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gold nanoparticles: fabrication strategies, surface
engineering and functional applications
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In the last few decades, two-dimensional monolayer films of gold nanoparticles (2D MFGS) have attracted
increasing attention in various fields, due to their superior attributes of macroscopic size and accessible
fabrication, controllable electromagnetic enhancement, distinctive optical harvesting and electron trans-
port capabilities. This review will focus on the recent progress of 2D monolayer films of gold nano-
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particles in construction approaches, surface engineering strategies and functional applications in the
optical and electric fields. The research challenges and prospective directions of 2D MFGS are also dis-
cussed. This review would promote a better understanding of 2D MFGS and establish a necessary bridge
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among the multidisciplinary research fields.

1. Introduction

As one of the most widely studied noble metal materials, gold
nanoparticles (Au NPs) have attracted tremendous interest in
various fields, due to their unique optical and electronic
properties."” Unlike their counterparts including individual Au
NPs in solution and bulk materials, Au NP assemblies exhibit
unique physical and chemical properties that arise from the
synergistic interparticle interactions between the constituent
particles.” Organizing Au NPs into assemblies such as linear Au
NP assemblies (1D),°° 2D MFGS™ and 3D Au NP super-
structures’ with controllable particle spacing and particle
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arrangement enables the exploration of new applications in
various fields including catalysis,"*™"> sensors,'®™"® optoelectronic
devices,"”*®  optothermal devices,”** and detection.***
Generally, 1D Au NP assemblies are prepared in solution, leading
to the difficulty in yields for the engineering fields.>>® Although
3D Au NP superstructures possess numerous advantages, the con-
struction of 3D Au NP superstructures with controllable particle
distribution, especially using anisotropic Au NPs, is still
challenging.**>" In contrast, 2D MFGS display intriguing pro-
perties such as good accessibility and stability, transferrable, tune-
able plasmon coupling and electromagnetic enhancement.**
Over the past decade, new approaches have been focused on to
construct optimized 2D MFGS. Generally, there are three main
methods including interfacial assembly,*****” in situ reduction
and deposition methods.*®*° Tremendous efforts have been
devoted to interfacial assembly due to the time-saving, easy and
simple fabrication procedure, as well as advantages in large area
and highly tuneable Au NP distribution of the obtained film.
Recently, some exciting interfacial assembly approaches have
been developed, which can solve the problems of films such as
poor mechanical strength and low conductivity.*® They also result
in some distinctive or enhanced properties of 2D MFGS, which is
promising in the combination of flexible polymer substrates for
wearable electrical devices.* In consequence, the rise of 2D
MFGS prompted a rich variety of new technologies in sensing and
detection,'®** and optical and electronic devices.*> ™’

2. General consideration

Although some reviews about the self-assembly of Au NPs in
solution have been reported, there is still no reported review
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primarily on 2D MFGS.*®*° In this review, we provide an in-
depth summary of 2D MFGS focusing on the various inter-
facial self-assembly methods, and the surface engineering
achieved via combining with functional materials such as
functional small molecules, smart polymers and bio-sub-
stances. We also outline key challenges and the prospective
directions of 2D MFGS for future research (Fig. 1).

3. The construction of 2D MFGS

The high accessibility, stability and controllable physical
properties*®*® make the 2D free-standing MFGS more appli-
cable. It is, therefore, particularly important to construct 2D
MFGS with required functions for different fields. The ideal
approach for preparing 2D MFGS should satisfy the following
points: (1) from the standpoint of fundamental research and
real practical applications, the method should be low-cost and
exhibit high-reproducibility, reliable scalability and ignorable
environmental toxicity. (2) The construction approaches of 2D
MFGS should be tailored to meet the materials requirements
in different fields. For instance, in the current research of
SERS detection, repeatability is also a key technology area to
be focused on besides the improvement of sensitivity.
Therefore, the regularity of the arrangement of nanoparticles
in 2D MFGS is of great importance, which provides the coup-
ling of hot spots for enhancing the stability and reliability of
surface-enhanced Raman scattering (SERS) detection. (3) The
prepared 2D MFGS should possess good physical and chemical
properties (conductivity, transferability, stability, large specific
surface area, etc.) for on-demand 2D MFGS based devices.”' >’
Interfacial self-assembly is a spontaneous assembly process in
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Fig. 1 Schematic overview of this review including the fabrication approaches, surface engineering strategies and mainly optical and electric appli-

cations of 2D MFGS.

a restricted two-dimensional plane, which can help prepare
ordered structures in the microscopic scale with desired func-
tions.>* According to the three basic states (phases) of matter,
the 2D interface can be divided into gas-liquid, liquid-liquid
and gas-liquid-solid interfaces for constructing of 2D MFGS.

3.1 Air-liquid interface assembly

The assembly of gold nanoparticles at air-water interfaces into
microscopic 2D colloidal crystals was firstly exploited by
Pieranski.”> The gas-liquid interfacial assembly of nano-
particles is a process of adsorption.’**” Thermodynamically,
the Gibbs free energy (AE) of gold nanoparticles at the air-
water interface can be calculated as follows:®

AE = —7R? 4irjwater (€08 0 — 1)° (1)

where 6, R and y are the contact angle of Au NPs in aqueous

solution, particle radius and interfacial tension, respectively.
Apparently, AE is always negative and the transferring of Au

NPs to the air-water interface is a process of reducing Gibbs

This journal is © The Royal Society of Chemistry 2020

free energy regardless of the hydrophobicity of Au NPs. That is,
in view of thermodynamics, it is a spontaneous procedure to
transfer Au NPs from solution to the interface (Fig. 2).°>%°
However, it is always difficult to achieve spontaneous inter-
facial assembly without any extra force. Universally acknowl-
edged, the kinetics inhibits particle adsorption due to the
high sorption potential barrier (G).°>°" In order to achieve
assembling of Au NPs at the air-water interface, additional
impetus was often added into the system. Previous experi-
ments and a great quantity of simulation about interfacial
assembly revealed that adding electrolytes,®>®® performing
hydrophobic modification®®”° and using surface active sol-
vents could strongly facilitate the decrease of the sorption
barrier in the assemblies of Au NPs. Reducing the surface
charge density is the main principle of electrolytes inducing
the assembly of Au NPs. In early days, the assemblies were
acquired by adding strong electrolytes to the colloidal solu-
tion.®” This method is very effective for rapid assembly;
however, a slight change of the electrolyte concentration
usually results in the bulk coagulation of the colloids, which

Nanoscale, 2020, 12, 7433-7460 | 7435
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Fig. 2 Diagrammatic sketch of thermodynamic and kinetic changes in the process of 2D GNMS formation at the air-liquid interface. During this
process, the reducing Gibbs free energy (AE) implied that 2D GNMS formation is a thermodynamically spontaneous process. However, it kinetically

inhibits particle adsorption (G).

makes this approach uncontrollable.®® With the development
of this assembly strategy, replacing strong electrolytes with
weak electrolytes is the current predominant direction.

As shown in Fig. 3a, Deng’s group®* achieved the assembly
of Au spheres at the air-liquid interface by using a weak elec-
trolyte (formic acid). Better control of the decrease of the par-
ticle surface charge density would prevent the coagulation of
the colloids effectively. Additionally, the generation of a proton

gradient achieves vertical segregation of Au spheres with
different sizes. Nevertheless, the sophisticated operation and
precise concentration restricted further advancement of this
method. Alternatively, the hydrophobic modification of gold
particles also plays an important role in decreasing the surface
charge density for air-liquid self-assembly. The assembly
mechanism of Au NPs via hydrophobic modification is similar
to the addition of electrolytes. More importantly, the incom-
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Fig. 3 Electrolytes induced assembly of Au NPs:®* (a) Schematic illustrations of the fabrication of Au NS films through weak electrolyte (formic acid
vapor) induced assembly at the water—air interface; (b—d) SEM images of the size-segregated double-layered Au NS films. Hydrophobic modification
(thiol) induced assembly of Au NRs at the air—water interface:®® (e) schematic illustrations of the fabrication of vertical Au NR films; (f) SEM images
and physical photographs of the prepared vertical Au NR monolayer. Surface active agents induced the assembly of Au NSs at the air—water inter-
face:”* (g) schematic of the fabrication of a Au NS array film by a capillary gradient-induced self-assembly at air/water interfaces. The assembly
process was achieved in two steps: (1) pre-assembly. PDDA-coated Au NSs pre-assembled into Au NS chains; (2) extrusion. The Au NS chains were
extruded into dense Au NS arrays by ethanol; and (h) a photograph of the macroscopic Au NS array films.
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patibility between the Au NP surface and surrounding solvent
enables the NPs to be readily transferred to the interface for
reducing the surface energy.”® Wei et al. (Fig. 3b) achieved the
self-assembly of Au NRs into a monolayer vertical array at the
air-water interface by modifying the Au NRs with mercapto
alkane (1-dodecanthiol).>® In addition, the assembly of the
hydrophobic molecule modified Au NPs via the Langmuir-
Blodgett”"”> approach is an effective strategy to achieve macro-
scopic assembly of Au NPs.”? Alternatively, the addition of
active solvent is another efficient approach to achieve dense
assemblies of Au NPs at the air-water interface. Generally, the
active solvent often causes an abrupt change of the surface
tension of Au NPs. Unconventionally, Li’s group’* acquired a
dense monolayer of Au NPs by using volatile organic solvents
(ethanol) (Fig. 3c). Without adding ethanol, the dipole-dipole
interactions and electrostatic repulsions between Au NPs
resulted in random, non-close-packed NP assemblies at the
air-water interface. In contrast, the addition of ethanol effec-
tively facilitates the formation of dense and macroscopic 2D
MFGS.

3.2 Liquid-liquid interface assembly

Compared with air-liquid assembly, liquid-liquid assembly
with higher anti-interference capacity makes it easier to obtain
dense and macroscopic MFGS. Generally, the key elements of
liquid-liquid assembly are as follows: (1) two immiscible
liquid phases with large difference in surface tension. One
shows good dispersion of Au NPs, and is identified as the
water phase. Au NPs are usually dispersed in the water phase
because of their initial synthesis in the water phase’>’® with
soluble surface capping agents.”” The other is the oil phase,

a

Addition of Transfer onto
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which has a wide range of choices, such as chloroform,”®
dichloromethane,”®®® toluene,®'"®* hexane,®*® cyclohexane,®®
heptane,®”’®® pentanol®® and so on. Generally, hexane is exten-
sively used, due to its strong volatility, nonpolarity, low density
and stability, as shown in Fig. 4a. (2) Triggers to induce
instability of Au NPs in solution and enable energy transfer to
the interface. Adding some solvent with a low dielectric con-
stant has been the most commonly used strategy to compel Au
NPs to the interface. As with air-liquid interfacial assembly,
the acting solvent was effective at decreasing the surface
charge of Au NPs. Furthermore, weakening the electrostatic
repulsion between the Au NPs and interface immediately
causes the assembly.>® For instance, Jiang’s group'” prepared
Au NP monolayers by adding ethanol to reduce the surface
charge of Au NPs without any assistance from molecular
ligands (Fig. 4a-e). Additionally, physical promoting force
such as shaking or vigorous mixing has been implemented to
increase the assembly efficiency.”®°°™®* For example, Mohan
and co-workers® reported an effective approach to improve
assembly efficiency by shaking the two-phase mixture (Fig. 4f—
h).

Nevertheless, the fabrication of 2D MFGS with a large area,
controllable gaps between adjusted particles, good stability,
and high particle close-packing is still a significant challenge.
In addition, it is often difficult to assemble large sized Au NPs
into monolayers. As shown in Fig. 5a, the steric repulsion co-
exists with long-range vdW attraction between Au NPs and
changes with the spacing between Au NPs according to the
DLVO theory.’®®” For small Au NPs (d < 10 nm), the particle
curvature is high enough for significant chain mobility, which
is favourable for controllable Au NP assembly.’® However, the

Assembled NPs (or)
Flexible AuNFs
Dispersed AUNPS Residual AuNPs in
e Alcohol-water Layer
(Alcohal-water) o

N/ k.
8 W voual woswoworsa [ worno|
ol ﬂ'*
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Fig. 4 Two typical examples of Au NPs assembled at the liquid—liquid interface: (1) Au NSs assembled at the hexane—water interface by adding a
promoting agent:'’ (a) schematic illustrations of Au NSs assembled at the hexane—water interface by adding ethanol in the water phase; Au NS films
with different Au NS sizes: (b) 30 nm, (c) 60 nm, (d) 90 nm, and (e) 120 nm. The scale bar is 1 pm. (2) Au NSs assembled at the hexane—water interface
by shaking:®? (f) schematic illustrations of Au NSs assembled at the hexane—water interface by shaking; the influence of alcohols on the assembling

effect: (g) side view; and (h) top view.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Description of forces between two Au NPs. The parameter s, d and L represent separation between chains coated on Au NPs, the dia-
meter of Au NPs and the spacing of adjacent Au NPs. Obtaining close-packed Au NS monolayers by inducing long-chain alkanethiols in the oil
phase (hexane) during the liquid—liquid assembly process (b).2°® The Au NSs assembled under different amounts of 1-dodecanethiol: (c) moderate
amount and excess amount (d); (e) schematic representation of the fabrication of the Au NS monolayer with an ultra-small void nanogap: Au@SiO,
assembled at the water—oil interface followed by etching of the SiO, shell to obtain the Au NS monolayer ultra-small void nanogap.® (f) Schematic

illustration of shrinkable Au NP monolayer films induced by interfacial cross-linking at the water—oil interface.

surfactants wusually induced assembly into close-packed
domains for larger Au NPs due to low chain mobility. As a
result, uncontrollable assemblies and multilayers usually
appear.

In recent years, much effort has been devoted to improve
the properties of Au NP assemblies.”'%> The hydrophobic
modification of gold particles is an effective approach for opti-
mizing the uniformity of Au NP assemblies. Typically, as
shown in Fig. 5b-d, Park and co-workers'® obtained dense
close-packed Au NP films by utilizing long-chain alkanethiols
coated on Au NPs. By forming organic layers around Au NPs,
the residual electrostatic repulsive force was converted into a
van der Waals interaction®® to further decrease the surface
charge density of Au NPs.”* It is noteworthy that the concen-
tration of alkanethiols should be adjusted felicitously to avoid
the formation of multilayers. Hallinan’s group reported the
preparation of 2D MFGS via interfacial ligand exchange
induced interfacial transfer (from water/oil to water/air) of Au
NP films."®* They also theoretically confirmed that the inter-
facial energy was responsible for the particular phase transfer.
Additionally, the spontaneous rearrangement of Au NPs at the
water/air interface aimed to eliminate the free volume and this
was good for acquiring uniform 2D MFGS. Although the
coating of long-chain alkanethiols is a good strategy to achieve
close-packed 2D MFGS at the liquid-liquid interface, especially
for small Au NPs,'® the high stability and controllable inter-
particle spacing of 2D MFGS still posed a challenge. The sacri-
ficial template method is a good alternative to gain a controlla-
ble gap between adjusted particles of Au NP films. Kang’s
group® fabricated a Au NS monolayer by assembling gold-
silica core-shell nanoparticles at a water-oil interface.

7438 | Nanoscale, 2020, 12, 7433-7460
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Subsequently, the Au NS monolayer with a controllable gap
was obtained by etching a silica shell in an alkaline environ-
ment (Fig. 5e). Additionally, the macroscopic Au NP film with
a controllable gap and good mechanical stability is in line with
the current demands.”® Chemical crosslinking of Au NPs is a
good means to achieve good mechanical stability and adjusta-
ble gaps without affecting the surface properties or activities of
2D MFGS.”? Inspired by previous work on utilizing covalently
bonded Au NPs to obtain a free-standing monolayer,”® our
group® further promoted this strategy by applying light-con-
trolled chemical crosslinking of molecules (acrylamide)
(Fig. 5f). Initially, amino (acrylamide) bound Au NPs were pre-
assembled into a 2D monolayer at a water-oil interface by
adding ethanol in water. Then the light-controlled chemical
crosslinking between acrylamide molecules was accompanied
by the shrinkage of 2D MFGS, which implied further close-
packing of the Au NPs. The obtained film was mechanically
stable, which greatly facilitates the application of 2D MFGS.

3.3 Air-liquid-solid interface assembly

When a drop of NP solution is spread on a solid substrate, the
evaporation of the solvent is accompanied by organization of
NPs into monolayers induced by long-range dispersion
forces.'”” That is why air-liquid-solid interfacial assembly is
also named “droplet evaporation induced assembly”. This
approach has been intensively investigated due to its cost-
effectiveness,'®® convenience,'*”'® and wide applicability to
various functional nanomaterials.'® The air-liquid-solid
interfacial assembly has less limitations but is difficult to
manipulate compared with other interfacial assembly
methods. In detail, the solvent should have good dispersion

This journal is © The Royal Society of Chemistry 2020
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for Au NPs and certain volatility. However, it is hard to obtain
complete 2D MFGS via air-liquid-solid interfacial assembly
due to the so-called “coffee-ring effect”. During the process of
solvent evaporation, NPs tend to accumulate at the edge of
pinned drops resulting from the faster solvent evaporation at
the contact line, which is commonly known as the “coffee-ring
effect”.!"! Despite some previous work reporting that the exist-
ence of the coffeering 1is favourable for enriching
analytes,""*""® the non-uniformity of 2D MFGS has become a
barrier to the application of Au NP films."™* 1t is remarkable
that there is some reported work with practical significance
that the periodic particle assemblies can be obtained via sub-
phase surface assisted drying-driven assembly.'*> However,
there are still some limitations such as the complicated assem-
bly procedure and requirement of a substrate. Recently, great
efforts have been devoted to suppress the coffee-ring effect and
are commonly divided into three strategies: (1) reducing the
capillary force from the center to the edge of the droplet. The
faster solvent evaporation at the contact line drives the
migration of Au NPs. Therefore, weakening the capillary flow
is an efficient strategy to suppress the coffee-ring effect. Many
studies have been reported to weaken the capillary flow. For
instance, one good method is employing a cold substrate to
weaken the capillary flow."** In addition, the shape of the NPs
played an important role in the final pattern of assemblies."*’
Wang’s group'® reported that Au NPs with different shapes
showed great divergence in the final assembled morphologies
(Fig. 6a). Moreover, adjusting the size of the droplet is another
efficient method to suppress the coffee-ring effect. When the
size of the droplet was relatively small, the droplet evaporated
rapidly and there was not enough time for transferring the

408 nm
—

B00IAm
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solute to the edge. Wong and co-workers'>' found that the
coffee-ring effect gradually became obvious with the increased
size of the droplet (Fig. 6b). Additionally, enhancing the inter-
action between Au NPs was also propitious to weaken the capil-
lary flow. (2) Increasing Marangoni flow. The Marangoni effect
refers to a phenomenon of mass shift due to the gradient of
tension between two liquid interfaces with different surface
tensions, and was found by an Italian physicist, Marangoni.'*?
The nonuniform evaporation of the pinned droplet is the
immediate cause of the coffee-ring effect. Nevertheless, the
Marangoni flow created a flow gradient (such as surface
tension, temperature, or concentration) from the center to the
edge, which endowed NPs with a kind of force to pull them to
the marginal of drops. As a result, NPs recursively flowed in
the droplet and the coffee-ring effect was efficiently sup-
pressed. For instance, exposing the NP droplet to vapors of
miscible, volatile, low surface tension liquids (ethanol, metha-
nol, and isopropyl alcohol) is an extremely effective strategy to
achieve Marangoni flow."** In addition, adding a surfactant to
create a concentration gradient is another efficient approach to
engender Marangoni flow for suppressing the coffee-ring
effect. Chu’s group''® reported that the droplet of Au NRs
modified with MUDOL ((11-mercaptoundecyl)hexa(ethylene
glycol)) enormously attenuated the coffee-ring effect, as shown
in Fig. 6c. (3) Sliding of the three phase contact line (TCL).
Pinning of the three-phase contact line is one of the necessary
parameters for forming a coffee ring during droplet evapor-
ation."* Thus, the TCL would move with the decreased size of
the droplet, which compels NP deposition on edges and the
center. This is an efficient approach to suppress the coffee-ring

effect (Fig. 7a)."*>'*’ For instance, regulating the hydrophobi-

MUDOL

+3.0+20mV

8l —@ CTAB

Co——— by

Fig. 6 (a) The ordered assemblies of various shapes of Au NPs;!'® (b) the influence of droplet size on the coffee-ring effect: different nanoparticle
droplets with diameters ranging from 3 to 100 um;**” (c) generating Marangoni flow for suppressing the coffee-ring effect by regulating the surface
properties of the Au NRs:*® (i) schematic illustration of exchanging the CTAB-AuNRs with MUDOL molecule coated Au NRs; (ii—iv) top views of
different Au NR deposition behaviors during evaporation: (i) CTAB-Au NRs on Si/SiO,, (iii) MUDOL-Au NRs on Si, and (iv) MUDOL-Au NRs on Si/SiO5;
(v—vii) schematic illustration of the flowing route of different Au NRs: (v) CTAB-Au NRs on Si/SiO,, (vi) MUDOL-Au NRs on Si, and (vii) MUDOL-Au

NRs on Si/SiO,.
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Fig. 7 (a) Schematic illustration of TCL sliding:'?’ (i) a photograph of a dried coffee drop; (ii) schematic illustration of pinning TCL (top) and sliding

TCL (down); (b—f) adjusting the hydrophobicity of the substrate:*?°

optical images (b and d) and corresponding schematic illustration (c and e) of Au

NP droplets on the substrate with distinct hydrophobicity; (f) the theoretical and measured values of the size of the Au NP droplets on the substrate
with different hydrophobicities; (g—j) suppressing the coffee-ring effect by manipulating the affinities between Au NRs and the substrate:**° (g)
schematic illustration of the preparation of aligned Au NRs on the modified substrate; SEM images of the vertically (h) and horizontally (i) aligned Au
NR arrays; and (j) schematic illustration of the self-assembly process and the force between Au NRs and the substrate.

city of the droplet can control the final depositing mor-
phologies."®® As shown in Fig. 7b-f, Song’s group'*® achieved
homogeneous distribution of Au NPs during the droplet
drying process by controlling the wettability of the substrates.
Additionally, enhancing the interaction between the Au NPs
and substrate is another efficient approach to suppress the
coffee-ring effect. Our group fabricated a directional alignment
of Au NRs on a Si substrate via adjusting the coordination
between the Au NRs and substrate (Fig. 7g-j)."*° Generally, Au
NRs are selectively functionalized with two thiol molecules
with different properties. As a result, assemblies of Au NRs
presented anisotropic orientations on a PEGylated substrate
through the polymeric affinity interaction. During the process
of assembly, the interaction between the Au NR portion and
PEGylated substrate efficiently restricted the droplet capillary
flow with TCL depinning. The asymmetric interaction with the
substrate induced macroscopic anisotropic assembly of Au
NRs with a nearly 100% orientation.

3.4 Other approaches for constructing 2D MFGS

Although interfacial assembly has been the major approach
for constructing 2D MFGS, there are still other ways to obtain
2D MFGS for particular applications. For example, electrophor-
etic deposition has been a direct approach for obtaining
macroscopic 2D MFGS. Compared to other methods, it pos-
sesses many advantages such as high preparation efficiency

7440 | Nanoscale, 2020, 12, 7433-7460

and low selectivity for the morphologies and size of Au NPs."*"

Zhang and co-workers reported their efficient approach for pre-
paring 2D MFGS by electrophoretic deposition of Au NPs on
patterned and transparent conductive substrates (Fig. 8a)."*?
Due to the pretreatment of a patterned substrate, the Au NPs
showed high selectivity and high uniformity on the substrate
(Fig. 8b and c). Additionally, in situ reduction of Au NPs
during the preparation of 2D MFGS is another effective
method."?*"** Although it is usually difficult to obtain 2D
MFGS with highly uniform particle size and morphologies,
this method often shows distinctive properties such as high
stability and mechanical strength. For instance, our group pre-
sented the construction of biofriendly and regenerable 2D
MFGS via in situ reduction of Au NPs cross-linked with polydo-
pamine (Fig. 8d)."**

4. The functionalization of 2D MFGS

Although various methods for constructing 2D MFGS are quite
mature, it is usually difficult to apply the obtained films
without surface modifications for further applications. There
are five main reasons: (1) environmental toxicity. Most inter-
facial assembly processes of Au NPs were conducted with
environment polluting organic solvents (chloroform, dichloro-
methane, and toluene). (2) Interference immunity. The inter-
face assembly process is easily interfered with by ambient

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Typical examples for constructing 2D MFGS by other approaches except interfacial assembly. (a—c) Electrophoretic deposition:**2 (a) sche-
matic of the preparation of 2D MFGS via electrophoretic deposition of Au NPs on a predefined patterned substrate; dark-field image (b) and SEM
images (c) of Au NR arrays on the patterned substrate. Scale bar: dark-field images, 40 pm; SEM, 2 pym. (d and e) In situ reduction to construct 2D
MFGS:**° (d) schematic of in situ reduction of HAuUCl, into HPEI-functionalized AuNPs and formation of 2D MFGS cross-linked with PDA; and (e)

transferring the prepared cross-linked 2D MFGS on various liquid surfaces.

changes, such as temperature, humidity, and pressure. (3)
Mechanical strength. Pure 2D MFGS are easily breakable. (4)
Controllable LSPR. It is difficult to obtain 2D MFGS with con-
trollable gaps and components. (5) Electrical conductivity. It is
highly important and difficult to tune the conductivity of a 2D
monolayer, due to the inevitable space between neighbouring
NPs in the monolayer. Therefore, it is vital to overcome these
obstacles and broaden the applications of 2D MFGS. Surface
functionalization of 2D MFGS endows them with desired pro-
perties or new distinctive performances. In this section, the
functionalization of 2D MFGS is systematically summarized
according to the properties of 2D MFGS.

4.1 Enhancing the conductivity of 2D MFGS

Noble metal nanoparticles (such as gold, silver, and platinum)
exhibit good electronic transmission performance, which
enables their wide applications in biosensors and electronic
devices."*®'*” However, the conductivity of Au NP monolayers
is not satisfactory for applications due to the discontinuous
electronic transmission resulting from large and uncontrolla-
ble void space between neighbouring NPs. Therefore, much
effort has been devoted to achieve prominent conductivity by
the functionalization of 2D MFGS with mercaptoalkanes and
other conductive materials such as graphene oxide (GO) and
conductive polymers.

Functionalizing 2D MFGS with mercaptoalkanes is an
efficient approach to enhance the conductivity of 2D MFGS, in
which the charge transport between Au NPs can be conducted
through mercaptoalkanes.”®® 1t is noteworthy that -CH,-
groups are considered as insulators and the charge trans-
mission via molecules is often governed by the nature of mole-
cules. The Fermi level of the metal (such as gold) is located in
the HOMO-LUMO gap of the molecule and the electrons can
tunnel along the molecule through the side orbitals."*® The
electronic conduction mechanism of mercaptoalkane functio-

This journal is © The Royal Society of Chemistry 2020

nalized 2D MFGS is a thermally activated conduction pathway
and the conductivity depends on the core radius (r), interparti-
cle distance (d), permittivity constant (&), and dielectric con-
stant of the interparticle medium (¢)."**'** The activation
energy (E,) can be calculated according to Murray’s'’
Arrhenius-type activated tunnelling model (eqn (2)) as follows:

rl—(r+d)™!
E, = 0.5¢” rrortd
4mee

(2)

This suggests that the activation energy increases with the
interparticle distance and decreases with the particle size.
Therefore, the chain length of the mercaptoalkanes is particu-
larly important for the conductivity of 2D MFGS. Zhong’s
group has made outstanding contributions in investigating the
conductivity of Au NP monolayers by coating Au NPs with
mercaptoalkanes.'*>'** They found that the conductivity of
alkyl dithiol coated Au NP monolayers gradually decreased
with an increase in the ~CH,- unit () in the alkyl dithiols.'*°
Similar results have been reported by Yang and co-workers
(Fig. 9a and b), who fabricated alkylamine coated Au NP mono-
layers by ethanol induced water-hexane (with alkylamine)
interface assembly.'** The combination of Au NPs with a
polymer is another efficient approach to enhance the conduc-
tivity of 2D MFGS."*™"” Generally, polymers are used to
achieve high conductivity of 2D MFGS, and they can be
divided into two families: (1) elastomeric polymers (such as
polyurethane (PU) and polydimethylsiloxane (PDMS));"*#*%°
and (2) conductive polymers or polyelectrolytes (polyaniline
for example)."”""'*> Regulating the particle gap by applying
external force is impossible for adjusting the conductivity
because of the lack of a self-supporting property and incapable
bending of 2D MFGS. The elastomeric polymer functionali-
zation can effectively solve the problem and endows the 2D
MFGS with controllable supporting and bending properties.
For instance, Lee’s group'*® constructed conductive 2D MFGS
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consisting of an insulating PU elastomer and sea-urchin
shaped gold nanoparticles (SSNPs) by spin-coating a mixture
solution of a PU monomer and SSNPs on an indium tin oxide
substrate (Fig. 9c and d). Although the insulating PU elastomer
and separated SSNPs were incapable of forming a pathway for
electron transport, the quantum tunnelling effect'>* occurred
between the tip parts of SSNPs and the electrons leap or
tunnel from the SSNP to the neighbouring one. As a result, the
conductivity of the 2D SSNP film was significantly improved
and it is utilized in pressure sensing. In addition, the conduc-
tivity of 2D MFGS is related to the morphologies of Au NPs. Au
nanowires (Au NWs) often show relatively high conductivity
due to their ultrathin nature.’® However, their conductivity
remains low compared to other conductive materials. Cheng’s
group™®" functionalized Au NWs with conductive PANI micro-
particles to construct composite conductive films, which
enhanced the conductivity up to 10 times compared with that
of bare Au NW films (Fig. 9e). Other polyelectrolytes such as
poly(allylamine hydrochloride) (PAH) have also been used to
strengthen the conductivity of 2D MFGS. Besides, the conduc-
tivity was sensitive to the relative humidity. The swelling of the
polyelectrolyte chains between adjacent particles resulted in
larger gaps and lower tunnelling probabilities.>* Finally, other
conductive materials (such as graphene) were used to enhance
the conductivity of 2D MFGS."**"” yu’s group introduced tell-
urium (Te), which is a p-type helical semiconductor with a
narrow bandgap energy of 0.35 eV, to construct 2D Au-Te NW
composite 2D monolayers (Fig. 8f-i). The electrical conduc-
tivity is as high as 10000 S em™" and the application can be
extended to light-emitting diode (LED) arrays by transferring
the composite 2D monolayer on a flexible PET substrate."*®

7442 | Nanoscale, 2020, 12, 7433-7460

4.2 Enhancing the optical properties of 2D MFGS

The unique optical properties of Au NPs have been well-known
as early as in ancient Roman ages (the famous “Lycurgus
Cup”)."?” various optical applications have been advanced
based upon the LSPR property of Au NPs."”? %> Compared
with individual Au NPs, 2D MFGS often exhibit more fascinat-
ing electromagnetic properties, which facilitates their appli-
cations in sensing, detection, electrochromic displays and
photovoltaic devices.'®* ™% Similar to the conductivity, the
optical properties of 2D MFGS are strongly dependent on the
size, interparticle distance and dielectric constant of Au
NPs.'®¢71%8 por instance, the SERS detection mechanism is
closely related to the local confinement of the electromagnetic
field that is especially strong within plasmonic hot spots in
close-packed Au NPs.'®'®® Therefore, regulating these para-
meters can effectively control and optimize the optical per-
formance of 2D MFGS. The regulation of particle space during
film forming is an efficient approach to tune the optical per-
formances and applications."®*7?

Kornyshev’s group prepared dense MFGS with controllable
particle gaps with the assistance of an electrochemical liquid-
liquid cell.'”> As shown in Fig. 10a, the dense “golden mirror”
was prepared via forming a violent “potential energy well”
induced by screening the electrolyte."”® With increasing time,
the space between neighbouring Au NPs changed, resulting in
the variation in the reflectivity of light. The absorption spec-
trum of the Au NP film can also be adjusted by controlling the
distance between adjacent Au NPs. Hanske and co-workers"””
achieved controllable absorption of light that nearly covers the
entire range of the solar spectrum by modulating the gap

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Nanoplasmonic liquid mirror strategies for constructing 2D Au NP monolayers with wide reflective properties:'’® (a) schematic illustration
of the electrochemical liquid—-liquid cell for forming 2D MFGS and the electrochemical liquid—liquid cell with an optical probe and the broad reflec-
tive ranges achieved by adjusting the density of 2D Au NP monolayers; (b) modulating the gap between adjacent Au NPs.'”’ (c) Optical characteriz-
ation and TEM of nanoparticle chain assemblies of the 2D MFGS with various quantities of particle chains; (d—f) plasmonic metasurfaces for widen-
ing the reflective chromogenic range of Au nanohole based films:** (d) schematic of the metasurface; (e) electron microscopy image of the Au
nanoholes; (f) a photograph of the metasurfaces with various colors under ambient light; (g—k) construction of Au mushroom arrays on a PMMA
substrate to achieve an ultra-sensitive optical response:*®3 (g) schematic illustration of the preparation procedure; (h and i) SEM images of 2D Au
mushroom arrays on the PMMA substrate; and (k) optical sensitivity characterization of the 2D Au mushroom arrays.

between adjacent Au NPs (Fig. 10b and c). In addition, fixing
Au NPs to the pre-set position can help achieve controllable
gaps in Au NP films."”®'7® Lee and co-workers®° utilized PS-b-
P4VP arrays as templates to induce the growth and assembly of
Au NPs. With increasing growing time, the gap between neigh-
bouring Au NPs decreased and the optical properties of 2D
MFGS changed accordingly. Moreover, the morphologies of
the Au NPs also show distinct significance in the optical pro-
perties of 2D MFGS,"®" as reported by Nguyen and co-
workers.'®> Many investigations have been conducted to
explore the optical properties of isolated Au NPs on metal
films, in which an intense coupling effect was generated
between the NPs and the metal film.'®*®” Nevertheless, Au
NP arrays on metal films are more attractive than individual
Au NPs."®® The enhanced optical properties originated from
the additional momentum, which can couple the incident
light with surface plasmon polaritons on the metal film.'%7*!
Therefore, tuning the dielectric environment around the Au
NPs, and the space between the Au NPs and metal films would
help achieve controllable optical performance of 2D MFGS.
Xiong et al.** achieved naked color regulation (red, green, and
blue) via adjusting the thickness of an alumina spacer
between Au nanoholes and a Ag mirror (Fig. 10d-f). It is well-
known that Au NPs in 2D films often show a red-shift and a
broad LSPR peak compared with individual Au NPs in solution
due to the overlap of the electron wave function between adja-
cent nanoparticles."** But it is unfavourable for the use of 2D
MFGS in LSPR sensor application, as the broad LSPR is not
clearly sensitive and changes as the local refractive index

This journal is © The Royal Society of Chemistry 2020

3 constructed submic-

changes."”>'”® Shen and co-workers'®
rometer Au mushroom arrays on a poly(methyl methacrylate)
(PMMA) substrate that gained apparent refractive index sensi-
tivity due to the coupling of LSPRs with Wood’s anomaly,
which diffracted the incident light into a propagating wave

(Fig. 10g-k).

4.3 Functionalization for other purposes

As mentioned above, there are many disadvantages such as
poor stability and low mechanical strength of 2D Au NP films.
To address these issues, introducing other available structures
such as a core-shell structure and polymer coating of particles
is the most efficient means. For instance, as a stable and acces-
sible material, silica (SiO,) has been a useful component to
enhance the stability of Au NPs."*"°® In addition, some elas-
tomer polymers were utilized to achieve high mechanical
strength for sensing devices.'*>'*>'” particularly, DNA mole-
cules are powerful ligands to construct free-standing 2D MFGS.
Luo’s group firstly achieved 2D free-standing Au NP superlat-
tices via DNA base pairing in a drying-mediated self-assembly
process (Fig. 11a-c)."*® Additionally, the inter-particle spacing
can be adjusted by tailoring the DNA length. Estephan and co-
workers'®® reported the construction of responsive free-stand-
ing films via self-assembling of DNA modified Au NPs with
unique sharp melting transition properties, as shown in
Fig. 11d and e. Generally, DNA molecule interaction has been
an effective approach to obtain free-standing 2D MFGS with
high mechanical strength. More importantly, the controllable

Nanoscale, 2020,12, 7433-7460 | 7443
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Fig. 11 Typical examples of functionalization of Au NPs with DNA to enhance the mechanical strength of 2D MFGS. (a) Schematic diagram of con-
struction of 2D MFGS via the interaction of DNA coated Au NPs;*°® (b) TEM image of a DNA coated superlattice sheet partially attached to a 7 X 7 pm
hole in the carbon substrate; (c) 3D STEM tomography reconstruction of a folded sheet. (d) Schematic diagram of the self-assembly of DNA

modified Au NPs with controllable melting transition properties;'°°

length and designable features of DNA molecules enable more
applicability of the assemblies.

5. The applications of 2D MFGS

The plasmon resonance performance of 2D MFGS is greatly
amplified relative to that of the independent nanoparticles,
which is derived from a close conjunction of the localized
plasmon resonance between adjacent gold nanoparticles.
Therefore, combined with their large specific surface area and
good conductivity, 2D MFGS are widely explored in various
applications, especially fields using plasmon-enhanced optical
signals such as fluorescence enhancement and SERS. When it
comes to the optical fields, it is still challenging to interact
light with 2D materials, which results in reduced light absorp-
tion and emission.>*® However, 2D MFGS can efficiently acti-
vate the plasmon-enhanced effects. Nowadays, 2D MFGS are
being widely applied in the optical fields involving fluo-
rescence enhancement,”*’% SERS enhancement'%8*206:207
and plasmon based optical devices.?**>'*

5.1 Enhanced fluorescence for detection in biosensors

The mechanism of metal enhanced fluorescence (MEF),
especially Au NP enhanced fluorescence (AEF), has been inves-
tigated for many years. The key issues behind the enhance-
ment of fluorescence by Au NPs and finding ways to maximize
the fluorescence enhancement via tailoring the size and mor-
phologies of Au NPs and the distance between Au NPs and
fluorescent molecules are discussed.>'**"?

The fluorescence emission process is composed of absorp-
tion and emission of light, which are quantitatively deter-
mined from the excitation efficiency and fluorescence

7444 | Nanoscale, 2020, 12, 7433-7460

optical microscopy images (e) of Au NP assemblies.

quantum yield, respectively (Fig. 12). The following two para-
meters determine the fluorescence emission intensity.>*>*'*
(1) The excitation enhancement occurs by coupling a fluoro-
phore with the nearby Au NPs. In other words, strong local
electric fields arising from the excitation of the LSPR of Au
NPs can highly enhance fluorescence. (2) The increase of the
radiative decay rate or the energy transfer originates from the
surface-plasmon resonance-coupled excited state of the
fluorophore.”*>?'® Generally, the fluorescence quantum yield
(Qo) is determined from the radiative decay rate (/") and non-
radiative decay rate (k). The computational expression is as
follows:

r
r+knr

Qo = (3)

The effect of the metal should be considered in the pres-
ence of metallic structures; so the computational expression is
modified as:*'"*'®

T+ T
'+ Ty + kor + km

Q= (4)

The metal was considered as an optical antenna that con-
verted the propagating radiation to near field energy to further
enhance the fluorescence quantum yield.**°

There are still many disadvantages that limit the appli-
cation of Au NP based AEF: (1) the disordered arrangement of
hot spots. As mentioned above, the appearance of the strong
local electric fields is of great importance for AEF. The local
electric fields were usually produced around the fields of hot
spots.>*® As noble metal nanoparticles usually dispersed
homogeneously in water, they often present a disorderly
arrangement. Hence, the natural disorderly arrangement of
hot spots limits the enhancement of the fluorescence intensity

This journal is © The Royal Society of Chemistry 2020
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maximum. (2) The uncontrollable distance between the fluoro-
phore and Au NPs. The introduction of a filler is usually used
for AEF. However, it is challenging to design handy AEF
systems due to the existence of particle space.”*"*** More
importantly, coating Au NPs with a shell (polymer, silica and
so on) often causes the shift of the LSPR wavelength,>>*>**
which makes it difficult to match the excitation wavelength of
the proposed fluorophores. (3) The stability of the fluorescence
intensity of AEF. The fluorophores often bind to the surface of
the coating shell by physical methods, which makes it
uncontrollable.**®

2D MFGS possess great potential superiority in addressing
the issues in MEF. (1) The controllable arrangement of hot
spots. Particularly, hot spots formed by anisotropic gold nano-
particles are often concentrated in some specific areas.***>*®
(2) Easily controllable space. As mentioned above, for nano-
particles in solution, the coating shell was used to control the
space between the nanoparticle and the fluorophores, which
makes it more complicated and less controllable.”*® However,
for the 2D nanoparticle arrays, there is no need to induce an
uncontrollable shell to adjust the gap between the hot spots
and the fluorophores. Instead, some telescopic molecules
(such as DNA, stimulus-responsive polymer) can act as
spacers, and precisely regulate the gap to an appreciable value.
(3) Coupling enhanced fluorescence. The gold nanoparticles in
2D MFGS often arrange densely. More importantly, the dis-
tance between the gold nanoparticles is immobilized and
unified. Thus, the coupling between the gold nanoparticles
would produce a strong electric field,>*” and enhance the fluo-
rescence intensity to a great extent.

There are a great deal of advantages of 2D MFGS based AEF
systems. As shown in Fig. 13a and b, Shi and co-workers have
investigated the fluorescence enhancement by depositing QDs
on top of a Au nanocube self-assembly.** The droplet forming
method was used to fabricate uniform Au nanocube mono-
layers at a large scale. Due to the coupling of Au nanocubes
with QDs, the enhancement factor was up to 3.5 times. Other
than isotropic gold nanoparticles, some anisotropic gold nano-
particles are also applied for constructing monolayer based

This journal is © The Royal Society of Chemistry 2020
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AEF systems. Tang and co-workers®' have studied the AEF
effect based on the Au NRs arrays (Fig. 13c and d). Au NR
assemblies with a controllable arrangement were prepared for
constructing a hot spot-controllable AEF system. In addition,
the fluorescence enhancement of the Au NR array-based AEF
system was dependent on the DNA length. The appropriate
gap (less than 16 nm) would result in high fluorescence
enhancement. It is noteworthy that only Au NRs with a highly
controllable arrangement can realize maximum fluorescence
enhancement compared with random ones. This indicates that
the overlap of the LSPR wavelength with the excitation wave-
length of the fluorophores is very important for enhancing
fluorescence. Additionally, it is more important to achieve AEF
at near-infrared (NIR) and second NIR (NIR-II) biological
windows for AEF based biological applications.'”® Xie’s
group®®’ achieved AEF at these biological windows by con-
structing Au nanostar arrays. Fluorescence enhancement of
more than 320-fold in the NIR region and 50-fold in the NIR-II
region was achieved with this AEF-NIR system (Fig. 13e-g).
Moreover, the tunable plasmon response in the NIR-II region
for Au NP arrays can be also achieved by nanoscale control of
the structure of Au NPs (Fig. 13h). Xie’s group**° modulated
the conduction of colloidal lithography and obtained Au NP
arrays with various structures which were adapted to QDs for
the greatest fluorescence enhancement.

5.2 SERS enhancement

The discovery of surface-enhanced Raman scattering (SERS)
was made nearly 30 years ago, which opened a new avenue for
Raman spectroscopy.”*»**> The dramatic enhancement of the
vibrational spectra from the analyte adsorbed on a rough (at
the nanoscale) metal surface has been intensively investigated
to understand the underlying physical phenomenon. The
mechanism of SERS enhancement has been debated in aca-
demic circles for many years, and generally there are two main
types of enhancement mechanisms: electromagnetic enhance-
ment and chemical enhancement. (1) Electromagnetic
enhancement is caused by the collective vibration of conduc-
tion electrons in metal nanoparticles. When light hits the

Nanoscale, 2020,12, 7433-7460 | 7445
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Fig. 13 (a and b) Enhanced photoluminescence based on Au NC assemblies:** SEM images (a) and field distribution (b) of the Au NC self-assembled
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red fluorescence detecting platforms based on Au nanostar arrays; (f) the electromagnetic field enhancement of Au nanostars calculated by finite-
difference time-domain (FDTD) modeling; (g) the fluorescence enhancement of Au NP arrays for different Ag,S QDs by oxidizing the polystyrene

template at different times; (h) adjusting the structure of Au NPs for enhancing fluorescence:

on Au NP arrays.

surface of the precious metal nanoparticles, free electrons in
the noble metal surface are quickly induced and vibrate, creat-
ing a local electromagnetic field. The excitation of the surface
plasma will result in the enhancement of the local field of the
adsorbed molecules on the nanoparticle surface.***?**
Although this enhancement has its limitations, the overall
effect often shows an enhancement of several orders of magni-
tude.”®* (2) Chemical enhancement is another independent
mechanism, which mainly enhances the Raman scattering of
molecules adsorbed on metal surfaces.>*> Chemical enhance-
ment can be divided into three mechanisms. (a) The adsorp-
tion molecule chemical bond to the metallic substrates, which
results in non-resonant enhancement. (b) The adsorption of
the molecule and the surface adsorption of the atoms form a
complex to contribute towards resonance enhancement. (c)
Class resonance enhancement. Photo-induced charge transfer
induced by light excitation. It is noteworthy that the electro-
magnetic field enhancement near metallic nanostructures
dominated SERS applications. The surface plasmon coupling
at the junctions or gaps between these structures forms hot
spots with enormous enhancement for high-sensitivity SERS
detection. The function of the nano-substrate is important for
the electromagnetic enhancement while the chemical
enhancement was achieved by adjusting the electron density
of the pending molecule. The current obstacle is the lack of
highly sensitive, stable, and widely prepared SERS
substrates.?****” For the optimal SERS substrate, the following
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:230 schematic illustration of fluorescence enhancement

conditions must be available: high sensitivity, good uniform-
ity, environment friendly nature, exceptional stability and
repeatability, and cost-effectiveness.

Given that noble nanoparticle substrates contribute sub-
stantially towards the enhancement of SERS signals, most
works were conducted to achieve SERS detection based on
noble nanoparticle substrates. Depositing NPs on various sub-
strates to construct SERS substrates is the most frequently
used strategy for enhancing SERS detection signals. The regu-
lation and optimization have been concentrated on adjusting
the morphology and species of noble nanoparticles. Yang’s
group™® investigated the influence of the morphology of nano-
particles on SERS detection. However, the SERS signal of the
silver nanoparticles with various shapes displayed great differ-
ences after detecting the single-particle scattering spectra. In
addition, Xu and co-workers demonstrated that the noble
nanoparticles with sharp structures often exhibited high SERS
signals.”*® Recently, the heterogeneous structures of noble
nanoparticles have become increasingly popular in SERS
detection. Qin’s group investigated the influence of hetero-
geneous nucleation on SERS enhancement by depositing the
second metal on Ag nanocubes.>*’

Our group has prepared “SERS tape” by combining the
adhesive tape with 2D MFGS (Fig. 14a and b).”® The transpar-
ency, adhesiveness, and flexibility of the tape would enable
close contact with the complex surface and high sensitivity to
the targets.”® Nowadays, some biological creatures are being

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 SERS tape for the analysis of practical samples: (a) schematic illustration of the preparation of Au NP based 2D SERS tape for SERS analysis;
(b) Raman spectra of practical samples collected from Au NP modified adhesive tapes;’® (c) cross-linked 2D MFGS monolayers for SERS detection:®
(d and e) SERS detection properties of the cross-linked monolayer films: cross-linked and un-cross-linked monolayers for SERS detection of 4-ATP
(10~* M); and (k) stability assessment of the cross-linked monolayers at different irradiation times.

used for scientific research studies. As a talented wall walker,
geckoes have a large contact area produced by the high density
of nanoscale tentacles on their toe-pads. This was used to con-
struct a SERS substrate with a gecko-like multiscale structure.””
It is well-known that 2D MFGS with tuneable gaps offered
accurately controllable hot spot distribution. Our group
achieved highly sensitive SERS detection with excellent stabi-
lity by utilizing chemically cross-linked 2D MFGS (Fig. 14c-e).?
The tuneable nanogap and uniformity of the 2D MFGS made
them a smart candidate in the SERS field of detection.
Although pure Au NPs have significantly enhanced the
detection sensitivity (10%)*°, they often tend to aggregate which
makes it difficult to acquire a uniform 2D SERS substrate,
resulting in low reproducibility of the SERS signals.®® In recent
years, multicomponent nanomaterials, especially core-shell
nanomaterials, have attracted great attention in SERS
detection.®*®**' The core-shell NPs exhibited numerous advan-
tages compared with pure noble metal NPs: (1) the combi-
nation of different materials which expends the application of
pure Au NPs; (2) the tunability of the composite materials: the
shape, size and thickness of the shell;>**> and (3) stability and
reproducibility: the existence of shell materials can extremely
enhance the stability of the pure noble metal NPs. Moreover,
the shell materials can be beneficial for the assembly of NPs,
which can improve the reproducibility of SERS detecting
signals.®>®® In the current study, there are several major types
of core-shell materials that have been widely applied in SERS
detection: (a) Ag shell coated Au nanoparticles. As we know, Ag

This journal is © The Royal Society of Chemistry 2020

displays a much broader SERS enhancement region ranging
from 400 nm to the near-IR region compared with Au NPs in
SERS detection.’®**>*** As shown in Fig. 15a-c, Gao and co-
workers synthesized porous Au-Ag alloy nanoparticles to con-
centrate the “hot spot” and therefore enhanced the sensitivity
to analytes.®? Additionally, the Au-Ag alloy nanoparticles were
encased in ultrathin hollow silica shells to improve the stabi-
lity. The composite system showed excellent SERS activity with
an enhancement factor up to ~1.3 x 10’ under off-resonant
conditions. (b) Inorganic oxide material coated Au NPs.
Nowadays, many inorganic oxide materials (SiO, and MnO,)
with good stability and accessibility are being applied in SERS
detection by combining them with noble nanoparticles. Tian’s
group has devoted considerable effort in this field for many
years, and results are shown in Fig. 15d.°>*** Ultrathin MnO,
or SiO, shell coated Au nanoparticles were prepared to con-
struct the so-called “smart dust” for SERS detection with high
sensitivity and reproducibility. (c¢) The core-shell nano-
materials with intelligent response to analytes. In recent years,
some smart SERS substrates with special properties have been
investigated. As shown in Fig. 15e, Fan’s group invented a
smart SERS substrate with self-cleaning function by coating Au
NPs on TiO, 2D arrays.’” The self-cleaning function of the pro-
posed system originated from photocatalytic degradation of
the target molecules by TiO,. As we know, the gaseous mole-
cules are difficult to be distinguished due to their low absorp-
tivity on a solid substrate and weak Raman scattering. Wang’s
group®*® constructed a SERS capturing channel for volatile
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p-AuAg@void@SiO; yolk/shell NPs by an incident plane wave of 818 nm; (c) a schematic representation of the p-AuAg@void@SiO, yolk/shell NPs
and the SERS enhancement of the proposed composite system;®® (d) three different working principles of the traditional SERS enhancing model:?>*
the contact mode of Au NPs (i—ii) and Au core—transition metal shell NPs (iii), non-contact mode of tip-enhanced Raman spectroscopy (iv) and
shell-isolated mode of shell-isolated Au NPs; (e) the ordered arrays of the Au nanoshell on TiO, NPs to achieve ultrasensitive and recyclable SERS
detection;®? (f) construction of Au NPs-ZIF-8 composited arrays for ultrasensitive VOC detection:?*® diagrammatic sketch of the preparation of Au

NP-ZIF-8 composites and VOC detection via SERS spectroscopy.

organic compounds (VOCs) by coating Au NPs with a ZIF-8
layer (Fig. 15f). Gaseous aldehydes (tumor-specific tissue com-
position and metabolism, such as formaldehyde) were
immobilized on the Au NP SERS substrate through the ZIF-8
channel by a Schiff base reaction with 4-aminothiophenol
(4-MBA). Besides, there are some other approaches to optimize
the SERS detection performances. In a word, exploring a SERS
substrate with high stability, excellent sensitivity and outstand-
ing selectivity is always desired for SERS detection.

5.3 2D MFGS based optical devices

Nowadays, the applications of nanoparticles in constructing
devices are a hot field of current research.'®”**’>* 2D MFGS
exhibit unique superiority in plasmonic switching devices due
to the highly sensitive response of LSPR to the external
environment.”**>*> Herein, 2D MFGS based optical devices
would be classified into plasmonic switched dynamic discolor-
ation and information storage.

5.3.1 Plasmonic  switched dynamic  discoloration.
Plasmonic switching refers to the on-off response perform-
ance of Au NPs to an external stimulus, and the response is
usually presented in the form of a spectrum or color
variety.'®”>**2%5 Although the shape of particles, surface mole-
cular distribution®*® and crystal plane have great influence on
the plasmonic response,®”’ it is often achieved via modulating
the distance between the Au NPs and the dielectric environ-
ment around the particles.”>***® The plasmonic switched
dynamic changes for individual Au NPs in solution are often
determined with stimuli-responsive molecules.>®  For
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instance, modifying Au NPs with an amphiphilic polymer to
adjust the assembly and disassembly under different solvent
environments is an effective approach to achieve switched
dynamic spectral changes.>®® However, the harsh reaction con-
ditions and limited amounts enormously restrict the appli-
cation of plasmonic switched dynamic discoloration. Thus, a
growing number of research studies constructed switched
dynamic discoloration systems based on 2D MFGS. Reflective
displays are an important research trend in the field of plas-
monic dynamically reconfigurable discoloration, due to the
wider viewing angles and comfortable visual experience.*
Particularly, the Kretschmann configuration®**°* achieved a
switchable plasma switch response driven by the changing
external environment, in which the stimulus response layer
was anchored between the Au NPs and metal substrates. Kim’s
group”®® combined a Au substrate with temperature-sensitive
poly(N-isopropylacrylamide) (PNIPAM) linker layer modified
Au NPs to present sensitive reflection spectrum switching
(Fig. 16a and b). In addition, some other responsive polymers
(such as pH sensitive poly(2-vinylpyridine) (P2VP) polymer
brushes) were also utilized to achieve plasmonic switched
spectral changes (Fig. 16¢).>°*>%

Currently, modern nanotechnology and engineering in turn
raise a demand for different plasmonic reversible switching
techniques. As one unique “pigment”, 2D plasmonic materials
provide high contrast, high resolution, and everlasting colors,
which has become the focus of research.°®*%” However, it is
always difficult for 2D plasmonic materials to achieve bright
and rich colors.*> Much effort has been devoted to improve the
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sities of AuNPs acquired by immersing the Au film-PNIPAM into Au NP solution for different times; and (c) coating Au NPs with a pH sensitive

polymer (poly(2-vinylpyridine), P2VP) to achieve reversible plasmonic switches.

colorfulness of the pigment (Fig. 17a and b). The conductive
polymer (polypyrrole) possesses distinct switched light
capture capabilities under oxidized and reduced states, which
can be utilized to achieve switched and rich color changes.**
Nevertheless, the relatively complicated manipulation and
introduction of an external field makes it inconvenient for
use. Our group®®® achieved dual-responsive plasmonic
switches by modifying Au NPs with a dendronized copolymer,
which is pH and temperature sensitive (Fig. 17c-f). The
switched dynamic discoloration resulted from the obvious
spacing variation between Au NPs in the monolayer, which
was derived by the responsive dendronized copolymer.
Besides, perfect dynamic discoloration often requires color
changes in the full visible range and is multi-color switchable.
As we all know, different kinds of noble metals have diverse
absorption bands for light. The combination of various noble
metals is an efficient approach to achieve the multi-color
switchable property. Chu and co-workers*®® deposited Ag
layers with tuneable shell thicknesses on Au nanodome arrays
to achieve color changes in the full visible region (Fig. 17g-i).
In addition, mechanical chameleons were constructed for
monitoring active camouflage with the rapid multi-color
switchable properties.

5.3.2 Information storage. The twenty-first century is the
big data era. Ultra-low energy consumption to generate, trans-
mit and store information is currently in demand.>”® Optical
information storage has attracted increasing attention in
various fields ranging from economics to education,>”" due to
the high capacity data storage and long-time security.””” 2D
MFGS have been widely applied in data storage, due to the
apparent colour change resulting from the particle distance
and morphology variation. Kornyshev’s group achieved
dynamic anti-counterfeiting information display switching by

This journal is © The Royal Society of Chemistry 2020

265

utilizing 2D MFGS with controllable distances between adja-
cent Au NPs (Fig. 18a and b)."”

Although progress is being achieved at a miraculous pace,
there are still two tough issues hindering the development of
optical information storage: (1) the diffraction-limit barriers
restricting system resolution; and (2) high-capacity optical data
storage. It is well-known that Au NPs often present shape-
dependent LSPR (Fig. 18c). Au NPs with various morphologies
often show a distinct capturing ability for different light
sources. Reshaping of Au NPs under the resonant excitation of
a femtosecond (fs) laser is an effective method to achieve high
optical information storage.””> The superior frequency and
polarization dependence of Au NPs (especially anisotropic Au
NPs) make it possible for 2D MFGS to break the diffraction-
limit. Our group®”* investigated the polarization dependent
optical properties of Au NRs by tuning macroscopic-oriented
Au NRs in the PVA-Au NR composite films (Fig. 18d-f). In
addition, single or a few nanoparticles in the Au NP arrays (2D
MFGS) as information writing units enormously increase the
storage capacity.’”>

Gu’s group have devoted much effort towards plasmonic NP
based optical information storage for many years and have
made outstanding contribution towards promoting the devel-
opment of electronic information engineering.>’”>*’® For
example, they proposed the “5D optical recording” firstly
based on the reshaping of disorderly distributed Au NRs
(Fig. 18g-h).>”” By utilizing the plasmon information units of
Au NRs in PVA-Au NR composite films, they acquired a storage
capacity of 1.6 TB for a disc the size of a DVD and broke the
diffraction-limit. Besides the high capacity, multicolor infor-
mation storage is another important issue that needs to be
addressed in Au NP based information storage.*” Recently,
Roberts and co-workers®>”® proposed an innovative device for
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the conductive polymer (polypyrrole); (b) the characterization of the dynamic discoloration behaviour by adjusting the oxidation and reduction
switching of the conductive polymer; (c—f) pH and temperature dual-responsive plasmonic switches of Au NP monolayers:2%® (c) the proposed
thermo-triggered conformational change mechanism for the dynamic discoloration of the dendrimer coated Au NP monolayers on silicon wafer; (d)
multiple-coded anticounterfeit labels. The labels were made up with multiple blocks of the dendrimer coated Au NP monolayer functionalized
silicon wafers under different conduction pathways; UV-vis reflectance spectrum (e) and SEM characterization (f) of the dendrimer coated Au NP
monolayers under different conduction pathways; (g—i) dynamic real-time plasmonic discoloration:2%° (g) schematic diagram of the dynamic real-
time plasmonic discoloration device that consisted of Ag—Au NP arrays with controllable Ag shell thicknesses; (f) SEM image of the Au nanodome
array. Scale bar: 100 nm; (i) the real-time monitoring of the plasmonic discoloration device; the instantaneous discoloration was achieved by the

electric field regulating the electrodeposition time of Ag™.

information storage with bright colors by using near-percola-
tion metal films atop dielectric-metal sandwiches. Without
preformed nanostructures, the bright colors can be acquired
by reshaping the 4 nm Au NP islands after illumination with
different laser power levels (Fig. 18i-k). Additionally, besides
the ability of 2D MFGS of capturing light itself, synergistically
enhancing light absorption is also an effective approach for
information storage. Ding and co-workers gained fluorescence
information storage by producing a Au cubic assembly
enhanced QD system with the assistance of photolithography
(Fig. 181).*3

7450 | Nanoscale, 2020, 12, 7433-7460

5.4 Electrical applications

The functionalized 2D MFGS often presented prominent elec-
trical conductivity. It is worth noting that the free-standing
and macroscopic 2D MFGS have great electrical applications.
Additionally, there is a growing demand for portable electronic
devices in the modern age of digital information.

5.4.1 electrochemical detection. The 2D MFGS based
electrochemical sensors are often referred to as chemiresistors,
and the detection sensitivity is reflected in the changes of re-
sistance values. Numerous studies have been conducted on 2D

This journal is © The Royal Society of Chemistry 2020
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emerging information by forming Au NP monolayers: from the “window" state to the “mirror” state; (c) surface-plasmon resonances of Au NPs with
different shapes;?’® (d—f) the polarization dependent optical displays of Au NR films:?’* (d) schematic representation of the process (e) the TEM
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with and without polarized light illumination with different angles; (g and h) a five-dimensional optical recording system by reshaping of disordered
Au NRs:?>”7 (g) the collection of all patterns before (i) and after (i) being read out by choosing the right polarization and wavelength; (h) schematic
illustration of the reading mechanism: the linear polarized laser pulse should drastically match the Au NRs, which are aligned to the laser light polar-
ization, and the absorption cross-section should match the laser wavelength; (i—1) multicolor information display by utilizing near-percolation metal
films atop dielectric-metal sandwiches:?’® (i) schematic of the coloration mechanism. The reshaping of gold islands induced by the laser pulse in the
sandwiches is the foundation of coloration; (j) SEM images of the 4 nm Au island structures in the sandwiches before (yellow) and after laser writing
with different power levels (green and red). Scale bars: 100 nm. (k) Color writing with circularly polarized light. Bright field optical microscopy of
images of the pattern written under circularly polarized light and read with unpolarized light and stepwise enlarged optical microscopy images and
SEM images. (1) Optical information storage with Au NP array enhanced fluorescence:** sample fabricated on a glass substrate (i—iv) and on a flexible
substrate (v—viii) with the assistance of photolithography and self-assembly.

MFGS based chemiresistors since the first work on chemiresis-
tors, which was reported by Wohltjen and Snow.””® The
sensing (or conducting) mechanism of 2D MFGS is the ther-
mally activated charge transport route, according to the follow-
ing equation:>*%?%!

AR

_ eﬁA& % eAEa/kT -1 (5)
Ry

AR/R, is the sensor response recorded as the relative resistance
change, f is the tunnelling decay constant, § is the distance
between neighbouring Au NP cores, k is the Boltzmann con-
stant, and 7 is the temperature.

Here, the two exponential terms represented the tunnelling
of charges between neighbouring Au NPs and the thermal acti-
vation of charge transport, respectively. The activation energy
(E,) is usually produced by the Coulomb charging,*®* which
would decrease with the increase of the particle distance
between neighbouring Au NPs (§), and would increase with the
permittivity the Au NPs.?®* Thus, when the sorption of the
analyte within the film occurred, the swelling of the film
resulted in the increase of the relative resistance. Additionally,
the analytes with the higher permittivity often result in the
decrease of resistance.”®* According to this sensing principle,

This journal is © The Royal Society of Chemistry 2020

2D MFGS based chemiresistors were used in various fields
87285287 They often pre-
sented some notable superiorities such as high sensitivity,
rapid responsiveness and low power consumption.”®> For
example, Olichwer and co-workers®®® constructed a chemi-
resistor that consisted of cross-linked Au NPs and a polyethyl-
ene (PE) flexible substrate (Fig. 19a-d). The sensitive response
of resistance to the absorption of a small molecular organic
vapor was monitored due to the dominant swelling function.
The sensitivity of the proposed chemiresistors can be
enhanced by inducing moderate tensile strain. This can be
ascribed to the reversible rupture of the Au NP network and
crack formation. This increased the freedom of the films and
led to swelling in the lateral direction. In addition, the 2D
MFGS based chemiresistors are also of great importance in
some advanced applications such as health monitoring and
biomedical diagnostics.***®*® The disease-specific volatile
organic compounds (VOCs) often shows significant differences
between normal and cancerous tissues.”*>**® Much effort has
been devoted by Haick’s group to detect the VOCs in patients
exhaled gases."*®*! Besides a similar sensing mechanism to
those of traditional chemiresistors, some special flexible sub-
strates were utilized in the system to achieve optimized detec-

such as environmental detection.
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Fig. 19 (a—d) Ultrasensitive strain and vapor detection based on 2D cross-linked Au NP monolayers on polyethylene:?®* (a) schematic diagram of
the 2D MFGS based resistor; (b) SEM images of the 2D cross-linked Au NP monolayer; (c) the response transients of the 2D MFGS based resistor to
various solvent vapors; (d) response transients of the film under no strain (dark solid lines), under 1% strain (light solid lines), remeasured under no
strain (dark dashed lines) to different solvent vapors; (e—g) construction of a 2D MFGS based flexible and self-healing sensing platform for VOC
detection:?°2 (e) schematic of the self-healing chemiresistor under VOC exposure; resistance responses (f) and calibration plots (g) of the relative re-
sistance response of the 2D AuNP film chemiresistor under different conditions: bending experiments before and after electrode-cut and (electrode

and AuNP)-cut.

tion performances. For example, self-healing chemiresistors
for monitoring pressure, strain, temperature, and VOCs have
been reported by compositing 2D MFGS with disulfide-cross-
linked polyurethane (Fig. 19e-g).>°> The combination of high
sensitivity and the self-healing property makes it possible to
apply them under normal or harsh conditions.

5.4.2 Electronic skin. The so-called electronic skin (e-skin)
is a system that makes robots feel like humans. Most potential
applications of the e-skin are inspired by human skin, such as
artificial prosthetics, wearable devices, health monitoring
devices and smart robots.>*>>°® Bao’s group initiated the investi-
gation of e-skin and has devoted much effort to e-skin for many
years.>?>?%2%7 Generally, the e-skin is composed of two parts: a
sensor and an electronic circuit. In detail, the sensing part is of
vital importance that makes the e-skin perceive like human skin.
The electronic circuit converts the perceived signals into infor-

7452 | Nanoscale, 2020, 12, 7433-7460

mation that our brains can understand. The working mecha-
nism of e-skin is carried out, according to the theoretical investi-
gation for the resistivity changes in 2D MFGS by Zellers’
group.”®® However, similar to the optical sensors, e-skin usually
requires supersensitivity and wide detection windows for detect-
ing stran from skin.'*”'>* Human skin motions include both
subtle and large scale motions, such as subtle signals of artery
pulses beating and large scale motions of joint bending.

Thus, most of the recent research studies have been con-
ducted to design skin-imitating stretchable strain sensors with
high sensitivity.”"**® As a component of high mechanical flexi-
bility and notable conductivity, ultrathin Au NWs become con-
siderably attractive for e-skin.”***°° Chen’s group has explored
many different flexible electronic sensors by using Au
NWs. 20301392 por instance, they constructed Au NW based
e-skin by combining them with an elastomeric substrate

This journal is © The Royal Society of Chemistry 2020
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Fig. 20 (a—d) Wearable biomedical sensors based on 2D Au NW-elastic substrate composites:**> (a) schematic diagram of the fabrication process
of the e-skin; (b) photographs of the strain sensor ring attached on the little finger while bending. The scale bar is 1 cm; (c) photograph of a glove
with the strain sensor attached on each finger; (d) resistance change by changing time for strain sensors on the glove at six different hand positions;
(e—g) wearable pressure sensors based on ordered Au NW-hydrogel composites:*>* (e) schematic diagram of the working mechanism based on the
bimodal contact mode of Au NWs: the microrib structures make the 2D composites possess wide strain detecting ranges; (f) photograph and the
electrical circuit of the E-hand skin integrated with six pressure sensors and the electric design and a photograph of a human hand with the E-hand
skin for detection; and (g) the measured signals of the different sensors in the E-hand skin.

(Fig. 20a-d)."”® The e-skin showed notable stretching ability, a
rapid response time and high durability. More importantly,
the e-skin presented dynamic tensile strain detecting pro-
perties in a range from 0.01% to 200%. Elastic hydrogels often
had distinct mechanical and stimulus-responsive pro-
perties.?? * utilized Au NWs and poly-
acrylamide hydrogels for wearable pressure sensors (Fig. 20e-
2). The bimodal contact mode of Au NWs makes the wearable
sensor exhibit high sensitivity and a wide detection range.

Yin and co-workers*®

6. Summary and outlook

In this review, we have summarized the recent progress of
macroscopic two-dimensional Au NP monolayer films includ-
ing construction, functionalization and applications. The
macroscopic and controllable Au NP monolayer films have
been constructed via a series of methods such as interfacial
assembly (gas-liquid, liquid-liquid, and gas-liquid-solid).
The functionalization of the 2D MFGS also has been discussed
for enhancing conductivity, increasing the stability and
improving the optical properties. The applications of 2D
MFGS, especially in optical and electrical detection, and
optical and electrical devices, were summarized. Despite the
impressive recent advances of 2D MFGS, there are challenges
and opportunities in this field.

Primarily, there is still an urgent need to develop a univer-
sal and general approach to large-scale and repeated fabrica-

This journal is © The Royal Society of Chemistry 2020

tion of uniform, particle gap-size controllable, excellent free-
standing and easily transferable macroscopic 2D MFGS. For
instance, most interfacial assembly approaches are susceptible
to interference (atmospheric pressure, vibration, and humid-
ity), which makes it difficult to obtain 2D MFGS with high uni-
formity. In addition, 2D MFGS with controllable gaps are extre-
mely difficult to obtain, which tremendously hinders the appli-
cation of 2D MFGS in various fields.

Another big issue is the limitations of the interfacial assem-
bly method itself. For example, the air-liquid-solid system is
unable to obtain free-standing monolayer films without sub-
strates. To this end, some approaches to achieve accurately
controllable 2D MFGS should be constructed.

Secondly, surface functional engineering should be more
diversified. In the current studies, the function of 2D MFGS
mainly focuses on LSPR sensors, SERS, catalysis and electro-
chemistry. For example, combining 2D MFGS with smart
response polymers would endow 2D MFGS with intelligent
response performance. Additionally, regulating 2D MFGS with
proteins should increase the stability and biocompatibility of
2D MFGS.

Thirdly, wearable devices with lightweight, flexible, intelli-
gent and efficient features will bring changes and development
in the future. However, the application of 2D MFGS in flexible
wearable devices is extremely limited except that Au NWs are
widely used. Thus, broadening the application of functional
2D MFGS in flexible wearable devices is a very promising
direction.
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Ultimately, bioelectronics using 2D MFGS should be a sig-
nificant field. Organism membranes possess special structures
(for example, interlocked dermal epidermal layers) that make
it possible to achieve body monitoring. The functional 2D
MFGS with high stretchability, conformability, stability, and
certain mechanical strength satisfy the demands of bioelectro-
nic applications. But, there is still a long way to go for human
health monitoring with functional 2D MFGS.

The abovementioned challenges in the field of 2D MFGS
need mutual efforts from interdisciplinary experts with
different backgrounds. We believe that there will be vigorous
development in 2D MFGS monolayer films in near future.
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