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a hew perspective for rational construction of
multilayer assemblies
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Over the past few decades, layer-by-layer (LbL) assembly of multilayer thin films has garnered
considerable interest on account of its ability to modulate nanometer control over film thickness and its
extensive choice of usable materials for coating planar and particulate substrates, thus allowing for the
fabrication of responsive and functional thin films for their potential applications in a myriad of fields.
Herein, we provide elaborate information on the current developments of LbL assembly techniques
including different properties, molecular interactions, and assembly methods associated with this
promising bottom-up strategy. In particular, we highlight the principle for rational design and fabrication
of a large variety of multilayer thin film systems including multi-dimensional capsules or spatially
hierarchical nanostructures based on the LbL assembly technique. Moreover, we discuss how to
judiciously choose the building block pairs when exerting the LbL assembly buildup which enables the
engineering of multilayer thin films with tailor-made physicochemical properties. Furthermore, versatile
applications of the diverse LbL-assembled nanomaterials are itemized and elucidated in light of specific
Received 21st December 2015 technological fields. Finally, we provide a brief perspective and potential future challenges of the LbL
assembly technology. It is anticipated that our current review could provide a wealth of guided
information on the LbL assembly technique and furnish firm grounds for rational design of LbL
assembled multilayer assemblies toward tangible applications.
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or 3D assemblies, have been extensively explored in diverse

1. Introduction
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Over the past few decades, increasing interest has been devoted
to the fabrication of nanostructured functional materials with
tunable composition, structure, and dimension via assembly
techniques. The precise control over the characteristics of
nanostructured materials such as size, shape, morphology and
composition plays a pivotal role in creating various categories of
nanosized materials and is beneficial for tuning their optical,
electrical, mechanical and other physicochemical properties. In
this regard, bottom-up methods, as an effective strategy for
spontaneous assembly of small molecules into complex and
functional multi-dimensional nanostructures including 1D, 2D,
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fields. Although significant advancements have recently been
made in the preparation of individual nanoscale materials,
rational control over assembly at different length scales by
the way of systems materials engineering still poses a great
challenge. It is thus highly desirable to develop efficient, easily
operable bottom-up approaches to achieve the assembly of
single nanoscale building blocks into desirable functional
architectures in a controlled elegant fashion.

Conventionally, bottom-up methods mainly center on the
Langmuir-Blodgett (LB)'™ and self-assembled monolayers
(SAMs),* which render the fabrication of intimately packed
and well-defined ordered monolayers; nevertheless, intrinsic
drawbacks associated with these methods hinder their wide-
spread practical applications. In the LB method, the require-
ments for specific molecules to prepare the films and long
processing time limit its extensive applications."”'" In addition,
the mechanical stability and robustness of the LB monolayer
films are still far from satisfactory under certain conditions.
With regard to the SAM method, the limited deposition of
targeted molecules within the films owing to the unfavorable
stability of the films and, moreover, the need for pre-deposition
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of specific compounds (e.g., thiols) on the substrate during the
preparation of monolayers concurrently restrict its practical
applications. Other surface assembling strategies including
polymer grafting,'>™* pulsed laser ablation,' and chemical
vapor deposition'®'” have also been developed to con-
struct various thin films; nonetheless, all of these have met
with limited success in terms of their relatively tedious
assembly procedure as well as confined selection of assembled
materials. In contrast, the layer-by-layer (LbL) self-assembly
adsorption technique represents a prominent bottom-up
strategy to assemble a large number of multilayer thin films
or hierarchical nanostructures, and has rapidly emerged as a
versatile methodological platform for the assembly of nano-
materials with desired nanoarchitectures (Scheme 1).'® By
tuning the kind of materials and deposition sequences, various
nanostructured components with distinct structure and com-
position can be closely and harmoniously combined within the
LbL assembled multilayer films, thereby resulting in hybrid
nanostructures with promising collective and improved func-
tional properties for target applications.
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Scheme 1 The advantages and characteristics of the LbL assembly
technique.
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In light of the simplicity and versatility of the LbL assembly
technique, a series of excellent reviews have appeared to dis-
cuss the extensive applications of the LbL assembly technique
such as fabrication of thick polymeric films,'® assembly of
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biomedical microcapsules,”® design of proton exchange
membrane fuel cells and supercapacitors,*" and applications
in tissue engineering.>” Despite the intense endeavors, there is
still a lack of a general and comprehensive overview of the
design of various novel and robust multi-dimensional nano-
structures via the assembly of an unprecedented choice of
materials based on the LbL assembly concept. Additionally, it
should be particularly noted that thus far there have been no
elaborated reviews on the rational design of multilayer thin
films or hybrid nanostructures with 2D inorganic nanosheets
and graphene, which are two classes of very promising materi-
als that have emerged in recent years as building blocks for LbL
assembly of multi-functional materials. Furthermore, recent
impressive advancements in conjunction with potential appli-
cations of the LbL assembly technique in diverse fields have
seldomly been systematically reviewed. These factors strongly
motivated us to write this up-to-date review on the history and
development of using the LbL assembly technique as a versatile
strategy for advanced nanostructure design toward multi-
functional applications in a myriad of technological fields,
such as transparent conducting films, field effect transistors,
lithium ion batteries, supercapacitors, solar cells, sensors,
proton exchange membrane fuel cells and catalysis.

On the other hand, the high importance and massive inter-
est in the field of LbL assembly can be clearly exemplified by a
simple search of the ISI Web of Knowledge database using the
terms ‘“‘layer-by-layer” or ‘layer-by-layer’” and “assembly” as the
topic keywords. It can be clearly seen from Scheme 2a that
the number of publications per year over the past several
decades demonstrates an exponential growth rate, and more
than 1000 publications on LbL per year can be observed from
2008, indicating that the research on LbL has well received
tremendous interest. When the topic keywords of “layer-by-
layer” and ‘“assembly” were combined with a view to highlight-
ing the LbL assembly methodology in fabricating composite
materials, it was found from Scheme 2b that the LbL assembly
technique gradually increases from 1997 and then keeps a
marvelous rate till now, suggesting the extreme significance
and broad attraction of this subject.

In this review, we intend to afford an elaborated overview
regarding the LbL assembly technique and highlight its merits
as an easily accessible, facile, flexible, and promising bottom-
up strategy to modify varied substrates and fabricate different
novel multifunctional systems. Meanwhile, particular emphasis
is devoted to the principle on how to design and prepare
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Scheme 2 Number of yearly publications with topic keywords of (a) “layer-
by-layer” since 1967 and (b) “layer-by-layer” and “assembly” since 1992.
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Scheme 3 The theme of this review for LbL assembly of nanoarchitec-
tures with diverse dimensionality including 0D, 1D, 2D, and 3D.

multilayer assemblies including various multi-dimensional
hybrid nanostructures based on LbL assembly (Scheme 3).
Furthermore, versatile applications of the LbL-assembled
hybrid nanomaterials are itemized and elucidated in the light
of specific technological field. Finally, we provide a brief
perspective and potential future challenges of the LbL assembly
technology. It is anticipated that our current review can provide
enriched information on the LbL assembly technique and spark
enlightened ideas for rational design of multilayer assemblies
toward practical applications.

2. Development history of the LbL
assembly technique and factors
influencing the LbL assembly process

2.1 Development history and mechanism of the LbL assembly
technique

It is generally conceived that the principle of LbL assembly
involves the alternate deposition of interacting species on a
solid or flexible substrate with an intervening rinsing step after
each deposition, as shown in Scheme 4. This idea of repetitive
adsorption of oppositely charged building blocks stems from the
seminal work carried out by Iler and Kirkland in 1964-1966,>*>"
which involves the assembly of inorganic films based on
negatively charged silica particles and positively charged alumina
fibrils. However, the lack of suitable analysis techniques at that
time restricted further investigation of the LbL process. It was not
until 1991 that Decher and Hong as pioneer researchers achieved
full characterization of the LbL assembled multilayer thin films;**
thereafter the idea of using polyelectrolytes (PEs) stacked in an
alternate fashion rapidly revived and paved the way for precise
control over the film architecture.”®

The use of the LbL strategy for the synthesis of biomolecule-
based assemblies promotes the rapid development of the LbL
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Scheme 4 Preparation of multilayer thin films using the LbL assembly
technique: (A) deposition of positive PE (i.e., polycation) and (B) deposition
of negative PE (i.e., polyanion). (1) Polyanion, (2 and 4) DI H,0O, (3) polyanion.

technique.?””*® In particular, the introduction of leading tech-
niques including optical absorption, X-ray, and neutron reflec-
tivity, which were initially introduced for LB films, made in situ
determination of the growth of LbL assembled multilayer thin
films easily accessible. Since then, these tools have been widely
employed in the LbL assembly procedure involving a huge
variety of systems including organic or inorganic materials
and biomolecule assemblies.>® The popularity of LbL films
was revived in 1997 by the article entitled “Fuzzy Nanoassemblies:
Toward Layered Polymeric Multicomposites” published by Decher
in Science, which presented a facile and green LbL approach to
electrostatically assemble the PE films.?>° In this case, electro-
static interaction serves as the predominant driving force to
achieve the assembly buildup via surface charge inversion after
alternating deposition of a PE in each step. In the following
many years, electrostatic interaction has been regarded as a very
popular driving force to fabricate LbL nanostructures since it can
be combined with a wide variety of topologies and substrates
(e.g. gold, quartz, silicon, or clay).**

Apart from the frequently used electrostatic interaction,
many other molecular interactions have also been developed
to create various novel multilayer nanoarchitectures through
the LbL assembly technique. For example, the pioneering
studies on using hydrogen-bonding interaction to prepare
LbL assemblies were firstly demonstrated by Stockton et al.
and Wang et al.>>** The reversible and pH-triggered dissolution
of the multilayer properties of hydrogen-bonding interaction
renders the LbL assemblies favorable for controlled release
from multilayer films and capsules.’*>*® The coordination
bonding®* and charge transfer interactions® were introduced
in 1997 and 1998, respectively. The hydrophobic interaction was
determined by Kotov and Cochin in 1999 as the main driving
force for LbL buildup.***” Besides, host-guest interaction has
also been widely employed for LbL assembly of multilayer thin
films in biomimetic systems.*® Consequently, various kinds of
noncovalent interactions that dominate the LbL process give rise
to a diverse variety of systems. For detailed information on the
different molecular interactions responsible for the LbL assembly,
readers are suggested to refer to Section 2.3.

2.2 Parameters controlling the LbL assembly process

The structures of LbL assembled multilayer thin films could
be greatly influenced by various parameters such as pH,
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temperature, ionic strength, electrolyte type, solvent, and prop-
erties of PEs including charge density, molecular weight,
concentration, and architecture. To gain deep insights into
the LbL assembly process, the specific influences of these
different factors on the growth of LbL multilayer thin films
are concisely summarized in the following section.

2.2.1 pH. The pH value of a solution exerts profound
influence on the composition, structure, and cross-link density
of LbL multilayer thin films or hierarchical nanostructures
owing predominantly to the difference in the ionization degree
of PEs under varied pH circumstances. It is worthwhile that
strong PEs with substantial charges are fully charged indepen-
dent of pH; however, weak PEs with carboxylic acid or amine
functional groups are highly sensitive to the pH of the external
solution, for which the number of nonionized carboxylic acid
groups either within the multilayer film or on the surface can
be controlled by pH.*>*° Therefore, the conformation of weak
PEs can drastically change with the change of charge density
afforded by pH transformation, while the conformation of
strong PEs will not be influenced. The unique responsive
property of PEs features opportunities to achieve direct control
over the thickness, roughness, and internal structure of multi-
layer thin films or nanostructures using the LbL assembly
technique with respect to solution pH. For example, it was
demonstrated that a tiny change in the solution pH for weak
PEs of polyacrylic acid (PAA) and poly(allylamine hydrochloride)
(PAH) could induce pronounced transformation in the growth
mechanism, thickness, and composition of the LbL-assembled
multilayer thin films.*'™** Moreover, as systematically explored
by Burke and Barrett, the pivotal role of pH in determining the
swelling behavior of multilayers containing weak PEs has been
undoubtedly established.**

2.2.2 Temperature. The influence of temperature on the
thickness, internal structure, and stability of LbL multilayer
assemblies has been specifically explored.**™” In general, as
assured by previous results, multilayer thin films assembled at
high temperature were thicker than analogous films fabricated
under ambient conditions due to the swelling of the films and
increased interpenetration between PE layers.*® Moreover, it is
worthwhile that the effect of temperature on the stability and
growth of LbL assembled multilayer thin films is universal for
both 2D and 3D assemblies.***°

2.2.3 Ionic strength. Ionic strength has been determined to
be another important parameter which remarkably affects the
stability, permeability, and growth of LbL multilayer systems.”* >
During the past two decades, the correlation of salt type and
concentration with the thickness of multilayer films was specifi-
cally probed by many researchers. It was found that substantial
differences were observed within the multilayer thin films
assembled in the solutions with low and high salt concentration
on account of the conformational transition of PE solution from
extended rod to globular coil at low and high salt concentration,
respectively, thus leading to varied internal structures of multi-
layers. For example, with regard to the most frequently investi-
gated PE system comprising the poly(diallyldimethylammonium
chloride) (PDDA) and poly(sodium 4-styrene sulfonate) (PSS) pair,

This journal is © The Royal Society of Chemistry 2016
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there exists an optimum salt concentration (ca. 0.3 M) below
which the thickness of assembled multilayer films increases with
increasing salt concentration and finally complete disassembly
of the multilayer occurs when salt concentration is higher than
ca. 0.6 M due to the competition of PE pairs caused by external
salt ions. Furthermore, it has been well-established that bilayer
mass, stiffness, and swelling properties of the multilayer films
were also dictated by ionic strength.>*>®

2.2.4 Solvent. The structure of PEs and growth of multi-
layer thin films or nanostructures are closely related to the
solvent environment. For example, Poptoshev and co-workers
studied the effect of solvent quality on the growth and structure
of PE multilayer thin films composed of PSS and PAH by
varying the ethanol amount in the aqueous PE solutions.””
Their results suggested that decreasing the solvent quality
through increasing the ethanol amount led to the increase of
film thickness and mass loading, which could be attributed to
the reduced solvating effect of aqueous solutions containing
electrolyte ions. Thus, it is highly desirable to select a suitable
solvent to prepare PE solutions for efficient LbL assembly
buildup.

2.2.5 Properties of PEs. The charge density of PEs has been
determined to be an important factor affecting the LbL assembly
of multilayer systems. The influence of charge density of strong
PEs on the growth of multilayer films was studied by Koetse’s
group using various cellulose derivatives.>® The results revealed
that film thickness increases with the decreasing charge density
of PEs. The same trend was also observed in weak PEs such as
PAA or PAH.>

More recently, the influence of molecular weight (MW) of
PEs on the structure of PE multilayer films with mobile polymer
chains was evaluated.®® The results indicated that an increase
in polycation MW gave rise to an increase of the internal
roughness of multilayer films and, meanwhile, the swelling
and dissociation properties of multilayer films in response to
pH could be precisely controlled by polyanion MW.®" Further
study revealed that tunable control over MW of PEs could avoid
the use of tedious post-treatment procedures to fabricate multi-
layer films, which would result in disassembly between internal
deposition layers.®>®* Besides, chain architectures of PEs
including chain conformation and chain interpenetration
can also affect the formation of PE multilayer thin films. As
unveiled by Liu et al.,**®® chain conformation plays a pivotal
role at low salt concentration in the growth of multilayer films
and chain interpenetration dictates the assembly of films when
the multilayers are composed of flexible or semi-flexible
PE chains.®®

2.3 Molecular interactions dominating LbL assembly buildup

2.3.1 Hydrogen bonding interaction. Hydrogen bonding
has been established to be one of the most investigated driving
forces other than electrostatic interaction, which allows for the
combination of various uncharged building blocks into multi-
layer films or nanostructures as long as they can serve as
hydrogen bonding donors and acceptors. The pioneering work
on hydrogen-bonded LbL multilayer films was demonstrated by

This journal is © The Royal Society of Chemistry 2016
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Stockton and Rubner’s studies, in which multilayer thin films
were fabricated by alternate deposition of polyaniline (PANI)
and various non-ionic hydrophilic polymers.**> Their results
indicate that PANI films assembled via hydrogen bonding
contain higher PANI amounts adsorbed per deposition cycle
and show enhanced performances in comparison with the
counterpart films prepared through conventional electrostatic
interactions. As reported in another interesting work from
Chen’s group (Scheme 5),°” a spherical polymer brush consist-
ing of a poly(methylsilsesquioxane) (PSQ) core and PAA hair
chains, and poly(vinylpyrrolidone) (PVPON) were used as build-
ing blocks for LbL assembly of composite multilayer films via
hydrogen bonding interaction. Selective dissolution and calci-
nation of the films to remove PSQ and organic moieties,
respectively, were harnessed to tune the composition and
optical properties of the multilayer films. On the other hand,
it should be emphasized that hydrogen-bonded LbL multilayer
assemblies are sensitive to the surrounding environment
including pH, ionic strength, temperature, external stress,
and electrical field, thus indicating the intrinsic reversible
properties.®®*”? Alternatively, hydrogen-bonded LbL multilayer
thin films can also be fabricated by depositing the same
component such as dendrimers with various carboxyl groups
which simultaneously act as hydrogen bonding donors and
acceptors.”? In general, multilayer assemblies prepared by
hydrogen bonding interaction are less stable and robust than
those attained by other molecular interactions, especially
electrostatic interaction.

2.3.2 Charge-transfer interaction. LbL assembled multi-
layer thin films can be fabricated by charge-transfer (CT)
interaction, which involves alternate deposition of two types
of non-ionic molecules with electron-accepting and electron-
donating functional groups in the side chains (Scheme 6). The
growth of multilayer thin films by CT interaction was first
presented by Shimazaki and co-workers,”>”® for which two
kinds of polymers, i.e., poly[2-(9-carbazolyl)ethyl methacrylate]

\_ N
M T
AN A
. P R
'l‘" T 7~ {7\
g 2™
(
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Scheme 5 Hydrogen bonding based LbL assembly between a polymer
brush and a linear chain. (Reprinted with permission from ref. 67, Copyright
2006, Royal Society of Chemistry.)
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Scheme 6 Side-view illustration of the LbL assembled multilayer thin film
prepared by charge-transfer interaction. D and A denote a carbazolyl
group and a 3,5-dinitrobenzoyl group, respectively. The interaction of D
and A is highlighted with a red circle. (Reprinted with permission from
ref. 75, Copyright 1997 American Chemical Society.)

and poly[2-[(3,5-dinitrobenzoyl)oxylethyl methacrylate], both
possessing nonionic pendant groups in the side chains with
electron-donating and electron-accepting characteristics were
selected as the building components. The pronounced CT
interaction between these groups at the solid-liquid interface
induced the formation of multilayers with periodic layers of CT
complexes which confer unique physical properties. Moreover,
it should be stressed that LbL films assembled through CT
interaction can be prepared in organic solvents apart from the
conventional aqueous environment, which is beneficial for
incorporating various hydrophobic groups within the films
and extending the potential applications of these nanostruc-
tured multilayer thin films.”"®" Furthermore, CT interaction
could also facilitate the production of supramolecular LbL
assemblies for preparing smart materials. It should be stressed
that charge-transfer interaction is limited to molecules which
exhibit electron-accepting and electron-donating groups. In
addition, most of the charge-transfer complexes show low
association constants which limit their potential for construc-
tion of well-ordered and stable multilayer assemblies.

2.3.3 Host-guest interaction. Host-guest interaction can
be utilized to fabricate LbL multilayer assemblies through
strong interaction between host (e.g. cyclodextrins, cucurbiturils,
calixarenes, pillararenes, crown ethers, or porphyrins) and guest
(e.g. ferrocene, adamantane, or azobenzene) molecules because
of its highly selective and specific features.'"®*®® As carried
out by Husken’s group (Scheme 7a), a novel organic/inorganic
multilayer assembled in the presence of supramolecular
interactions between guest-functionalized dendrimers and
host-modified gold (Au) nanoparticles (NPs) was stepwise
constructed. The growth of the multilayer films can be easily
monitored by surface plasmon resonance spectroscopy.®* Apart
from 2D multilayer thin films, the assembly of 3D multilayers
via host-guest interaction is now becoming the focus for the

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

IK,CO,/Rh B
+ —
CaCl,/PSS

(PAHIPASP-g-AD),
Host-guest LbL assembly

Rh B captured
CaCo, particles >
Yo e
Tk

NERe Algbah
":E:\/Ii: KW%

e Dex-g-p-CD o Rhodamine B
PASP-g-AD  /\ p-Cyclodextrin

Scheme 7 (a) Schematic illustration for LbL alternating adsorption of
adamantyl-terminated dendrimer and Au NPs. (b) Flowchart depicting
LbL assembly of Dex-g-B-CD/PASP-g-AD multilayers by using CaCOs
NPs as a template, formation of hollow microcapsules, and the drug
release process. (Reprinted with permission from ref. 84 and 85, Copyright
2005 and 2011 American Chemical Society.)

fabrication of pH-responsive and degradable microcapsules.
For example, Li and co-workers fabricated biodegradable
microcapsules with pH sensitivity by host-guest interaction
between B-cyclodextrin (B-CD) and adamantane (AD), as shown
in Scheme 7b. In their work, two types of biocompatible
polymers including dextran-graft-B-CD (Dex-g-B-CD) and poly-
(aspartic-graft-adamantane) (PASP-g-AD) were employed as the
building blocks for LbL assembly buildup,®® and the thus-
assembled pH-sensitive Dex-g-B-CD/PASP-g-AD microcapsules
exhibited promising potential in cancer drug delivery.
Noteworthily, host-guest interaction generally requires a per-
fect recognition afforded by selective and strong interactions
between host cavities and guest molecules, which limits its
extensive applications.

2.3.4 Biospecific interaction. The first work on fabrication
of alternating multilayer assemblies through biospecific inter-
actions was reported by Decher and K. Lowack in the early
1990s.%¢ In this pioneering work, the authors extended the
LbL assembly concept to integration of protein layers into
synthetic PE films. As a first and extremely simple example,
the well-established biotin/streptavidin system was used by the
authors to construct such multilayers through biospecific
recognition. Specifically, poly-i-lysine (PLB) was biotinylated
and subsequently used for the construction of multilayer
assemblies by biospecific recognition between biotin groups
and streptavidin. The binding constant of the two entities is
very high (k ~ 10"® M™') which makes the process essentially
irreversible.®®®” In a following study, Decher and K. Lowack
fabricated the protein/polymer hybrid films by the LbL assembly
technique based on combined electrostatic and biospecific
interactions.?® From then on, tremendous attention has been
devoted to the fabrication of various alternating multilayer
assemblies based on biospecific interactions. For example, as
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performed by Yang’s group,® protein multilayers composed of
avidin and biotin-labeled antibody have been prepared on the
gold substrate by the LbL assembly technique on account of the
high specific binding constant between avidin and biotin
afforded by biospecific recognition. Moreover, it was revealed
that these biospecific interaction-dominated antibody multi-
layers remarkably enhance the binding ability compared to the
conventional immobilized monolayer antibody, thus signifi-
cantly boding well for their promising applications as immuno-
sensors or biosensors. Alternatively, varied protein architectures
and biotinylated protein networks have also been crafted by
means of biospecific interactions giving rise to a large variety of
molecularly layered multicomposite films.”**

2.3.5 Covalent bonding interaction. Covalent bonding
offers an alternative interaction to assemble LbL multilayer
thin films, and has many intrinsic advantages. In particular,
the stability and structure of multilayer films can be signifi-
cantly strengthened with the introduction of covalent bonding.
Moreover, it enables the integration of various functional
groups in the assembled films which is in favor of fabricating
a large amount of multifunctional assemblies.

The work on covalent bonding for LbL assembly was firstly
reported by Crooks and co-workers,’” in which dendrimers and
maleic anhydride were utilized as the constructing ingredients
for LbL assembly of multilayer thin films with a thickness of
10-50 nm on various substrates (e.g., glass, silicon, or gold-
coated silicon wafers). In recent years, Caruso and co-workers
creatively introduced the click chemistry concept to achieve
efficient covalent LbL assembly under mild conditions.**** In
these studies, LbL assembly was carried out by the copper(1)-
catalyzed click reaction of azide and alkyne to form an extremely
stable 1,2,3-triazole linkage, thereby resulting in covalently
linked multilayer thin films with tailored structures. In another
work, Li and co-workers developed a press-filter-template
approach to prepare fluorescent nanotubes consisting of PEI
and 3,4,9,10-perylenetetracarboxyldianhydride (PCTDA) via alter-
nating deposition and covalent bonding interaction, as shown in
Scheme 8.%°> The obtained nanotubes could be used in diverse
fields such as catalysis, drug delivery, and design of optical
devices. The covalent bonding based LbL assembly via click
chemistry extends the number and diversity of materials that
can be incorporated within the films, therefore contributing to
the fabrication of highly stable and robust multilayer thin films
that can resist a wide range of hash conditions. Despite the
above properties, covalent bonding interaction is limited to
molecules demonstrating complementary functional groups
and, moreover, some side products might be introduced in the
multilayer assemblies, thereby making it a more complex
methodology.

2.3.6 Coordination chemistry interaction. Coordination
chemistry interaction is a strong molecular interaction estab-
lished between a diversity of metal ions and organic ligands,
which has been utilized to construct highly oriented and robust
2D multilayer thin films and hierarchical 3D nanoarchitectures
comprising polymers, metal oxides, and/or inorganic/organic
hybrid nanocomposites.”*™°° The assembly of coordination
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Scheme 8 Chemical reaction procedures between PEl and PTCDA
molecules. (Reprinted with permission from ref. 95, Copyright 2006,
American Chemical Society.)
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Scheme 9 Schematic illustration of the proposed growth mechanism for
multistep assembly of Fe-tannic acid complex films. (Reprinted with
permission from ref. 101, Copyright 2014 American Chemical Society.)

multilayers can be achieved by solution-based LbL growth
methods, which render the fabrication of precisely tailored
surfaces with long-range 2D ordering and orientation. Recently,
Caruso’s group (Scheme 9) reported the assembly of metal-
polyphenol multilayer films and capsules via sequential deposi-
tion of iron(m) ions and tannic acid through metal-ligand
coordination, which gives rise to lateral and longitudinal
cross-linking of tannic acid by Fe(m) within the film architec-
ture."®" Notably, the utilization of coordination chemistry inter-
action is restricted by its limited material selections and,
moreover, it offers a slow assembly process for fabricating
multilayer nanostructures depending on the type of organic
ligand, metal ion, and solvent used. Moreover, some impurities
may be incorporated in the final multilayer nanoarchitectures.

2.4 Assembly methods for LbL construction

It has been well-established that the assembly method used in
the LbL assembly process not only determines the process
properties (e.g., time, scalability, and manual intervention)
but also remarkably influences the physicochemical properties
of assembled films (e.g., thickness, homogeneity, and inter- and
intralayer film organization). With the development of the LbL
assembly technique, many assembly methods have been devel-
oped to fabricate multilayer assemblies such as dip-coating,
spin-coating, spraying,'®>"'°® and perfusion,'®” which add addi-
tional versatility to the LbL assembly technique (Scheme 10).
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Scheme 10 Schematic illustration of the LbL assembly process with (a)
dipping method, (b) spraying method, and (c) consecutive spin-coating
process of anionic and cationic PEs.

Among the various methods, dip-coating is advantageous for
coating substrates with varied geometries (Scheme 10a), but
the possible residual for each deposition step and relatively
tedious procedures limit its efficiency for practical applica-
tions. Recently, spin- and spray-assisted LbL assemblies have
been determined to be promising alternatives for LbL construc-
tion,'°*'%° which are beneficial for rapidly producing low cost
and uniform LbL assembled films by reducing the processing
time, thereby being more suitable for industrial applications
(Scheme 10b and ¢)."*®'*" In particular, the spin-assisted LbL
deposition method can introduce intimate interactions between
PEs in the presence of simultaneous interaction forces including
strong centrifugal, viscous, and air-shear forces. Therefore, it
exhibits intrinsic advantages in terms of low chain interpenetra-
tion and dense packing coverage in comparison with conven-
tional dipping methods. Moreover, the spray-assisted LbL
deposition method can be applied not only to 2D but also to
3D substrates, and the structural properties of the multilayer
films can be tuned by modulating the flow rate, sample to nozzle
distance, and drainage time."® Besides, other combined assembly
methods including inkjet printing-assisted LbL assembly
method"®'"? and hydrodynamic dip-coating approach'**''®
have also been developed for the fabrication of multilayers which
remarkably improve the efficiency of the LbL assembly process.
Alternatively, it is worth noting that newly developed vapor-
based LbL growth methods, including atomic layer deposition
(ALD),"**"*® molecular layer deposition (MLD),"**""** and their
combined methods,?*™'? as efficient routes to assemble multi-
layer thin films have emerged for accurate control over film
thickness, conformality, and uniformity, hence giving rise to
high-quality multilayer films with densely packed and well-
ordered internal structure.

More recently, two newly explored assembly methods includ-
ing electromagnetic assembly and fluidic assembly have been
developed to promote LbL assembly of multilayered films, as
displayed in Scheme 11. To be specific, an applied electric or
magnetic field was used in electromagnetic assembly to access
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Scheme 11 (a) Electromagnetic assembly and (b) fluidic assembly for LbL
assembly buildup. (Reprinted with permission from ref. 134, Copyright
2015 Science group.)

layering, e.g., electrodes coated with polymer solutions or
magnetic particulate substrates can be moved in and out of
the coating solution.””®'*® In a standard setup for electro-
magnetic assembly, two electrodes are immersed in a PE
solution and an electric current is then applied to trigger
electrodeposition. Subsequently, the electrodes are thoroughly
washed and put into another PE solution with opposite charge,
and the process can be repeated to attain the desired assembly
layer (Scheme 11a)."*° Electromagnetic assembly based on
electrodeposition can rapidly assemble ions, polymers, and
colloids with much less time in comparison with many other
conventional assembly approaches. Besides, the magnetic
effect in electromagnetic assembly facilitates LbL assemblies
on sensitive particulate or small templates which are difficult to
be centrifuged."®" Although electromagnetic assembly has not
been extensively applied in fabricating nanomaterials as other
conventional assembly technologies owing to the requirement
of special equipment and expertise, it provides a novel
approach to efficiently construct multilayer systems and thus
provides alternative opportunities for assembling films.

Fluidic assembly which involves coating of channel walls
and a substrate placed in a fluidic channel can be used to
deposit multilayers with fluidic channels.'*®* The method is
featured with step-by-step moving PE using pressure or vacuum
and washing solutions through the channels, such as tubing or
capillaries, or designed microfluidic networks (Scheme 11b).**?
Fluidic assembly is typically accompanied by a pump or spin-
ning to transport the liquid through the channels, which makes
it a viable alternative for centrifugation-free assembly on parti-
culate substrates. In general, fluidic assembly affords a means
to assemble multilayers on surfaces which are not easily
accessible by other methods, thus offering a new means for
region-specific patterning and for boosting the industrial capa-
city of multilayer assemblies. Although fluidic assembly needs
specialized equipment and expertise to build up fluidic systems,
unique advantages of fluidic assembly make it extremely attrac-
tive for a diverse range of applications."**
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3. LbL assembly of 0D nanoparticulate
assemblies

Surface properties of colloidal materials are of paramount
importance to their potential applications in a myriad of
technological research areas encompassing studies in the
pharmaceutical, biological, and medical fields."*> One of the
requirements for realizing functional materials based on nano-
particles especially for metal and semiconductor nanoparticle
systems is the availability of suitably modified nanoparticle
building blocks. Nanoparticles with tailored properties have
been prepared by surface modification with biomolecules (e.g.,
DNA and protein),"**"*” inorganic,"*® and organic materials."*
Among these, polymer modification of nanoparticulate materials
provides an effective method to tune the surface properties of
the particles. Although various techniques have been developed
to encapsulate metal nanoparticles with polymers and have
gained varying success during the past one decade, it was not
until 2001 that Caruso’s group achieved controlled adsorption of
preformed polymers (i.e., PEs) to form uniform coating on metal
nanoparticles based on electrostatic interactions afforded by the
LbL assembly approach.™*® In this work, the authors reported the
PE coating of gold nanoparticles with varying monodispersity
and with diameter ranging from 10 to 50 nm, focusing pre-
dominantly on nanoparticles with diameter greater than 30 nm.
This work surmounts the difficulty in the assembly of PEs onto
nanoparticles with diameter less than 100 nm in order to form
uniform and stable surface coatings regardless of the small size
of the particles and high curvature of their surfaces."*' More
significantly, LbL assembly of zero-dimensional (0D) metal
nanoparticle/PE assemblies provides a versatile method that
permits the controllable surface functionalization of a broad
range of nanoparticles.

In a following study, the authors achieved uniform PE coat-
ing by the LbL assembly approach on nanoparticles with much
smaller size (<10 nm). As shown in Fig. 1, intrinsic negatively
charged mercaptoundecanoic acid (MUA)-capped gold nano-
particles with a mean diameter of ca. 7 nm were used as the
substrate, and PEs of PDDA and PSS were used to step-by-step
modify the surface properties of gold nanoparticles via the LbL
assembly adsorption technique. It was found that the surface
charge of gold nanoparticles can be easily inverted by adsorp-
tion of oppositely charged PEs without sacrificing the mono-
dispersity of nanoparticles and, moreover, the surface plasmon
peak of gold nanoparticles can be tuned by the assembly layer
and ionic strength of the nanoparticle dispersion.

Furthermore, adsorption of PE-coated MUA-capped gold
nanoparticles onto an oppositely charged planar substrate
has also been achieved and the surface loading amount of gold
nanoparticles can be tuned by varying the salt concentration in
the nanoparticle dispersions used for adsorption. The LbL
assembly strategy used in this work is anticipated to be applic-
able to modify other 0D nanoparticles or quantum dots (e.g.,
semiconductors, phosphors), thereby offering a facile method
for their controlled surface modification through PE nanolayering.
Such 0D nanoparticles are envisaged to have extensive applications
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Fig. 1 (a) TEM image of MUA-capped gold nanoparticles coated with two
PE layers (PDDA/PSS) and (b) higher magnification TEM image of (a). (c)
Particle size distribution of MUA-capped gold nanoparticles before (dotted
line) and after (solid line) coating with two layers of PEs (PDDA/PSS). (d)
UV-vis spectra of multilayered thin film composed of (PDDA/PSS)-coated
MUA-capped gold nanoparticles which were assembled on PEl-coated
quartz substrates. The gold nanoparticles were deposited from aqueous
solutions containing varied NaCl concentration: (a) 0, (b) 10, and (c)
20 mM. (Reprinted with permission from ref. 141, Copyright 2003 John
Wiley & Sons, Inc.)

in the biomedical and bioanalytic fields, and to be useful building
blocks for the construction of advanced nanoparticle-based films.

4. LbL assembly of 1D
nanoarchitectures

The utilization of 1D nanostructures as templates for LbL
assembly facilitates the creation of composite materials with
well-defined tubular structures. The size, length, component,
and thickness of the tubes can be tuned by the diameter and
length of the templates, types of species deposited, and assembly
cycles.

Generally, the two-step synthetic procedure is harnessed to
access the LbL assembly of two oppositely charged components
in the nanoscale range. For example, a layer of a PE pair (such
as PDDA and PSS) can be firstly deposited on the surface of
1D nanostructures using LbL assembly, which affords positively
or negatively charged surface. Subsequently, the oppositely
charged ions in the precursor solution are adsorbed on the
surface of the 1D nanostructures by virtue of pronounced
electrostatic attraction between the charged species. Based on
this, in situ reactions will occur on the 1D nanostructure surface
giving rise to core-shell nanostructures, in which the electro-
static attraction between the charged species and the in situ
reaction on the surface contribute to the formation of core-
shell nanostructures with uniform coating layers. Finally, the
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transformation of core-shell nanostructures to uniform nano-
tubes can be achieved by removing the templates.'*> The thus-
prepared core-shell or hollow 1D nanostructures with large
surface-to-volume ratios hold great potential for extensive
applications.

4.1 LbL assembly on conventional 1D templates

The utilization of nanoporous templates for LbL assembly of
1D nanostructures has gained enormous attention during the
past few decades. Conventional 1D nanoporous templates
including polycarbonate (PC) membranes, polystyrene (PS)
fibers, and anodic aluminum oxide (AAO) membranes have
been well and widely studied. PC membranes containing
cylindrical pores with a mean diameter of 400 nm were fre-
quently used as the template for the fabrication of nanotubes.
In general, PEs were firstly LbL deposited within the nanopores
of the templates, followed by PC template removal to generate
free-standing nanotubes with desired diameter, wall thickness,
and composition.'*® As a typical example, anatase and rutile
titania nanotubes were prepared by LbL alternating deposition
of negatively charged titanium(iv) bis(ammonium lactato)-
dihydroxide (TALH) and positively charged PEI into the cylind-
rical pores of a PC membrane template, followed by calcination
at different temperatures to produce TiO, nanotubes with
varied crystal phases, as shown in Fig. 2."** Electrospun PS
microfibers were also employed to fabricate PE multilayer
microtubes by alternately coating the template with PAH/PSS
PE pairs and finally removing the template with tetrahydro-
furan to yield PAH/PSS PE microtubes.'*’

A large variety of materials have been deposited within the
cylindrical nanopores of AAO via the LbL assembly technique to
produce nanotubes. Guo and co-workers (Fig. 3)'*® fabricated
TiO, and TiO,-based nanocomposite (i.e., TiO,~CdS and TiO,-Au)
nanotube arrays via LbL assembly of building blocks (TALH, CdS
quantum dots, and Au NPs) onto the AAO template. In another

1)95°C, 24 h
2) remove
template

i 1

PEltitania
composite tube titania tube

Fig. 2 (a) Schematic illustration of the preparation of titania nanotubes
using the PC membrane as a template. SEM (b—d) and TEM (e—g) images of
titania nanotubes prepared by calcining the (PEI/TALH);, multilayers
coated on the PC membrane under varied temperature, (b and e) 95 °C
for 24 h, (c and f) 450 °C for 10 h, and (d and g) 950 °C for 12 h in air.
(Reprinted with permission from ref. 144, Copyright 2007 John Wiley &
Sons, Inc.)
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Fig. 3 (a—c) SEM and (f) TEM images of AAO/PSS/PDDA/(TALH/PDDA/
CdS/PDDA)s after refluxing, TEM image of AAO/PSS/PDDA/(TALH/PDDA)g
(d) before and (e) after refluxing, and (g) TEM image of AAO/PSS/PDDA/
(TALH/PDDA/AuU/PDDA)s after refluxing. (Reprinted with permission from
ref. 146, Copyright 2005 John Wiley & Sons, Inc.)

case, a LbL assembly strategy for fabricating protein nanotubes
within the pores of an AAO membrane was developed, in which
the AAO template was alternately immersed in protein and
glutaraldehyde solution with the latter acting as the cross-
linking agent to combine the protein layer together.'*”'*® The
numbers of protein layers that make up the nanotube walls can be
tuned by changing the number of alternately deposited protein/
glutaraldehyde cycles. Despite the significant endeavors in the
previous studies, a key problem in preparing tubular nanomater-
ials through AAO pore templating is the aggregation upon
membrane removal. Thus, it is highly desirable to develop more
efficacious LbL assembly strategies to circumvent this problem.
Alternatively, macroporous cellulose acetate membranes consist-
ing of interconnected fibers have also been used as a template for
preparing inorganic nanotubes, by which interconnected nano-
tubes with high surface areas within a framework can be attained
through LbL assembly."*°

4.2 LbL assembly on carbon nanotubes

Although a large number of metal oxide nanotubes have been
prepared by conventional template-assisted LbL approaches,
there still exist several disadvantages in this respect. For
example, the diameters of metal oxide nanotubes prepared
based on the AAO template are generally larger than 100 nm
which makes preparation of nanotubes with controllable dia-
meters difficult. Additionally, it is rather difficult to completely
remove the template. In recent years, carbon nanotubes (CNTs)
have been explored as an ideal alternative template for LbL
assembly of metal oxide nanotubes, which could circumvent
the disadvantages caused by conventional templates.

The overall synthetic procedure for LbL assembly of metal
oxide/CNT core-shell nanostructures or hollow metal oxide
nanotubes is presented as follows. The intrinsic negatively
charged surface of CNTs afforded by acid treatment is firstly
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modified by PEs to render the CNT surface positively charged,
which enables the adsorption of negatively charged complexes
of metal ions and citric acid. The pronounced adsorption between
CNTs and metal ions facilitates the in situ redox reactions
occurring on the CNT surfaces, thus leading to uniform deposi-
tion of metal and metal oxide layers. Furthermore, hollow metal
or metal oxide nanostructures can be fabricated by calcining the
thus-assembled CNT@metal/metal oxide nanocomposites.

As carried out by Yang’s group,’®® indium (In) NPs were
uniformly deposited onto CNTs in which negatively charged
sodium borohydride (i.e. BH, ) was used to reduce the metal
ions (In*") pre-adsorbed on the positively charged PDDA/PSS/
PDDA modified CNTs. The deposited In NPs were immediately
oxidized to In,O; under an oxygen atmosphere in solution,
leading to well-defined CNT@In,0; core-shell nanostructures,
as shown in Fig. 4. This LbL assembly strategy combined with
an in situ reduction reaction has been established to be rather
effective to fabricate many other hollow metal oxide or metal
oxide/CNT core-shell nanostructures, such as NiO and NiO/
CNTs, SnO, and SnO,/CNTs, Fe,O; and Fe,03/CNTs, and CuO
and CuO/CNTs.'** Moreover, assemblies of metal/CNTs and
metal sulfide/CNTs can also be prepared using analogous LbL
assembly approaches, thereby corroborating the versatility
of this synthetic protocol.’®*™*** Apart from binary core-shell
nanostructures, 1D ternary heterostructures can also be pre-
pared with similar technical routes. For example, SnO,/Au/CNT
core-shell nanostructures were synthesized via LbL assembly,
for which Au NPs were firstly deposited onto the CNT substrate
via a controlled in situ reduction reaction. Subsequently, a
dense nano-layer of SnO, was coated on the CNT@Au through
another in situ reduction reaction resulting in CNT@Au@SnO,
ternary nanostructures.'* In this work, the two in situ reduction
reactions integrated with the LbL process are conducive to
precisely control the deposited amount and uniform distribution
of metal oxide layers. Analogous synthetic procedures were
reported by the same group for the preparation of CeO,/SnO,/
CNT and Ag/NiO/CNT ternary core-shell heterostructures."®
Besides, carbon fibers can also serve as a template to prepare
various 1D nanostructures. As reported by Wang and co-workers,

Polyelectrolyt
adsorption

omplex of In** and

itric acid adsorption

& the complex of @
In** and citric acid

polyelectrolyte n:0sx 0,
In
\ =

Reduction Oxidation alcination
n :

Fig. 4 (a) Schematic illustration depicting the preparation of In,O3z nano-
tubes, and (b) SEM and (c) TEM images of In,O3z nanotubes prepared by
calcination of In,O3/PE/CNT nanocomposites. (Reprinted with permission
from ref. 150, Copyright 2007 John Wiley & Sons, Inc.)
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zeolite microtubes were attained by LbL assembly of zeolite
nanocrystals and PDDA on carbon microfibers, followed by
removal of the template and PE through calcination."””

It should be emphasized that the in situ reduction reaction
based LbL assembly strategy exhibits several advantages over
conventional LbL assembly methods which usually involve
pre-synthesis of two oppositely charged components followed
by simply assembling them in a well-designed fashion. To be
specific, firstly, the in situ reduction reaction based LbL assembly
strategy can afford complete adsorption and pronounced elec-
trostatic interaction between two oppositely charged species
which is beneficial for uniform deposition of stable and dense
layers. Secondly, the thickness of the deposited ingredients can
be easily tuned by adjusting the molar ratio of one species to
the other precursor ions. Thirdly, the efficiency of the LbL
assembly process based on in situ reduction reaction can be
remarkably reinforced by reducing the complexity of the syn-
thetic procedures.

4.3 LbL assembly on 1D semiconductors or metals

In addition to using conventional nanoporous materials and
CNTs as templates, high-aspect-ratio 1D semiconductors or
metal nanostructures such as nanorods and nanofibers can
also be utilized as templates for LbL assembly buildup. The
utilization of high-aspect-ratio templates can retard the pore
blockage and non-uniform pore coating which are frequently
observed when using conventional membrane templates. As
reported by Caruso and co-workers (Fig. 5),"*® titania nano-
tubes were fabricated via alternating deposition of TALH and
PDDA onto nickel nanorods, followed by hydrolysis of TALH
through refluxing treatment and decomposition of the tem-
plate. Alternatively, other 1D semiconductors such as zinc oxide
(ZnO) nanorods were also adopted as the template for LbL
assembly of 1D hybrid nanostructures.

On the other hand, apart from various 1D templates,
template-free LbL assembly of 1D nanostructures has also been
achieved. For example, Liu and co-workers developed an effective
LbL assembly technique to prepare novel TiO, heterostructures
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Fig. 5 (a) Schematic illustration of the fabrication of polymer and inorganic/
organic composite nanotubes by the LbL assembly strategy. (b) TEM image
of nickel nanorods. (c) TEM image of nickel nanorods coated with titania/
PDDA. (d) TEM and (e) HRTEM images of a titania nanotube after removing
the template. (Reprinted with permission from ref. 158, Copyright 2001 the
American Chemical Society.)
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via electrostatic interaction using PSS as a bridging or adhesion
layer combined with calcination, in which anatase NPs were
uniformly assembled on the rutile nanorods.'*

5. LbL assembly of 2D
nanoarchitectures

To date, 2D metal oxide or non-oxide nanosheets have sparked
worldwide interest by virtue of their peculiar electronic struc-
tures and distinctive physicochemical properties inherited
from the layered parent compounds.’®®*%® It has been well-
established that these nanosheets demonstrate exceptionally
high 2D anisotropy with a molecular thickness of ca. 0.5-3 nm
and lateral size of several hundred nanometers. Moreover,
2D configuration provides an extremely high percentage of
exposed specific crystal facet, huge surface area, and large
fraction of unsaturated surface metal sites which can act as
active centers."®*'%” Consequently, the excellent features of the
2D nanosheets offer abundant opportunities for researchers to
rationally design innovative nanoarchitectures when they are
used as building blocks during the LbL assembly process. In
this section, we will summarize the latest developments of 2D
nanosheets including transitional metal oxide nanosheets,
non-metal oxide nanosheets, and graphene nanosheets for
LbL assembly of multilayered thin films.

5.1 LbL assembly of multilayer assemblies using inorganic
nanosheets as the main building blocks

5.1.1 Titanium dioxide nanosheets. TiO, possesses various
polymorphs, among which anatase, rutile, and brookite have
been established to be the most investigated structures. In
recent years, metastable monoclinic TiO,-B has also received
increasing attention owing predominantly to its intriguing
photo- and electrochemical properties.'®®*”* Apart from these
well-documented structures, TiO, can also be derived from
exfoliation of some Ti-O-bearing layered compounds to obtain
a unique 2D anisotropy. TiO, single nanosheets which resemble
the structure of graphene have been explored for almost twenty
years. The swelling-exfoliating behaviors of layered titanates
have been systematically studied by Sasaki and co-workers since
the mid-1990s."”>'”> The layered parent titanates can be exfo-
liated into single nanosheets through diverse approaches includ-
ing ion exchange, intercalation, and mechanical shaking, by
which single TiO, nanosheets with a thickness of ca. 1 nm and
lateral size up to several tens of micrometers are prepared. In
particular, TiO, nanosheets obtained from the wet-chemical
exfoliation process retain a high single crystallinity and possess
substantial surface charges for stable colloidal dispersion. More
significantly, owing to the unique 2D nanostructure, distinctive
properties of single TiO, nanosheets that are difficult to acquire
in its bulk counterparts have been achieved.'”® As the composi-
tion of the exfoliated TiO, nanosheets slightly deviates from the
theoretical stoichiometry of TiO, which is strongly dependent on
the layered parent titanate compounds, a general formula of
Ti;_[1,0,° (e.g. Tip.010,°®" or Tig,0,%°%") is generally used
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to describe the nanosheets in which [J represents titanium
vacancies.'””

Owing to the 2D planar characteristic of exfoliated
nanosheets, it is highly intriguing to fabricate multilayer thin
films comprised of closely integrated nanosheets with different
compositions. Particularly, the ultra-thin exfoliated TiO, nanosheets
can be used as fascinating building blocks for LbL assembly. As
performed by Sasaki’s group, pure Tiy 0;0,*®” nanosheet multi-
layer thin films were fabricated via LbL stepwise assembly, for
which PEI, PDDA, and Tij¢,0,*°" nanosheets were used as
ingredients for the growth of multilayer films with sandwich-like
structure."”® Similarly, colloidal TiO, NPs were LbL assembled
with Tip:0,°**" nanosheets using PDDA and PSS as “glue
molecules”, thus resulting in TiO, NPs/Tig;0,°" nanosheet
films in an alternate deposition fashion by the same group.'”®
Apart from single-component films, hybrid multilayer films
consisting of Au NPs and Tig,0,>%®*" nanosheets were LbL
assembled on the glass or ITO substrate in an arbitrary layering
order with the addition of PEI and PDDA.'®® The plasmon
resonance of the multilayers can be tuned by the varied inter-
calated layer of TiO, nanosheets and plasmon coupling of Au
NPs. More recently, this technique was applied to LbL assembly
of exfoliated Tip0,0,°?° nanosheets with graphene (GR)
nanosheets using PEI as a binder (Fig. 6), by which exfoliated
Tif.010,%%°" and graphene oxide (GO) nanosheets were depos-
ited in an alternating fashion giving rise to multilayered
structures.'®"'®> GO can be readily reduced to GR by exposing
the films to UV light which generates Tij 0,0,°*° /GR compo-
site films. This work signifies the accessibility of using exfo-
liated Tig0,0,°*®" and other 2D inorganic nanosheets (e.g.,
MnO,°,'®® Nb;0g,'®* layered double hydroxides,'®®> and
Cds'®®) as building blocks for LbL assembly of multilayer thin
films for photoelectrochemical (PEC) applications.

Besides the commonly used PEs for LbL assembly, conduct-
ing polymers have been recently utilized as binders to assemble
Tig.910,°2°" nanosheets, which avoids the post-removal of PEs
via calcination or UV irradiation treatment.'® Wang’s group
directly applied polyaniline (PANI) as the building block to LbL
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Fig. 6 (a) Schematic illustration of the fabrication of LbL assembled
Tio.010:°°¢7/GO multilayer thin films followed by UV photoreduction.
The inset shows the HRTEM image of Tig.910,/GR multilayer films. (b)
UV-vis absorption spectra of the (Tip 910,/GO or GR) multilayer films with
variation of the deposition layer. (Reprinted with permission from ref. 181,
Copyright 2009 John Wiley & Sons, Inc.)*8!
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Fig. 7 (a) Schematic illustration showing the LbL assembly of TiO,
nanosheets and PANI, and the corresponding photoelectrochemical
mechanism. (b) Digital photographs of blank Tip 9;0, nanosheet multilayer
films and (PANI-Tig 9102)g multilayer films. (c) UV-Vis absorption spectra of
PANI/Tig.910, multilayer films. The inset shows the absorbance of a
particular wavelength with the number of deposited layers. (Reprinted
with permission from ref. 188, Copyright 2013 John Wiley & Sons, Inc.)

assemble with Tip0;0,°*°” nanosheets through carefully
adjusting the pH value of the PANI solution, which produced
PANI/Tig.0,0,%**" nanosheet multilayer thin films (Fig. 7). The
thus-assembled multilayer films exhibited unique switchable
photocurrents from n-type to p-type under different pH condi-
tions, which was principally ascribed to the remarkable trans-
formation in the structural configuration and conductivity of
PANI molecules upon protonation within the composite multi-
layer film."®® This work provides a new strategy to probe the
electronic property of TiO, nanosheets without the interference
of PEs. In addition, other inorganic species including Al;3
Keggin ions and ruthenium red have also been exploited for
LbL assembly of Tigo;0,°%®" nanosheet-based nanoporous
multilayer composite films with improved thermal stability
and functionalities.'®%"%

5.1.2 Other transitional metal oxide nanosheets. Besides
titania-based nanosheets, perovskite nanosheets with large dielec-
tric constants have also been widely explored for LbL assembly. Till
now, various exfoliated layered perovskite nanosheets have been
reported such as LaNb,O,, (Ca, Sr),NbzO;y, CaLaNb,TiOyq,
La,Ti,NbO;0,"**® and some others with Ruddlesden-Popper
(Eug 56T2,07, SrLaTi,Ta0, g, Ca,Ta,TiO,), Aurivillius (Bi,WOs, SrBi,.
Ta,0o, BiyTiz01,),"" % and rock-salt (K,NbO;F) phases.”*' 2% LbL
assembly of layered perovskite nanosheets affords a promising
approach for the fabrication of dielectric and ferroelectric films
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with precisely controlled thickness and composition. Note-
worthily, the work on LbL assembly of perovskite nanosheets
has seldomly been reported until very recently. To this end,
Osada and co-workers (Fig. 8) fabricated multilayer thin films
using perovskite nanosheets (CaNbz;0;4, LaNb,0-, and Sr,Nb3;0;,)
as building blocks for LbL assembly,>*” % in which delaminated
layered perovskite nanosheets were stacked on atomically flat
SrRuO; and Pt substrates to create films with thicknesses of
ca. 5-20 nm. Moreover, it was found that the CaNbz;O;, and
Sr,Nb;0,, multilayers exhibited large dielectric constants (>200 s)
and low leakage current densities (<10™7 A cm™?) even in films
with thickness less than 5 nm, which showed great potential
applications as electric devices. Similarly, multilayer films consisting
of perovskite-type (Ca,NbzO;0 ), (n = 1-10) nanosheets were also
prepared via the LbL assembly approach, which exhibited excel-
lent dielectric properties.”*® These results suggest that perovskite
nanosheets could provide new opportunities for applications
ranging from electronics to energy-storage devices. In addition, a
Bi,WO, nanoplate multilayer film as an efficient visible-light-
driven photocatalyst was prepared by LbL assembly of negatively
charged Bi,WOg nanoplates and PEL>*""

5.1.3 Non-metal oxide nanosheets. More recently, a large
number of exfoliated non-metal oxide nanosheets have been
extensively investigated, among which the nanosheets of MoS,,
WS,, BN, MoSe,, NbSe,, NiTe,, and Bi,Ti; arising from layered
dichalcogenides and nitrides are experiencing exponential
growth in various research fields.”**”'® The diversity of monolayer
non-metal oxide nanosheets provides new options for the selec-
tion of building ingredients for LbL assembly of composite films.
As reported by Sun and co-workers,*'® MoS,-GR multilayers were

m Perovskite nanosheet
Ca,Nb;0,4

D
Layered perovskite

KCa,Nb;04q

Exfoliation

o K
9 Ca

4 NbO,

octahedron 3um

Fig. 8 Structure of the starting layered (a) perovskite KCa,NbzO14 and (b)
CayNbsO1 perovskite nanosheets. (c) AFM image of a single CayNbzO4q
nanosheet deposited onto a Si substrate. (d—f) HRTEM images of the
(CazNbzO0q0), (n = 3, 5, 10) films deposited on the SrRuOz substrate. The
lines show the layer stacking. (Reprinted with permission from ref. 207,
Copyright 2010 American Chemical Society.)
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LbL assembled via vacuum assisted filtration of a mixture of MoS,
and GR nanosheets suspended in N-methyl-pyrrolidinone and
water, respectively, by which MoS, nanosheets were evenly dis-
persed between the GR nanosheets and vice versa. Moreover, it
was found that the as-assembled MoS,-GR multilayer thin films
could be used as high-performance lithium ion battery anodes.
Although intense efforts have been devoted to the synthesis of 2D
non-metal oxide nanosheets, thus far, the potential applications
of these nanosheets for LbL assembly are still in their infancy.
It is possible that intriguing properties would emerge from these
non-metal oxide nanosheets in that quantum confinement effects
might become dominant at atomic thickness and make them
behave very differently.

5.2 LbL assembly of multilayer assemblies using GR as the
main building block

GR represents a unique category of 2D nanosheets based on its
single-layer property with carbon atoms arranged in tightly
bound hexagons.>?°>3” The 2D structure of GR nanosheets in
conjunction with atomic thickness imparts unique properties
to GR which are distinctly different from conventional 1D
carbon allotrope counterparts (e.g., CNT). GR is featured with
various stimulating properties including extremely efficient
transportation of electrons, mechanical properties and high
surface-to-volume ratio. In particular, the 2D nanosheet-like
morphology of GR makes it more applicable to combine with
many other planar substrates using intimate face-to-face stack-
ing as compared with other counterparts which are typically
randomly distributed on the substrate.>*®

It should be stressed that the extraordinary properties of GR
are merely observed in the mechanically exfoliated GR with
nearly perfect structure; however, tedious synthetic procedure,
low yield, and high-temperature processing conditions make
the preparation of GR nanosheets with comparable properties
rather difficult. Therefore, in this regard, various synthetic
strategies have been developed such as chemical vapor deposition
(CVD),>*° epitaxial growth,>® and solution-based synthesis,**!
among which the solution-based synthesis of GR has received
tremendous attention by virtue of its inexpensive sources, high
yield and, more significantly, stable colloidal dispersions for easy
and flexible preparation of hybrid multilayer thin films. In
general, two methods are adapted to prepare solution processed
graphene (SPG) nanosheets. One involves the dispersion of
graphite in a liquid medium (e.g., N-methylpyrrolidone) followed
by sonication and separation by centrifugation to remove the
non-exfoliated graphite.?** The other method involves the utili-
zation of graphene oxide (GO) as a precursor, which has been
determined to be the most efficient way to produce SPG.>****

The most obvious difference between SPG and GR synthe-
sized from the mechanical exfoliation method is the amount of
oxygen containing functional groups. On SPG, there exist a
large amount of oxygen-containing functional groups including
hydroxyl and epoxy groups on the basal plane and carboxyl and
carbonyl groups at the edges.**®> These polar functional groups
provide various opportunities for GO to act as a building block
for LbL assembly through hydrogen bonding or electrostatic
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attractive interaction. Additionally, the pronounced interaction
between the basal planes of SPG owing to pronounced van der
Waals and n-n stacking forces could further reinforce the
stability of LbL assembled multilayer thin films. Therefore, the
intrinsic structural characteristics of GO (or SPG) set up a solid
foundation for LbL assembly of various multilayer thin films.

5.2.1 GO or GR-polymer multilayer assemblies. The
layered assemblies of GR or GO were firstly demonstrated by
Kotov and co-workers,**® in which positively charged PDDA was
used as the partner PE of GO to trigger the electrostatic
interaction-based LbL assembly buildup. It was estimated
that the average thickness of the PDDA and GO layer was
around 16 + 3 A and 22 + 5 A, respectively. This pioneering
work signifies the feasibility of preparation of GO multilayer
ultrathin films through the LbL assembly strategy. The stable
GR dispersion affords the preparation of GR-based multilayers
without undergoing the post-reduction treatment to transform
GO to GR within the film. For example, as performed by Ye’s
group,®’ PAA functionalized negatively charged GR and
poly(acrylamide) (PAA) modified positively charged GR were
prepared by radical polymerization and used as building blocks
for LbL assembly of pure GR multilayer films. In another work,
as reported by Zhao and co-workers (Fig. 9),>** (PVA/GO),
multilayer ultrathin films were constructed by LbL assembly
of poly(vinyl alcohol) (PVA) and GO nanosheets based on
hydrogen bonding interaction, in which only GO nanosheets
were used as the building blocks. It was found that the
mechanical properties of the film were significantly enhanced
including a 98.7% improvement of elastic modulus and a
240.4% increase of hardness, which could be attributed to
the well-defined layered architecture of hybrid multilayers
with a high degree of planar orientation and nanoscale
assemblies of GO nanosheets in the polymer matrices.
Analogously, Davis’s group®*® prepared GR/polymer multilayer
films by the LbL assembly of pyrene-terminated poly(2-N,N'-
(dimethyl amino ethyl acrylate)) (PDMAEA) and PAA-modified
GR via n-m stacking.>”° The resulting GR/polymer films were
revealed to show phase transfer behavior between aqueous and
organic media under different pH conditions. The incorpora-
tion of charged block copolymers into GR multilayers through
LbL assembly was also reported.>"

5.2.2 GR-metal NP multilayer assemblies. The unique
physical properties of GR nanosheets make them excellent
substrates for immobilizing metal NPs. Over the past few
years, considerable progress has been made in the synthesis of
GR-metal NP composites.”*> > In particular, GR nanosheets as
building blocks have recently been combined with various metal
NPs to prepare composite films by the LbL assembly method.>*®
For example, GR-platinum (Pt) NP multilayer thin films were
constructed by alternately LbL assembling ionic liquid modified
GR nanosheets and Pt NPs for electrocatalytic oxygen reduction.?*”
Jung and co-workers developed an efficient LbL assembly strategy
combined with a vacuum filtration technique to prepare GR/Au NP
multilayer thin films, in which Au NPs with a mean particle size of
ca. 200 nm were in situ formed through spontaneous reduction of
gold ions on GR films.>*® Moreover, as carried out by Roy’s group,
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Fig. 9 (a) Schematic illustration of the LbL assembly process (top left) with
GO nanosheets and architecture of the PVA/GO multilayer thin films (top
right), (b) UV absorption spectra of (PVA/GO), films as a function of the
stacking layer. Inset: Absorbance of (PVA/GO), films at 300 nm as a
function of deposition cycles, and (c) cross-sectional SEM image of
(PVA/GO)so films. (Reprinted with permission from ref. 248, Copyright
2010 American Chemical Society.)

a novel nanoarchitecture for low-voltage flash memory based on
solution-processed GR/Au NP hybrid films LbL assembled on
flexible poly(ethylene terephthalate) (PET) substrates was
systematically demonstrated.>*® In addition to Pt and Au NPs,
Ag NPs can also be integrated within the LbL assembly system.
For instance, transparent and conductive GR/Ag NP multilayer
thin films were LbL assembled on a quartz substrate using
homogeneous Ag NPs@PDDA and GO nanosheets as constructing
components followed by a thermal reduction process.**® More
recently, growing interest has been devoted to the development of
porous GR for LbL assembly of 3D multilayer films. Typically,
Yang and co-workers reported the fabrication of a uniform 3D Au
NP-embedded porous GR (Au-EPG) hybrid multilayer thin film by
electrostatic LbL assembly of Au NPs and bovine serum-modified
GR nanosheets followed by a thermal annealing treatment
(340 °C, in air, 2 h).>*" It was found that the thus-assembled
multilayer thin films demonstrated significantly improved
electrochemical sensing performances for H,O, detection as
compared with nonporous Au NP-GR film-modified electrodes,
which was attributed to the advantages imparted by the porous
structure of Au-EPG. This work opens up a new and facile way
to directly prepare metal NP-embedded porous GR composite
films. Additionally, it should be noted that the synthetic
process for LbL assembly of GR and metal NPs can be
remarkably speeded up by combing with spin-coating instead
of being limited to conventional simple static deposition.>¢*
Alternatively, the electrodeposition strategy has also been
established to be an efficient and rapid approach for LbL
assembly of GR-metal multilayer composite films. For example,
Luo and co-workers achieved one-step co-electrodeposition of
GR-Au NP composite multilayer films in which both GO and
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metal reduction reactions occur simultaneously under cathodic
conditions.>®® As shown in Fig. 10, the as-prepared multi-
layered composite thin film demonstrated characteristic
layered nanostructures composed of alternating layers of Au
NPs and GR nanosheets, in which the intercalation of Au NPs
between GR nanosheets prevented the agglomeration of GR
nanosheets and improved the conductivity of the GR film.

5.2.3 GR-carbon multilayer assemblies. GR/carbon hybrid
nanomaterials have been extensively explored owing to their
respective structural advantages and extraordinary application
potential arising from synergistic interaction.”®* Among them,
GR/carbon multilayer thin films prepared by the LbL assembly
approach have been shown to be a unique platform for
integrating diverse carbon nanomaterials for multifunctional
electronic and energy applications.’®® For example, Yu and
co-workers achieved the intimate combination of GR nanosheets
and CNTs based on an efficient and easily accessible LbL self-
assembly strategy, in which positively charged PEI-modified GR
nanosheets were alternately deposited with negatively charged
CNTs, thus producing GR/CNT multilayer composite films with
an interconnected network of carbon structures and well-defined
nanopores.**® Moreover, it was revealed that these hybrid films
could serve as efficient supercapacitor electrodes. This work
provides a convenient synthetic protocol for the preparation of
GR/CNT multilayer thin films.

Although recent efforts are geared toward the production of
GR-based multilayer thin films with LbL assembly techniques,
most of these are limited to composite structures associated
with various polymer PEs. Thus, it is highly desirable to achieve
a uniform blend of 2D GR nanosheets with other ingredients in
a well-defined structure by a direct LbL deposition approach.
As performed by Min’s group,®®” large-area ultrathin trans-
parent films comprised of double layers of GR nanosheets

bare GCH
EG/GCE
-40 EG-AWGCE
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Fig. 10 (a) SEM images of electrogenerated GR (EG) and (b) EG-Au
multilayer films. (c) Cross-sectional SEM image of the EG—-Au multilayer
film. (d) CV curves of the bare glassy carbon electrode (GCE), EG/GCE, and
EG-AU/GCE in 1.0 M KCl at a scan rate of 50 mV s*. (Reprinted with
permission from ref. 263, Copyright 2011 John Wiley & Sons, Inc.)
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and multi-walled CNTs (MWNTs) were prepared through a LbL
self-assembly process, in which negatively charged GO and
positively charged MWNTs were directly utilized as building
blocks for LbL buildup without the involvement of any poly-
mers. This work offers a conceptual guideline for integrating
various active carbon materials. In a similar study, Hong and
co-workers developed a simple method to fabricate hybrid films
by integrating GR nanosheets with MWNTSs via LbL assembly
which involves the electrostatic attractions of two oppositely
charged suspensions of GR nanosheets and MWNTSs.>®® The
GR/MWNT hybrid multilayer thin films were shown to serve
as highly flexible and transparent electrodes.

In addition, multilayer thin films consisting of exclusively
GR nanosheets have also been prepared through the LbL
assembly strategy. For example, Kim’s group fabricated pure
GR multilayer thin films by sequential LbL assembly of
positively and negatively charged GO nanosheets.”® In a
following study, the same group made use of the thus-
assembled multilayer GR films as transistors, and the result
showed that either ambipolar or unipolar (both n- and p-type)
transport behavior could be tuned by the bilayer number of
thermally reduced GO films, as shown in Fig. 11.>”° These two
studies provide a versatile method to prepare controllable GR
multilayer thin films on a large scale and, more importantly, to
control the charge transport in GR multilayer films.

5.2.4 GR-inorganic materials multilayer assemblies. Multilayer
composite films consisting of alternating GR nanosheets and
inorganic nanosheets or NPs have been widely prepared through
the LbL assembly strategy and show fascinating potential
applications. It has been generally assumed that intercalation
of a foreign inorganic layer in GR can efficiently prevent n-n
stacking between the layers and create functional separation of
individual GR nanosheets. Such multilayer stacked films allow
for the periodic control of the refractive index as well as the
interplay of photon and electron transport,””* which can be
utilized in the fabrication of broadband antireflective coating
or Bragg mirrors.>”> Ultrathin monolayer inorganic nanosheets
prepared by exfoliation of bulk layered compounds have
attracted considerable attention nowadays as nanobuilding
blocks for LbL assembly of multilayer films.>”® To date, a variety
of LbL assembled multilayer hybrid systems have been con-
structed by using inorganic nanosheets (e.g., Ti;_50,, MnO,, or
hydroxide) as ingredients.>”* As aforementioned in Section 5.1.1,
highly crystalline TiO, nanosheets exhibit very high 2D aniso-
tropy with a thickness of 0.75 nm and lateral dimensions of up to
several tens of micrometers.>”” Therefore, it is highly desirable to
prepare multilayer thin films by alternating deposition of such
TiO, lamellar structure and GR nanosheets which would con-
tribute to intimate 2D-2D composite multilayer thin films with
versatile functionalities.

Loh’s group fabricated alternating GR and titania (Tiy.9;0,)
multilayered hybrid nanosheet systems using the LbL electro-
static deposition route in conjunction with UV irradiation,
in which GO nanosheets, Tiy,0, nanosheets, and PEI were
used as building blocks.'®! The as-assembled hybrid nanosheet
films showed ultrafast photocatalytic electron transfer between
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Fig. 11 (a) Schematic representation of a LbL-assembled GR-based field-
effect transistor, and (b) AFM images of two- and six-bilayered GO and
thermally reduced GO (TRGO). (Reprinted with permission from ref. 270,
Copyright 2012 American Chemical Society.)

Tip.010, and GR nanosheets. In an analogous work, inspired by
the structure and function of granum, Yang and co-workers
fabricated alternate stacking structures with TiO,/GR nanosheets
via LbL assembly to improve the photoelectric conversion effi-
ciency (Fig. 12), in which exfoliated TiO, nanosheets, GO
nanosheets, and PDDA served as constructing components.>”®
Furthermore, the photoelectric effect of the composite multilayer
films was exploited by monitoring the variation of photocurrent
which indicates that the photoelectric response of the TiO,/GR
composites is about 20 times higher than that of pure TiO, film
with the same stacking thickness. More significantly, the photo-
current of the composite film can be changed from cathodic to
anodic as film thickness increases, which shows profound impli-
cations for solar cells. With this improvement, it is envisaged that
TiO,-based solar cells could break the thickness bottleneck and
achieve higher efficiency. Consistently, Yu’s group applied multi-
layer films consisting of alternately stacked titania and GR
nanosheets to fabricate photoconductive patterns, which exhib-
ited high photocurrent generation and good reversibility.>””
Apart from TiO,, as another quintessential visible light
sensitizer, quantum dots (QDs) can also be integrated into
GR films during the LbL assembly process. For example, Li’s
group developed a simple bottom-up approach to fabricate a
novel layered CdS QDs/GR multilayer system, in which GR and
in situ formed CdS QDs were LbL deposited in an alternate way,
resulting in multilayer thin films with intimate interfacial
interaction.?”® The novel CdS QDs/GR multilayer composite films
demonstrated a high photocurrent density of 1.08 mA cm™ > under
simulated solar light illumination (100 mW c¢m™?), which is the
highest among all reported QD/carbon solar cells. This work
provides a new direction toward the development of high-
performance light-harvesting devices. More recently, our group
developed an efficient synthetic approach for LbL assembly of
CdS QDs/GR nanosheet multilayer films based on electrostatic
interactions, for which tailor-made monodispersed CdS QDs
and PAH-modified GR nanosheets were utilized as building
blocks.””® The thus-assembled multilayer nanocomposite films
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Fig. 12 (a) Schematic illustration of the stacked structure of the (TiO,/GR),
multilayer thin film, (b) AFM image of (PDDA/TiO,/PDDA/GR),s multilayers,
and (c) UV-vis absorption of (TiO,/GR), multilayer films with different
number of layers and absorption of TiO, peak versus number of bilayer.
(Reprinted with permission from ref. 276, Copyright 2012 John Wiley &
Sons, Inc.)

demonstrated promising photocatalytic and PEC performances
under visible light irradiation (4 > 420 nm). Noteworthily,
multilayer composite thin films comprising conjugated poly-
mers and CdSe NPs have also been prepared via the LbL
assembly strategy based on covalent coupling reactions.”®°
Thus, it is anticipated that 2D GR/CdX (X = Te, Se) multilayer
films would be attained through the LbL assembly strategy for
multifunctional photovoltaic applications. Alternatively, free-
standing LbL assembled GR/MnO, nanotube hybrid films were
also fabricated by an ultrafiltration technique and used as anodes
for lithium ion batteries, for which the unique structures of the
multilayer films provided porous structures that could enhance Li
ion diffusion.?®’ Consequently, LbL assembled GR/inorganic
materials bode well for multifunctional applications.

6. LbL assembly of 3D
nanoarchitectures

LbL assembly of 3D structures has gained enormous research
attention on account of their spatially hierarchical structures
and recent years have witnessed their extensive applications
in a myriad of research fields such as electrocatalysis, photo-
electrocatalysis, photocatalysis and biomedical penetration.
The versatility of LbL assembly has rendered a large variety of
materials such as polymers, inorganic NPs, and biomolecules
to be assembled on various substrates based on different
molecular interactions.>*>%* The synthetic strategy for LbL
assembly of hierarchical 3D assemblies generally includes two
routes. One involves LbL assembly on various microsized
sacrificial colloidal or hierarchical templates and finally
removal of the templates via calcination or solvent treatment
giving rise to LbL assembled 3D inorganic or polymer assemblies.
The frequently used sacrificial colloidal templates are mainly
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centered on polystyrene (PS), melamine formaldehyde (MF),
liquid droplets, gas bubbles, and silica."*® Besides, tailor-made
hierarchical templates consisting of orderly arranged colloidal
particles (e.g., SiO, and PS) or 1D nanostructures (e.g., ZnO) can
also be used as sacrificial templates. Therefore, LbL assembled
microsized 3D hollow spherical capsules or spatially hierarchical
nanostructures can be achieved by this templating technique
which affords tunable control over size, component, thickness,
and penetration of 3D assemblies viag rational selection of appro-
priate templates. The other one is based on direct LbL assembly of
3D polymer capsules consisting of intertwined PE building blocks.
Aside from 3D polymer and inorganic capsules, a large variety of
other 3D assemblies can also be fabricated through the LbL
assembly approach such as 3D graphene-based assemblies,
metal-based assemblies, and polymer-metal assemblies, which
will be elucidated in the following.

6.1 3D inorganic multilayer assemblies

Inorganic capsules, as a typical category of 3D colloidal
template-based assemblies, can be prepared by a variety of
spherical templates, which exhibit superior mechanical and
thermal stability. Hollow spherical inorganic capsules can be
prepared by LbL assembly of various tailor-made NPs which act
as building blocks. Generally, inorganic capsules were fabri-
cated by alternate deposition of PEs and semiconductor NPs
onto PS spheres, followed by calcination to remove the organic
components and templates leading to hollow spherical struc-
tures.”®*>*®® In this way, both the size and shell thickness of
inorganic capsules can be tuned via the assembly cycle of NP
components. Moreover, post-calcination treatment can enhance
the mechanical strength of the hollow capsules. Thus far, several
inorganic precursors with specific charge properties have been
directly applied to construct 3D hollow spherical inorganic
capsules through the LbL assembly strategy based on the
colloid-templating strategy. For example, as illustrated in
Fig. 13, anatase titania capsules were prepared by alternate
deposition of negatively charged titanium precursor, TALH,
and positively charged PDDA on the PS substrate, after which
the template and polycation were removed by calcination.?®”
Besides, calcium carbonate (CaCOj3), as another frequently used
template for fabrication of various nanostructures, can also serve
as a promising alternative sacrificial template for fabricating a
large variety of 3D inorganic hollow capsules via the LbL
assembly approach, owing to its excellent biocompatibility and
easy removal in milder ways than PS and SiO,.>%%>%°

On the other hand, porous colloidal templates such as
mesoporous silica particles (MSP) have attracted increasing
interest for LbL assembly of biomaterials because the highly
porous interior of MSP can be harnessed to encapsulate various
materials.**° % For example, 3D hollow zeolite capsules deco-
rated with metal NPs, metal oxides, and carbon have been
prepared using MSP owing to their high specific surface area
and large nanopore volume.****> Among them, palladium
NP-loaded zeolite capsules have been demonstrated to exhibit
high activity and favorable stability toward catalyzing a series of
Heck-coupling reactions.”®® Alternatively, as another fascinating
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Fig. 13 (a) Schematic illustration of the procedure for constructing
hollow titania spheres on PS spheres as the template. (b—d) TEM and (e)
HRTEM images of hollow titania spheres after calcining the composite
particles consisting of a PS core coated with TALH and PDDA at 450 °C.
(Reprinted with permission from ref. 287, Copyright 2001 John Wiley &
Sons, Inc.)

3D spatially hierarchically ordered template, 3D ordered macro-
porous (3DOM) materials have ignited massive interest in recent
years due to their unique properties and promising potential
applications, ranging from photonic crystals to advanced adsor-
bents and catalysts.>®” For example, as demonstrated by Caruso’s
group,”®® a 3DOM structure composed of highly ordered inter-
connected hollow spheres was fabricated by infiltrating a titania
precursor (titanium isopropoxide) into a crystalline array of LbL
assembled PE/silica-coated colloidal particles, followed by calci-
nation to remove the PE moieties. The wall thickness of the
macropore could be easily tuned by changing the number of
deposition layers onto the colloids during the LbL assembly
buildup. Alternatively, the LbL assembly technique was further
applied to modify 3DOM titania membranes with PAH and
cadmium telluride.**® By applying a similar method, as shown
in Fig. 14, a 3DOM zeolite membrane was fabricated by LbL
alternate coating of a crystalline array of MSP, followed by
hydrothermal treatment, thereby yielding highly ordered and
hierarchically porous multilayer thin films.**°

6.2 3D GR and GR-metal multilayer assemblies

More recently, 3D multilayer thin films and capsules have
raised increasing interest by virtue of their unique architectures
and properties. Particularly, 2D structural advantages and tun-
able surface charge properties of GR nanosheets provide pro-
mising opportunities for the creation of 3D LbL assembled
multilayer thin films and capsules. For example, as reported by
Kim’s group,* 3D electrocatalytic multilayer thin films were
prepared by LbL assembly of electroactive Au NPs with GO
nanosheets toward methanol oxidation, which involved the
alternating assembly of two oppositely charged suspension of
Au NPs and GO nanosheets in the presence of pronounced
electrostatic interaction. It was found that intercalation of GO
nanosheets in the hybrid thin films remarkably improves the
utilization and dispersion of Au NPs and the high catalytic activity
of Au NPs as well as the excellent electronic conduction of GR
nanosheets contributed to the significantly enhanced methanol
oxidation performance of composite films. Most recently, a 3D
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Fig. 14 (a) Schematic illustration of the fabrication of a 3D macroporous
zeolitic membrane via the LbL assembly strategy, and (b and c) SEM images
of the membrane at different magnifications. (Reprinted with permission
from ref. 298, Copyright 2001 John Wiley & Sons, Inc.)

LbL GR/Au NP hybrid architecture was constructed by Xue and
co-workers, for which the interlayer distance between GR
nanosheets was tuned by Au NPs with different particle sizes.>**
This work provides an exciting impetus for building a tunable
3D carbon nanostructure with tailored functionality. LbL
assembly of GR and other noble metal (Au, Pt, or Pd) 3D
multilayer hybrid films has also been reported.>*®***> These
studies concurrently present the general concept for LbL
assembly of GR-based 3D multilayer films. Besides, in another
work, strikingly, Kim’s group introduced a novel and versatile
approach for LbL assembly of 3D GR capsules in which
positively and negatively charged GR nanosheets were utilized
as building blocks for the fabrication of multilayered capsules
on sacrificial PS colloids, as shown in Fig. 15.>°®> More signifi-
cantly, Au NPs can be further evenly incorporated into the
interior surface of the GR capsules, which provides a basis for
rationally designing 3D GR-metal capsules to open new possi-
bilities in diverse promising fields such as drug delivery,
catalysis, and electrochemistry.

6.3 3D polymer multilayer assemblies

3D polymer capsules prepared by the LbL assembly technique
were firstly developed by Donath et al. in 1998 and have rapidly
emerged as a new kind of materials for extensive biomedical
applications.?®* The main polymer capsules are prepared by
alternate deposition of positively and negatively charged polymers
on colloidal templates, in which the formation of multilayer
assemblies is controlled by electrostatic attractive interactions.
Alternatively, covalent bonding or complementary base pairing
interactions can also be utilized to prepare polymer capsules.®*>=%
To date, various biocompatible polymer pairs have been developed
to LbL assemble 3D polymer capsules, such as poly(r-lysine)/
poly(i-glutamic acid),**” chitosan/dextran sulfate,>*® poly-
(pi-lactic  acid)/poly(pi-lactic-co-glycolic acid),>*® chondroitin
sulfate/poly(L-arginine),>'® and dextran sulfate/protamine.*'!
The typical morphology of 3D hierarchical polymer capsules
consisting of PE multilayer films is displayed in Fig. 16. Notably,
these polymer capsules are cross-linked via disulfide bonds and
thus they are stable at physiological pH but can be disassembled
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Fig. 15 Schematic illustration of (a) LbL assembly of GR nanosheets onto
PS colloidal particles and (b) fabrication of GR multilayer hollow capsules
after removing the sacrificial template. (c) SEM image of a core-shell
composite particle containing GO nanosheets on the PS template (1 um)
before removing the core template. (d) TEM image of GR-based hollow
capsules after removing the PS templates in (c) with THF. (e) Low and (f)
high-magnification TEM images of GR-based capsules containing 3 tetra-
layers (GR—NH*"/GR-COO~/Au NPs/GR-COO)s. (Reprinted with per-
mission from ref. 303, Copyright 2010 American Chemical Society.)

in response to thiol/disulfide, therefore showing great potential
for in vivo penetration.>*313

Liquid droplets can also be utilized as colloidal templates
for LbL assembly of polymer capsules. For instance, it was
reported that polymer membranes consisting of chitosan,
pectin, or gelatin had been deposited on corn oil droplets
dispersed in water, showing the great potential of the emulsion
droplets as effective templates for 3D capsule preparation.®4>
Another amazing colloidal template that has been explored for
LbL assembly is the gas bubble. As judiciously performed by
Shchukin and co-workers,**® detergent-capped air bubbles were
used as templates to fabricate PE microcapsules, which prevents
the collapse of air microsuspensions. The use of gas bubbles as
templates for the creation of 3D polymer capsules makes the
removal of the core moiety unnecessary; however, the relatively
low stability and poor polydispersity of bubbles retard their
extensive potential applications.

On the other hand, 3D hierarchical polymer capsules have
also been fabricated using the LbL assembly strategy. For
instance, as shown in Fig. 17b, Wang and co-workers reported
LbL uniform coating of porous silica with PEs followed by
removal of silica templates to obtain 3D micrometer-sized
nanoporous PE capsules (Fig. 17¢).>'® The detailed procedure

Fig. 16 (a) SEM and (b) TEM images of LbL assembled PSS/PAH polymer
capsules. (Reprinted with permission from ref. 313, Copyright 2005 American
Chemical Society.)
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Fig. 17 (a) Schematic illustration of the preparation of nanoporous 3D PE
capsules, (b) SEM image of (PAA/PAH),/PAA capsules, and (c) confocal
laser scanning microscopy (CLSM) image of PE capsules which were
partially cross-linked by heating (160 °C, 2 h) after each PE deposition.
(Reprinted with permission from ref. 319, Copyright 2005 John Wiley &
Sons, Inc.)

to prepare the 3D nanoporous PE spheres normally involves
two steps, as clearly illustrated in Fig. 17a. The first one
involves LbL assembly of oppositely charged PEs (PAA and
PAH) onto the surface of silica spheres followed by spatial
cross-linking of each PE layer with heat treatment. The second
step involves the removal of the silica template using hydro-
fluoric acid. This approach affords a general route towards the
preparation of 3D nanoporous polymer capsules with tailored
composition based on sequential LbL self-assembly.

6.4 3D all metal multilayer assemblies

Bimetallic alternating systems have been designed for tailored
functions, such as superior electrocatalysis. In particular, Pt-
based bimetallic materials have recently attracted considerable
attention owing to their advanced performances in a myriad of
fields. As demonstrated by Wang et al,**® Pt/Pd alternating
layers with accessible mesopores were prepared via a facile LbL
electrochemical deposition method with the assistance of
micelle assembly in a dilute surfactant electrolyte (Fig. 18A).
It was ascertained by the authors that forming alternating layer
structures with nanometer-level layer thickness is highly advant-
ageous for achieving an abundant heterointerface by atom-level
interfacial contact. Moreover, introducing mesopore structures
into the bimetallic layers further boosts the electrocatalytic
performance of Pt/Pd alternating layers toward methanol oxida-
tion. More significantly, the amount (or thickness) of Pt and Pd
components in the alternating layer can be easily controlled by
electrochemical deposition time (Fig. 18B). In anticipation, the
synthetic concept presented in this work can be applied to more
complicated multilayer mesoporous films with various metal
and alloy layers.

6.5 3D polymer-metal multilayer assemblies

Polymer-metal hybrid multilayer films with catalytic NPs
embedded in multilayered PEs offer a versatile platform
for potentially controlling catalyst properties, which simply
involves alternating adsorption of polycations and polyanions.
Generally, there are two strategies to prepare NP-containing
3D polymer-metal capsules. In the first, metal NPs serve as
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Fig. 18 (A) Procedure for fabricating multilayer mesoporous Pt/Pd films
by electrochemical deposition. (B) Images of a six-layer mesoporous Pt/Pd
LbL-assembled multilayer film: (a-1) low-magnification SEM image; (a-2)
electron back-scattered diffraction (EBSD) image; (a-3) dark-field trans-
mission electron microscopy image; (b-1) high-magnification SEM image;
(b-2) enlarged SEM image of the square box in (b-1). (Reprinted with
permission from ref. 320, Copyright 2012 American Chemical Society.)

polycations or polyanions during the film deposition, whereas in
the second, metal ions are incorporated into PE films and
subsequently reduced to form NPs. For example, Kidambi
et al. presented a synthetic procedure to fabricate PE-Pd systems
by alternating immersion of an alumina substrate in PdCl,*~
and PEI solution followed by reduction of Pd(u), as displayed in
Fig. 19a.%*"*** As well, the authors demonstrated another analo-
gous system in which PAA and the PEI-Pd(u) complex were used
as building blocks followed by reduction treatment giving rise to
3D hierarchical polymer-metal capsules (Fig. 19b). Moreover, the
Pd NPs encapsulated in both [PAA/PEI-Pd(0)], and reduced
[PdCl,> /PEI], films exhibit different selective catalysis toward
hydrogenation of allyl alcohol on account of varied rate of
transport to the catalytic sites on the NPs. In another work, Liu
et al. demonstrated the formation of Pd NPs on glass carbon by
electrochemical reduction of films prepared by alternating
adsorption of PACl,>~ and an electroactive polycation.***

7. Applications of LbL assembled
nanoarchitectures with different
dimensionality

LbL assembly of various types of nanosized materials is gather-
ing new perspectives in a myriad of research fields. In this
section, extensive applications of the LbL assembled multilayer
assemblies, especially the GR-based LbL multilayer systems, in
the fields of energy and catalysis are specifically illustrated.
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Fig. 19 (a) Formation of Pd NPs in [PdCL,2~/PEll, films, (b) formation of Pd
NPs in [PAA/PEI-Pd(0)], films. (Reprinted with permission from ref. 321,
Copyright 2005 American Chemical Society.)
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7.1 Transparent conducting films (TCFs)

Up to now, the most intriguing progress in the development of
TCFs predominantly focuses on GR-based TCFs owing to the
extraordinary properties of GR.*** The highly aromatic nature of
GR with extremely low electrical resistivity makes it a promising
candidate as a new generation of transparent electrodes.>”> The
integration of GR nanosheets with conducting polymers®*® or
CNTs**” has been regarded as an effective way to increase the
conductivity of GR-based multilayer thin films.**® For example, the
LbL-assembled MWNT/GR multilayer film (Fig. 20) is featured by
the formation of an interconnected network of conductive MWNTSs
integrating the GR nanosheets, which exhibits a low sheet resis-
tance (8 kQ sq~ ") with a high transmittance (81%) after thermal
treatment.”*® Thermal treatment is pivotal to decrease sheet
resistance owing to the removal of various oxygen-containing
functional groups on GO nanosheets. It is worth noting that the
performance of LbL assembled SPG as TCFs is comparable to
those of other films made by solution-based methods including
vacuum assisted flocculation,*****° dip-coating®' and LB
assembly,**? with resistance on the order of several kQ. More-
over, with a view to fabricating TCF with better performance, it is
advisable not to integrate the insulating composition as partners
of SPG within the LbL assembled system and chemical modifi-
cations of SPG should be avoided. Alternatively, thus far, many
other GR-based multilayer films prepared by the LbL assembly
approach have also been exploited as TCFs, such as GR/layered
double hydroxide nanosheets,*** GR multilayers LbL assembled
from PDDA and GO, as well as PAA/or PSS and CTAB-GO.***

7.2 Field effect transistors (FETs)

The high transportation of carriers in GR nanosheets makes it an
attractive candidate for FET applications.>*”> Nonetheless, SPG
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Fig. 20 (a) Schematic illustration of the fabrication of MWNT/GR LbL
composite multilayer thin films, (b) variation of surface resistance of
(MWNT/GR),s coated on PET and ITO-coated PET substrates under
different bending angles, and (c) photograph of the (MWNT/RGO),s hybrid
multilayer thin film on a PET substrate after mild thermal treatment.
(Reprinted with permission from ref. 268, Copyright 2010 American
Chemical Society.)

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5cs00781j

Published on 22 March 2016. Downloaded by FLORIDA ATLANTIC UNIVERSITY on 22/03/2016 12:10:43.

Chem Soc Rev

nanosheets could be contaminated by some impurities, defects,
and dopants during the synthesis process, which would greatly
diminish their FET performances. In addition, the unfavorable
uniformity in SPG retards the electron mobility in SPG based
FETs because of scattering occurring at the junctions of over-
lapping nanosheets. To surmount these obstacles of SPG for FET
applications, multilayer thin films of GR nanoribbons were LbL
assembled under ambient conditions by Zhu and co-workers.**®
The GR nanoribbon thin film based FET showed p-type behavior
which is remarkably different from that of ambipolar GR and
SPG based FETs. In another work (Fig. 21), Li et al. fabricated
multilayer thin films consisting of GO nanosheets and H;PW;,0,,
(PW) using PAH as a linker via an efficient LbL assembly
approach, followed by a photoreduction treatment for convert-
ing GO to GR.*>*7 It was revealed that FET performances of
the GR/PW multilayer thin films could be easily tuned by the
number of layers deposited in the LbL assembly buildup.

7.3 Lithium ion batteries

GR is a promising material for lithium ion storage, which
possesses a large amount of low energy sites owing to the host
of lithium ions in both sides (C;Li).>*® The lithium ion storage
capacity of GR could be further improved by the covalent Li,
sites (C,Li)**® and the low energy edge sites (C; sLi).**° Inspired
by these discoveries, the SPG with large amounts of defects
imparted by the oxidation-reduction process has been exten-
sively investigated for lithium ion storage, which shows much
improved lithium storage capacity.>*"**> Generally speaking, it
is desirable to keep as few-layer SPG as possible to provide a
tunable stacking of SPG layers with a favorable interlayer
spacing for lithium ion storage inside a lithium ion battery
anode.**® Cassagneau and co-workers reported the assembly of
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Fig. 21 (a) Schematic illustration of the LbL assembly of GR/PW multilayer
thin films. (b) Cross-sectional schematic image of the photodetector. (c)
Optical microscope image of the reduced pattern on (PAH/GO/PAH/PW)g
multilayer films on a silicon substrate. (d) Photocurrent response of the
photodetector based on the conductive patterns in (c) versus time under
chopped irradiation at a bias voltage of 10 V. (Reprinted with permission
from ref. 337, Copyright 2011 American Chemical Society.)
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a rechargeable lithium-ion battery with polyethylene oxide,
PDDA, and GO nanosheets as building blocks.>** The thus-
obtained LbL assembled multilayer thin film demonstrates
significantly high capacity (1232 mA h g 1).***3%" Besides,
SPG has also been integrated with other components which
possess larger theoretical specific capacities as a conductive
supporting material to retard the large volume variation during
the charge-discharge process.**®**° The close interfacial inter-
action between SPG and other components is essential for
superior performances.’****" For instance, as shown in
Fig. 22, free-standing LbL assembled GR/MnO, nanotube (NT)
multilayer thin films were fabricated by an ultrafiltration
technique and applied as the anode for lithium ion batteries,
in which the ultrathin GR layer provides conductive routes
promoting the conversion reaction of MnO, and, meanwhile,
provides buffer layers to retain electrical contact with MnO, NT
during the insertion/extraction of lithium.?®' The GR/MnO, NT
films demonstrated fascinating cycle and rate capabilities with
a reversible specific capacity.

7.4 Supercapacitors

Supercapacitors now play an important role in the progress
of hybrid and electric vehicles, consumer electronics, and
military and space applications. Materials possessing high
specific surface area (SSA) such as CNTs, nanostructured metal
oxides, and conducting polymers are ideal candidates for
supercapacitor applications.>**?® Given that GR is featured
with high theoretical SSA (2630 m> g~ ') which is larger than
that of CNTs (1600 m”> g~ '), investigations on GR based super-
capacitors have therefore been extensively pursued.’** The
integration of SPG with metal oxides in a LbL stacking manner
is beneficial for generating a synergistic effect through the
formation of an intimate interface for charge transport. For
example, supercapacitors constructed from the LbL assembled
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Fig. 22 (a) Schematic illustration of the LbL stacked GR/MnO, nanotube
composites, (b) cross-sectional SEM image of GR/MnO, nanotube com-
posites, (c) galvanostatic charge and discharge curves of the LbL GR/MnO,
nanotube film, and (d) capacity of the GR/MnO, nanotube film at various
current rates with the variation of cycle number. (Reprinted with permis-
sion from ref. 281, Copyright 2011 American Chemical Society.)
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nanostructure of PSS-GR/manganese dioxide (MnO,) nano-
sheets exhibited promising specific capacitances.**>*” Speci-
fically, as shown in Fig. 23(a-d), multilayer films with different
alternating deposition layers were fabricated by using PSS-GR,
MnO,, and PDDA as building blocks. It was found that the
deposition layer remarkably influences the electrochemical
performances of supercapacitors; the specific capacitance
of the optimal ITO/(PDDA/PSS-GR/PDDA/PDDA/MnO,);, elec-
trode reached 263 F g~ ' at a discharge current density of
0.283 A g~' and, moreover, it demonstrated good stability
and high Coulombic efficiency. In another work, an impressive
specific capacity was obtained over Co-Al-layered double hydro-
xide (LDH)/GO structures prepared by the LbL assembly
strategy, owing to the ordered stacking of GO nanosheets and
Co-Al-LDH for the efficient transportation of charge. Further-
more, LbL assembled GR composites can also reduce the
restacking of GR and tune the pore size of the inter-plate for
penetration of the electrolyte, which should also contribute to
the improvement of supercapacitor performances. Despite the
advancements made in the previous studies, there is a growing
demand for developing hybrid supercapacitor systems to over-
come the energy density limitations of the current generation of
carbon-based supercapacitors. Most recently, as displayed in
Fig. 23e, 3D high-performance hybrid supercapacitors and
microsupercapacitors based on GR and MnO, which are rationally
designed via the LbL deposition technique were demonstrated.?*®
The electrode can operate at high voltages with an ultrahigh
volumetric capacitance of over 1100 F cm > corresponding to a
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Fig. 23 (a) A schematic view for constructing multilayer films on a substrate.
(b) UV-vis absorption spectra of multilayer films of (PDDA/PSS—GR/PDDA/
MnO,), (n = 1-10) on a quartz glass substrate. The inset is a plot of
absorbance at 226 nm and 360 nm versus number of bilayers. (c) CV curves
of ITO/(PDDA/PSS-GR/PDDA/MNO;)10, ITO/(PDDA/MNO,);10, and ITO(PDDA/
PSS—GR)o electrodes at a scan rate of 40 mV s~ (d) CV curves of ITO/
(PDDA/PSS—GR/PDDA/MNnOy), (n = 5, 10, 15) electrodes at a scan rate of
40 mV st (e) Rational design of high-energy—high-power hybrid super-
capacitor electrodes. (Reprinted with permission from ref. 355, Copyright
2011 Royal Society of Chemistry.)
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specific capacitance of the constituent MnO, of 1145 F g~ ' which
is close to the theoretical value of 1380 F g~ . More significantly,
the energy density of the full device is superior to commercially
available supercapacitors.

7.5 Solar cells

The rapid developments of GR-based transparent composites
promote their applications in solar cells.***?*° The wide
absorption range of GR is beneficial for improving the power
conversion efficiency of solar cells and, moreover, the work
function of GR (4.5 eV) could be tuned by changing surface
states or the number of bilayers assembled for efficient charge
carrier injection.***% Hence, when applied as a photo-
cathode, the unique properties of GR could enable it to replace
the conventional Pt photocathode in DSSCs acting as a trans-
parent Pt-free cathode.*®* For example, Gong and co-workers>®
assembled the GR/Pt multilayer thin films to reduce the Pt
amount in the counter electrode in DSSCs and their results
showed that the composite electrode showed comparable
photovoltaic performances to the conventional sputtered Pt
electrode. More specifically, the GR/Pt multilayer thin films
were prepared by sintering the (PDDA/GR/PDDA/H,PtClg),
multilayer thin film LbL-assembled on the FTO substrate, in
which the GR layer intercalated between the FTO and Pt
contributes to high photon-to-electron conversion efficiency
(PCE, 6%). The advantage of multilayer structure for QD solar
cells was demonstrated by Guo et al. using GR/CdS QD multi-
layer thin films (Fig. 24),>”® for which PCE was significantly
improved from 5% to 16% by tuning the number of bilayers of
hybrid films from 2 to 8, owing to the synergistic effect of light
absorption and charge transport over composite multilayers.
Furthermore, the investigation on the electron transfer in
Tip.010,/GR multilayer thin films also revealed the highly
efficient separation of photo-excited electrons and holes, which
was apparently reflected by the substantial enhancement in the
photocurrent.’® Consequently, the ability to independently
control the property of each component layer in LbL assembly
construction affords a controllable way to reduce the recombi-
nation of carriers and improve the PCE of solar cells.

7.6 Sensors

Molecular sensing of useful or toxic substances has been
extensively investigated and the result has revealed that well-
designed host structures are essential for high sensitivities and
selectivities. In addition to organic supramolecular hosts,**®
structure-controlled inorganic nanomaterials have become
increasingly important in this field.*®” Particularly, GR-based
LbL assembled multilayers have gained increasing interest in
electrochemical, electronic, and optical sensing applications
due to the high electron transfer rate and carrier mobility of
GR.*®® Specifically, GR containing a large amount of modifiable
oxygen-containing functional groups and highly reactive edging
sites have been determined to be an attractive candidate to
concentrate analytes. As shown in Fig. 25(a-c), the layered
structures are formed by in situ reduction of GO in the presence
of nonvolatile ionic liquids (G-IL) and subsequent electrostatic
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Fig. 24 (a) Schematic illustration of the preparation of LbL assembled
GR/CdS QD hybrid films on ITO glass, (b) cross-sectional SEM image of
GR/CdS QD multilayers, and (c—f) PEC performances of GR/CdS QD
multilayer films. (Reprinted with permission from ref. 278, Copyright
2010 John Wiley & Sons, Inc.)

LbL assembly of (G-IL/PSS),, multilayer thin films.**® This work
demonstrated the use of layered (G-IL/PSS),, composites on a
quartz crystal microbalance (QCM) for selective gas sensing and
it was found that the nanospace formed between sp>-hybridized
carbon nanosheets of GR has a higher affinity for toxic aro-
matic hydrocarbons than for their aliphatic carbons, thus
giving rise to highly selective gas sensing activity. Alternatively,
LbL assembled GR multilayers have been used as sensors for
detecting hydrogen peroxide (H,0,).”%*”" Apart from gas and
H,0, sensors, glucose sensors have also been reported based
on modified GR multilayers which exhibit satisfactory detection
limit and sensitivity.372 For example, as illustrated in Fig. 25d,
the flowchart demonstrates the capability of GR as a spacer to
form electrochemically active multilayered nanostructures by
the LbL assembly strategy, in which methylene green (MG) and
positively charged methylimidazolium functionalized multi-
walled carbon nanotubes (MWNTs) were used as an example
of electroactive species and electrochemically useful compo-
nents for the assembly, respectively. Electrochemical studies
indicated that the thus-assembled nanostructures possess
excellent electrocatalytic activity toward the oxidation of nico-
tinamide adenine dinucleotide (NADH) which suggests their
great potential for the development of molecular biosensors or
biofuel cells. Virtually, LbL assembled GR-based multilayer
films have been extensively utilized as versatile biosensors
for detecting various biomolecules such as DNA and protein
markers.*”*777

7.7 Proton exchange membrane fuel cells (PEMFCs)

Fuel cells are regarded as the most efficient and less polluting
power-generating technology, thus making them a potential
and viable candidate to moderate the fast increase in power
requirements and to minimize the impact of the increased
power consumption on the environment. Among them, proton
exchange membrane fuel cells (PEMFCs) are considered to be
the most promising power sources. The challenge in PEMFCs
arises predominantly from the need for an inexpensive, more
active and durable proton exchange membrane (PEM). For
example, with regard to the development of one typical fuel
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Fig. 25 (a) Schematic illustration of the preparation of (G—-IL) composites
and their LbL assembly on a quartz crystal microbalance (QCM). High-
resolution TEM images of GR reduced in (b) water and (c) 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF,) IL with the corresponding
average layer spacing. (d) Schematic illustration of the strategies for the
controllable formation of electrochemically functional nanostructures on
electrodes with GR as the spacer. (Reprinted with permission from ref. 369
and 372, Copyright 2010 John Wiley & Sons, Inc.)

cell such as the direct methanol fuel cell, PEM films with high
methanol permeation could not only reduce the cell voltage at
the cathode stemming from a mixed potential, but also decrease
cell efficiency and poison cathode catalysts.’”® Although increas-
ing the thickness of the PEM membrane helps in reducing
the methanol crossover, a thick membrane could lead to the
swelling of the membrane.?”® Till now, various approaches have
been developed to modify the Nafion-based PEMs to suppress
the methanol permeation.**® Among them, the LbL technique
has facilitated extensive applications of PEMFC multilayers since
thermal and chemical stability of the Nafion membranes could
be well-preserved within the assembled PE films which consti-
tute a component of PEM. For example, Jiang and co-workers
prepared an effective methanol-blocking multilayer on a Nafion
membrane through LbL assembly of oppositely charged PEs
(i.e., PDDA, PSS, and PAZO), thus reducing the methanol permea-
tion.*®! Moreover, some metal NPs (e.g., Pd,*®* Au*®® and Pt*®%),
oxide NPs (e.g., SiO,,** Ti0,,*®*® and 7r0,**), and CNTs (e.g,
MWCNTs***%%) have also been employed as methanol-blocking
agents for the Nafion membrane via LbL assembly approaches,
thus producing promising PEMFCs.

GR nanosheets, as another promising alternative catalyst
support for fuel cells, have recently been extensively explored
based on LbL assembly buildup on account of their intrinsic
structural advantages and performances.>****" Notably, Lin’s
group presented a simple and environmentally friendly approach
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to prepare soluble GR nanosheets by polyelectrolyte (i.e., PDDA)-
mediated reduction of GO in which PDDA simultaneously serves
as a reducing agent and stabilizer.>** Moreover, it was found that
the PDDA moieties anchored on the substrate of GR nanosheets
facilitate the in situ growth of highly dispersed Pt NPs based on the
electrostatic interaction between PDDA and PtCls>~ to form Pt/GR
nanocomposites with excellent catalytic activity toward formic acid
oxidation. This work connotes a potential idea for fabricating LbL
assembled Pt/GR multilayer thin films by alternating deposition of
GR-PDDA and Pt NPs or PtCls>~ precursor on a glass carbon
electrode for oxygen reduction reaction or oxygen evolution reac-
tions associated with PEMFCs. More recently, as shown in Fig. 26,
Alamgir’s group harnessed surface limited redox replacement to
provide precise LbL growth of Pt monolayers on GR nanosheets, by
which fully wetted 4-5 monolayer Pt films can be grown on the GR
substrate.®*® Furthermore, the authors found that incorporat-
ing the GR layer at the Pt-Au interface modifies the growth
mechanism, charge transfers, equilibrium interatomic dis-
tances, and associated strain of the synthesized Pt monolayers.
Cyclic voltammetry (CV) and the oxygen reduction reaction
results show that the inserted GR monolayer in the multilayer
films results in increased activity for the Pt due to a GR-induced
compressive strain, as well as a higher resistance against loss of
the catalytically active Pt surface.

7.8 Catalysis

Synthesizing metal/semiconductor hybrid nanocomposites
for multifunctional catalytic applications, including photo-
catalysis, thermal catalysis, and electrocatalysis, has been attract-
ing enormous research attention. Generally, the strategies for
distribution of metal NPs on semiconductors are mainly centered
on conventional methods including photoreduction, deposition—
precipitation, and dipping-calcination.*** Despite the advantages
afforded by these synthetic approaches, rational fabrication of
well-defined metal/semiconductor hybrid nanocomposites in con-
junction with monodisperse deposition of metal NPs and tunable
deposition amount of metal components on the semiconductor is
still far from satisfactory. Towards this end, the LbL assembly
technique demonstrates significant advantages over conventional
methods. For example, hierarchically ordered M/TiO, nanotube
array (M/TNTs, M = Au, Ag, Pt) heterostructures were prepared via
LbL assembly, which involves alternating deposition of tailor-
made negatively charged metal NPs on the positively charged
PE-modified (e.g., PAH) TNT substrate.*****> Strikingly, the thus-
assembled M/TNT hybrid nanostructures exhibited significantly
enhanced photocatalytic performances toward liquid-phase
degradation of organic dye pollutants under UV light irradiation
(=365 %+ 15 nm) in comparison with blank TNTs, in which metal
NPs were determined to play a pivotal role as “electron traps” for
separation of photogenerated electron-hole charge carriers. More-
over, it was found that the M/TNT nanostructures also demon-
strated efficient thermal catalytic activities toward reduction
of nitrophenol to nitroaniline under ambient conditions.
The promising catalytic performances of M/TNT nanocompo-
sites were predominantly attributed to the monodisperse
distribution of metal NPs on the TNTs. Consequently, surface
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(a) Pt/Au samples, where Pt is grown directly on a bare Au
substrate by SLRR. (b) Pt/GR/Au samples, where GR is first transferred on
top of the Au substrate before Pt deposition by SLRR. Cyclic voltammo-
grams for (c) Pt/Au and (d) Pt/GR/Au with varied ML, (e-h) 2, 3, 4, and 5 ML
samples, respectively, comparing samples with graphene to those without.
CVs were performed in N»-saturated 0.1 M H,SO,4. Voltages are referenced
to a Ag/AgCl electrode. (Reprinted with permission from ref. 393, Copy-
right 2015 American Chemical Society.)

modification of 1D semiconductors through the LbL assembly
strategy can be utilized as an effective method to achieve
uniform deposition of metal NPs for versatile catalytic
applications.>?¢3%8

When metal NPs become atomically small (<2 nm) and are
composed of a precise number of metal atoms passivated with
a stabilizing ligand, it was referred to as metal clusters which
are distinct from bulk metal NPs such as unique atom packing,
quantum confinement effect, and discrete molecule-like band
structure. More recently, Au NPs and gold (Au,) clusters were
judiciously used as ingredients for LbL assembly buildup on
the TNT framework, for which Au NPs and Au, clusters were
successively deposited on TNT based on pronounced electro-
static interaction leading to a well-defined Au,/Au/TNTA ternary
heterostructure.*® More significantly, as shown in Fig. 27,
the superior photocatalytic performances of the Au,/Au/TNTA
heterostructure over Au/TNT and Au,/TNT binary counterparts
toward reduction of aromatic nitro compounds under ambient
conditions reveal the synergistic interaction of Au NPs and Au,
clusters, i.e., electron relay and plasmonic sensitization of Au
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NPs for Au, clusters, thereby bridging the gap between these
two different sized metal nanostructures.

Apart from the metal/semiconductor nanocomposites,
GR/semiconductor nanocomposites prepared by the LbL assembly
approach have recently been achieved for photocatalytic applica-
tions. As reported by our group, visible-light-responsive CdS QDs
and PAH-modified GR were selected as building blocks for con-
structing CdS QDs/GR multilayer thin films, in which negatively
charged CdS QDs and positively charged GR were alternately
stacked, as shown in Fig. 28.>”° The as-prepared CdS QDs/GR
multilayer thin films show promising photocatalytic performances
toward anaerobic reduction of a series of aromatic nitro com-
pounds to corresponding amino compounds under visible light
irradiation (2 > 420 nm). More significantly, photocatalytic and
PEC performances of the CdS QDs/GR multilayer thin films can be
tuned by assembly cycles. This work suggests the great potential
photocatalytic applications of LbL assembled GR/semiconductor
multilayer thin films. Alternatively, Bi,WO, nanoplate and poly-
tungstogermanate multilayer films fabricated by the LbL techni-
que were also demonstrated to exhibit significantly enhanced
visible-light-responsive photocatalytic performances in compari-
son with the randomly distributed powder counterparts.****%°

Harvesting energy from green resources and developing
suitable storage systems are the top priorities in current research
on energy systems. In this regard, besides the photocatalytic
activities, electrocatalytic performances of LbL assembled multi-
layer thin films were also extensively evaluated such as methanol
oxidation and selective hydrogenation of a series of unsaturated
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Fig. 27 (A) Schematic illustration depicting the photocatalytic mechanism
over the Au,/Au/NP-TNTA ternary heterostructure. (B) Photocatalytic
performances of (a) 4-NA, (b) 2-NA, (c) 3-NA, (d) 4-NP, (e) 2-NP, and (f)
3-NP over blank NP-TNTA, Au/NP-TNTA, Au,/NP-TNTA, and Au,/Au/NP-
TNTA nanostructures under visible light irradiation (4 > 420 nm) with the
addition of ammonium formate as a quencher for photogenerated holes
and with N, purging under ambient conditions. (Reprinted with permission
from ref. 399, Copyright 2015 American Chemical Society.)
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Fig. 28 (A) Schematic illustration of LbL self-assembly of GNs—CdS QDs,
pure GNs, and pure CdS QD multilayer films. (B) Photocatalytic reduction
of substituted aromatic nitro compounds over CdS QD film (15 layers), of
GNs—-CdS QD composite film (15 layers), and calcined GNs-CdS QD
composite film (15 layers) under visible light irradiation (A > 420 nm), with
the addition of ammonium formate as a quencher for photogenerated
holes and with N, purging under ambient conditions. (a) 4-Nitroaniline, (b)
1-chloro-4-nitrobenzene, (c) 1-bromo-4-nitrobenzene, (d) 4-nitrotoluene,
(e) 4-nitroanisole, and (f) 4-nitrophenol. (g) Photocatalytic reduction model
under the experimental conditions. (Reprinted with permission from ref. 279,
Copyright 2014 American Chemical Society.)

alcohols. As shown in Fig. 29, Kim et al. developed a simple
method of integrating electroactive Au NPs with the GO
nanosheet substrate by LbL assembly for creation of 3D electro-
catalytic thin films which are highly active toward methanol
oxidation.**" Specifically, this approach involves the alternating
assembly of positively charged Au NPs with GO nanosheets on
the basis of electrostatic interactions, in which GO nanosheets
acting as structural components of the multilayer thin film are
beneficial for the utilization and dispersion of Au NPs by virtue
of their high catalytic surface area and excellent conduction of
GR nanosheets, thus avoiding irreversible aggregation of Au NPs
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Fig. 29 (a) Schematic illustration of the mechanism for electrocatalytic
activity of (Au/GR),, multilayer thin films toward methanol oxidation with
the variation of bilayer numbers. (b) Cyclic voltammograms of the (Au/GR)g
thin film thermally treated at 150 °C in 0.10 M KOH with different
concentrations of CHzOH. (c) The Tafel plots with a representative linear
fit. All measurements were performed in a saturated N, at a scan rate of
20 mV s~% (Reprinted with permission from ref. 301, Copyright 2012 John
Wiley & Sons, Inc.)
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during electrocatalytic cycles and loss of the nanoscale catalytic
effect. In addition, the authors demonstrated that electrocatalytic
activities of these multilayer thin films can be tuned by the number
of bilayers and thermal treatment afforded by the advantageous
features of LbL assembly. The general concept presented by the
authors offers new categories of electroactive catalysts for direct
methanol fuel cells in view of the versatility of LbL assembly.

8. Conclusions and future
perspectives

LbL assembly represents a simple, robust, efficient, and highly
versatile method, which allows for the integration of a large
variety of materials (e.g., polymers, biomolecules, clays, metal
oxides, colloidal NPs, and even biologically active compounds)
into various multilayer systems with tunable structures, com-
positions, properties, and controllable innovative functions. As
such, it is not surprise at all to see the promising potential
applications of LbL assembled multilayer assemblies in a
myriad of fields including but not limited to drug delivery,
energy storage and conversion, catalysis, and bioelectronics.
In this review, we have concisely introduced the develop-
ment history and basic principles of the LbL assembly techni-
que and summarized the influences of various parameters
on the LbL assembly buildup (e.g:, pH, temperature, ionic
strength, solvent, and properties of PEs) in combination with
the different intermolecular interactions responsible for the
LbL assembly process such as electrostatic, charge-transfer,
host-guest, biospecific, hydrogen bonding, covalent bonding,
and coordination chemistry interactions. In addition, pre-
dominant attention was paid to elucidate the principle on how
to achieve the rational construction of a great set of multilayer
assemblies with well-defined architectures and tailored thick-
ness, structures, and compositions via the LbL assembly tech-
nique by judiciously choosing building blocks of different
dimensionality (e.g., 0D, 1D, 2D, and 3D). Furthermore, extensive
applications of multilayer assemblies including transparent
conducting films, field effect transistors, lithium ion batteries,
supercapacitors, solar cells, sensors, proton exchange membrane
fuel cells, and catalysis have been demonstrated and new
assembling concepts and methodologies have been proposed.
Despite the considerable advancements that have been
made during the past two decades, it is advisable for research
communities to rationally evaluate the advantages and dis-
advantages of LbL assembly technology, especially for the
latter, with a view to improving its future burgeoning develop-
ments. It should be particularly emphasized that disadvantages
of LbL assembly are principally centered on the limitations of
respective molecular interactions dominating the LbL assembly
process. For example, electrostatic interaction is only applic-
able to the fabrication of charged and water-soluble multilayer
materials sensitive to external stimuli; hydrogen bonding inter-
action generally produces less stable multilayer assemblies;
charge-transfer interaction is only limited to nonionic mole-
cules; host-guest interaction is merely confined to a perfect
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recognition mode; coordination chemistry interaction is gen-
erally restricted by materials selections; covalent bonding inter-
action is limited to some particular molecules. All these
disadvantages remarkably influence the construction of stable
and robust multilayer assemblies. Despite the disadvantages
associated with the LbL assembly technique in the current stage,
many stimulating challenges and opportunities still await us to
explore the significant potential of LbL assembly techniques in
the near future, as specifically elucidated in the following.

Firstly, thus far, the majority of the reported studies were
mainly focused on the fabrication of LbL multilayer assemblies
through conventional electrostatic interactions, and LbL assembly
of multilayer systems via other intermolecular interactions or
integrated interactions is still far from satisfactory. In this regard,
it is envisaged that prominent LbL assembly techniques based on
multiple intermolecular interactions would provide new alterna-
tive avenues for precisely controlling the growth of multilayer
films and hence promote the generation of much more well-
defined nanoarchitectures with new innovative functionalities.

Secondly, judicious combination of the LbL assembly tech-
nique with various other bottom-up or top-down strategies (e.g.,
photolithography and printing techniques) would enrich the
technical routes for LbL assembly buildup, which would with-
out doubt be beneficial for creating a diverse set of novel
nanoarchitectures with high performances and low cost for
extensive practical applications.

Thirdly, note that the GR-driven “gold-rush” wave in recent
years in many disciplines and potential applications unleashes
the fascinating properties of GR, which can be further har-
nessed as an excellent nanobuilding block for LbL assembly of
2D or 3D multilayer films or nanostructures by taking full
advantage of its intrinsic structure and surface charge merits.
Alternatively, apart from GR, various exfoliated atomically thick
inorganic nanosheets such as monolayer oxide nanosheets and
transition metal dichalcogenide nanosheets have sparkled ever
increasing interest over the past few years owing to their unique
and novel electronic structures as well as distinctive physico-
chemical properties, which can be further used as efficacious
constructing components for LbL assembly of a large variety of
multi-dimensional nanoarchitectures.

Fourth, there are two main themes that can be identified for
current developments in LbL assembly technologies. One involves
moving away from the random diffusion-driven kinetics for layer
deposition and the other is the advancement from manual
assembly toward automated systems. Thus, judicious choice of
newly developed assembly technologies will significantly enable
the engineering of diverse multilayer thin films and hierarchical
nanostructures with tailor-made physicochemical properties.

Finally, LbL assembly technology has the advantage of
unlimited applicability to a wide range of materials, which
makes the LbL assembly technique accommodate most of the
pivotal applications of future technology. The remaining chal-
lenges for the LbL methods in practical utilization would be to
satisfy commercially based merits and industrial scalability.
These final issues should be easily addressed by virtue of the
intrinsic simplicity of LbL procedures.
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In summary, although remarkable developments have been
achieved in the previous studies, undoubtedly, there is still much
space for us to fully take advantage of the LbL assembly technique
for constructing varied multilayer systems with superior perfor-
mances which would possess great potential for practical applica-
tions. It is hoped that this review could afford enriched information
on the prominent LbL assembly technology for rational design of
various multilayered nanoarchitectures for versatile applications.

Abbreviation

PE Polyelectrolyte

PAA Polyacrylic acid

PAH Poly(allylamine hydrochloride)

PDDA Poly(diallyldimethylammonium chloride)

PSS Poly(sodium 4-styrene sulfonate)

TALH Titanium(v) bis(ammonium
lactato)dihydroxide

PANI Polyaniline

PVA Poly(vinyl alcohol)

PDMAEA Poly(2-N,N’-(dimethyl amino ethyl acrylate))

PET Poly(ethylene terephthalate)

PEC Photoelectrochemical

IPCE Incident photon-to-electron conversion
efficiency

PCE Photon-to-electron conversion efficiency

PS Polystyrene

MS Mesoporous silicas

SPG Solution processed graphene

PEMFCs Proton exchange membrane fuel cells

PAZO Poly(1-(4-(3-carboxy-4-
hydroxyphenylazo)benzene sulfonamido)-1,2-
ethanediyl, sodium salt)

PEMFCs Proton exchange membrane fuel cells

PSQ Poly(methylsilsesquioxane)

PVPON Poly(vinylpyrrolidone)

B-CD B-Cyclodextrin

AD Adamantane

PCTDA 3,4,9,10-Perylenetetracarboxyldianhydride

EBSD Electron back-scattered diffraction

EMImBF, 1-Ethyl-3-methylimidazolium tetrafluoroborate

MWCNT Multi-walled carbon nanotube

PEM Proton exchange membrane

TCFs Transparent conducting films

FETs Field effect transistors

SSA Specific surface area

NPs Nanoparticles

CaCO; Calcium carbonate

PLB Poly-L-lysine
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