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Direct visualization and imaging of nanomaterials under ambient conditions is of great significance for their
characterization and application. In most cases, the observation of individual nanomaterials usually requires
high-resolution electron microscopes under high vacuum. In comparison, an optical microscope is much
more convenient due to its facile operation and open space. However, the resolution of optical
microscopes is much lower than that of electron microscope-based tools. Therefore, effective
visualization and imaging strategies for nanomaterials are required to realize their direct observation,
accurate location and controllable manipulation. In this review, we summarized the progress of optical
visualization and imaging strategies for nanomaterials in recent years, including vapor-condensation-
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1 Introduction

Nanomaterials have been studied extensively in the past few
decades owing to their unique mechanical, thermal, electrical
and optical properties.”* Fast and facile location and observa-
tion of samples is generally considered the first step in a series
of characterization studies such as on the structures, properties
and applications of these nanomaterials. Notably, in situ
observation of dynamic processes occurring on nanomaterials
(e.g. reactions and phase changes) has drawn much attention
because it provides more information for revealing mecha-
nisms. Unfortunately, commonly used observation tools for
visualizing nanomaterials based on electron microscopes
require high vacuum conditions, which significantly limits the
in situ observation. Even advanced environmental electron
microscopes are still very difficult to operate under real condi-
tions. Moreover, in situ manipulation of nanomaterials is
severely restricted by their tiny chambers. Hence, a facile visu-
alization tool that can be operated under ambient or any
specific conditions is urgently needed for the further develop-
ment of nanoscience.

Optical visualization is a conventional yet effective way to
obtain morphological information of materials. With the
assistance of optical visualization, real-time and true-color
images can be collected in situ in an almost non-destructive
way, which has many advantages in observing dynamic
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introduced. We believe that this review will inspire further improvement in optical visualization of
nanomaterials and drive the application of nanomaterials in a broader domain.

processes. Besides, compared with electron microscopes and
scanning probe microscopes, visualization with optical micro-
scopes has advantages of low cost, simplicity and mild opera-
tion conditions. However, optical visualization of
nanomaterials faces many challenges due to the low resolution
and large beam sizes of optical microscopes, which set limits on
its application in the imaging of nanomaterials. As is known,
the sizes of many nanomaterials are much less than the limit of
optical resolution (ca. 200 nm). For example, it is impossible to
directly visualize single carbon nanotubes (CNTs) using
a common optical microscope because the illumination beam
size is several orders of magnitude larger than the diameters of
CNTs (usually 1-20 nm).* Therefore, effective visualization and
imaging strategies for nanomaterials should be rationally
designed to realize their direct observation, accurate location,
controllable manipulation, performance characterization and
subsequent utilization. During the past few years, various
strategies were proposed for optically visualizing and imaging
nanomaterials. For example, by depositing visible “labels” or
utilizing certain optical phenomena, researchers have made
great progress in optically visualizing various nanomaterials,
such as CNTs, graphene and nanofibers, thus paving the way for
subsequent research on their properties and applications.
Moreover, by elaborately designing and modifying setups,
researchers can in situ observe chemical reactions or directly
manipulate nanomaterials, which will further expand the
application of optical microscopy and provide more insights
into the mechanisms of dynamic processes at the microscale or
even the nanoscale.

In this review, we summarize the optical visualization and
imaging strategies of nanomaterials, including nanoparticle-
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assisted visualization, substrate-assisted visualization and
fluorescence visualization. Besides, applications of these tech-
niques in the imaging of CNTs and other nanomaterials are also
briefly discussed, followed by an introduction of state-of-the-art
methods for modifying optical microscopes. Finally, we provide
our perspectives on the development directions of this field in
the future.

2. Marker-assisted optical
visualization
2.1 Vapor-condensation-assisted optical visualization

Vapor condensation is a ubiquitous phenomenon in nature and
daily life, e.g., the formation of dewdrops, water recycling in
meteorology, water harvesting, defrosting, etc.*® Typically,
when a flow of warm or supersaturated water vapor is blown
onto a sample, it will condense on some nuclei attached to the
sample and form nanosized water droplets which then gradu-
ally grow bigger and bigger. The droplets can scatter light and
thus become highly visible with the naked eye. This phenom-
enon can be employed to visualize nanomaterials and exhibits
many advantages compared with other methods. For example,
vapor can quickly condense into droplets on nanomaterials and
the condensed water will also evaporate spontaneously in a few
seconds, leaving samples as clean as before.”'® Apparently, this
vapor-condensation-assisted (VCA) optical visualization is very
efficient and of low cost. Moreover, it is a non-destructive
method that does not induce any impurities on the samples,
keeping them intact for further characterization and applica-
tion. Besides, this method can also be conveniently integrated
with other facilities, such as a Raman spectroscope, fluores-
cence microscope, probe console, etc. The VCA method can
effectively make a variety of nanostructures visible under
ambient conditions. In this section, we discuss the application
of the VCA visualization method for various nanomaterials such
as CNTs, graphene, nanofibers, nanofilms, etc.

In 2014, the Jiang group first reported the observation of
ultralong CNTs on a silicon substrate assisted by water vapor
condensation under an optical microscope.”* When blowing
a flow of warm vapor onto a silicon substrate carrying hori-
zontally aligned CNTs, numerous tiny droplets immediately
formed on these CNTs, which can thus be clearly observed
under an optical microscope (Fig. 1a and b). It should be noted
that the VCA images did not show real CNTs but their outlines
which were made up of water droplets attached to them (Fig. 1c-
). It should also be noted that the image would spontaneously
disappear in a few seconds when blowing was stopped. Fortu-
nately, this imaging process was reversible and could be simply
repeated many times. Later, researchers found that the imaging
process could be prolonged simply by freezing the tiny water
droplets into ice with the assistance of liquid nitrogen. Besides,
it was also reported that the vapor condensation was nucleated
on the surface impurities of CNTs, which was evidenced by the
disappearance of the VCA image after annealing the CNTs in
a hydrogen atmosphere at 700 °C to remove amorphous carbon.
Meanwhile, it was observed that the VCA visualization also
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worked well for clean CNTs after hydrogen annealing and
subsequent argon plasma treatment, with the proposed mech-
anism of substrate hydrophilization. In addition, they also
achieved VCA visualization of a thin layer (no more than 1 nm
thick) of deposited amorphous carbon and Fe, respectively,
which could hardly be observed using conventional optical
microscopes (Fig. 1h and i). Generally, there are also other
vapors suitable for VCA imaging, as long as they are easy to
condense and evaporate, and are more likely to condense either
onto the nanostructure or the substrate to form a contrast
between the nanostructure and the substrate. Later in 2016, the
Jiang group proposed a similar approach to visualize ultralong
CNTs on the silicon substrate using glucose spray as vapor.™
However, unlike the case of water vapor, the condensation of
glucose vapor was realized via Coulomb interaction between the
as-grown CNTs and glucose spray which were both negatively
charged.

Motivated by the VCA visualization, a modified prototype
based on individual suspended ultralong CNTs was developed
by coating ice onto a nanotube in a cryogenic air environment.*?
The ice-CNT hybrid with a core-shell structure was formed by
freezing the supercooled water vapor onto suspended CNTs on
a programmable cryogenic platform (Fig. 1n). A remarkable
advance over the VCA imaging above is that this method can
maintain visibility as long as the temperature is sufficiently low
to ensure a supercooling water vapor environment, allowing
more complicated characterization and investigation of the
CNTs.

With a similar mechanism to VCA visualization of CNTs,
Zhang et al. investigated the capture and evolution process of
different aerosols on polyimide nanofibers under an optical
microscope.™ It was found that the distinct capture and evolu-
tion behaviors of different types of aerosols, including wetting
and non-wetting droplets, were due to their different wetting
properties, such as specific energy, viscosity, fluidity, etc., which
provide new insights for understanding the nanoscale filtration
mechanism (Fig. 1j-m).

In addition to one-dimensional nanomaterials such as CNTs
and nanofibers, VCA visualization is also feasible for nanosized
2-D graphene (Fig. 10 and p)."** Due to the unique wetting
properties of graphene, graphene-covered and uncovered
surfaces show different wetting behaviors, which lead to
a difference in the distribution and morphology of microscopic
water droplets, resulting in distinct color contrast and enabling
the observation of graphene domains. This approach is appli-
cable for a wide variety of substrates, including copper, plasma-
treated PET, pristine silicon, silicon oxide, quartz, glass, etc.
Besides, this method can also be used to facilely distinguish
monolayer and multilayer graphene since the wetting proper-
ties of the graphene-covered surface are sensitive to the number
of graphene layers (Fig. 1q). Similarly, Duong et al. observed the
grain boundaries of large-area graphene (grown on copper foil)
directly without transfer of the graphene by optical microscopy,
and the influence of graphene grain boundaries on crack
propagation and termination was clearly visualized.'® This
imaging technique was realized by selectively oxidizing the
underlying copper foil through graphene grain boundaries

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) A schematic diagram of the experimental setup for the VCA visualization of CNTs. (b) Screenshots of a streaming video. (c) AVCA image
and (d) the corresponding SEM image of ultralong CNTs. Scale bars: 200 pm. (e) A higher-magnification VCA image of CNTs. Scale bar: 100 pm. (f,
g) Schematic diagrams showing the nucleation and microdroplet formation process. (h, i) VCA images of patterns for 1 nm amorphous carbon
and 0.2 nm Fe, respectively. Scale bars: 500 pm. (j) Illustration of the experimental setup for visualizing the capture process of aerosols on
nanofibers. Images of the in situ capture of (k) wetting droplets, () nonwetting droplets, and (m) solid particles by the nanofibers. (n) An illustration
showing the formation of the core—shell structure by depositing ice around the CNTs. (o, p) Optical images of graphene grown on Cu (o) before
and (p) after condensing water vapor. (q) Schematic diagram showing the mechanism of distinguishing between monolayer and multilayer
graphene. The scale bar of the embedded figure is 20 pm, and those of the others are 200 pm.

functionalized with O and OH radicals generated by ultraviolet condensation mechanisms, especially for ultralong CNTs, are
irradiation under moisture-rich ambient conditions. This still ambiguous and require further investigation.
approach can be used as a simple protocol for evaluating the
grain boundaries of other two-dimensional layered structures, 5 Nanoparticle-assisted optical visualization
such as boron nitride and exfoliated clays.

It is seen that the VCA visualization provides a simple and
efficient tool for optical observation and characterization of
various nanostructures at the macroscale. However, the vapor

As is known, when the diameter of tiny particles such as smoke,
dust, small water droplets, aerosols, etc., is equal to or just
slightly larger than the wavelength of light, Mie scattering
occurs which results in stronger light in the forward direction

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 889-903 | 891
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than in the backward direction.””*®* This phenomenon plays
a key role in the optical visualization of nanomaterials assisted
by decoration with nanoparticles with diameters in the range of
visible light and has enabled a series of novel approaches to
achieve the facile optical observation and characterization of
different nanomaterials. In this section, we discuss the appli-
cations of nanoparticle-assisted optical visualization of nano-
materials, including CNTs, graphene and nanofibers.

2.2.1 Metal oxide and sulfide nanoparticle-assisted optical
visualization. TiO, nanoparticles can be directly and easily
deposited onto CNTs through a room-temperature chemical
vapor deposition (CVD) method using TiCl, as the precursor. As
is known, TiCl, is a highly volatile chemical which can easily
hydrolyze into TiO, and HCI under ambient conditions. Zhang
et al. reported decorating individual suspended CNTs with TiO,
nanoparticles to realize the optical visualization of suspended
CNTs for the first time." In a typical deposition process, the as-
grown CNTs were brought into contact with TiCl, vapor for in
situ deposition of TiO, nanoparticles through the rapid hydro-
lysis of TiCl, in air, forming a necklace like CNT-TiO, hybrid
structure (Fig. 2a).>* As shown by the SEM images in Fig. 2b,
most of the TiO, particles showed spherical morphologies and
had a wide distribution of diameters of about 100-1000 nm,
which were comparative with the wavelength of visible light of
300-700 nm, resulting in a strong Mie-scattering ability. The

(a’ Y 4 g
l Contacted with TiCl, vapour

’ TiO, nanoparticles ’
Small particles grow into larger ones
l Particle sizes continue growing and

particles with different sizes coexist

(d)

Introducing a gas flow
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position of CNTs can thus be easily located and tracked with the
labelling of the decorated TiO, nanoparticles under an optical
microscope (Fig. 2¢ and d). After visualization, the TiO, nano-
particles can be removed by acid-washing for further charac-
terization and application. In particular, the Raman response
for the TiO, nanoparticle decorated CNTs was greatly facili-
tated.”® Based on the nanoparticle-assisted visualization, Zhang
et al. studied the macroscale manipulation and characterization
of CNTs under optical microscopes under ambient conditions
(Fig. 2e-g)."?' In addition to TiO,, SnO, nanoparticles were
demonstrated to be an effective alternative to realize the optical
visualization of suspended CNTs through a similar deposition
process as for TiO,.**

MoS, was reported as another type of nanoparticle which can
decorate CNTs for their optical visualization. Besides, the
combination of CNTs and MoS, nanoparticles along with their
strong coupling also facilitates the fabrication of CNT-MoS,-
based functional materials. The CNTs-MoS, hybrids are usually
synthesized through an in situ CVD process to guarantee clean
interfaces between CNTs and MoS, nanoparticles (Fig. 3a).®
The MoS, nanoparticles are attached to CNTs in the form of an
ultrathin layer, which helps image the horizontally aligned
CNTs as white lines on a nearly transparent quartz substrate
under an optical microscope, with a similar scattering mecha-
nism as the aforementioned TiO, nanoparticles (Fig. 3b and c).

CNT with outer shell

(a) Schematic illustration for depositing TiO, nanoparticles on suspended CNTs. (b) SEM images of suspended CNTs decorated with TiO,

nanoparticles prepared with a contact time of 5.0 s. Scale bar, 10 um. (c) Bright field mode and (d) dark field mode images of CNTs with small TiO,
nanoparticles. Scale bar, 100 pm. (e) Cutting a CNT segment from a suspended CNT using two probes. Scale bar, 50 um. (f) A suspended CNT and
gas-flow-induced bending of the CNT. Scale bar, 100 um. (g) A 3.43 mm-long single-walled CNT being pulled out from the DWCNT. Scale bar,

20 um; 2 nm (lower inset); 2 nm (upper inset).
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(a) Illustration of the furnace setup for CNTs—MoS, hybrid synthesis. (b) Optical and (c) SEM images of CNTs—MoS, hybrids on quartz

substrates. (d) Schematic illustration of the designed sequential CVD procedure for growing MoS; on CNTs. (e) SEM image of MoS; triangular
domains nucleating on an individual CNT. (f) Optical image for a longer MoS, growth time. (g) Optical image of the graphene—MoS,

heterostructure.

Notably, MoS, nanoparticles can easily visualize CNTs on
substrates, while TiO, and SnO, nanoparticles can only visu-
alize suspended CNTs. It is also found that the CNTs-MoS,
hybrids inherited both the electrical transport properties from
MosS, films and the unique optoelectronic properties of CNTs.

Liu et al. also demonstrated a strongly coupled 1D CNT and
2D MoS, monolayer hybrid structure through a controlled
sequential CVD process and found that the CNTs can be clearly
observed due to the enhanced contrast of multi-layered MoS,
along the CNTs under an optical microscope.* It was found that
the post hydrogen annealing before MoS, growth is a key factor
for creating a clean interface between CNTs and MoS,, and the
climbing-up growth behavior of MoS, over the CNTs ensures
a large interaction area at the interface, which together lead to
strong interfacial coupling both mechanically and electronically
(Fig. 3d-f).

Additionally, MoS, also facilitates the optical visualization of
graphene sheets on silica.”® MoS, single layers were formed
through seeded CVD growth with the dangling bonds and
lithographic residues at the edge of graphene as crystal nucle-
ation sites, rendering the graphene outline as brighter regions
under an optical microscope (Fig. 3g).

The fundamental studies above showed that MoS, particles
not only act as an important functional component in the
hybrids, but also assisted with the visible observation of the
hybrid materials under an optical microscope, which offers
a new way to develop novel hybridized materials and their facile
optical characterization.

© 2021 The Author(s). Published by the Royal Society of Chemistry

2.2.2 Volatile nanoparticle-assisted optical visualization.
Although the nanoparticle-assisted approaches effectively real-
ized the optical visualization of various nanomaterials, they are
still not easy to remove, which thus influences further charac-
terization and application. In comparison, volatile
nanoparticle-assisted visualization approaches have many
advantages.”® Researchers presented a wide range of volatile
materials, such as urea, sulphur, (NH,),SO,, ferrocene, paraffin
wax, etc., which could be easily sublimated, vaporized, or
decomposed simply in a controlled manner with moderate
heating or laser irradiation, and the process could be repeated
many times (Fig. 4a-k). Furthermore, this non-destructive
method can be applied on various 1D and 2D nanomaterials,
such as suspended CNTs or supported ones on various
substrates, nanowires, graphene, etc. For example, the CNTs,
either partially suspended or supported on the silica substrate,
can be clearly distinguished by the naked eye under a normal
flashlight simply after sulfur sublimation at 120 °C and depo-
sition onto the CNTs for 5 min.

2.2.3 Metal nanoparticle-assisted optical visualization.
Noble metal nanoparticles like Ag and Au were first employed to
be electrodeposited onto CNTs to realize their optical visuali-
zation and facile characterization. Generally, for horizontally
aligned CNT arrays on silicon substrates, as shown in Fig. 5a,
a conducting layer like Au or Ag conducting adhesive was coated
on one side of the substrate as an electrode, and then Ag
nanoparticles were electrodeposited onto the CNTs in AgNO;
and KNO; aqueous solution.””?® The Ag-deposited CNTs can
thus be clearly observed under an optical microscope, and

Nanoscale Adv, 2021, 3, 889-903 | 893
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Fig. 4 Optical microscope images of individual suspended CNTs decorated with (a) (NH4),SO,4 nanoparticles, (b) NH4sNO3z nanoparticles, (c)
ferrocene, (d) paraffin wax, (e) dodecanoic acid and (f) abietic acid. (g) SEM image of Ag NWs on a SiO,/Si substrate. (h) Optical bright-field mode
image and (i) dark-field mode image of Ag NWs decorated with sulfur nanoparticles corresponding to (g). Scale bar, 20 um in (a—c, e—i) and 50
pm in (d). (j, k) Removal of sulfur nanoparticles from CNTs. Optical microscope images of partially suspended CNTs and supported CNTs
decorated with sulfur nanoparticles at 120 °C for (j) 5 min and (k) after being heated at 120 °C for 1 min. Scale bar, 100 um.

(a) counter
electrode SCE

working
electrode

Fig.5

(a) Schematic illustration of the electrodeposition of Ag nanoparticles on SWNT arrays. (b, c) SEM image and optical photo taken from the

same area of long oriented SWNT arrays after electrodeposition, respectively. (d, ) SEM image and optical photo taken from the same area of

long-oriented SWNT arrays after electrodeposition, respectively.

Raman spectra could also be easily acquired for these CNTs
(Fig. 5b-e). In addition, the deposited Ag nanoparticles can act
as probes to identify the structural uniformity and the metallic
or semiconducting properties of individual CNTs. This elec-
trodeposition method was feasible for not only long and well
aligned CNTs but also short and random ones.

Au and Pd nanoparticles were also employed for deposition
onto CNTs for visualization. Chu et al. reported the seeded

894 | Nanoscale Adv., 2021, 3, 889-903

growth of Au and Pd nanoparticles on the surfaces of CNTs on
silicon substrates using a tandem electroless technique with
high selectivity (Fig. 6a-f).>**° It was found that the visibility of
the Au or Pd nanoparticle-deposited CNTs benefited from the
coupled surface plasmon resonance adsorption of adjacent Au
nanoparticles with small gaps, which thus remarkably facili-
tated both the Raman characterization and the device fabrica-
tion of individual CNTs under optical microscopes. Moreover,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6

(@) Scheme of the controlled decoration of gold nanoparticles on CNTs based on gold seeds via (i) gold seed decoration and (ii)

subsequent seeded growth stages. (b) Scheme of the controlled decoration of gold nanoparticles on SWNTs based on palladium seeds via (i)
PdCl, adsorption, (ii) H, reduction, and (iii) seeded growth stages. (c) SEM image and (d) optical image of 10 CNTs grown on SiO,/Si after gold
decoration. (e) Optical image and (f) the corresponding SEM image of the gold nanoparticle-decorated SWNT arrays on SiO,/Si. (g) Chemical
structure of pNBA (top) and schematic illustration of the monoclinic unit cell of pPNBA powder as extracted from X-ray diffraction analysis
(bottom). (h) Dark field optical microscopy images of pNBA nanocrystals adsorbed along CVD grown CNTs. Scale bar, 50 mm.

this electroless method requires no selectivity on types, defects,
or conductivity of CNTs, which thus ensures the uniform
decoration of all CNTs.

In addition to noble metal nanoparticles, Zeevi et al. found
that CNTs could also be deposited with pNBA nanocrystals and
thus be imaged by dark-field optical microscopy.** The deposi-
tion of pNBA was carried out on the wafers carrying CNTs at
150 °C for 90 s, during which the molecules nucleated prefer-
entially along the sidewalls of CNTs, forming nanocrystal
chains (Fig. 62 and h). After observation, the pNBA nanocrystals
can completely desorb off the CNTs, leaving no residue on the
CNT sidewall and consequently causing no effect on the elec-
trical or mechanical performance of CNTs. It was also demon-
strated that this method was feasible on both supported or
suspended CNT devices. With the assistance of this technique,
they not only developed a dedicated image processing algo-
rithm but also studied the dynamic mechanical motion of
suspended CNTs.

2.2.4 Inorganic salt nanoparticle-assisted optical visuali-
zation. In addition to metal nanoparticles, salt nanoparticles
can be used to decorate CNTs. For example, NaCl nanocrystals
were reported to deposit on CNTs and served as micro/
nanolenses that optically visualized the location of individual
CNTs and amplified their Raman scattering by orders of
magnitude (Fig. 7a).*> These NaCl nanocrystals exhibited
unique properties such as hygroscopicity, optical transparency,
solubility in water and high mobility of constituent ions under
an electric field and provided new opportunities in optics and
spectroscopy.* During a typical procedure, a metal cover was
first deposited on one side of CNTs, and then a NaCl droplet was
placed on the other side. Upon application of an electric field
across the CNTs using Pt wires, the CNTs could then be

© 2021 The Author(s). Published by the Royal Society of Chemistry

decorated with arrays of NaCl nanocrystals within 10 minutes
through ion transportation along the exterior of the CNTs
(Fig. 7b).

The NaCl crystals, with a refractive index of ~1.54 and
a plano-convex shape, served as micro/nanolenses to scatter
more light to allow the decorated CNTs to be visualized under
an optical microscope and to amplify the Raman scattering
(Fig. 7c-e). It was demonstrated that the NaCl nanocrystal
formation does not damage the CNTs and they can be easily and
non-destructively removed by simply rinsing with water. In
addition, this method can also help optically visualize other
nanostructures of random CNT networks, silver nanowires, and
graphene nanoribbons.

3. Substrate-assisted optical
visualization

It is known that tiny samples supported on substrates could be
distinguished upon light irradiation as long as the contrast
between the sample and substrate is sufficiently obvious,
arising from their different scattering abilities. Therefore, apart
from the decoration methods discussed above, it is also effec-
tive to modify the substrates to gain improved scattering, which
thus generates stronger contrast. In this section, we introduce
several substrate-assisted visualization technologies.

Du et al. developed a VCA reverse display technique which
employs condensed water droplets as the image pixels on
hydrophilic/hydrophobic  surfaces for anti-counterfeiting
applications.* In a typical procedure, a hydrophobic silicon
wafer was first treated with O, plasma and a trimethyl-
chlorosilane (TMCS) or perfluorooctyltrichlorosilane (PFTS)

Nanoscale Adv., 2021, 3, 889-903 | 895
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Fig. 7 (a) Schematic diagram of the optical visualization and Raman enhancement of CNTs achieved by NaCl nanocrystals. (b) Experimental
platform for forming NaCl nanocrystals along CNTs. (c) Schematic of the NaCl crystal. (d) SEM image of four CNTs before being decorated with
NaCl crystals. Scale bar: 20 um. (e) Optical image of salt crystals formed along all four CNTs. Scale bar: 20 pm.

self-assembled monolayer with given patterns to obtain hydro- Novak et al. found that individual CNTs supported on SiO,/Si
philicity, and then the supersaturated water vapor introduced substrates could locally facilitate the HF vapor etching of SiO, to
onto the wafer selectively formed nanosized water droplets on produce a trench along the CNTs, benefiting from the
the patterned domain and grew into larger ones, which could enhancement of water adsorption of CNTs. The depths of the
thus scatter more light to visualize the outlines of the patterns trenches ranged from several to several tens of nanometers,
with the naked eye (Fig. 8a and b). which could be observed under a conventional optical

(a (c) e
—— ;
58.31+0.4° <5° 773%+1.4°  109.3+0.8°

i
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(b) 7 Eie lHF vapor
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—
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0nm 2um

Fig. 8 (a) Contact angles on various silicon wafers measured immediately after treatment with: (i) untreated Si wafer, (i) O, plasma, (iii) TMCS,
and (iv) PFTS. (b) Microscopic images of water droplets condensed on a “dragon head” patterned Si wafer surface which was treated with O,
plasma, TMCS and PFTS, respectively. Scale bar: 500 pm. (c) CNTs enhance the HF etching of SiO,, producing a nanoscale trench around itself.
(d) Change of optical interference (e.g., red vs. blue) makes the trench visible under an optical microscope. (e) Optical micrograph of two
trenches produced by the CNT-enhanced HF etching of SiO,. (f, g) AFM image mosaic and optical micrograph of the same area of a silicon wafer,
respectively. The two sets of arrows indicate the same location.
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microscope due to the change in optical interference in the SiO,
layer, allowing the associated CNT to be located (Fig. 8c-g).*
The shape and contrast of the trench depended on its depth as
well as the thickness of the SiO, layer, although the quantitative
relationship has not been determined yet.

4. Fluorescence visualization of 1-D
CNTs and 2-D graphene

Visualization of nanostructures based on fluorescence generally
benefits from long-wavelength optical and near infrared (IR)
imaging materials. In this section, we introduce the common
methods applied on CNTs and graphene nanostructures for
optical visualization.

4.1 Fluorescence visualization of CNTs by fluorophore
coating

Fluorescent materials, a large family of materials, can be
divided into two categories of inorganic and organic groups,
and each member has its advantages and drawbacks.*
Compared with organic fluorescent materials, inorganic
fluorescent agents have rarely been used as a coating. CdSe-ZnS
quantum dots were reported as an inorganic coating on CNTs to
realize the fluorescence visualization.*” In a typical experiment,
CNTs were first dispersed in a sodium-dodecyl-sulfonate (SDS)
solution and then mixed with CdSe-ZnS core-shell nanocrystals

Fig. 9

View Article Online
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functionalized with mercaptoacetic acid, during which CdSe-
ZnS nanocrystals arrange themselves on the sidewalls of CNTs
due to the electrostatic interaction between zinc ions and
electronegative oxygen atoms/anions, allowing the fluorescence
visualization of different cluster sizes of CNTs in aqueous
solution under optical microscopes (Fig. 9a-d).

In contrast, organic fluorescent materials offer more choices
for coating. For example, CNTs could be fluorescently observed
and labeled by coating them with a polymer layer of vinyl-
pyrrolidone (PVP-1300) several nanometers thick.*® PVP-covered
SWNTs were formed by mixing a CNT suspension stabilized in
SDS with PVP-1300 in water under specific conditions, during
which multiple fluorophores attached to single CNTs, assem-
bling into unique composite fluorophores (Fig. 9e-h). Thus,
such CNTs could serve as unique fluorescent probes for bio-
logical detection of single molecule events.

In addition, a PSE (1-pyrenebutanoic acid, succinimidyl ester)-
based staining methodology was exploited to optically visualize
and characterize individual CNTs in aqueous solutions with
a fluorescence microscope, with the advantage that PSE not only
shows strong luminescence in solution but also can noncovalently
attach to CNT sidewalls through molecular adsorption which does
not damage the geometric and electronic configuration of CNTs
(Fig. 9i and j).*** Therefore, this technique offers a simple tool for
the in situ and noninvasive observation and characterization of
CNTs and potentially for its bio hybrid structures.

(a) Fluorescence and (b) transmitted brightfield images of individual CNTs and their ropes. (c) Transmission electron micrograph of QDs

attached to the sidewall of a typical CNT—-rope. (d) Schematic illustration of the coordination between the QDs and CNTs. (e) Electron
microscopy of PVP-FL-coated CNTs prepared at a 0.2% CNT/PVP ratio (0.4% SDS). (f) Combined light and fluorescence microscopy image of
PVP-coated nanotube bundles deposited on a glass slide. (g) Light microscopy image of the same bundles. Scale bar, 7 um. (h) Individual
fluorescent CNTSs are only seen using fluorescence detection. Scale bar, 4 um. (i, j) Epifluorescence images of CNTs stained with PSE. Scale bar, 1
um. (k) Fluorescence microscope image of PDSiAzep/SWNTs trapped between the electrodes (shown in the circle).
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Besides, a silicon-based polymer PDSiAzep has also been
reported as a modifier to fluorescently activate CNTs, which
consequently enabled their distinct visualization in solvents by
fluorescence microscopy and eased their detection and
manipulation with high sensitivity under a light microscope
(Fig. 9k).**

4.2 Fluorescence visualization by modifying the substrates

Graphene has been demonstrated to be a highly efficient
quencher that can strongly quench the emission of nearby dye
molecules through energy transfer.”>** Taking advantage of the
quenching effect, graphene-based materials could be easily
imaged on a fluorescent carrier due to their distinct contrast
under a fluorescence microscope. However, research studies
focusing on this have not been reported much to date.

Treossi et al. reported that graphene oxide (GO) could be
imaged on silicon oxide, quartz or glass through quenching the
fluorescence of a thiophene-based dye (T4), covalently tethered
to the substrates through a microwave-promoted silanization
reaction.” Under UV excitation (Aexe = 330-380 nm), the func-
tional T4 layer exhibited intense green emission while the
emission of the GO domain was greatly quenched, forming high
contrast that enabled the imaging of GO (Fig. 10a and b).

Taking a similar approach, Kim et al. broadened the organic
dyes to red, green and blue fluorescent ones, which could be
easily removed by washing without disrupting the underlying
sheets. They also demonstrated that it was feasible for arbitrary
substrates even in solution, due to the non-functionalized

REFLECTION
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surface.” It is seen that the fluorescence quenching micros-
copy method can easily image these 2D sheets and greatly
broaden the scope of single layer device fabrication (Fig. 10c
and d).

Unlike the former cases, another substrate-assisted fluores-
cence visualization technique of CNTs was presented by etching
trenches into the substrate.*® The trenches produced a direct
comparison of the photoluminescence (PL) properties of air-
suspended (across the trenches) and on-SiO, segments of the
CNTs, contributing to observable imaging (Fig. 10e and f).
Besides, by acquiring PL maps at different locations along
a CNT, the (n, m) structure as well as the mechanical strain or
some deformations of the CNT could be checked and revealed.

4.3 Fluorescence visualization with near-infrared
microscopy of CNTs

CNTs can exhibit a number of excitation bands from 600 to
800 nm and emissions from 950 to 1300 nm falling in the near-
infrared (NIR) region, which thus offers another tool for
detecting and characterizing CNTs with the help of NIR fluo-
rescence microscopy at the macroscale.*® Typically, this method
is combined with polarization measurements and emission
spectroscopy to compensate for the limited spatial resolution of
ca. 1 pm, and more preferably, to provide (n, m)-level identifi-
cation of pristine semiconducting CNTs, which shows distinct
advantages among the established techniques above. Alterna-
tively, narrow-band optical filters can be added to generate (n,
m)-selected for the inhomogeneous

images, example,

Pos. 0

2 um

Pos.0
Fig. 10

nN
8

-
o«
N

-
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w

&

(a) Optical microscope image of GO sheets on T4-functionalized, 300 nm thick SiO,. (b) Fluorescence image of the same area. (c) A

camera image showing strong emission quenching upon addition of G-O and r-G-O to a fluorescein solution. (d) Visualizing of a cross-
deposited G-O/r-G-O sample on glass coverslip based single atomic layers by fluorescence quenching microscopy (FQM). Scale bar: 25 um. (e)
PL image of partially luminescent CNTs. The bright emission stripe in the upper left corner corresponds to a nanotube segment suspended over

the trench. (f) Expanded PL image of a trench crossed by a CNT.
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interactions of the CNT with its environment and the spatial
consistency of the (n, m) structure can be revealed and checked
by the spectral properties of different segments within longer
CNTs. It is also notable that NIR imaging is applicable in
a variety of media, such as water, SDBS (sodium dodecyl
benzene sulfonate), and PVP solutions.” To date, however, the
NIR imaging for CNTs has not been studied much, and its
advantages of simplicity, non-invasion, versatility of the sample
environment and chirality identification make it a fascinating
substitute.

5. Facile imaging of CNTs based on
the optical phenomenon
5.1 Rayleigh scattering imaging

Taking advantage of the unique band structures of CNTs, Ray-
leigh scattering imaging is performed using a white light inci-
dent beam in a dark-field configuration. Thus, the scattered
spectra will reveal chirality and diameter information of the
illuminated CNTs. Based on the Kataura plot shown in Fig. 11,
CNT optical transitions in the visible light range (1.7-3.2 eV)
should be sufficient to identify almost all CNTs with diameters
between 1.5 and 2.5 nm and little scattered chirality outside this
range.”® The first instance of CNT imaging by Rayleigh scat-
tering was reported by Sfeir et al. in 2004 using a confocal
microscope setup and a white-light supercontinuum excitation
source. In order to circumvent substrate scattering, slits were
etched in the Si/SiO, substrate and imaging was performed on
suspended CNTs.*> However, this imaging configuration was

(a)

Air

J
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e = e =
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Giyeerol / s
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Fig. 11
configuration and real color image obtained in real time.
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restricted severely by the limited spatial resolution of the setup
and the observable portion of the CNTs was also limited to the
small portion illuminated by the incident beam.

Subsequent studies introduced the strategy of using real
refractive index matching media to mitigate substrate scat-
tering and allow in situ imaging of CNTs. The detection setup
presented by Joh et al. utilizes a layer of glycerol on the CNT
sample to realize in situ Rayleigh imaging (Fig. 11b). Glycerol (n
~ 1.47) was chosen for its close real refractive index to quartz (n
~ 1.54) in order to minimize photon scattering near the CNT/
substrate interface.” The glycerol layer was then sandwiched
with a glass coverslip, and the incident beam was introduced
from below the sample via a dark-field condenser at an angle
such that the incident beam would be reflected at the coverslip/
air interface via total internal reflection. This setup guaranteed
that no incident light would enter the objective lens. The
monochromatic incident beam (bandwidth = 20 nm) varied
from 450-850 nm as a CCD detector with a high NA objective
lens rastered across the image area. The resulting image was
falsely colored based on resonance peak locations for the
spectra at each pixel. Despite the short integration time per
frame, this hyperspectral approach allowed for the character-
ization of intensity peak locations and widths. The full spec-
trum at each pixel allowed for the characterization of individual
CNTs in multi-walled CNTs (MWCNTs) and CNT bundles. Red
and blue shifts in resonance peaks were also observed resulting
from intertube coupling effects.

The first real time, true color imaging of CNTs was realized
by Wu et al. (Fig. 11a)** utilizing the previously reported

(b)

Real-time
true-color
maging

Lamera

1

!hmf.\cr

10 pm

(a) Refractive index matching imaging setup and the corresponding false color image; (b) refractive index matching/IDEE imaging
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refractive index matching strategy in conjunction with an
interface dipole enhancement effect (IDEE). Rayleigh scattering
from CNTs on quartz and Si/SiO, substrates was imaged in
a wide-field setup. The posited IDEE required CNTs to be sur-
rounded by a thin dielectric layer of high refractive index with
no strong inherent Rayleigh scattering in the target spectrum.
However, this technique also has its drawbacks. First, due to the
size limitation of the visible spectrum, large diameter or multi-
walled CNTs can't be detected. Second, the wide-field collection
mode cannot provide enough information to identify the indi-
vidual properties of bundled or multi-walled CNTs. Third, the
use of refractive index matching media such as glycerol will
restrict the handling of CNTs during imaging. Even after
imaging, the medium must be removed with organic solvents by
soaking or rinsing.

Havener et al. developed deep-ultraviolet resonance imaging
of CNTs.*” The shorter wavelength ultraviolet light could
enhance spatial resolution of the system to obtain a resonance
peak shared by all CNTs in this region. Another approach for
improving the imaging effect is modifying the sample prepa-
ration. Ideally, a high resolution, robust, and clean method
enables the direct observation of CNTs in air. Refractive index
matching and IDEE techniques require the immersion of the
CNT samples in a liquid such as glycerol or water. In the former
case, further use of the CNT samples requires a lengthy cleaning
process to remove the liquid medium without damaging the
tube or introducing impurities.

5.2 Raman scattering imaging

Like Rayleigh scattering, optical Raman imaging has inherent
limitations due to the band structures of CNTs. For example,
single-walled CNTs exhibit several Raman scattering modes
include the radial breathing mode (RBM), G-band, and D-
band.* The RBM frequency is indicative of the CNT diameter.
Most early Raman imaging techniques involved confocal
microscopy setups where the image are was scanned in its
entirety and the Raman spectrum was obtained for each pixel.**
Although this method provides sufficient spectral information,
it comes at the cost of imaging speed. The resulting image is
usually colored based on the intensity of a specific resonant
mode such as the G-band. Another consideration in Raman
imaging is that laser intensity must be controlled to prevent
damage to the substrate.

Compared with Rayleigh scattering, Raman scattering pres-
ents higher intensity and signal-noise ratio in the imaging
process. The inelastic nature of Raman scattering coupled with
the well documented G-band wavelengths gave rise to a strategy
of selectively filtering the incident light and detecting only the
G-band frequency instead of the entire spectrum for each
point.>®

Current optical spectroscopic imaging techniques have
achieved great advances such as real time monitoring of CNT
growth, real time and real color imaging, etc.>"*® However, these
optical approaches are still fundamentally limited by the Abbe
diffraction limit. To date, there has been no study applying the
principles or super-resolution microscopy breaking the
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resolution limit of an optical microscope to perform the
imaging of CNTs.

5.3 Polarized light imaging

Diameters of CNTs are several orders of magnitude smaller than
the illumination beam size, which makes their absorption
signal easily blurred by the fluctuation of the light. However, Liu
et al. introduced a polarized microscopy method with high-
throughput imaging and spectroscopy, which increased the
amplitude of the optical signal of CNTs by two orders of
magnitude (Fig. 12a).”” When illuminating a CNT on a substrate
by visible light, there is interference between the CNT-scattered
electric field Ext and the substrate-reflected electric field E, at
the detector, which makes the optical contrast of a CNT
enhanced in a reflection configuration.”® Using this technique,
CNTs can be clearly observed under optical microscopy, of
which the resolution is comparable with that of SEM (Fig. 12b).
On top of this, chirality profiling of CNTs can be completed. The
M/S can be determined from the color imaging by polarized
light imaging. This technique benefits the study of CNT growth
theory.”” Zhao et al reported the phenomenon of self-
termination in the etching process of CNTs using a hot-wall
chemical reactor equipped with a polarized light micro-
scope.* Vincent et al. improved this method by setting up a new
model with the consideration of depolarization to make the
polarized imaging more accurate.*

6. Modified optical microscopes for
nanomaterial visualization

Apart from the post-treatment of nanomaterials, modified
optical microscopes are also widely used for visualizing nano- or
micro-scale materials, and they successfully avoid radiation
damage from conventional electron microscopes. In this
section, modified optical microscopes and the corresponding
changes in their light paths are discussed.

Due to the resolution limitation in the wavelength of the
light beam the nanomaterial is not clearly seen under such
conditions. Microscopes combined with other apparatus such
as a polarizer, microsphere, etc., could solve this problem or
provide more information on the spatial distribution and
quality of the material included. Liu et al. reported that a high-
throughput optical imaging technique with a polarizer to
change the light path forms a contrast between a CNT and the
substrate, providing a clear image of the CNT.%”

Besides, modified microscopes provide more information to
enable its manipulation or obtain other properties. Brenner
et al. reported that hyperspectral microscopy which combines
hyperspectral imaging with state-of-the-art computer software
provides more axial information.*® Using this technique,
a multi-constituent material enables easier and rapid identifi-
cation of nanomaterials such as CNTs.** In addition, Sun et al.
used a nonlinear microscope with coherent anti-Stokes Raman
scattering spectroscopy (CARS), two-photon excitation fluores-
cence (TPEF) and second harmonic generation (SHG), which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(@) Schematic of the high-throughput optical microscope with a polarizer, (b)—(d) real-time optical imaging of individual CNTs on

a substrate or in a device. Direct optical images of the individual CNTs (b) on a fused-silica substrate, (c) in a back-gated field-effect transistor
device (with two gold electrodes), or (d) located partly under an Al,Os dielectric layer, with an integration time of about 20 ms. (e)-(g) Schematics

of CNTs corresponding to the optical images in (b)—(d).
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(a) Schematic of high-resolution microsphere-assisted interference microscopy, (b) measurements of the 400 nm periodic grating with

AFM, (c, d) measurements of the 400 nm periodic grating with AFM, (c) surface topography and (d) 3D measurement through the microsphere.®?

can not only clearly image the surface topography of graphene,
but also characterize the quality of the material.®

What's more, the modified microscopes enable the obser-
vation and three-dimensional characterization, which have
rarely been investigated in recent studies. Leong-Hoi et al
introduced a high-resolution microsphere-assisted interference
microscope to characterize the interface of the gratings, which
showed a comparable imaging result with that from an atomic
force microscope (Fig. 13).** The microsphere served as a tool
for optical magnification. Besides, phase-shifting interferom-
etry was employed to obtain more axial information. Moreover,
Igor et al. combined optical microscopy with scanning probe
nanotomography to reconstruct the 3D structure of a sample at
the nanoscale.®* The novel technique is expected to provide
important data on the structural organization of biomedical

© 2021 The Author(s). Published by the Royal Society of Chemistry

materials, which helps in quality control of the nano-
technological fabrication process.

7. Summary and outlook

In this review, we briefly summarized several techniques for the
optical visualization of nanomaterials, e.g., vapor condensation-
assisted visualization, NP-assisted visualization, substrate-
assisted visualization and fluorescence visualization. Applica-
tions of these techniques in the imaging of CNTs and other
nanomaterials were also included. Besides, state-of-the-art
strategies and methods for modifying microscopes were
further discussed to shed light on the synergistic development
of optical microscopy and nanomaterials.

Nanoscale Adv., 2021, 3, 889-903 | 901
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In the research on nanomaterials, because of their tiny sizes,
a key and challenging point is their fast location, identification,
and manipulation. Even in electron microscopes such as SEM,
TEM, etc., the sample must be treated under vacuum and
airtight conditions so that the information on the morphology
and other properties could be available, which has many
disadvantages. On the one hand, it is hard to carry out the
operation under such conditions. On the other hand, the
sample is destroyed to some extent after the pre-treatment for
electron microscopy. Based on this, optical visualization
enables manipulation under normal conditions without
damaging these samples.

We deeply believe that the optical visualization of nano-
materials still has large room for development, and our
perspectives on the future of this field are listed as follows. (i)
The optical visualization of 1-D and 2-D nanostructures (e.g.,
CNTs and graphene) has been extensively explored, while the
visualization of 0-D and 3-D nanostructures is much less re-
ported. The dimensions of the samples are expected to be
largely expanded with the assistance of advanced imaging
techniques. (ii) The vapor condensation method enables cor-
responding manipulation such as stretching under normal
conditions, which could enhance the testing difficulty for the
nanomaterials, the volatile substance included. However, the
vapor condensation method allows virtual imaging under an
optical microscope, which could be the next point to transform
virtual imaging directly or indirectly to true imaging. (iii) The
combination of the optical microscope with other techniques
could attract some interest. For example, we could obtain the
optical properties and thermal properties simultaneously under
a virtual optical microscope equipped with a thermal perfor-
mance testing device. The advancement of other techniques
also pushes optical visualization development.
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