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Summary

Cryogenic electron microscopy (cryo-EM) is a powerful tool
for imaging liquid and semiliquid systems. While cryogenic
transmission electron microscopy (cryo-TEM) is a standard
technique in many fields, cryogenic scanning electron mi-
croscopy (cryo-SEM) is still not that widely used and is far less
developed.Thevastmajorityof systemsunder investigationby
cryo-EM involve either water or organic components. In this
paper, we introduce the use of novel cryo-TEM and cryo-SEM
specimen preparation and imaging methodologies, suitable
for highly acidic and very reactive systems. Both preserve the
native nanostructure in the system, while not harming the ex-
pensive equipment or the user. We present examples of direct
imaging of single-walled, multiwalled carbon nanotubes and
graphene, dissolved in chlorosulfonic acid and oleum. More-
over, we demonstrate the ability of these new cryo-TEM and
cryo-SEM methodologies to follow phase transitions in car-
bon nanotube (CNT)/superacid systems, starting from dilute
solutions up to the concentrated nematic liquid-crystalline
CNT phases, used as the ÔdopeÕ for all-carbon-fibre spinning.
Originally developed for direct imaging of CNTs and graphene
dissolution and self-assembly in superacids, these methodolo-
gies can be implemented for a variety of highly acidic systems,
paving a way for a new field of nonaqueous cryogenic electron
microscopy.

Introduction

To image nanoscale domains in a liquid requires either
transmission electron microscopy (TEM) or scanning electron
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microscopy (SEM). These are the only techniques that pro-
vide the resolution needed for imaging nanometric details.
Yet, imaging these systems in the high vacuum of electron
microscopes is challenging, because liquids have considerable
vapour pressure. Moreover, to attain proper resolution, sam-
ples should be free of motion (e.g., Brownian motion). The
specimen must be sufficiently thin for TEM, and not charge
in SEM. The specimens must offer sufficient contrast, namely,
that domains of different composition, e.g., oil and water do-
mains or suspended aggregates and the liquid phase, interact
differently with the electron beam. Yet another difficulty of
electron microscopy of Ôsoft matterÕ systems is their high sen-
sitivity to electron radiation-damage, namely destruction of
the examined specimen by the electron beam, even at very
short electron exposures (Talmonet al., 1986).

Cryogenic-temperature transmission electron microscopy
(cryo-TEM) is now thede factostandard tool in the study of
complex liquids,particularlysowhen liquidsystemscomprises
nanoscale colloids such as nanoparticles, surfactants, viruses,
or vesicles and micelles (Friedrichet al., 2010). Methodologies
have been developed to capture the nanostructures of liquid
systems, while preserving their original state at a given con-
centration and temperature (Bellareet al., 1988; Frederik &
Hubert, 2005). Cryo-TEM is now widely used to study syn-
thetic, biological and medical systems. Originally developed
for aqueous systems, it has been also applied successfully in
the study of nonaqueous systems (Kesselmanet al., 2005;
Bang et al., 2006; Dudkiewicz et al., 2011). However, this
methodology cannot be used to study highly viscous systems,
or those containing objects larger than several hundreds of
nanometres (Talmon, 2007).

Recent developments have made high-resolution scanning
electronmicroscopy (HR-SEM) ideal for imagingnanoparticles
and colloids in viscous systems as well as nanoscale features in
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systems containing large objects, hundreds of nanometres and
larger. Improved field-emission electron guns, electron optics
and detectors have enabled imaging nanoparticles down to a
few nanometres (Pohl & Jaksch, 1995; Jakschet al., 2003).
Liquid nanostructured systems can now be studied by cryo-
SEM using much-improved cryogenic specimen holders and
transfer systems (Wepfet al., 2004). In recent years, we have
developedanovelspecimenpreparationmethodologyforcryo-
SEM specimens that preserves the original nanostructure of la-
bile complex liquids at specified composition and temperature,
quite similarly to what had been done in cryo-TEM (Issman &
Talmon, 2012).

Cryo-EM involves rapid cooling of the specimen by plung-
ing into a suitable cryogen. Because many of the nanostruc-
tured liquid systems studied by cryo-EM are sensitive to small
changesof temperatureandconcentration,specimenprepara-
tion prior to plunging must be carried out in a closed chamber,
where the temperature and saturation of the gas phase are
kept constant. The controlled environment vitrification sys-
tem (CEVS) was originally designed for preparing cryo-TEM
specimens (Bellareet al., 1988) and recently modified for cryo-
SEM specimen preparation (Issman & Talmon, 2012). Com-
mercial CEVS-type systems, such as the FEI ÔVitrobotÕ and the
Leica ÔEM GPÕ, can be used for preparing cryo-TEM specimens
of aqueous system only.

Another class of cryo-EM techniques is freezeÐfractureÐ
replication (Steere, 1957 (the original paper describing the
technique); Omeret al., 2009 [a recent application for a non-
biological problem)]. It involves fast cooling of the liquid spec-
imen, fracturing it, and the preparation of a metalÐcarbon
replica of the fracture surface. The specimen is removed, and
the replica is retrieved, cleaned and imaged at room temper-
ature in the TEM. In addition to plunge-cooling, Ôjet freezingÕ
(Moor et al., 1976; Mueller et al., 1980) and Ôhigh pressure
freezingÕ (Moor & Riehle, 1968) are also often used to achieve
higher cooling rates.

In this paper, we describe the application of cryo-EM to the
study of liquid systems containing superacids, such as fuming
sulfuric acid (oleum, with up to 30% excess SO3) and, espe-
cially, chlorosulfonic acid (CSA). These systems are difficult
to handle because CSA is highly hygroscopic and a strong
oxidant; yet, their imaging became imperative because these
acids are the only true solvents for carbon nanotubes (CNTs)
and graphene sheets (Rameshet al., 2004; Daviset al., 2009;
Behabtu et al., 2010). Using the methodologies we describe
below (with examples of applications), high-resolution cryo-
TEM of low-concentration CNTs or graphene solutions in
superacids was used to prove conclusively dispersion at the
molecular level. Cryo-SEM of high-concentration CNT liquid
crystals is being investigated to study spontaneous CNT order-
ing in dopes used for spinning carbon fibres of extremely high
mechanical strength and electrical and thermal conductivity
(Behabtuet al., 2013).

Experimental details

Materials

We studied several types of single-walled nanotubes (SWNTs),
double-walled nanotubes (DWNTs), multiwalled nanotubes
(MWNTs) and graphene, produced by various manufacturers
by different methods. HiPco and carpet-grown SWNTs (Pint
et al., 2008) were produced at Rice University, DWNTs were
obtained from CCNI (Continental Carbon Nanotechnologies
Inc., XBC grade, Houstan, TX, U.S.A.). CVD-grown Sunnano
MWNTs were obtained from Sun Innovations, Inc. (Fremont,
CA, U.S.A.). Highly ordered pyrolytic graphite (HOPG), was
obtained from SPI Supplies (West Chester, PA, U.S.A.).

ACS-certified CSA (density: 1753 kg mÐ3) and oleum (20
wt.% excess SO3; density: 1925 kg mÐ3) were used as received
from Sigma-Aldrich (St. Louis, MO, U.S.A.). The chemicals
were stored in a glove-box, with a continuous flow of dry
air.

Solution preparation

CNTs and graphene were dispersed in CSA. HiPco SWNTs
were also dispersed in oleum (fuming sulfuric acid, with 20
wt.% excess SO3). Preparation and further storage of the so-
lutions were carried out in a glove-box, continuously purged
with dry air. All vials were sealed with Teflon tape. To achieve
homogeneous dispersion, the diluted solutions were mixed
with a stir-bar for a day. A SpeedMixer (Haushild Eng., Ger-
many) was used for mixing viscous solutions of higher con-
tent of carbon nanotubes. From cryo-EM experiments, we
have found that there is a strong effect of solution age on
CNT aggregation (Daviset al., 2009) due to slow acid degra-
dation with time. In this work, we used only freshly made
samples.

Cryo-TEM specimen preparation

For cryo-specimen preparation, a small drop (ca. 3µL) of
sample solution was applied on a perforated carbon film sup-
ported on a copper TEM grid (lacey Formvar/carbon films on
200 mesh Cu grids, from Ted Pella, Redding, CA, U.S.A.),
held by tweezers inside a CEVS (Bellareet al., 1988), cov-
ered with a flexible polyethylene "glove-bag" (Sigma-Aldrich).
To achieve good wettability of the support, the perforated
films were cleaned with glow discharge air-plasma (PELCO
easiGlowTM, Ted Pella Inc., Redding, CA, U.S.A.). The CEVS
was kept at 25°C with continuous purging of pure dry nitro-
gen gas, preventing the ingress of moisture. To avoid interac-
tions between superacid and organic material, glass fibre filter
paper (instead of cellulose filter-paper) was used for blotting
samples into thin films, followed by plunging into boiling liq-
uid nitrogen (instead of liquid ethane at its freezing point, the
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cryogen of choice in cryo-TEM). Although boiling liquid nitro-
genyieldsslowercooling rates than liquidethaneat its freezing
point (Siegelet al., 1994), it does vitrify CSA and oleum.

The speed of sample preparation plays an important role.
Once the drop is placed onto the grid and blotted, the grid must
be plunged quickly into the cryogen to preserve the original
nanostructures, because CSA can otherwise react with the
coppergrid, leading toCNTagglomerationandcontamination
of the sample by copper compounds. CSA may also react with
the support film.

Some of the specimens were examined in a Philips CM120
TEM at an accelerating voltage of 120 kV. An Oxford CT3500
cryo-specimen holder was used to maintain the vitrified spec-
imens below Ð175°C in the TEM. Other specimens were ex-
amined in an FEI Tecnai 12 G2 TEM using a Gatan 626
cryo-holder. Specimens were studied in the low-dose imag-
ing mode to minimize electron beam exposure and radiation
damage. Images were recorded digitally by a Gatan MultiScan
791 cooled CCD camera (Philips microscope), or by a high-
resolution 2k × 2k Gatan US1000 cooled CCD camera, using
the Digital Micrograph software (Gatan, U.K.).

After imaging, thecryo-holder is takenoutof themicroscope
and its tip is dipped in a large beaker of distilled water to
neutralize the small volume of acid in the specimen. Taking
this precaution prevents any damage to the microscope or the
specimen holder from the specimen.

Cryo-SEM specimen preparation

Cryo-SEM can image bulk material, hundreds of microme-
tres in thickness. A number of techniques are used to vitrify
specimens for cryo-SEM (Moor & Riehle, 1968; Mooret al.,
1976; Knoll et al., 1982; Hisadaet al., 2001). However, these
methodologies do not control the sample environment dur-
ing cryo-specimen preparation, prior to thermal fixation. This
drawbackmakes themineffective forhandling reactive liquids,
such as CSA and other superacids.

To allow direct imaging of viscous solutions, containing
high concentrations of CNTs in CSA, we have developed a
novel technique, based on the controlled sample preparation
procedure, recently described in detail by Issman & Talmon
(2012), which include steps described earlier by Omeret al.
(2009).

Cryo-specimen preparation is carried out in a CEVS, cov-
ered with a flexible polyethylene "glove-bag" and continu-
ously purged with dry N2 gas. A drop of sample solution is ap-
plied between two gold planchettes. To improve the adhesion
of the solution to the substrate, the planchettes are treated
with glow-discharge air-plasma just before the experiment.
The sample is loaded on custom designed tweezers (Issman
& Talmon, 2012) and plunged into LN2 at its boiling point.
The sandwich with vitrified solution is inserted into a special
LeicaÔsample-tableÕ,cooled inLN2.Further treatment includes
fracturing the vitrified sample and optional coating with 4 nm

of conductive layer of Pt/C at 90° to the fractured surface.
Fracturing and coating are performed in a BAF060 unit (Le-
ica, Liechtenstein) precooled to Ð170°C, kept under high vac-
uum (� 2× 10Ð4 Pa). We do not attempt to improve surface
topography contrast by acid sublimation, because of the low
vapour pressure of the acid and its potential corrosive vapour.

Fractured cryo-specimens are transferred to a Zeiss Ul-
tra Plus HR-SEM by pumped and precooled VCT-l00 shut-
tle (Leica, Liechtenstein). The microscope is equipped with
Leica VCT-100 cold-stage maintained at Ð145°C for cryo-
high-resolution SEM imaging. The specimens are examined
at very low electron acceleration voltage (0.7Ð1 kV) and short
working distance (2.9Ð3.3 mm), optimal conditions for high-
resolution imaging. Both the in-the column (ÔInLensÕ in the
jargon of Zeiss) and the Everhart-Thornley (ÔSE2Õ) secondary
electron imaging detectors were used in this study. The im-
ages were digitally recorded by the Zeiss Ultra Plus software
and analysed by the CS5 Photoshop software.

As with cryo-TEM, after imaging the cryo-holder (Ôspecimen
tableÕ) is taken out of the microscope and is dipped into a large
beaker of distilled water to neutralize the small volume of acid
in the specimen. That prevents any damage to the microscope
or the Ôspecimen-tableÕ from the specimen.

Cryo-TEM imaging

Contrast. InTEM,bothamplitudeandphasecontrastmech-
anisms contribute to image formation. Amplitude contrast is
related to scattering/absorbing by the atoms in observed area,
which depend strongly on the atomic number, as well as on
the local thickness of the specimen (massÐthickness contrast).
Phase contrast, however, arises from the interference of scat-
tered and transmitted beams and is controlled by defocusing
objective lens (Egerton, 2005). For cryo-TEM imaging, we use
the low-dose mode to minimize electron beam radiation dam-
age, typically keeping electron exposure below 20 eÐ� Ð2.

CSA and sulfuric acid have high electron density because
of the presence of sulfur and chlorine atoms. Thus, the vit-
rified acid matrix is more optically dense than the CNTs or
graphene embedded in it and appears darker than the dis-
persed objects. However, the relatively large thickness of the
vitrified acid matrix in comparison to nanometre-scale thick-
ness of the embedded aggregates (especially SWNTs), together
with the spontaneous filling of nanotubes by the acid (Green
etal.,2011), reduces thecontrastdramatically.Wehavefound
that controlling the cryo-specimen and imaging parameters,
such as film thickness, electron exposure and underfocus, are
critical for good contrast.

Contrast enhancement by selective electron-beam radiation dam-
age. Due to the poor inherent massÐthickness contrast in
superacid systems, contrast enhancement by controlled elec-
tron beam irradiation damage of cryo-specimens plays an
important role in imaging such systems. Moreover, as film
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Fig. 1. Effect of electron exposure on a cryo-specimen of short SWNTs. (A) Initial exposure below 10 eÐ � Ð2, showing no structure. (B) Cumulative
exposure of 20 eÐ � Ð2, with visible SWNTs, as some surrounding CSA is removed. (C) Additional irradiation above 100 eÐ � Ð2 leads to formation of
larger cavities around the SWNTs. The brighter lower right corner is a segment of the perforated carbon support film. The frames below the images are
schematic cross-sections of the specimens, showing the etching of the acid around the SWNT as function of electron exposure. Grey areas are cavities
formed by loss of acid.

Fig. 2. Contrast enhancement during cryo-SEM imaging of HiPco SWNTs
in CSA. A layer of CSA prevents imaging of SWNTs. After exposing the
same area to the e-beam for 3 min at same imaging conditions (cumula-
tive e-dose� 150 eÐ� Ð2), a thin layer of acid was etched away, revealing
the SWNT morphology. White arrows point on the etching boundaries.
The inset is an enlarged part of the micrograph showing very clear the
boundary between the area that received minimal beam interaction (up-
per part) and the area after 3 min of exposure to the electron beam (lower
part).

thickness increases, controlled irradiation of the film by
e-beam is the only way to reveal the carbon nanostructures
embedded in the vitrified acid matrix. The mechanism of radi-
ation damage is not fully understood yet. Most likely, the elec-
tron beam creates free radicals, H·, OH·, SO4·, SO3· and SO2· in
the sulfur acid (Henriksen & Jones, 1971). In CSA, Cl· radicals
may also be formed. In vitrified specimens of organic aggre-
gates in water-containing media, the free radicals formed by

splitting water attack organic material at the waterÐorganic
interface (Mortensen & Talmon, 1995; Yanet al., 2007), giv-
ing rise to enhanced contrast. Similarly, we suggest that free
radicals are more rapidly formed at the CNT surface, leading
to faster mass loss from the acid there, forming narrow cavities
around the CNTs, thus enhancing massÐthickness contrast.

To demonstrate contrast enhancement by electron irradi-
ation, we recorded a series of images at increasing electron
exposures (Fig. 1). Figure 1(A) was recorded with less than
10 eÐ � Ð2; the SWNTs are not visible because of the very low
massÐthickness contrast. The image consists of a dark area
(acid) with a brighter lower right corner (a segment of the
perforated carbon). By increasing the electron exposure to
20 eÐ � Ð2, lighter areas of CNTs in the vitrified acid became
visible (Fig. 1B). Further irradiation of the same area to a to-
tal exposure of more than 100 eÐ � Ð2, led to the formation
of bubble-like cavities around the SWNTs, giving additional
contrast enhancement (Fig. 1C).

By adjusting the electron dose to the thickness of the vitrified
acid cryo-specimens (thicker areas require more etching), one
can generate sufficient contrast to image carbon nanotubes
and graphene in superacids (Daviset al., 2009; Behabtuet al.,
2010; Parra-Vasquezet al., 2010; Greenet al., 2011; Behabtu,
2012) We have used irradiation contrast enhancement in the
development of a method for measuring the length of individ-
ual CNTs (Bengioet al., 2014).

Cryo-SEM imaging

Image formation in SEM is affected by many factors: acceler-
ation voltage of the primary electrons, type and location of
the detector and nature of the specimen: composition, electri-
cal conductivity and topography. Cryo-SEM imaging is com-
plicated by enhanced electrical charging (mainly because of
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