
diffraction spots. A single diffraction spot with no separation
on a,, (parallel to the hetrointerfaces) orientation confirm the
perfect lattice matching. And similar lattice constants were also
observed in the diffraction data corresponding to a, (Figure 2f).
Such coherent superlattices with strain will endow the lateral
heterostructures with targeted functionalities, including cata-
Iytic activity. Additionally, vertical heterostructures (Figure 2b)
with one crystalline 2D crystal on the top of another one are
widely studied. Graphene, as an excellent conductor, has been
used to support other 2D nanosheets, such as topological insu-
lators®Y (i.e., Bi,Ses, In,Se;), semiconductors! (i.e., MoS,P2))
and metals (i.e., MoGC,*%). In the past few years, a variety of
TMD heterostructures have been prepared via epitaxial growth
methodP*>! and combinatorial technologies (exfoliation and
restacking).’® Latest, different with the previous methods, an
electrochemical molecular intercalation approach was explored
by Wang et al.’”l to fabricate stable superlattices in vertical
direction. As seen in Figure 2g, intercalation with cetyl-trimeth-
ylammonium bromide (CTAB) in the vander Waals interlayers
of black phosphorus (BP) could produce monolayer phos-
phorene molecular superlattices. Compared with the interlayer
distance of BP (5.24 A), that of new superlattice (Figure 2h—i)
will be uniformly enlarged by two times (11.21 A). Significantly,
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this approach provide an opportunity to construct a wide range
of functional-molecular modified superlattices with 2D mate-
rials as a versatile platform for physics studies or catalytic reac-
tions. The similar heterostructure, consist of graphene oxide
and titanium oxide, also designed through self-assembly.>®!

It is to be noted that the strong interlayer or interface cou-
pling of charge carriersP®% will be introduced when the two
crystals are brought together. In this case, the charge redistribu-
tion occurs on the interface and it will tune the electronic states.
As shown in Figure 3a,°! when connecting W,C with WS,, an
apparent electron of 0.12 |e| transfer from the W atoms of W,C
to WS,, and S atoms simultaneously gain more 0.16 |¢|. The
density of state (DOS) spectra (Figure 3b) show that the elec-
tronic density is reduced around the Fermi level, suggesting the
regulation of Gibbs free energy (AGy*) for hydrogen adsorp-
tion on the interface and improvement of the hydrogen evolu-
tion activity at the interface. Many research groupsl®-%4 also
found the fine control over the edge of TMD crystals between
graphene or rGO sheets resulted in the high electrocatalytic
activity in the hydrogen evolution reaction. Besides, the lattice
mismatched or rotated heterostructures, especially the 2D-2D
ones, will lead to the surface reconstruction. The occurrence
of the Moire pattern on the vertical heterostructure verify the
spatially varying interlayer coupling strength and electrostatic
potential.®>%) Figure 3c shows the calculated valence-band
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maximum (VBM) state and conduction band minimum
(CBM) state of MoSe,/MoS, heterostructure. The VBM state is
predicted to be strongly localized, while CBM state is weakly
localized. Such wave function localization were found in many
2D vdW heterostructures. As demonstrated in Figure 3d, a
Moire pattern of vertical WSe,/MoS, heterostructure®! was
clearly visible in the high-resolution transmission electron
microscopy (HRTEM) image. This localized state and charge
transfer across the atomic planes would have major impacts
on the carrier migration, electronic and chemical reactivity on
the surface. For the lateral heterostructure, such as Cyng—C3N,
plane heterostructural nanosheet,/”! this unique plane could
synchronously accelerate electron-hole pair separation and
electron transport via in-plane n-conjugated electric field for
efficient photocatalytic water splitting (Figure 3e). And this con-
figuration!®® is also fabricated to promote the electrochemically
overall water splitting.

Another intriguing effect can be realized by combining
two semiconducting crystals. The carrier delocalization will
be induced by the sufficient hybridization, resulting in band
bending and formation of a built-in potential, of atomic orbitals
due to the strongly bonded interface. This structure is particu-
larly promising for photocatalysis. Based on their band align-
ments, heterostructures contain three types, namely, type I,
type 11, and type 111, which are displayed in Figure 3£l Each
of these band alignments are utilized in specific system. For
instance, the type I band alignments and type III are widely
used in optical devices (light-emitting diodes (1)) and tunneling
field effect transistors (5). Type II band alignments are very
useful for solar cells (3),"% photocatalysis ((3) and (4))”! or elec-
tronic devices (2).71 But, when constructing the type 11 hetero-
structure for photocatalytic water splitting, the redox potentials
of pure water (Figure 3g) should be carefully considered.

The following section deals with the prominent applications
of 2D materials based heterostructures in catalysis. It is obvious
one can see a remarkable enhancement in the case of hetero-
structures of optimized components as compared to either of
the single components for the reason mentioned above.

3. Promising Applications in Catalysis

The performance of a given catalyst depends on the effort of
exposing active sites on the surface. Table 1 summarizes the
recent reports about heterostructures containing 2D mate-
rials. It can be envisioned that the catalytic activity, especially
in hydrogen evolution reaction through water splitting and CO,
reduction for value added organic compounds, significantly
improves for the heterostructures built from optimized com-
ponents as compared to their single component counterparts.
Notably, compared with the other hybrid materials, the high-
quality interfaces between 2D nanocrystal and other functional
materials in 2D heterostructures could provide ideally aligned
band offsets, which is essential for photocatalysis. Due to the
2D feature of these materials, tuning of electronic structure,
closely related to electrocatalysis, can easily be realized via
regulating the concentration of defects or strain.”?l As such,
the design of 2D materials finds a promising way for excel-
lent performance in activity, stability, and selectivity toward a
given reaction and used in industrial catalysis instead of noble
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metal catalysts. The 2D catalysts should also be built from
elementally abundant and less expensive materials for a wide-
spread application. Maximal exposure of active sites based on
entirely earth-abundant elements with controllability and large-
area uniformity is an essential requirement for practical appli-
cations. Up to know, solution processes!”?! are widely utilized to
synthesize the 2D heterostructures with large-scale production.
In order to fabricate the 2D heterostructure with high-quality
interface, the chemical vapor deposition method is preferred.
However, the large-scale production of 2D catalysts by this
method is defective and challenging. Much more efforts should
be made in this direction. The structural and electronic ben-
efits of heterostructures provide a fertile ground to maximize
the geometrical exposure of active edge sites and optimize the
energetics and kinetics of catalytic reactions.

3.1. Water Splitting

The construction of various kinds of heterostructures based on
2D materials offers great opportunities for boosting the cata-
lytic performance in both electrocatalysis and photocatalysis
of water splitting reactions. Apart from introducing defects
and dislocations, there will be charge transfer process across
the interface as mentioned in Section 2.1. The induced charge
distribution between the components, forming up the hetero-
structure, plays a key role in hydrogen atom adsorption and
desorption kinetics. This remarkably reduces the overpoten-
tial required to derive electrocatalytic water splitting reactions.
Given these merits, the semiconducting MoS, nanosheet is
coupled with the most conductive graphene via different syn-
thesis methods (Table 1) and junction types in the quest for
enhanced performance. The work by Dai and co-workers is a
typical example representing a 0D-2D heterostructure between
MoS, and reduced graphene oxide.l® MoS, nanoparticles can
be selectively grown on the surface of graphene oxide (GO) as
a result of the interaction between the functional groups of GO
sheet and the precursor used as a source of Mo. An appropriate
solvent is required for this to achieve a well-dispersed 0D-2D
heterostructure. Owing to the rapid electron transfer across
the underlying MoS,~rGO network and creation of abun-
dant active sites, this hybrid structure exhibits improved HER
activity in acid solution as compared to either of the single
components (MoS, nanoparticles or rGO). It has, recently,
been observed that graphene-mediated charge-transfer kinetics
can result in synergizing the 2D-2D heterostructure between
Mo,C and graphene.”¥ With the optimized reaction time and
CH, flow rate in chemical vapor deposition (CVD) operation,
the controllable nucleation of Mo,C flakes on graphene sheet
has been observed as depicted in Figure 4a. In due course of
the reaction, Mo,C flakes first nucleate on already formed gra-
phene sheet. As the reaction time increases, further nucleation
of Mo,C flakes takes place which eventually coalesce into a
continuous film. Figure 4b demonstrates the enhanced HER
activity of the heterostructure which can be attributable to the
high crystallinity of the Mo,C flakes and the excellent elec-
tronic coupling to graphene, collectively contributing to rapid
charge transfer kinetics for H* adsorption and H, molecule
desorption. Considering the practical application, the rela-
tively low current density values, around tens of mA per square

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advmat.de

ADV,

|-9PB23p AW |96 =2ado|s |35eL
‘Aw 661 =0t

S129J9p S 2UOW YIM
spunodwod oN—S—o|N Sulwioj ‘uol §
SWES 3Y} YHM UoIel Ul pa3adwiod suol
oA 9|dijnw pue aseyd snoanbe ay3 ojul

9402 J3UUI Y} WOJ SPIEMINO
Ma.3 s19aysoueu ZSOIN YdIym ul

‘AW €0 = 19suU0 pasnyip 25D wouy pasnpoud suol § ay | sasayds |ediydielaly o1 19942Q 2inpadoid uoIs|NWaoDIN az-az 193ysoueu D—LSo
1S §g =AMy 92eINns 15340} (LNDN)
‘|-9pe23p AW Oy = 2do|s [958l 15910} agnjoueu uogJed padop-N [EJIHIA uoisodwodap a1ep
AW oLL =0 1NDN 3uoje podsuesy adieyd pides pue 18 punoq Aj32a.1p 1ahe| (“so|N) -gAjowolys Aq pamoj|o} uoiisodap
‘AW G/ = 195U0 wis181auks 01 anp sisA|eled Y3 H Jua||adx3  apy|ns wnuapghjow snoydiowy  Jodea |ediwayd padueyus-eLUSE|d aL—az 1ND padop-N-tsopy
apoJ123J2 3y}
-5 90°0="""401 0] s399ysoueu ZSo\ SuidNpuod ssa| Ay}
‘ _9pE33p AW 9°p = ados [ael woJy podsuesy uotida|a pides 0} spes) jungns
‘A 60°0 = 19sU0 a)sodwod ayy Ut s|ND jo aduasaid ay | 21| 199Yys Aq pajeod yiomiau g | |ELWIBYIOA|0S alr—az
euswouayd uodsues
U0.123]3 9y} PadUBYUS JBY] 9DBJINS TSA\ s19aysoueu
|-2Pe23p AW £/ = 2do|s [a4e] U0 1283U0D JO BaJE B|qesiewal B ySnolyl IS\ PalUSLIO A|[BDI1IAA JO 3DBMNS
‘Aw 6zz =t 0D Aq uoiesodap ay wouy wisidsauds ay1 uo pasiadsip s19aYysouUBU ODJ  UOIIBZINISUSS ‘QAD ‘[BWISY10IpAH az—azc
|-2ped3p AW 06 = 2dO|s [3jeL 15|12 3y Jo AN suaydesd
‘AW 00F = 98l -2Npuod |BJ14123)3 3y} panosdwil QDI — Qg uo pasiadsip sjeaysoueu
‘AW 97| = 19sU0 pasodxa sadpa pap|oj Jo Aluald —  pajduwinid yHM SISMO|JOUBU LSO\ [BLLIALIOA|OS G PIMO||O) UOIFEDILIOS az-az
$914|04103)2
0] $S220B 3Y) 1e}|1DB) pue A}ijiqe1Iam yiomawely qg patelphy
\-2PB23p AW G0 = ado|s [ayeL 9p0J123[2 aY) SIDUBYUD 24N3dNU3s ayisod aA13 03 auaydesd uo paysodap
‘Aw 9oL =0 -Wod 3y} ul sjJomauely [9801pAY ay | -01129|3 XIIJeW *SO\ snoydiowy  pamoj||oj UOIIeI]|Y PIISISSE-LUNNDEA az—az
|-9PE23p AW /G = 2do|s [a4e] A11AI19NpUOD [BDL1D39 panosduul
‘Aw gLz =0 pue sa3pa aAI1OE YdLI Ul S}NSaJ S199Ys s193Ys 0D
‘A €1°0 = 19sU0 OD 3y} uo LSO JO YIMoi3 pauyuod 3y} UO umoJ3 $199YSoUBU CSO|\|  |BLIBYIOA|0S Aq Pamo||oj ‘UoIedIUOS az-az
193ys auayde.d
ojuo paydels sadpa pasodxa jo uoinjos ui papuad
|_9pe29p AW | = adojs |94l ISO|N pUE S193YS OD Y} Usamiaq 9DUBPUNGE UB Y)IM S2IN1INIIS -sNs $323ys ODJ Uo saiedoueu
‘AW QO = 32suo 3uijdnoo o1uo33|3 pue [ediwayd 3uodis  tSopy pajeSaid3euou pue sake|-ma4 ZSOIN JO SISALIUAS [ELIBYIO0A|0S az—ao
|-9PE23p AW | = 3dojs |95eL AAie 211hje1ed By 109e alIS
‘AW O | = 19sU0 aAI0E pasodxa ayj pue ‘ZSo N Jo Ajuijjes ODI-tSoN
‘AW 00z = £l -skid ay) ‘auaydesd jo aai8ap uonepixo JO 24N1ONJIS PaUYUOD JakeT] uoljesodens JUIA|OS BIA UOIIER[BDIAIU| az-az
tsop pue auaydesd ayy
U29M1aq 5129)42 21319UAks anbiun ayy — Xljew ay) se weoy auaydeid
‘ -9peI9p AW 7 = adojs |95EL ©3JE 3DBYINS 3|qISSIIDE auayde.s ayy uo snosodosaw 3uiuieuod uonn|os
‘AW Q0| = 19sU0 A||B21WwaYyD04103|3 Ul 9SBaDUI BY | —  UMOIS a4am (wiu Z=) sapipedouru 4G Ul duIzedpAy yum 'SONE(YHN)
‘AW 00z = %Ll ‘salis 93pa d11h|e1ed Jo duUBpUNQY —  CSO|A duyel}|n pue pasiadsip-||aMm JO UOI3OEBA [BWIBYI0IPAH az-ao
1S 8L =""%40L
‘|_9pe23p AW | = 2dojs [34eL auaydeud pajeuadoipAy uo
‘Aw pz| =0t SUOI1E|NPOLU DILU0J}I3[D PUE [BINIINIIS umoid s19aysourU SO uIyleA|N |EWIBYI0A|0S az-az pajeuadolphy-tsop
uoippun|
9dUBWIOMA sajuadoud anbiun S9N3ed) [BINIINIS Spoy1aW SISaYIUAS Jo adAL $2JN1ONIIS0IRRH

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

‘suoljdeal snoliea 3uizA|ejed 1o} $2iN3doNJS0IlaY paseq-gg INoqe syodal juadal jo Alewwng | a|qeL

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1804828 (7 of 17)

Adv. Mater. 2018, 1804828



g
2

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

=S 970 ="00% 40 s199ysoueu
‘_2pedap AW ¢ = adojs 358l ssad0.d xopas QuaX N “Df1L uo sareidouru HQ
‘AW 867 =0t 91y} 91B43[92DE 0] PAYIIUIPI SI AUIX|A O} —IN24 Jo y4omiau snosod pardau QUAXIN—DEIL
[siil ‘A LY'L =195U0 ¥30 HQ@1 wouy 4asuey 931eyd Juauiwold -U0DJ3IUI JO A|qUISSSEOID1aY DIUO| Buikip-azaaly ‘uonednjius) az—az /HA1-IN?4
=S 6¥20°0 ="t 401 10949 d13s1319uAs
‘|_9pe23p AW 9z = 3do|s [a4eL 3y} Aq pasned adue)sisal JaSue.} U0} s19ays auaydesd ad.e| jo saue|d
AW y67 =0l -29|2 paseatdap Apueoyiugdis pue seale |eseq ayj uo paydene Ajwiojiun suaydei3—19aysoueu
[pLLl ‘A 8%°L = 19suo ¥30 9DB4INS dAI}DE pasealdul Ajeasd ay | S199YSOUBU €SdIN |[BWS dY | uoIedIU0S az-az £SdIN
1odsuesy pue uondiospe
uol 4oy sjpuueyd ajqeaw.ad pue eale
S L= y0 1 9deyIns 9|qissadde adie| e ul Sunnsas s|eyskidoueu
‘| _9pe23p AW €z | = ado|s [ajeL pue ‘4sA|e1ed pue —HQ uaamiaq Ayuyye Q0D |[BWS pue apix0ipAy a|gnop
‘AW 00€ = Ol ay1 Buinoudwir ‘sayls anioe Aysusp-ydiy patake| INOD payul|-SS04D Alquiasse pajdalip
[erd] ‘A 8% = 19sU0 ¥30 © Ul 3|NsaJ $D11s1iajeIRYD anbiun asay | A|wopues yim s1paysoueu qg -90BJJ2IUI PUE UOIIDNPaJ NS Ul ao—az 00D-HAT-IN©D
J3jSUeJ] U0JD3|3 pue
=S 856°0 ="M0LE40 L podsues) ssew 3ui1sooq ‘salis aAIde Aease 199ysoueu
‘_2pedap AW 69 =2adojs 358l aiow noqe s3unq Aele 19aysoueu ay} uagdolyu—uoqJed paziplghy-,ds skeie
[zL1] ‘AW Gpz =Sl ¥3o uo paioydue Ajwiojiun sqN YOfod Yyl uo paioydue Ajwojiun sqN YOfod AAD ‘uonisodapoids|g az—ao  19dysoueu N-DB'Of0D
|-9p®23p AW £9 = 3dO|s [94e]
‘Aw €z =0l
‘AW 66 =19s5U0
MIH |lem d1iyde.d paiake)
‘-9peI9p AW §9 = ado|s |3jEL says 07-0L B Aq paianod aie sgN 0 —
‘A 68°0 = [elluajod anem-jjey aAI30e £||e211A|e1ed JuaIayip Sululejuod sdN 0D (924n0s
‘A 96°0 = 195U0 21N32N41501219Y 31 JO S123Ya d134auAs yim pajejnsdesus ainponijsosaldy o) pue YNED-3) siosindaud ays jo auaydes—IND
[Lid BN Te) ¥IH pPUE YYO 01 anp sisA|e1ed 1ua||9x3 ajij-ouaydesd/IND & Buiyaie poe Aq pamoj|oy sisk|oikd al-az padopod-N‘oD
s19aysoueu Ystujuz oy $199YSOUBU YSTUUZ YlIM PaJIaA0d die
YND-8 wouy sajoy pue suoi}dajd padnp  1eaysoueu YNED-S Jo sadepns paiake |ewIay104pAY
ot Y jowl | 'y| = 2384 uonn|ons I ¥3H "010yd  -ulojoyd Jo J9JSUBI] [BIDBJIDIUI JUIIDYT  UIBIBYM 2INJONIIS BYI|-,193YS UO-193YS, ‘UOIIeI|0jxa ‘UoljezlIawA|od [ewuay | az-az YNEY-8-rStujuz
uoiedai33e Jnoyiim 193ysoueu
uoljesedas a3ieyd panosdui 0ODJI—ISON uo pasiadsip
[601] Tw =Y [ow |Gz = 9384 LUOIIN|OAD CH ¥3IH Y1IM S91IS DAI1DE JUBPUNGE JO UOIIBAID) Ajwiaoyiun sapiuedoueu Ystujuz — JewaylolphH az—ao OnJI-tsoN—-rstujuz
|_9PB29p AW |61 = ado|s |a5eL SUOI}EDO|SIp ajelIsqns
Aw (8L =0t pue s123jap sapiaoid Zago|n pue Qo a1 Uo umoJ3 s193YSoueU ||9Ys auaydsowie as Japun
[soLl ‘AW €9 =195U0 ¥IH u2aM1aq Ydrewsiw auljieskid ySiy —2102 SO /ZOQON jI|-plozadel]  uoljeuId|eD AQ PamO||0) poylaw AD [[2Ys—a40d Qg %950 N—COO0N
s199ys ¢so| Suisodxa a8pa pue
pajuaiio-ydudn ur uiynsal sadepiul
(z00)¢soIN/ (z-02) OO jo uoissaidoid s|e3skid CQO|A ay3 Jo 1sow S?H Aq uonezunyns
[zo1] - - piemul Aq apy|ns ued adeuns Lo JO 92BJINS 93 INOJUOD S199Ys CSO|\  AQ Pamo||oj poylawl [ewIay1olpAH az—ao ZSON-COON
|-2Pe29p AW €/ = 2do|s [94e] auayde.3
‘Aw 9¢z =0t 9dBpIIUI 3Y} PawIo) YIS Ul uo umoud Wiy
[p/] ‘AW /8 =195U0 NEI SSOJDE D13aUly J9jsued) adieyd padueyuy  |[euoSexay DZoy dued JaEWIIUSD QaAD paisisse-1sk|ered ac-az auaydes8-5%
uoipun|
1oy 9dUBLLIOMA] suoljediddy saipadoud anbiun S94N1Ed) [BINIINIIS Spoy1aW SI1SayIuAs Jo adA| S24N10NI3S0410H

‘panunuo) °L d|qeL

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1804828 (8 of 17)

Adv. Mater. 2018, 1804828



N 3
Qa3
EA £ uoljesedas adieyd pasueyus 193ysoueu
m .Wa % L =" fouapye wnjuenb jualedde 01 $91NqLIUO0D sjuauodLlod 3yl usamiaq  auasoydsoyd jo adeyns ay3 uo pay
NE W [Lzl] -8 1Y jowrl | £ = 14 UONIN|OAD TH ¥3H o10yd Buijdnod o1uou1d9a arewnu| -sodap aJe syeaysoueu YNED-Sayl  Sumxiw |edisAyd ein A|quiasse-jjas ac-az YNE)-8-aualoydsoyd
w—m 3 s3|oy pue sU04323|3 padnpulojoyd uopun( arewul
D Jo uonesdiw pue uonesedss ayj agels UB W0} 03 ND JO 92BJNS 3y} U0 poyaw uoneudaidwi
AM lozll -8 |y jowr ¢/ L =91es uonnond I yIH ‘ol0yd -|adde skemyred Jaysuest-aBieyd Juaidyy3 P3JOYDUE 249M $199SOUBU ISA\  [BDILLDYD ‘UOIIEI|OIXS ‘|eWIdYI0IPAH az—az YNED-8-2SmM-SpPD
sadeja)Ul
uo1oeal 01 siake| Uiyl ZSoN uolnezunyns
y3nouys 1ays 3uljpuunI-uoI3| By} 0} uonpun( uiyl e wioj pue 39ays  Aq pamojjo} ‘*SONZ("HN) jo uonnjos
Suimo aouelsip Jodsuel) JaLied Joys aplIU uoqued snoJodosaw o adey snoanbe ue yIm apLIu UOGIed
[g2] =Y Jowl 9°0z = 2384 UonN|oAd I ¥3H o10yd painsua uonoun( ulyl ajewiul ay | -ins ayj uo pajisodap ZSO Jo sqe|S snosodosaw jo uoneudaidw| az—az tSoN-YNED-8
uoijesedas

Janaed a8ieyd pasueyua o} Suipes|
‘ODJ 01 19ysuel] 0 pudl SE0pH&ouZ
4O gD ul suoJda|d paonpuiojoyd ayy —

%Y €7 = W% Aouaioy)s wnjuenb juasedde Janodsuesy 199Ys QD4 JO 9dejNS 3y uo pasiad
leLL] -8 -y jowr yzg| = 3384 UOAN|OAS Y ¥3H '010yd  PUEB J0IDF|OD UOJIIB[D SB SAAIIS QDI — -sip §*"lp>*uz jo sapdiedoueN |ewayropAy—uoneydinaidor az—ao (8°0=x) OD4-s*pduz
193Ys apIxo
YNED-8 ul ase sajoy auayde.d jo adejns ay) uo uon
pue ZSO|A Ul 2Je SU0JI3[d Jo uoidajjod  -e3aud3e 1y3ijs yum pasiadsip aie uolrezuswAjod uonesuapuod
[zs] -8 |-y Joww o' =a3ea UONN[OAI CH  yIH "Oloyd  ay3 1eyl yons paudije ase spueq A31au3 ZSO|N pue YNED Jo sjop wnjuend ‘UOI1BDIUOS ‘POYIDW SIBLUWINH az—ao—ao 0D/*ND-8/tson
(ny/2s/m 410)
juawiudije pueq ||-adAL ny /?so|N Jakejouow uo payisodap
£q paisisse soI1auD| J9jsueI] U0JIDI|D ISB) Awioyiun ate (¢SOl 40) TS Jo SO /TSM
[ys]  ,wd _yjown e8| =23esuonnjond ¢4  ¥IH "010yd  pue uoltesedss 9|OY-U0IIDI|D IAIPAYT s109ys Jen3uels] pauyap-||am poylaw gAD dais-omy az—az SM/iSoN
uolpeas Sunds sarem adueyud

pue sianed 981eyd pasnpuiojoyd Jo uoln  NED-8 Jo adeNS BY) UO |0}

[8Ll) -8 Y joww zy | =23ei uonnjond ty  yJH o10yd -eledas ayj sajowold uonounfosalay sy  -lun pasiadsip sjop winjuenb Zsoy [ewiiay10pAH az-ao YNED-8-Csop
¥3H pasealdul 4oy ESON Yo 15A|e1ed
-U0J123|3 JO UOIEWIO) 3] sajowold pue  aAIDE Se LSOl Jakejouow qZ pue
|_9pe29p AW |9 = adojs [94e] UOIBUIqUUOD3I 9]0Y—U041D3|d 3y} sassaid 13quosqe 1y31| 3|qISIA Se apIX0
AW Ly L =0 -dns uoipunfoialay ays jo adieyd adeds suayde.d padnpai snosodoueu
[z11] ‘AW g4 = 195U0 ¥3H "o10yd Aq pa1eald pay d13P3|9 Ul-}Ing Ay | ag jo pasodwod suondunfolaloH poylaw s JawweH pue gAD as—aze OnDJI-tso

s199ys auaydesd
uo pasiadsip sjeaysoueu LSO —

€ uonpnpoud uadoipAy ajeyjioe) pue 199ys
o
M %6 = “US9¢fouaidye winjuenb juaiedde 2011 40 gD dy3 Wy suou3dae 3dadde pugAy auaydei3—-Isopy paiake)
Dm m [L8] Y Jow €69 | = a1e4 uoiN|oAd ZH ¥3IH "o10yd  s1days auaydesd uo syaysoueu LSO uo umoid sapiedoueu o1 — JewaylolphH dz-az-ao to11-auaydesd-tsop
i=
EE 5] 91eJ J3ySuel]
CN .m %€°09 = 02 ouaidy)e wnjuenb juasedde pue uoneJtedas a81eyd pasealoul pue SJIMOUBU SpD UO
3]
NE .IM [otl] -8 Ly |oww ¢/ =511 uonNONd E  yIH 010yd  SUS 9Zpa A BY3 Jo aunsodxa YSIH  A|[edI1I9A PajUSLIo S1P9YSOUBU LSO [BWISLI0IPAY PalsISSE-9500N|D az-at ZSON—-SPD
AC m uoipun|
Wm 3 FEN] 9DUBLLIONAY suoijeol|ddy sapadoud anbiun Sa4Njedy [BINPNILS SpoyIaW SISaYIUAS Jo adA|. S24N1ONIIS0IIH
N
O w
72

‘panuiuod | |qey

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1804828 (9 of 17)

Adv. Mater. 2018, 1804828



[l
g

<=

ADVANCED
SCIENCE NEWS

ADV,
M

www.advmat.de

www.advancedsciencenews.com

=S 89="50401 "pa1t0d uonanpoid 03 404 AuAn

uolsiadsip
wole-3|3uls 4oj suoled [eaw
aAiisod jo Jakejouow e 3uiqiospe
Ajwaojiun ui padjay adepns

auayde.s

[s6l %66 =\ 0S5431A11D3]95 0D |e1e204109|3  -D3|3s Y31y aAey says dlwole-3|3uls IN paieyd Ajaanedau ‘eale adie| ay | uonpnpal pue uoljeudaiduw| az—ao ur woe IN 9|3uls
20D 22npal 0} 3)IS AAIPE
-4008 ¥1 =790401 ‘pai?0D  SE 1R UONEBINSYUOD D1U0IIF| (p Bulney s19ays auaydesd sy} uo swole [ewJaylolpAy ‘uoned suaydeu3 padop
loz] %16 = kouaiduyys dlepetey |e1820.199|3 J12ju9d d1Wole IN (]) UsjeA-MO| BY L 9|3uis se pasiadsip aie sadads 1N -1uos ‘ainjesadwiay y3iy 1e siskjoihd az—ao -N-wozle IN 3|3uis
S3]IS 9AIDE Y} pue Jaglosqe JySi|
LUlw /2 € =401 ‘pal a1 sadpliq suomiau auayde.d ayy ‘says 199ys auaydesd sy uo pasiad auaydeid pazipixo
[81] %61 = KIAI33S 0D 20D 010yd SAI1DE SE OB SWOJE 0D Paje|os] ay | -sIp A|Wwopuel 3Je SWole 0) paje|os| Buikip 9za3Jy ‘uonediuos az—ao  Ajented-oy woie-s3j3uls
%€£96°0 sia1ued 984eyd pajeedas Jo awiayl|
= E:oﬁu:m_u_&m wnjuenb juaiedde ‘pal 93 9SBaIDUI 24N}ES} SLUBYDIS-Z 3y} pue S}23YSOouBU )|I|-Ulydin yum uoly
[os] Y (B lowr zzz=91r1UuonNnoAd 0D fOD-010yd  uondiospe {0 sajowoud £Qlaq ay| -2un(oJa1ay aWaYdS-Z [BDIYDIeIDIH uoieudaidwi ‘[ewsayrolphH as-az £0%4-"NED-3
apuIu uoqied
padieyd Ajaaiisod pue 0D padieyd
Ajanjedau uaamiaq uoideIRUl
‘pai sired ajoy U04323|3 Jo Uon D11B1S041D3]9 9DBJINS BIA PALLIO) poylaw SsiawiweH
[g8] -8 Jownl ¢g°¢| = uonnjons *H> Z0D-010yd -eledas sy} sajowoid uoidUN(OIRIBY BY]  SBM 9iNIDNJIS 1| 199YS U0 193YS  ‘UOIIel|ojxd ‘UoneziidwAjod |eway | az—az ODI—"ND-8
uolpNpal (o) painquisip
10y |erzuajod ay} aseasdul pue ajes uoly A|waojiun aue s}paysoueu LSO
-eUIqUIODaJ 981BYD Y] Jamo| A|aAI1123)40 pue sapdiedoueu 201 yd1ym o}
=Y -8 jown £¢°76 = 2384 ‘pai pnod ISo|N paiake|-maj oy ojul susyd uo sainpnuis g snosodoidew poyow
[ez1] uonnjoAs 0D Z0D-010yd  -B43 BIA ZQI| WO MO SUOIIID|D dY | oluUl Pa|qLUASSE $393YS ODJ AT |ewiaylolpAy ‘poylau siaLiweH az-az tsoN—auaydes3-o1
uonpuny
40m s3I jo uoledyipow pue ‘deSpueq
s,apixo auaydeid ayj jo uimorieN — 193Ys apIxo
-4 8 jownl 4879 = 238l ‘pai UOIjBUIqLIODDI auayde.d paiake| maj Jo adepns
[s6] UOI1BLUIOJ [N} JB|OS Z0D-010yd Jred ajoy—uoi1233 jo uoissaiddng —  ayj uo pasiadsip sapiedoueu n) Buneay anemoniy az-ao apixo auaydesS—n)
UOIBAIIDE pUE UOI}
-diospe 20D ays sejell|de) ODJ AY L —
%8°0 = 0% fouaidye winjuenb juaiedde ‘pal Yapiodsuesy pue Joydadde SEEPH
[£8] -8 yown [g'z=a1rsuONNOAS HD  I0DD-010yd  UOJID3|3 SE 0B POJOUBL SPD QL AYL — QDI Uo pasiadsip sposoueu Sp) |ewIay1olpAyY paIsISse-aABMOIDIN al-az SPD-0D4
J19jSUBI] UOJIDI|D ISBY
Bunowoud adejia1ul 21BWIUI UB WIO)
sy9aysoueu YN£D-3 padieyd Ajannesau
‘pal pue s1@ays HQ1-|V!N pa8ieyd Ajaanisod YNED-3 |ewayiopAy
[zz1] -8 -y jowrl z°g = 311 UOIN|OAS OD Z0D-0104d U29M1aq A|qUIasSE-J|S D11B}S04109|F uo umoJ3 s19ays HQ7 4z UIYIed}jn  ‘UOIIBI|OJXS ‘UOITBSUSPUOD [BLUIBY | az-az HAT-IVIN-'NED-3
pI3Yy 21123|3 parednfuod-u
aue|d-ur Aq pajsisse su043|3 padnp ‘sapiedoueu jo yimou3d
%G = "0t fouaidyye wnjuenb juasedde Sunyds -utojoyd jo podsued) [erreds 1se) pue a1 INOYUM pajdauLod A|snoau
[£9] -8 Y jownl |£¢ =9jes uonNoAS T uajem Oloyd  uoljesedas Jatiued adieyd panoidu -a8owioy YNE-(34) a3y11-108ysS uonednfuod jewsaylolpAH az-ag |eiere] Uiy N £y-8
uoipun|
1oy 9dUBLLIOMA] suoljediddy saipadoud anbiun S94N1Ed) [BINIINIIS Spoy1aW SI1SayIuAs Jo adA| S24N10NI3S0410H

‘panunuo) °L d|qeL

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1804828 (10 of 17)

Adv. Mater. 2018, 1804828



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(@)

Graphene domains Mo,C domains =

www.advmat.de

—MoC
—Mo,CIG

04 03 02 _-01
Potential (V vs. RHE)

HH,

H,0/0,

C

6 times 10 times

CringC;Ng

C

51 <
ringC

H, evolution (umol g"

@
c 8

<420 nm 2420 nm

Figure 4. a) Schematics illustrating the growth of Mo,C crystals on graphene exemplifying 2D-2D heterostructure. b) Polarization curves for HER
catalytic activities of Mo,C and Mo,C/graphene. a,b) Reproduced with permission.’¥l Copyright 2017, Wiley-VCH. c) Schematics of charge carrier
separation across the MoS,/g-C3N,/GO interface. d) Photocatalytic HER performance depicting remarkable enhancement for the heterojunction.
c,d) Reproduced with permission.B2 Copyright 2017, American Chemical Society. e) Schematic depicting the lateral G;n,/C5N, heterostructure and
f) the corresponding HRTEM image. g) Photocatalytic H, evolution under UV (<420 nm) and visible light (2420 nm) per hour. e-g) Reproduced with
permission.®”] Copyright 2017, American Chemical Society. h) Atomic-resolution STEM-HAADF image from the edge of WS,/MoS, stack. i) Atomic-
resolution STEM-HAADF image from the edge of MoS,/WS, stack. j) Photocatalytic H, evolution curves of heterostructures in (h) and (i) under solar
light irradiation. h—j) Reproduced with permission.*l Copyright 2016, Wiley-VCH.

centimeter, and high overpotential of these 2D heterostruc-
tured HER catalysts is a substantial challenge. Thus, exploring
the efficient electrocatalysts with 2D heterostructures is critical
in the future studies.

As the anodic reaction of water splitting, oxygen evolution
reaction (OER) is sluggish due to involving four electrons.”!
Some OER electrocatalysts based on 2D heterostructures are
also designed for decreasing the overpotential to generate
oxygen gas through splitting water. Yu and co-workers’®! fab-
ricated the in-plane black phosphorus/Co,P heterostructure for
electrocatalytic water splitting in alkaline media (1.0 v KOH).
The high oxygen evolution activity is also realized using BP/
Co,P heterostructure. Besides, the vertical 2D heterostructures,
such as Ni3FeN/NRGO,"”] were designed for improving OER
performance. The strong coupling between NizFeN nanoplates
and graphene support tuned the electronic structure, critical
for reaction steps, of the catalyst. To be noted, the OER activity
using some of 2D materials, including chalcogenides and phos-
phides, is controversial due to the easy oxidation of these mate-
rials under the oxygen evolution condition. The confirmation
and detection of their active sites via some in situ techniques
for OER are essential in the following research.

In the case of photocatalysis, the issue of band alignment
comes into play apart from the advantages mentioned for elec-
trocatalysis. The special and commonly known structure called
“Type-1I junction” (Section 2.1) is widely acknowledged for elon-
gating the lifetime of charge carriers via suppressing electron—
hole recombination for different kinds of heterostructure.’8l.
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It obvious that plethora of reports’?) have been made in attempt
to boost the photocatalytic performance of TiO, since its first
observation by Fujishima and Honda.® The synergetic effect
between MoS, and graphene in cocatalyzing HER on the sur-
face of TiO, can be considered as one of the efforts.B! This
heterostructure has two prominent advantages: i) graphene has
high electron mobility, and hence the electrons on the conduc-
tion band (CB) of TiO, can be injected to the graphene sheet
and experience accelerated kinetics; ii) the MoS, nanosheets
that are dispersed on the graphene sheet can accept elec-
trons and act as active sites for the photocatalysis. In different
instances, graphene is frequently used as charge transport plat-
form owing to its high carrier mobility. The ternary heterostruc-
ture built from MoS, quantum dots (QDs), g-C3N, QDs, and
graphene sheet results in junction system possessing improved
interfacial contact between the QDs and the nanosheets along
with the facilitated collection of electrons in MoS, and holes
in g-C3N,B% This configuration ensures charge separation
and effectively suppress charge recombination (Figure 4c).
The MoS, QDs are closely spaced with those of g-C3N, which
is intimately contacted with graphene, depicting the junctions
of MoS,; to g-C3N, to graphene. Thus, such composite absorbs
light in a wide range of spectrum and experiences high charge
separation efficiency than the individual ones. This guarantees
its improved performance in photocatalytic HER (Figure 4d).
The nitrogen sites of g-C3N, have lone pair of electrons which
would confer an ideal platform for an intimate connection of
components in heterostructures.!®*l This can be evidenced from
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the in-plane heterostructure built from g-C;N, and C ring.[”]

Such in-pane heterostructure illustrated in Figure 4e, having
a pronounced m-conjugation, ensures enhanced photocar-
rier separation via swiftly trapping photoexcited electrons and
driving them to suitable locations for catalysis. It is obvious
from the HRTEM image in Figure 4f that the C ring (repre-
sented by orange colored elliptical shape) is randomly distrib-
uted on the basal plane of g-C3N,. There is remarkable amount
of sp?-hybridized electronic structure that avails more electrons
around the Fermi level for suppressing charge carrier recom-
bination and enhancing visible light absorption. As compared
to the pristine g-C3N,, there is a 10 time increment in the
photocatalytic hydrogen evolution rate for g-C3N;~Cyy,, hetero-
structure under visible light irradiation (Figure 4g).

The very recent report by Qiao and co-workers®* reveals a
metal-free heterojunction made via mechanical mixing of few
layered phosphorene and g-C3;N, sheet (2D-2D). It behaves
like a straddled type-I configuration wherein the photoinduced
electrons in CB of g-C3N, flow to the CB of phosphorene to
do their job of catalysis. The strong electronic coupling, veri-
fied by the migration of electron from g-C3N, to phosphorene,
made an intact contact of g-C3N, on the surface of few layered
phosphorene. Phosphorene by itself does not have remark-
able photocatalytic activity. The heterostructure endows a high
interfacial charge transfer between these 2D components and a
modification of the electronic structure. The 2D-2D heterojunc-
tion between phosphorene and g-C;N,, with optimized com-
ponent ratio, could boost the photocatalytic HER performance
considerably. Moreover, typical TMD materials, such as MoS,
and WS, (as MoS,/WS, or WS,/MoS, depending on tempera-
ture of CVD reaction), have been brought to one another to give
vertically oriented 2D-2D heterojunction on Au foil.* Distinct
crystalline features can be substantiated in Figure 4h—i for WS,/
MoS, and MoS,/WS,, respectively. The white dashed line indi-
cates the edge of the upper domain and the two fitted triangular
lattices (in red and blue). Particularly, the vertically oriented
MoS,/WS, behave like Type-II heterostructure ensuring elon-
gated carrier lifetime and suppressed recombination rate. This
can be validated from the enhanced photocatalytic hydrogen
evolution rate observed for this sample in Figure 4j.

3.2. CO, Reduction

The reduction of CO, involves the breaking of the C=0 bond
and the formation of products such as carbon monoxide (CO),
formate (CHOO), formaldehyde (HCHO), methanol (CH;0H),
methane (CH,), ethanol (C,H,OH), etc. Unlike HER, the reduc-
tion of CO, is challenging as it requires multistep reactions
with more electron cost.®! Moreover, the competitive reaction
of HER can easily take off as a side reaction. This necessitates
the design of catalysts with high selectivity that promote CO,
reduction and suppress HER. Heterostructure of 2D mate-
rials can be a promising platform. Particularly, graphene and
g-C3N, are acknowledged for being excellent support materials
in photocatalyzing CO, reduction; they maximize specific sur-
face area and contribute to proliferation of active sites. More-
over, the interaction between graphene and CO, takes a special
advantage. There is also a delocalized n—m conjugation system
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in CO, molecule. This n—n conjugation interaction between
CO, and graphene could eases CO, adsorption and activa-
tion.B87) Ong et al.®® have experimentally demonstrated this
interaction using a 2D-2D hybrid structure obtained via 7—m
stacking and electrostatic attraction between rGO and g-C3N,
following protonation for surface charge modification. The SEM
image in Figure 5a shows that “sheet on sheet” like structure,
with distinct feature as revealed in the inset. At the interface of
g-C3N, and rGO, the photoexcited electrons at the CB of g-C3N,
percolate to the rGO sheet which has superior electron conduc-
tivity and high charge storage capacity. The high rate of CH,
(product of CO, reduction) production, from optimum amount
of components in the heterostructure, is attributable to this fact.
As can be seen in Figure 5b, the performance of pure g-C3N, is
low due to the electron—hole recombination following its mod-
erate bandgap. This is a common problem for singe component
photocatalysts. Using two different semiconductors, a configu-
ration known as Z-scheme solves this problem via promoting
the separation of the electron-hole pairs and enhancing the
availability of electrons at CB in one of the semiconductors.[#:%%
Figure Sc illustrates the HRTEM image of heterojunction con-
structed from Fe,0; and g-C;N, based on this context.”® The
distinct interface of the two components can be clearly identi-
fied through the dark dotted line that are configured in the form
of the Z-scheme (Figure 5d). Interesting phenomena occurs at
the interface. Assisted by the internal static electric field, the
photoinduced electrons in CB of ¢-Fe,0; flow down and com-
bine with the holes in valence band (VB) of g-C3;N,. This avails
more electrons for photocatalysis which can be corroborated
from a 2.2 time higher rate of CO evolution for o-Fe,05—g-C3N,
heterostructure than that produced by g-C;N, alone (Figure 5e).

From various reports®! about the electronic structure
of graphene oxide, it can be envisioned that the bandgap of
GO is still too large for visible light response. Meanwhile,
Cu-based catalysts are known for effectively electrocatalytic
reduction of CO, to liquid products.®? Controllable disper-
sion of Cu nanoparticles on the surface of GO can sum up
the advantageous features of Cu and GO as can be exempli-
fied from the work of Chenand co-workers.”l Through a
one-pot microwave method that involves mixing of GO with
metal precursor, they found a =4-5 nm size of Cu NPs distrib-
uted on the GO surface (Figure 5f). The redox level of GO is
found to be tunable with extent of Cu decoration (Figure 5g)
in Cu-GO hybrid enabling highly selective generation of
hydrocarbons from CO,. At the interface of the heterostruc-
ture, electrons transfer from GO to Cu nanoparticles favors
charge separation and suppresses charge recombination.
Thus, a 60 time higher rate of CO, reduction was exhibited
in the heterostructure as compared to the pristine component
(Figure Sh). A step forward from metal nanoparticles, the cur-
rent paradigm about metal-2D combination deals with single
metal atom implantation on the 2D framework. The isolated
metal atoms act as efficient active sites for CO, reduction as
well as the 2D network that immobilizes the active site and
assists the charge transfer kinetics.2%%4%l Graphene deriva-
tive materials are ideal scaffolds for hosting single metal
atoms. Their negatively charged surface contributes in uni-
formly anchoring the positive single-atom cations with max-
imal density. As compared to their nanoparticle counterparts,
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Figure 5. a) TEM image of protonated graphitic carbon nitride—reduced graphene oxide (rGO—pCN) composite materials. b) Photocatalytic CH4 pro-
duction rate using various samples evidencing the optimized composite with the highest rate. a,b) Reproduced with permission.®¥ Copyright 2015,
Elsevier Ltd. c) HRTEM image of Fe,0;—g-C3N, composite with distinct interface. d) Schematic showing the Z-scheme type heterostructure between
Fe,03 and g-C3Ny. €) Photocatalytic CO production rate as a CO, reduction product using evidencing the heterostructure with the highest rate.
c—e) Reproduced with permission.l®¥ Copyright 2018, Wiley-VCH. f) TEM (inset HRTEM) image of Cu—GO heterostructure. g) Band edge positions
for various Cu-GO rations relative to CO,/CH3;OH and CO,/CH;CHO formation potentials. h) Photocatalytic CO, reduction performance (fuel production
rate) different ratio of Cu-GO depicting that Cu/GO-2 is the optimum one. f-h) Reproduced with permission.®3] Copyright 2014, American Chemical

Society.

isolated atoms have high activity and selectivity as has
recently been exhibited from single Co atom[®® and single
Ni atom in graphenel?®®! for electrocatalytic CO, reduction.
Figure 6a shows HAADF-STEM image illustrating Co single
atom dispersed with random distribution (yellow circles) on
graphene. It has been observed that the metal-graphene con-
tact is not a mere of physical adsorption rather there exists a
chemical bond between isolated cobalt atom and the carbon
through residual oxygen moieties on the surface of graphene
(inset of Figure 6d). This special configuration renders the
expected performance enhancement in photocatalytic CO
evolution as compared to physically attached Co-graphene
hybrid or pure graphene (Figure 6d). Unlike the metal nano-
particles dispersion, isolated single atoms guarantees a well-
defined active site for studying the mechanism. For instance,
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Liu and co-workers??” have recently employed operando
X-ray absorption and photoelectron spectroscopy measure-
ments to identify monovalent nickel (Ni*) single-atom center
with d° electronic configuration as catalytic active sites. This
observation was made in a synthesized material of isolated-
single Ni atom anchored in N-doped graphene. The bright
spots in Figure 6b of HAADF-STEM image represent the
mentioned Ni-single atom without any cluster of nanoparti-
cles. There exists a spontaneous charge transfer from mono-
valent Ni atom to the carbon atom of CO,, which eases the
reduction process. As shown in Figure 6e, the excellent per-
formance for electrochemical production of CO gas can be
realized from the specific current density of 350 A g, ! at the
overpotential of 0.6 V. The work by Jiang et al.®! is another
indicative for active single Ni atom anchored in graphene
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Figure 6. a,b) HAADF-STEM images for a single Co atom (yellow circle) dispersed in a graphene matrix (a) and a single Ni atom dispersed in nitrogen-doped
graphene (b). c) Setup of anion membrane electrode assembly for suppressing HER. d) Electrocatalytic CO, reduction performance depicted in terms
of turnover number (TONs) of CO and H; production by Co (single atom)—graphene nanosheets (inset: schematics of showing the bonding of Co
with graphene framework). e) Linear sweep voltammetry curves obtained in CO,-saturated 0.5 m KHCOj3 solution for CO, reduction performance (N-G,
nitrogenated graphene; Ni-NG, metallic Ni-nanoparticle-decorated nitrogen-doped graphene; without sulfur precursor (A-Ni-NG), with sulfur precursor
(A-Ni-NSG)). f) Faradaic efficiency of H, and CO production from the setup in (c) evidencing high selectivity for CO production on the surface of
single-atom-graphene heterostructure. a,b) Reproduced with permission.'® Copyright 2018, Wiley-VCH. c,f) Reproduced with permission.* Copyright
2018, The Royal Society of Chemistry. d,e) Reproduced with permission.?% Copyright 2018, Macmillan Publishers Limited, part of Springer Nature.

network. They prevented direct contact between water and the
catalyst to suppress the competing hydrogen evolution reac-
tion by using anion membrane electrode assembly as shown
in Figure 6c. It is evident from Figure 6f that the selectivity
toward CO production goes to =97% while that of H, evolu-
tion is only 4%; and the accumulated CO production reaches
>630 mL within 8 h of the electrocatalytic reaction. Given the
fact that the 2D materials are ideal platforms to uniformly and
densely disperse isolated single metal atoms, several benefi-
cial properties can be envisioned from such interface in terms
of mechanistic study and performance enhancement efforts.
Nevertheless, the overpotentials for CO, reduction reaction
based on 2D heterostructured electrocatalysts remain substan-
tially larger than the thermodynamic ones. This is due to the
linear scaling of the binding energy of the intermediate prod-
ucts.””l Much more theoretical and experimental strategies
should be developed to further improve the thermodynamic
initiation and kinetics.

4. Conclusions and Perspectives

Heterostructures confer appealing etiquettes for catalysis as
“a combined-two is better than an isolated-two.” A plethora of
advantageous features come to appear when the heterostruc-
tures are built from 2D materials. For instance, the electronic
and structural variations endow a great opportunity in tuning
the carrier distribution and mobility for enhanced activity.
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Moreover, some sorts of defects and dislocations derived from
heterostructure formation are also appreciable for catalysis. The
interface between two components will provide an opportu-
nity to construct a microreactor. The recent progress on design
and development of 2D based heterostructures will expectedly
boost more research interests and efforts. Intriguing 2D mate-
rials such as graphene, g-C3N,, and MoS, have been frequently
employed to design a novel heterostructure with various
junction type and interesting results have been communicated.
Another choice, i.e., transition metal phosphorus trichalcoge-
nides with magnetic property, can be considered in the future.
This will further widen the horizon of the arena with promising
features for versatile catalytic applications.
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