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Carbon nanomaterials have increasingly gained interest due
to their capability of forming various allotropes including
nanotubes, fullerenes, diamond, amorphous carbon, and
more recently, graphene. Carbon nanomaterials or nanos-
tructures offer exceptional flexibility in tailoring various
properties for specific purposes due to their chemical inert-
ness. For example, they have resistance to acidic or basic
media, structural stability at high temperatures in the absence
of air, and tunable chemical nature of hydrophobicity. Differ-
ent physical forms of carbonmaterials in nanoscale, including
thin films, graphene foams or sponges, carbon nanotube
forests, carbon fibers, carbon nanowalls, and porous carbon
materials, can lead to a variety of functions. In addition
to chemical and physical modifications, the functions of
carbon nanomaterials can be altered by adding or doping
metal elements such as gold, platinum, or silver. Carbon
nanomaterials have been widely applied for use in energy,
environment, water, biomedicine, and other fields.

The major goals of this special issue are to find novel
fabricationmethods for functional carbon nanomaterials and
the modification or nanostructuring of carbon surfaces for
novel functionalization in up-to-date applications. This issue
includes research papers covering a wide range of current
progress on the modification with physical and chemical
methods and characterization for functional carbon nanoma-
terials and nanostructures, as well as the related applications
in hard coatings, energy storage and conversion, water fil-
tration, catalysts, and decontamination. The combined study
on novel experimental preparation of carbon nanomaterials
such as carbon nanotubes, amorphous carbon films, and

fullerenes and the theoretical investigations of functional car-
bon nanomaterials with first-principles/ab initio calculation
are presented.Moreover, in this special issue, some papers are
particularly invited to address the above mentioned issues.

One paper of this special issue presents the functional
coating of W-incorporated diamond-like carbon (W-C :H)
films fabricated by a hybrid beams system consisting of a DC
magnetron sputtering and a linear ion source. It shows that
the films mainly exhibited the feature of amorphous carbon
when W concentration in the films was less than 4.38 at.%,
where the incorporated W atoms would be bonded with C
atoms and resulted in the formation of nanoparticles along
with aminimumvalue of residual compressive stress, a higher
hardness, and better tribological properties.

Most papers in this special issue provide the functional-
ization of carbon nanotubes with doping and special mod-
ifications. Another paper explores field emission properties
of carbon nanotubes (CNTs) with boron doping and H

2
O

adsorption using ab initio calculations. They investigated the
electron field emission performance of CNTs simultaneously
adsorbed with one H

2
O molecule and doped with one

boron atom (BCNT + H
2
O). The results indicate that the

electrons are localized at the top of BCNT + H
2
O and

the electronic density of states (DOS) around the Fermi
level is enhanced. A different paper addresses nitrogen-
doped CNTs synthesized by pyrolysis of (4-{[(pyridine-4-
yl)methylidene]amino}phenyl) ferrocene in a solution of
either acetonitrile or toluene as carbon source. Acetonitrile
was found to produce mainly N-CNTs with “bamboo” mor-
phology while toluene formed a mixture of pristine CNTs

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 202143, 2 pages
http://dx.doi.org/10.1155/2014/202143

http://dx.doi.org/10.1155/2014/202143


2 Journal of Nanomaterials

and N-CNTs in the ratio of 1 : 1. The authors of another
paper addressed adsorption of Eu(III) on multiwalled CNTs
in terms of effects of pH, ionic strength, solid-liquid ratio, and
water-soluble fullerene. The sorption process was influenced
strongly by pH changes and ionic strength. An additional
paper of this issue reports a comparative investigation
of the antibacterial activity of two water-soluble fullerene
derivatives bearing protonated amine (AF) and deprotonated
carboxylic groups appended to the fullerene cage via organic
linkers. It reveals that the water-soluble cationic fullerene
derivative AF possesses promising antibacterial activity,
which might be utilized in the development of novel types
of chemical disinfectants.

One more paper addresses decontamination of surfaces
exposed to carbon-based nanotubes andnanomaterials. Con-
tamination of surfaces by nanomaterials can happen due
to accidental spillage and release or gradual accumulation
during processing or handling. The article proposes and
investigates a potential method for surface decontamination
of carbon-based nanomaterials using solvent cleaning and
wipes. The results show that the removal efficiencies for
single- andmultiwalled carbonnanotubes from siliconwafers
sprayed with water-surfactant solutions prior to mechanical
wiping are greater than 90% and 95%, respectively. The need
for further studies to understand the mechanisms of nano-
material removal from surfaces and development of standard
techniques for surface decontamination of nanomaterials is
highlighted.
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Contamination of surfaces by nanomaterials can happen due to accidental spillage and release or gradual accumulation during
processing or handling. Considering the increasingly wide use of nanomaterials in industry and research labs and also taking into
account the diversity of physical and chemical properties of different nanomaterials (such as solubility, aggregation/agglomeration,
and surface reactivity), there is a pressing need to define reliable nanomaterial-specific decontamination guidelines. In this paper,
we propose and investigate a potential method for surface decontamination of carbon-based nanomaterials using solvent cleaning
and wipes. The results show that the removal efficiency for single- and multiwalled carbon nanotubes from silicon wafers sprayed
with water-surfactant solutions prior to mechanical wiping is greater than 90% and 95%, respectively. The need for further
studies to understand the mechanisms of nanomaterial removal from surfaces and development of standard techniques for surface
decontamination of nanomaterials is highlighted.

1. Introduction

Nanomaterials (NMs) are becoming more involved in an
increasingly wide range of applications such as in composites,
electronics, and automotive, biomedical, and personal care
products due to their novel properties and functions [1–3].
Over the last decade, the global production of NMs has expe-
rienced a huge growth. For instance, the global production of
carbon nanotubes (CNTs) was increased from ca. 280 metric
tons in 2006 [4] to ca. 1000 metric tons in 2010 [5] and is
anticipated to reach thousands ofmetric tons in the following
decade [4, 6, 7]. The increasing production and application
of NMs highlight the need for development of preventive
measures and regulations to minimize NM exposure in case
of accidental release inside the workplace [2, 8–14].

Thepotential toxicity of nanomaterials has raised concern
about health and safety issues related to the production and
use of NMs and their environmental impact as well as poten-
tial for contaminated property damage or business interrup-
tion due to accidental release of nanomaterials [2, 8–21].
Preliminary toxicology studies on nanomaterials, including

in vitro cytotoxicity [22–24], small animal toxicology [25],
and extrapolation of these data to the human scale, reveal the
potentially toxic nature of thesematerials to humanbiological
systems [26–29]. There are several inherent physiochemical
factors including NM size, shape, chemical composition, sur-
face charge, surface modifications, and adsorption capacity
that can possibly affect the toxicity of nanomaterials [12].
Physical and environmental phenomena such as dissolution,
agglomeration, and disagglomeration are the other factors
that determine the toxic interaction of nanomaterials with
biological systems [28–30]. The three exposure possibilities
to NMs are respiration, dermal penetration through skin
contact with contaminated surfaces, and digestion [31, 32].
Thus, effective decontamination measures for removal of
nanomaterials from contaminated surfaces, air, and possibly
water supplies are needed. With regard to NM air decon-
tamination, high efficiency particulate air (HEPA) filters can
trap air suspended NMs with high efficiency through various
filtration mechanisms [33, 34]. As a first attempt to introduce
approaches to remove NMs from contaminated water, Yang
et al. reported that the CNTs suspended in the aqueous
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environment can be transformed into large micron size
aggregates in the presence of calcium ion (Ca2+) and then
effectively removed via paper filtration [35]. Concerning the
removal of NM from surfaces of solids, the strong attachment
of NMs to substrates by van der Waals forces [36–45] and
also their increased contact area make it difficult to remove
NMs [46, 47]. Their removal has to be through a physical
force that could be applied directly (wipe or brush) or through
a fluid (such as ultrasonic, megasonics, or a fluid jet) [48–
59]. A few studies [9, 34, 60–62] have provided some basic
surface cleaning recommendations for research laboratories
and workplace in case of accidental release and spillage of
nanomaterials. These recommendations include using vac-
uum cleaners fittedwithHEPAfilters on the exhaust to collect
the NMs and prevent their dispersion in the air [63]; cleaning
the liquid spills by applying absorbent materials/liquid traps
[60, 61]; use of walk-off mats such as a clean room mat
or “sticky mats” at access/egress points to limit propagation
of particles outside the premises [34, 60, 61]; and avoiding
the use of energetic methods such as dry sweeping and
compressed air for removing the deposited nanomaterials
[60–62]. After any visible NM contamination is removed, it
is suggested to use wet or electrostatic microfiber cleaning
cloths to remove residual NMs from the surfaces while
causing minimal dispersion into the air [64].

In this paper, we focus on the surface decontamination
of carbon-based NMs which are regarded as one of the
most common types of NMs.We propose chemical (solvents,
surfactants, etc.) cleaning as a potential method for surface
decontamination of carbon-based NMs. In Section 2, we
provide an overview of the current state of literature for
common categories of solving media and summarize the
solubility data for most carbon-based NMs. In Section 3, we
discuss our preliminary results on surface decontamination
of silicon wafers covered with single- and multiwalled CNTs
using a simple wiping procedure andwe quantify the removal
efficiency of different solvents using scanning microscope
imaging of samples before and after cleaning. Finally, conclu-
sions will be derived and the need for further studies will be
discussed in Section 4.

2. Chemical Cleaning

Chemical cleaning (or solvent cleaning) is used conven-
tionally for the removal of residues, contaminants, or soils
deposited on or attached to a substrate surface. The basic
concept of chemical cleaning is to dissolve or suspend the
contaminants and to eliminate them by the removal of the
cleaning media. Studies on the solubility of nanomaterials
have shown that many engineered NMs have minimal sol-
ubility and dispersibility in water or many common solvents
[65–68]. For example, CNTs are shown to be neither soluble
nor wettable by water or many other solvents, making them
hard to be physically dispersed which in addition to cleaning
is critical for obtaining individual CNTs for research and
other applications [69–71].Therefore, various surfactants [65,
69, 72–76], solvents [77–82], and polymers [83–85], as well as
DNA [86–88] have been explored to noncovalently dissolve
and disperse CNTs into a liquid phase. Figure 1 summarizes

the solubility of single-walled CNT in various solvents as
reported in the literature. In general, surfactants (short
for surface active agents) are more effective for dissolving
higher quantities of single-walled and multiwalled CNTs
in water compared to most available solvents. The use of
surfactants for the cleaning process is particularly of high
interest for a number of reasons; water is a safe and con-
venient substance and surfactants are cheap, commercially
available, and easy to use. The highest solubility is currently
reported for an aqueous solution of gum arabic (15%wt),
where 3%wt. (∼30mg/mL) solubility was obtained using
sonication at 50 W and 43 kHz for a relatively short duration
of 15–20 minutes [85]. We have also explored the available
data on solubility of other common carbon-based NMs. In
Figure 2, we have summarized the available results on the
solubility of C

60
fullerene in different solvents. Motivations

for studying the solubility of fullerenes in solvents include
exploring chemical reactions pathways for fullerene, their
purification methods, and extracting higher fullerenes [66,
89–101]. Also, the aqueous solubility of fullerenes with the use
of surfactants has been investigated for potential biological
applications and the results are included in Figure 2 [102–
106]. The differences in the reported solubility of fullerenes
in a specific solvent in different studies can be attributed to
the effects of temperature, illumination, or sonication during
the solving process. Extraordinary temperature dependence
is observed in the solubility of fullerene C

60
in some solvents,

reaching its maximummagnitude near 280K and decreasing
remarkably by increasing the temperature above this value
[97, 107, 108]. In addition, there are studies investigating
the solubility of higher-order fullerenes [90, 91, 93, 96–98]
or combinations of different-order fullerenes [93] in various
solvents. Studies performed on the solubility of fullerenes in
aqueous media suggest that the solubility rates of fullerene
in water-surfactants are several orders of magnitude less than
the solubility rates obtained by successful solvents.

Since CNTs are one of the most common carbon-based
NMs, we have discussed the efficiency of different solvents
for dissolving CNTs in the following sections in more details.

2.1. Surfactants as the Cleaning Media. Surfactants can
weaken the strong bond between particles and substrate
by reduction of the surface tension, prevention of particle
readhesion by creating a repulsive zone between the particles
and substrate, and suspension of the particles in the solution
by their amphiphilic mechanism [110]. When surfactants are
available in adequate concentrations in the solution, they
get adsorbed on the surface of CNTs, forming cylindrical
micelles or hemimicelles which make CNTs soluble in water
[111]. It is necessary that the amount of surfactant dissolved
in the aqueous media should be far exceeding the surfac-
tant critical micelle concentration to ensure that enough
surfactant molecules can be absorbed onto the surface of
the nanotubes to make them suspended and dissolved in
water. For example, Sun et al. [76] obtained the optimum
concentration of some surfactants for suspending CNTs as
equal to 10mg/mL. However, critical micelle concentrations
for these surfactants from the literature are far less than
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Pure water Gum arabic (POL)

PSS, PVP (POL) SDBS (SUR)

SOBS (SUR) SDSA (SUR)

DTAB (SUR)

DTAB (SUR)

Cyclohexylpyrrolidone (SOL)

1,2-Dichlorobenzene (SOL), chloroform (SOL), 1-methylnaphthalene (SOL), 1-bromo-2-

methylnaphthalene (SOL), and DMA (SOL) < 0.1mg/mL
∗The reported value is for MWCNTs

0 10 20 30

(mg/mL)

SDS∗ (SUR)
1-Benzyl-2-pyrrolidione

(SOL)

Figure 1: High concentration surfactant-, polymer-, and solvent-based suspensions of SWCNT as reported in the literature [69, 72, 75–81].

6040200

Water 1,2-Dimethylnaphthalene

1-Bromo, 2-methylnaphthalene

1-Methylnaphthalene

1,2-Dichlorobenzene

1,2,3,5-Tetramethylbenzene

p-Bromoanisole

m-Bromoanisole

Tetralin

(mg/mL)

Piperidine (C5H11N)

1-Chloronaphthalene (C10H7Cl)

1-Phenylnaphthalene (C10H7C6H5)Pyrrolidine (C4H9N)

(C10H6(CH3)2)

(C6H2(CH3)4)
(CH3OC6H4Br)

(CH3OC6H4Br) (CH3C10H6Br)

(C10H7CH3)

(C6H4Cl2)
(C10H12)(H2O)

Figure 2: Solubility of C
60
in the most effective C

60
solvents at 298∘ K, as reported in the literature [66, 89, 99–101, 108, 109].

10mg/mL [76]. In the use of surfactants as the cleaningmedia
combined use of surfactants and mechanical removal might
be necessary to fully overcome the adherence of NMs to
substrates [110, 112].

Islam et al. [69] investigated the solubility of single-walled
CNTs in water with different anionic, cationic, and nonionic
surfactants by using a long-duration (16–24 hr) sonication
procedure. They showed that the anionic surfactants sodium
dodecylbenzene sulfonate (NaDDBS) and the close chemical
relative, sodium 4-n-octylbenzene sulfonate (NaOBS), had
high solubility of single-walled carbon nanotubes, with the
solubility of up to 20mg/mL and 8mg/mL of CNTs, respec-
tively. Using a different solubilization technique, Moore et al.
[75] reported the relatively high ability of NaDDBS, and a
close relative sodium dodecylsulfonate (SDSA), and sodium
dodecyl sulfate (SDS) to individually suspend nanotubes in
water [113]. However, of much interest for the purposes of
cleaning, they showed that the difunctional block copolymer
nonionic surfactants with high molecular weight have high
suspendbility (19.2–28.2mg/mL) but relatively lower individ-
ual dispersion quality compared to other surfactants. They
concluded that the high dispersion rate of copolymers such
as Pluronic F 98 and PEO-PBO-PEO triblock copolymer
(EBE) is related to the enhanced steric stabilization by
long polymeric groups. The solubility of multiwalled carbon

nanotubes in SDS was studied by Zhou et al. [40]. They
reported 1.4 wt% (14mg/mL) as the maximum concentration
of multiwalled CNTs that can be homogenously dispersed
in the aqueous solution. It is noteworthy that the reported
quantities for a single surfactant in different studies might
be significantly different due to various factors related to
the amount of surfactant used, test temperature, mechanical
forcing and CNT type and manufacturing method.

2.2. Polymers as the Cleaning Media. Polymers appear as
promising options for dissolving CNTs in aqueous media
in high concentrations with relatively low agitation [75, 83–
85]. O’Connell et al. [84] studied the solution of SWNTs in
water by noncovalently associating them with linear poly-
mers such as polyvinylpyrrolidone (PVP) and polystyrene
sulfonate (PSS). They suggested that the high concentration
solution of CNTs (2%wt.,∼20mg/mL) can be obtained by the
robust association/wrapping of polymer layers with/around
the nanotubes.

2.3. Solvents as the Cleaning Media. The use of solvents as
cleaning agents to remove nanomaterials is questionable for
a number of reasons. First, many of the solvents proposed to
disperse nanotubes have some level of toxicity. Second, the
solubility/dispersibility of many of the proposed solvents is
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Figure 3: (a)MWCNT removal efficiency of SDS, SDBS, CaCl
2
, gum arabic (GA), water, and dry wiping as discussed in Section 3. (b) Sample

SEM image of the surface of multiwalled carbon nanotubes deposited silicon wafers before cleaning (AD = 36%) and after wipe cleaning with
purewater (AD= 12.5%), gumArabic (AD=8.5%), and SDBS surfactant (AD= 1.5%).The average precleaning areal densitywas approximately
34% for all samples.

below 0.1mg/mL, far less than the solubility of surfactants.
Parra-Vasquez et al. [81] investigated the solubility of SWNTs
obtained by different methods of production in superacids
(e.g., fuming sulfuric and chlorosulfonic acids) and showed
that high concentrations (>100mg/mL) of SWNTs are spon-
taneously dispersed in acidswithinminutes.However, the use
of acids as the cleaning media in the cleanup process does
not seem reasonable because of the hazards in handling and
usage and removal of acids and also the potential damage to
the substrate.

3. Experimental Investigation: Removal
Efficiency of CNT Chemical Cleaning

In this section, experimental investigations were performed
to assess the removal efficiency of CNTs deposited on the
surface of silicon wafers using different cleaning media.
The CNTs used for this study were combustion chemical
vapor deposition (CCVD) grown, acid purified carbon nan-
otubes dispersed in polyvinylpyrrolidone (PVP) surfactant.
The average length and diameter of the MWCNTs used
in this study were measured to be 250 nm and 15 nm,
respectively. The averaged length and diameter of SWNCTs
were 200 nm and 1.2 nm, respectively. In the experiments,
carbon nanotubes in the form of pristine liquid solution were
deposited on surface of siliconwafers ((111) orientation, nitro-
gen/phosphorus doped, P/E surface, and with mechanical
grading) using the spin coating process. The wafers were 3
in diameter and the spin coating was performed for 1min
at 3000 RPM. After spin coating, the CNT deposited wafers
were heated at 105∘C for 90 sec. in order to dry the wafer
surface completely. A total number of 30 images with equal
magnification and resolution were taken from different spots
of each wafer surface using scanning electron microscope
(SEM) imaging. The CNT surface aerial concentration for
each image was then determined using an image processing

program incorporated in MATLAB software. Average CNT
aerial density from 30 different images of each wafer was
obtained and used in the analysis. The average aerial density
of the wafers, denoted by AD, was approximately 34% for
SWCNTs and 36% for MWCNTs after the spin coating.

First, we have assessed the multiwalled CNT removal
efficiency of two surfactants (i.e., SDBS (sodium dodecyl-
benzene sulfonate) and SDS (sodium dodecyl sulfate)), one
polymer (gum arabic), one mineral salt (calcium chloride),
and pure water in a simple wipe cleaning method. The
concentrations of SDBS, SDS, CaCl

2
, and gum arabic (GA)

were 1.5%, 4%, 11%, and 10%wt, respectively. The mineral
salt calcium chloride was specifically chosen since it was
shown to be capable of transforming dispersed CNT in
aqueous environment into aggregates [35]. The CNT-coated
wafers were first treated by different cleaning media and
then cleaned with a piece of nonwoven polyester/cellulose
fabric. In the experiments, first the cleaning medium was
sprayed on the surface of the wafer. After 2minutes, the wafer
was manually wiped once unidirectionally. The estimated
hand pressure and wiping duration were 2 kPa and 5 sec.,
respectively. The wafer was dried using nitrogen gas after the
cleaning. After cleaning, the wafers were imaged using SEM
and the average final area density for each wafer was obtained
by postprocessing the images as explained above.The removal
efficiency was defined as the difference between the initial
and the final average CNT aerial densities. Figure 3(a) shows
the quantitative comparison of MWNT surface removal
efficiency by different cleaning media used in this study.
Figure 3(b) shows the SEM images of MWCNT-coated wafer
surfaces before and after cleaning using different cleaning
media.The two surfactants used in the experiments, SDS and
SDBS, showed the highest MWCNT removal rates among all
the solvent cleaning media with removal efficiency greater
than 95%.The high removal efficiency in using the surfactant
as the cleaning media can be attributed to the role of
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Figure 4: (a) SWCNT removal efficiency of SDS, SDBS and water as discussed in Section 3. (b) Sample SEM image of the surface of SWNTs
deposited silicon wafers before cleaning (AD = 38%) and after wipe cleaning with pure water (AD = 14.7%), SDBS (AD = 3.2%), and SDS
surfactant (AD = 2.1%). The average precleaning areal density was approximately 36% for all samples.

surfactantmicelles in suspending theCNTs in aqueousmedia
and increasing the soaking ability of water by decreasing the
water surface tension. Pure water has the removal efficiency
of almost 65% on the silicon wafer substrate. Gum arabic and
CaCl
2
have comparable removal efficiency of approximately

76% and 80%, respectively, standing between the removal
efficiency of pure water and that of surfactants solutions.

As the next step, we measured the single-walled CNT
removal efficiency of two surfactants (i.e., SDBS (sodium
dodecylbenzene sulfonate) and SDS (sodium dodecyl sul-
fate)), and pure water in the same wipe cleaning method.The
two surfactants were chosen since they showed the highest
efficiency for the removal of MWCNTs from the surface
of silicon wafer in the last section. The same deposition
and wiping methods were used. In Figure 4(a) a quantitative
comparison of SWNT surface removal efficiency by different
cleaning media is given. The two surfactants showed high
SWCNT removal capability with efficiency greater than 90%.
Wiping after pure water spray resulted in a removal efficiency
of approximately 61%. Figure 4(b) shows sample SEM images
of SWCNT-coated wafer surfaces before and after cleaning.

4. Conclusions

We proposed solvent cleaning as a technique for surface
decontamination of carbon-based NMs such as CNTs, which
can potentially be used for removal of nanomaterial adhered
to surfaces caused by unwanted spillage and release or the
gradual accumulation during the processing or handling.
The role of cleaning media (i.e., surfactants, solvents, etc.)
in facilitating the mechanical removal of single- and mul-
tiwalled CNTs from contaminated surfaces was discussed.

The challenges associated with this technique include the
high levels of agglomeration of CNTs and extremely low
solubility in water and many common solvents, which tend
to lower the efficiency of this method. Based on our pilot
study presented in Section 3, the removal efficiency of single-
andmultiwalled carbon nanotubes using two different water-
surfactant solutions from a highly smooth surface of a silicon
wafer through wiping is greater than 90% and 95%, respec-
tively. The higher removal efficiency for multiwalled carbon
nanotubes can be attributed to the larger value of the binding
energy density holding the nanotube aggregates together
for MWCNTs compared to SWCNTs [114]. Surfactants are
economical, commercially available, and easy to use. These
factors make surfactants a good candidate for the removal
of CNTs deposited on surfaces. However, more studies are
needed to determine the effectiveness of CNT removal using
the solvent cleaning technique for CNTs obtained by various
production methods, with different chemical modifications
or attached on different substrates.
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We report a comparative investigation of the antibacterial activity of two water-soluble fullerene derivatives bearing protonated
amine (AF) and deprotonated carboxylic (CF) groups appended to the fullerene cage via organic linkers. The negatively charged
fullerene derivative CF showed no tendency to bind to the bacterial cells and, consequently, no significant antibacterial activity. In
contrast, the compound AF loaded with cationic groups showed strong and partially irreversible binding to the negatively charged
Escherichia coliK12 TG1 cells and to human erythrocytes, also possessing negative zeta potential. Adsorption of AF on the bacterial
surface was visualized by atomic force microscopy revealing the formation of specific clusters (AF aggregates) surrounding the
bacterial cell. Incubation of E. coli K12 TG1 with AF led to a dose-dependent bactericidal effect with LD

50
= 79.1 𝜇M.The presence

of human erythrocytes in the test medium decreased the AF antibacterial activity. Thus we reveal that the water-soluble cationic
fullerene derivative AF possesses promising antibacterial activity, which might be utilized in the development of novel types of
chemical disinfectants.

1. Introduction

Investigation of carbon-based nanomaterials (CBN) has
made a great impact on the research in the fields of physics,
material chemistry and technology, and also life sciences.
Water-soluble forms of carbon have been studied intensively
worldwide during recent decades. We would like to refer to
[1], dedicated to the studies of biological activity of CBN [1].
Toxicity and biocompatibility of CBN were two major points
addressed in this journal. Several review papers discussing
the biological activities of CBN appeared later [2–4].

Fullerenes, the spherical carbon cages, and their func-
tional derivatives attracted particular attention due to their
unusual molecular structures and properties. Recent pub-
lications proved lower toxicity of fullerenes compared to

other types of CBN, especially carbon nanotubes [5, 6]. It
is known that pristine fullerenes such as C

60
and C

70
are

very hydrophobic and possess virtually zero solubility in
water. Classical fullerene derivatives bearing one organic
addend appended to the fullerene cage typically have a
strong tendency to aggregate in aqueous solutions [7]. Such
aggregation lowers their activity significantly and hinders
their practical applications. The problem can be solved by
using chemically functionalized fullerene derivatives bearing
a sufficient number of hydrophilic (or, even better, ionic)
functional groups that significantly improve the solubility of
these compounds in water [8, 9].

A number of studies have reported effective gene delivery
[10] and antioxidative [11], neuroprotective [12], antitumour
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[13], and antiviral [14] activities of fullerenes and their
derivatives, which makes further exploration of this exciting
family of CBN promising. Interesting results were obtained
while studying antimicrobial activity of fullerenes [15]. It was
proposed that membrane targeting [16], respiratory chain
inhibition [17], and photosensitizing effects [18] of fullerene
derivatives are responsible for the observed antibacterial
action. Functionalizing the carbon cage with hydrophilic
functional groups brings up new biological properties.
For example, alkylated C

60
-bis(N,N-dimethylpyrrolidinium

iodide) adducts inhibited bacterial growth effectively [19].
Similarly, a carboxylic derivative of [60]fullerene bearing
malonic acid fragments on the carbon cage protected mice
from bacteria-induced meningitis without direct bacterial
inhibition [20]. It should be emphasized that mechanisms of
the observed antibacterial activity and selectivity of different
types of fullerene derivatives are not currently well under-
stood.

Recently we have succeeded in the selective synthesis of
different types of water-soluble fullerene derivatives possess-
ing 4–8 organic addends attached to the cages of C

60
and

C
70

fullerenes [21–24]. These compounds became available
on a large (multigram) scale sufficient for performing a
thorough investigation of their biological activities [25, 26].
In the present work, we performed a comparative study of
antibacterial activity of two different water-soluble deriva-
tives of [60]fullerene bearing protonated amine (AF) and
carboxylate (CF) groups appended to the fullerene cage via
organic linkers (Figure 1).

2. Experimental

2.1. Fullerene Derivatives. The fullerene derivatives AF, bear-
ing four protonated 4-(2-pyridyl)piperazine-1-yl groups, and
CF, comprising five residues of phenylacetic acid, were
synthesized according to the previously published procedures
[25, 26]. Spectroscopic characteristics of the prepared sam-
ples were identical to the previously reported data [25, 26].

2.2. Preparation and Characterization of Aqueous Fullerene
Suspensions. Aqueous suspensions of fullerene derivatives
(4mg/mL)were prepared in deionizedwater, filtered through
syringe filters, and poured into vials that were prewashed
several times with filtered water in order to remove dust
particles. The suspensions were then incubated for about 2
hours at 20∘C, thus allowing the colloidal systems to reach an
equilibrium.The temperature control accuracy was 0.1∘C.

The size of fullerene aggregates in aqueous suspension
was measured using dynamic light scattering (DLS) with a
Photocor Complex (Photocor Instruments Inc., USA) setup
equipped with a He-Ne laser (𝜆 = 679.5 nm). The mutual
diffusion coefficients of fullerene aggregates were computed
from the DLS data using the DynaLS program (Alango,
Israel). Hydrodynamic diameters of the fullerene aggregates
were calculated from the mutual diffusion coefficients using
the Einstein-Stokes formula for diffusion coefficients of
spherical particles.

Electrophoresis of fullerene derivatives was performed in
a 1.5% agarose gel at a constant voltage of 150V and current
of 100mA, so that the electric field strength was 5V/cm.
After 20min of electrophoresis, migration of compounds
was evaluated by visible and UV light on a transilluminator
(Vilber Lourmat, France). The Smoluchowski equation was
used to calculate the 𝜁-potential from the electrophoretic
mobility.

Adsorption and fluorescence spectra of fullerene deriva-
tives in aqueous suspensions were recorded with a Fluorat-02
Panorama spectrofluorometer (Lumex, Russia) in a spectral
range of 220–400 nm.

2.3. Bacterial Strain and Cultures Preparation. The exper-
iments involving bacterial cells were performed using the
Escherichia coliK12 TG1 strain.The applicability of this strain
for evaluation of bactericidal activity of a wide range of
carbon-based nanomaterials has been demonstrated previ-
ously [26]. The bacteria were grown in LB-broth (Sigma-
Aldrich, USA) for 18–24 hours at 37∘C, after which the cells
were harvested by centrifugation at 1000 g for 10min, washed
once with the distilled water, and diluted to achieve the
optical density of 0.5 absorption units at 640 nm, which
corresponds to the concentration of 3.5 × 109 colony-forming
units (CFU) per 1mL.

The human erythrocytes were collected from blood (0
Rh+) by centrifugation at 1000 g for 10min and washing
the precipitate with 0.85% NaCl solution twice. The final
concentration of erythrocytes was 7 × 108 cells/mL, which is
equal to the surface area of 0.02m2/mL.

2.4. Investigation of Adsorption/Desorption of Fullerene
Derivatives on the Cell Surfaces. Fullerene derivatives AF
and CF were introduced to the cell suspensions to prepare a
series of samples with 2, 1, 0.5, 0.25, 0.12, 0.06, and 0.03 𝜇M
concentrations of the compounds. After incubation at
37∘C for 60 minutes, the prokaryotic and eukaryotic cells
modified with the fullerene derivatives were separated
by centrifugation at 1000 g for 10min. The concentration
of unbound fullerene derivative in the supernatant was
determined using fluorimetry in the case of AF and
photometry in the case of CF. The value of the adsorption
was calculated using

𝐴 =
(𝐶
0
− 𝐶
𝑒
)

𝑆
, (1)

where𝐶
0
is the starting concentration of the fullerene deriva-

tive, 𝐶
𝑒
is the equilibrium concentration of the fullerene

derivative after partial adsorption to the cell membranes
(determined in supernatant), and 𝑆 is the surface area of the
cells.

The evaluation of the fullerene derivative desorption from
the bacterial cells surfaces was performed by dispersing the
E. coli K12 TG1 cells in the solutions of AF (𝐶

0
= 1 𝜇M)

and CF (𝐶
0
= 10 𝜇M); is incubation of these dispersions

for 60min is followed by centrifugation. The precipitated
bacterial biomass was separated and dispersed again in an
equal volume of distilled water, while the supernatant liquor



Journal of Nanomaterials 3

NH
NH+

NH+

NH+

+

+

NH
+

HN

+
HN

+HN

O

AF CF

N

N

N

N

5K+

COO−

COO−

COO−

COO−

−OCC

8Cl−

Cl

Figure 1: Molecular structures of the fullerene derivatives AF and CF.

was analysed using fluorimetry or photometry to reveal the
concentrations of the AF and CF, respectively. The bacterial
cells that were redispersed in distilled water were subjected
again to centrifugation and the concentration of the fullerene
derivative in the supernatant liquidwas determined.Washing
the bacterial biomass with distilled water was repeated ten
times and each time the fullerene derivative concentration in
the supernatant was determined in order to reconstruct the
desorption profiles.

2.5. Atomic Force Microscopy. Visualization of the bacterial
cells in the intact form or after incubation with the fullerene
derivatives was performed using an atomic force microscope
(SMM-2000; Proton-MIET, Russia). An aliquot (20 𝜇L) of
the suspension comprising either intact cells of E. coli K12
TG1 or their mixtures with AF and CF was applied to the
freshly prepared mica at 95% relative humidity and 20–22∘C.
The samples were scanned in a contact mode using V-shaped
silicon nitride cantilevers MSCT-AUNM (Veeco Instruments
Inc., USA) with a spring constant of 0.01 N/m and a tip cur-
vature of 150–250 ́Å. Quantitativemorphometrical analysis of
the images was performed using standard software provided
with the microscope.

2.6. Bactericidal Activity of Fullerene Derivatives. The test
samples comprised a suspension of E. coli K12 TG1 at a con-
centration of 3.5 × 109 CFU/mL and the fullerene derivatives
were added in concentrations ranging from 25 to 200 𝜇M. In
a separate series of experiments, E. coli was incubated with
fullerene derivatives in the presence of human erythrocytes
at a concentration 7 × 108 cells/mL. This concentration of
erythrocytes provided an equal surface area compared to
the total area of the bacterial cell membranes (0.02m2/mL).
Lysis of erythrocytes was induced by addition of 0.05%

saponin prior to plating the prepared cultures in the BCP-
agar medium.

The 100 𝜇L aliquots taken from the experimental sam-
ples 60min after the fullerene derivative addition and the
control samples comprising no fullerene derivatives were
diluted with 900𝜇L of distilled water. Small portions of the
obtained test samples (10 𝜇L) were inoculated on the plates
with BCP-agar (Bio-Merieux, France). The percentage of the
bacterial cells retaining their viability during incubation with
fullerenes (calculated as the total number of CFU in an
experimental sample divided by the number of CFU in the
control series) was determined after an additional 18–24 h
incubation of the samples at 37∘C. The dose of the fullerene
derivative causing the death of 50% of the microbial cells
(LD
50
) was obtained from these experiments.

3. Results and Discussion

3.1. Characterization of Aqueous Fullerene Suspensions. The
attachment of the cationic (protonated amine, AF) or anionic
(COO–, CF) functional groups to the [60]fullerene cage
significantly increased the solubility of the fullerene deriva-
tives in water. The resulting aqueous solutions of AF and
CF (concentration 4mg/mL) were transparent and had a
bright orange-brown colour. No fullerene precipitation was
observed in the course of the experiments indicating that
the prepared aqueous systems were rather stable with respect
to aggregation and sedimentation of the dissolved/dispersed
compounds.

The dynamic light scattering (DLS) experiments allowed
the determination of the hydrodynamic sizes of the fullerene
nanoparticles in aqueous suspensions. The DLS experiments
showed that both [60]fullerene derivatives form aggregates in
aqueous solutions with diameters of 2–200 nm (AF) and 70–
100 nm (CF) (Figure 2). Larger particles of 104–106 nm (AF)
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Figure 2: DLS profiles for aqueous suspensions of AF (a) and CF (b) fullerene derivatives.

and ∼105 nm (CF) correspond, most likely, to some larger
aggregates composed of the fullerene derivative aggregates.

The DLS measurements indicated that the fullerene
aggregates formed in aqueous systems have rather high
polydispersity, particularly in the case of AF. These data cor-
respond well to the previous reports describing spherical and
irregularly shaped fullerene-based nanoparticles as revealed
by DLS, TEM, and high-resolution TEM [26–30]. Very simi-
lar nanoclusters were also observed in this work using atomic
forcemicroscopy (AFM) (see Section 3.4); therefore,DLS and
AFMmeasurements showed that fullerene derivativesAF and
CF undergo aggregation in aqueous solutions. Taking into
account the typical size of these aggregates, the bicomponent
systems comprising the fullerene derivative and water should
be called a colloidal solution or even suspension rather than
a true solution.

3.2. Detection of Electric Charge and Zeta Potentials of
Fullerene Derivatives. The agarose gel electrophoresis per-
formed for the water-soluble fullerene derivatives AF and
CF showed that they represent highly charged cationic and
anionic species (Table 1). Motion of the carboxylic fullerene
derivative towards the anode was clearly detectable with the
naked eye. Movement of the amino fullerene towards the
cathode was visualized with a UV transilluminator owing to
the reasonably strong fluorescence of the AF compound (see
Section 3.3).

The calculated zeta potentials (𝜁) of AF and CF were
+41.5mV and−52.2mV, respectively. It is known that aqueous
fullerene suspensions are stable if the zeta potentials of
the dispersed particles are smaller than −15mV or higher
than +15mV [31]. Very pronounced cationic and anionic
properties of AF and CF, respectively, reflected in the values
of their zeta potentials, explain the high solubility of these
compounds in water. It should also be noted that compounds
of AF and CF have rather large dipole moments since organic
addends bearing ionic groups are located at one hemisphere
of the fullerene cage.

Moreover, the functionalized part of the fullerene cage
becomes hydrophilic, while the opposite side of the car-
bon sphere remains hydrophobic. Therefore, peculiarities
of the molecular structures of AF and CF enable electro-
static dipole-dipole and hydrophobic-hydrophilic interac-
tions. Thus, van der Waals attraction forces [32] bring the

molecules of the fullerene derivatives together forming sus-
pensions of solvated nanoparticles rather than truemolecular
solutions.

3.3. Spectroscopic Study of Fullerene Derivatives. An aqueous
suspension of CF exhibits one distinct adsorption band with
the maximum at 230 nm, while the AF suspension shows two
bands with maxima at 240 and 300 nm (Figure 3(a)).

It is surprising that the amino fullerene showed unusually
strong fluorescence with maxima at 360 nm under excitation
with ultraviolet light at 240 or 300 nm. An excitation of AF
solution at 240 nm produced 1.8 times higher fluorescence
intensity compared to the excitation at 300 nm. The fluores-
cence intensity linearly depended on the concentration of AF
in the range of 0–2𝜇M (Figure 3(b)).

The fluorescence was observed previously for pristine
[60]fullerene and its derivatives. Compared to the week
fluorescence of pristine C60 (𝜆max = 689 nm) [33], the func-
tionalized fullerenes show stronger emission bands shifted to
the short-wave spectral range. For instance, blue-shifted flu-
orescence was reported for the fullerene derivatives bearing
eight or ten pyridyl groups attached to the carbon cage [34].

In this study we used the fluorescence spectroscopy to
perform an accurate investigation of AF adsorption and
desorption on the surface of prokaryotic or eukaryotic cells.
In the case of the nonfluorescent CF derivative, a photometric
methodwas used for determination of its concentration in the
experimental solutions.

3.4. Adsorption of the Fullerene Derivatives on the Surface of
Prokaryotic or Eukaryotic Cells. The prokaryotic (E. coli) or
eukaryotic (human erythrocyte) cells were incubatedwith the
suspensions of the fullerene derivative AF at concentrations
ranging from 0.03 to 1 𝜇M. Then the cells loaded with the
fullerene derivative were separated by centrifugation and the
supernatant liquid was subjected to fluorescence analysis.

The fluorescence measurements revealed the residual
amount of amino fullerene that was not adsorbed by the cells.
These experiments show that AF has similarly strong but not
identical affinity to both types of cell surfaces. An increase in
the AF concentration resulted in a stronger binding of this
compound to the cell membranes reflected by higher binding
indexes (Table 2).
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Table 1: Fullerene derivatives electrophoretic mobility and zeta-potentials.

Compound Mobility in the electric field
(the cathode side is on the left; the anode side is on the right)

Zeta potential,
𝜁, mV

AF +41.5

CF −52.2

Table 2: AF adsorption values on E. coli K12 TG1 cells and human
erythrocytes.

Concentration of AF, 𝜇M Adsorption values, 𝜇M/m2

Initial Bound to cells
E. coli Erythrocytes E. coli Erythrocytes

0.03 0.03 ± 0.01 0.02 ± 0.01 1.50 1.00
0.06 0.06 ± 0.01 0.06 ± 0.01 3.00 3.00
0.12 0.11 ± 0.02 0.10 ± 0.02 5.50 5.00
0.25 0.18 ± 0.01 0.16 ± 0.01 9.00 8.00
0.50 0.40 ± 0.02 0.23 ± 0.03 20.00 11.50
1.00 0.54 ± 0.17 0.39 ± 0.11 27.00 19.50

It is seen from Table 2 that AF when used in high
concentrations has somewhat stronger affinity to the E. coli
cells compared to the human erythrocytes. For example, the
maximal adsorption values of 27.0 𝜇M/m2 and 19.5 𝜇M/m2
were obtained for E. coli and erythrocytes, respectively, when
AF was added at an initial concentration of 1𝜇M.

Similar experiments were also performed for CF incu-
bated with prokaryotic and eukaryotic cells. Due to the lower
affinity of CF to the cell membranes, its initial concentration
was increased to 10 𝜇M. However, the fullerene derivative CF
showed very weak adsorption on bacterial and erythrocyte
cell surfaces, as characterized by maximal adsorption values
of 1.91 𝜇M/m2 and 2.64 𝜇M/m2, respectively.

The binding of AF to the bacterial cells was confirmed
by atomic force microscopy. Contact mode AFM allowed us
to visualize the cells of E. coli before (Figure 4(a)) and after
(Figure 4(b)) incubation with AF.

The analysis of the morphological characteristics of the
bacterial cell incubated with AF showed a significant increase
in the surface roughness. This change was caused by the
granules (35–160 nm in diameter) that accumulated on the
cell surface. We believe that these granules are represented
by nanoclusters composed of AF molecules, which were
also revealed by the DLS measurements (see above). In
addition, the E. coli cells changed their length, width, and
height, thus supporting additionally the action of the AF
derivative. It is important to note that no signs of leakage of
the cytosolic content of the bacterial cells to the environment
were observed. This observation implies that the membrane

disruption is not the leading mechanism of antibacterial
activity of fullerenes [35, 36] in contrast to the action of other
types of CBN [37].

Analysis of the morphological characteristics of E. coli
cells incubated with CF did not reveal any significant changes
in the cell surface roughness or size (Figure 4(c)). At the
same time, scanning the substrate (mica) around the bacterial
cells revealed freely located round-shaped features with a
mean diameter of 217.90±89.71 nm.These features might be
attributed to the aggregates of the CF molecules also evident
from the DLS data.

The sharply different behaviour ofAF andCFwith respect
to the prokaryotic (bacterial) and eukaryotic (erythrocyte)
cells can be explained mainly by the electrostatic forces.
Indeed, the cationic AF (𝜁 = +41.5mV) should have strong
Coulomb attraction to the negatively charged E. coli cells
(𝜁 = −50.0mV) [38] and somewhat weaker attraction to the
less negatively charged human erythrocytes (𝜁 = −13.5mV)
[39]. At the same time, the anionic fullerene derivative CF
bearing a negative charge itself (𝜁 = −52.2mV) cannot
interact effectively with the surface of the prokaryotic and
eukaryotic cells due to the Coulomb repulsion.The proposed
mechanism relying on electrostatic interactions between the
fullerene derivatives (or their aggregates) and cellmembranes
can explain both antibacterial [40] and cytotoxic [41, 42]
effects of the fullerene derivatives. However, one should
keep in mind that electrostatic interactions could be just an
initial step of a complicated cascade of processes that occur
when prokaryotic or eukaryotic cells are incubated with the
fullerene derivatives.

3.5. Desorption of Fullerene Derivatives from the E. coli Cell
Surface. In order to check the strength and reversibility of
the AF and CF binding to the bacterial cell surface, we
analysed the desorption of these compounds using a very
simple experiment (see Section 2). The obtained AF and CF
desorption values are shown in Table 3.

It was shown that the binding of the amino fullereneAF to
the bacterial cells is strong and partially irreversible. It is seen
from Table 3 that only 64.7 ± 1.6% of initially adsorbed AF
was desorbed from the bacterial cells after 10 washing cycles.
Moreover, excretion of fullerene occurs gradually and the last
cycles showed very little and decreasing desorption of AF,
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Figure 3: Optical spectra of the fullerene derivatives. (a) Adsorption spectra of CF, 𝐶 = 2 ∗ 10−6M (1), and AF, 𝐶 = 2 ∗ 10−5M (2), and
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Figure 4: AFM images of E. coli K12 TG1 before (a) and after incubation with AF (b) and CF (c).

thus indicating that the remaining amount of this fullerene
derivative is absorbed irreversibly. It can be estimated from
these data that each E. coli cell absorbed irreversibly about
105 molecules of AF.

The observed partially irreversible absorption of AF
suggests the possibility of its penetration into the microbial
cell, which was reported previously for some other fullerene
derivatives [43]. The transmembrane AF diffusion could
develop due to the concentration gradient and subsequently
lead to the electrostatic binding of AF to the intracellular
structures andmolecules bearing negative charges (including
DNA) [44].

This is our assumption at the present stage; further
research will be performed to check this idea experimentally.

Similar desorption experiments were performed with CF.
The obtained desorption values shown in Table 3 illustrate
that four washing cycles removed 94.7 ± 5.5% of CF applied
in a very high initial concentration of 10𝜇M. Most of the
fullerenes (80.9 ± 3.3%) were already washed out at the first
cycle. This observation suggests that interactions of CF with

the bacterial cells are very weak, which is in line with the
experimental results described above.

3.6. Antibacterial Activity of Fullerene Derivatives against
E. coli. The bactericidal effect of fullerene derivatives was
evaluated by investigating the loss of the viability of E. coli
K12 TG1 cells after a 60-minute incubation with different
concentrations of AF and CF. Carboxylic fullerene derivative
CF did not cause any bactericidal effect at concentrations
of up to 400 𝜇M. In contrast, the amino fullerene derivative
showed notable bactericidal activity. The incubation of E.
coli with AF led to the time- and concentration-dependent
death of the bacterial cells (Table 4). The characteristic LD

50

value of 79.1 𝜇M was calculated from the obtained data. Use
of higher concentrations of this compound (400𝜇M and
higher) resulted in the death of at least 99% of E. coli cells.
These results suggest that AF might be considered as a novel
and promising type of chemical bactericide.



Journal of Nanomaterials 7

Table 3: Fullerene derivatives desorption from E. coliK12 TG1 cells.

Number of the consecutive
washing
(separation/redispersion) cycles

Fullerene derivative
desorption, %

AF CF
1 16.5 ± 1.0 80.9 ± 3.3

2 13.7 ± 0.7 6.7 ± 0.5

3 8.3 ± 0.5 5.4 ± 0.4

4 7.1 ± 0.5 1.7 ± 0.1

5 4.9 ± 0.4 0
6 4.2 ± 0.3 0
7 3.7 ± 0.2 0
8 2.7 ± 0.2 0
9 2.2 ± 0.1 0
10 1.4 ± 0.1 0
Total 64.7 ± 1.6 94.7 ± 5.5

Table 4: Percentage of the E. coli K12 TG1 cells that lost their
vitality after 60min of incubation with AF in the absence and in the
presence of human erythrocytes.

Concentration of
AF, 𝜇M

Bactericidal effect, %

E. coli E. coli +
erythrocytes

25 12.0 ± 3.7 1.8 ± 4.4

50 31.9 ± 3.1 5.6 ± 4.3

100 58.1 ± 2.4 6.0 ± 4.3

200 77.6 ± 1.4 66.8 ± 1.8

The selectivity of the antibacterial action of AF was
investigated in a three-component test mixture comprising
fullerene derivative,E. coli cells, and human erythrocytes.The
concentrations of the cells in the test samples were adjusted
to equalize the total areas (0.02m2/mL) of the E. coli and
the erythrocyte cell surfaces. Indeed, the bactericidal activity
of AF was essentially decreased in the presence of human
erythrocytes in the test samples together with the E. coli
cells (Table 4). The effect of the erythrocytes suppressing the
antibacterial activity of AF was the most pronounced for
concentrations ≤100 𝜇M.

This observation is explained by nonspecific AF binding
to the bacterial cells and erythrocytes. Such a concur-
rent pathway decreases the bactericidal activity of AF and
increases LD

50
value more than twofold for the system

comprising both E. coli cells and human erythrocytes. The
observed tendency of AF to bind to the erythrocytes hinders
in vivo applications of this compound for fullerene-mediated
therapy. Nevertheless, AF still can be considered as a promis-
ing chemical disinfectant for various types of surfaces.

4. Conclusion

Highly water-soluble derivatives of [60]fullerene bearing
cationic (protonated amine, AF) or anionic (COO–, CF)
functional groups appended to the fullerene cage have been

investigated. It was shown that both fullerene derivatives
form nanoclusters in aqueous solutions with hydrodynamic
diameters of 2–200 nm (AF) and 70–100 nm (CF) as revealed
by the DLS measurements.

The obtained experimental data implied that initial inter-
actions of the fullerene derivatives and their nanoclusters
with prokaryotic and eukaryotic cells are governedmainly by
electrostatic Coulomb forces. Moreover, electrostatic interac-
tions explain the appearance of the antibacterial activity of
fullerene derivatives. Indeed, the cationic fullerene derivative
AF (having zeta potential 𝜁 = +41.5mV) undergoes strong
binding to the negatively charged E. coli cells (𝜁 = −50mV)
due to the attractive electrostatic interactions that result in
the appreciable bactericidal activity of this compound. In
contrast, the anionic fullerene derivative CF (𝜁 = −52.2mV)
does not bind to the bacterial cell membranes because of the
repulsive Coulomb interactions and subsequently shows no
bactericidal effect. The binding of the amino fullerene (AF)
clusters to the bacterial cells and also the absence of such
binding in the case of CF were visualized by atomic force
microscopy.

The fullerene derivative AF induced time- and
concentration-dependent death of the bacterial E. coli
cells characterized by an LD

50
value of 79.1𝜇M. However,

the antibacterial activity mechanism of [60]fullerene and
fullerene derivatives is unclear and still debated [45]. Like
Aquino et al. [46] we confirmed AF influence on the bacteria
viability without cell membrane disruption. On the other
hand, our results reaffirm AF intercalation into the cell wall
that enables membrane stress [40], subsequent respiratory
chain inhibition [47], and ROS-dependent toxicity [48].

The bactericidal activity of AF decreased significantly
in the presence of human erythrocytes. Indeed, human
erythrocytes also bear a negative charge (𝜁 = −13.5mV),
which facilitates their electrostatic interactions with the
positively charged AF molecules (and/or nanoclusters). The
efficient binding of AF (and, presumably, other positively
charged fullerene derivatives) to both prokaryotic (E. coli)
and eukaryotic (erythrocyte) cells hinders in vivo applications
of such compounds for fullerene-mediated therapy. Never-
theless, AF can still be considered as a promising chemical
disinfectant for various types of surfaces. In contrast, CF (and
probably other anionic fullerene-based compounds) shows
no ability to bind to the bacterial cells or erythrocytes and
might have big potential for in vivo studies and, possibly, for
some biomedicinal applications.
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W-incorporated diamond-like carbon (W-C:H) films were fabricated by a hybrid beams system consisting of a DC magnetron
sputtering and a linear ion source. The W concentration (1.08∼31.74 at.%) in the film was controlled by varying the sputtering
current.The cross-sectional topography, composition, andmicrostructure of theW-C:Hfilmswere investigated by SEM,XPS, TEM,
and Raman spectroscopy. The mechanical and tribological properties of the films as a function of W concentration were evaluated
by a stress-tester, nanoindentation, and ball-on-disk tribometer, respectively. The results showed that films mainly exhibited the
feature of amorphous carbon when W concentration of the films was less than 4.38 at.%, where the incorporated W atoms would
be bonded with C atoms and resulted in the formation of WC

1−𝑥
nanoparticles. The W-C:H film with 4.38 at.% W concentration

showed a minimum value of residual compressive stress, a higher hardness, and better tribological properties. Beyond this W
concentration range, both the residual stress and mechanical properties were deteriorated due to the growth of tungsten carbide
nanoparticles in the carbon matrix.

1. Introduction

Diamond-like carbon film (DLC) is a metastable form of
amorphous carbonwith a certain dominant sp3 bonding.Due
to its unique properties such as high hardness, low friction
coefficient, good chemical inertness, and the optical trans-
parency in a wide range of VIS-IR, DLC film has been used
as protective coatings in many industrial fields [1]. However,
high residual stress is the major drawback of DLC films for
its wider practical application [2–6]. Immense amounts of
concrete research have shown that the incorporation of metal
elements, such as Mo, Cu, Al, Cr, and W, is one of the good
methods to decrease the internal stress of DLC films [7–12].
As one of the doped metal elements, W-incorporated DLC
films (W-C:H) have been received considerable attention
both in scientific research and industrial fields of carbon
based materials [13–19]. The properties and structure of
W-C:H films prepared by the process combining reactive
magnetron sputtering with plasma source ion implantation
were reported by Baba and coworkers [20]. Takeno et al.

[21] investigated the electrical properties and structure of
W-C:H films prepared by radio frequency plasma enhanced
chemical vapor deposition, and a resistive superconducting
transition was discovered in their report. Wang et al. [22]
reported a rapid increase and a gradual decrease in the
residual stress of DLC films prepared by end-Hall-type ion
gun with increasing W concentration. But considering the
characterization complexity of carbon bonds caused by the
incorporated W atoms and the easier controlled synthesis
with a wide range of W concentration, the new deposition
technique of hybrid ion beam system is demanded and the
relationship between properties and structure ofW-C:Hfilms
as a function of W concentration lacked study.

Ion beam sources have been widely used in the field
of science and industry such as substrate cleaning, DLC
film deposition and surface modification [20, 23–29]. Anode
layer type linear ion source (ALIS) is a kind of closed drift
type linear ion sources promoted by the plasma acceleration
technology of the aerospace thruster [30]. As a large-area
surface treatment technique, the ALIS is a gridded ion source
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with simple electrode structure, which can provide a higher
ion beam current density and readily be scaled to any desired
length [30–34].

In this work, a hybrid ion beam deposition system
consisting of a DC magnetron sputtering and an ALIS is
employed to fabricate the W-C:H films, the used method
focused on the W-C:H films with different W concentration,
and the films were prepared by a unique hybrid ion beam
system. The mechanical properties and structure of the
films as a function of W concentration were studied. The
results indicated that the DLC films with relatively low
stress and high hardness could be achieved by doping a low
concentration of W atoms.

2. Experiment

Si (100) wafer of thickness 710 ± 15 𝜇m was used as the sub-
strate material. A thin Si (100) wafer of thickness 250 ± 5 𝜇m
was also used as substrate to accurately estimate the internal
residual stress. The substrate was cleaned ultrasonically in
acetone and dried in air before deposition. The W-C:H film
was prepared on Si substrate by a hybrid ion beamsdeposition
system consisting of a DC magnetron rectangular sputtering
with a 100mm (W) × 400mm (L) W target (99.95%) and a
380mm (L) anode layer type linear ion source (ALIS) [35].
The substrates were sputter-cleaned for 20mins using Ar ions
with a pulsed bias voltage of −100V. The base pressure was
evacuated to a vacuum of about 2 × 10−5 Torr. During film
deposition process, hydrocarbon gas (C

2
H
2
) was introduced

into the linear ion source to obtain the hydrocarbon ions for
DLC deposition. The Ar sputtering gas was supplied to the
magnetron sputter for W sputtering. The concentration of
tungsten in the films was controlled by varying the sputtering
current from 0.9 to 1.5 A. The C

2
H
2
flux and Ar flux were

kept at 10 and 70 sccm, respectively, and the work pressure
was kept at about 4.0 × 10−3 Torr. Typical values of ALIS
voltage and current were 1300V and 0.2 A, respectively. A
negative pulsed bias voltage of −100V (350KHz, 1.1 𝜇s) was
applied to the substrate.The deposition timewas 40mins. For
comparison, the pure DLC filmwas also prepared using ALIS
and a negative substrate bias of −100V.

The thickness of the deposited films was measured
by surface profilometer (Alpha-Step IQ, USA). The cross-
morphology of the deposited films was observed by a cross-
section SEM (Hitachi S-4800). An X-ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCALAB 250) with
monochromated Al X-ray resource was used to characterize
the chemical composition, atomic bonds, and microstruc-
ture of the films. High-resolution transmission electron
microscopy (TEM, Tecnai F20), operated at 200KeV with a
point-to-point resolution of 0.24 nm, was used to clarify the
microstructure. Raman spectroscopy (Renishaw inVia-reflex)
equipped with a He-Ne laser of 532 nm exciting wavelength
was used to measure the atomic bonds of the films at a
detecting range from 600 to 2000 cm−1.

The internal residual stress of the films was calculated
using the Stoney equation, and the curvature of film/substrate
composite was determined by a laser tester. Mechanical

properties were measured using the nanoindenter (MTS-
G200) with the depth to 200 nm, and the hardness was
chosen in a depth of around 1/10 of the coating thickness
in order to avoid the contribution of Si substrate to the
results.The tribological behaviors of the Si coated by the films
were measured on a rotary ball-on-disk tribometer at room
temperature with a relative humidity of about 50% under dry
sliding conditions. All the tests were performed at 0.12ms−1
sliding speed for a distance of 400m and the applied load was
5N.

3. Results and Discussion

Figures 1(a) and 1(b) showed the change of W concentration
and average growth rate of the films as a function of the
sputtering current, respectively. The W/C atomic ratio of the
films was determined based on the atomic sensitivity factors
and area ratio of the C 1s to W 4f peaks in XPS spectra of
the films. The W concentration of the films increased from
1.08 to 31.74 at.% as the sputtering current increased from
0.9 to 1.5 A, as shown in Figure 1(a), while the growth rate of
films decreased slightly from about 17 to 15 nm/min, as seen
in Figure 1(b), which may be induced by antisputtering effect
of W atoms with higher kinetic energy at 1.5 A sputtering
current [36]. Noted that, less than the sputtering current of
0.9 A, it was difficult to extract the accurate amount of W
concentration from the XPS spectra because of the seriousW
target pollution by the ionized carbon precursors. Beyond the
case of 1.5 A, the deposited films showed a typical Wmetallic
luster.

Figure 2 showed the cross-sectional SEM images of the
films with different W concentrations. And the films in
Figure 2 were marked by double-headed arrows. The images
demonstrated similar smooth surface whenW concentration
was less than 4.38 at.% and exhibited the feature of the
amorphous structure, which suggested thatW-C:Hfilmswith
Wconcentration less than 4.38 at.% kept amorphous features.
However, when the W concentration increased to 31.74
at.%, the film became rough with emergence of nanoscale
particulates in the carbonmatrix, as illustrated in Figure 2(d),
due to the formation of tungsten carbide phase.

XPS provided the approach to analyze the chemical bonds
of the deposited films byC 1s. Figure 3(a) displayed the XPSC
1s peaks of the pure DLC film andW-C:H films with different
W concentrations. When the W concentration was less than
4.38 at.%, the C 1s spectra were divided into two peaks around
284.6 eV and 286.5 eV corresponding to the typical C–C/C–
H and C–O/C=O binding energy, respectively [20, 37–39].
However, when theWconcentration increased to 31.74 at.%, a
shoulder peak with a lower binding energy of about 283.5 eV
appeared, as shown in Figure 3(b).Thepeak at 283.1∼283.6 eV
is generally assigned to the W–C bonds [18, 20, 40], so it can
be deduced that the tungsten carbide was formed in the films
with a higher W concentration.

Figure 4 displayed the plan-view high-resolution TEM
images and the corresponding SAED patterns of the pure
DLC film andW-C:H films. Similar to the result of pure DLC,
Figure 4(b) presented dense and smooth granular contrasts,
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Figure 1: W concentration (a), growth rate and thickness (b) of the films as a function of sputtering current.
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Figure 2: Cross-sectional SEM images of the pure DLC film (a); films with 1.08 at.% W (b), 4.38 at.% W (c), and 31.74 at.% W (d).

and the corresponding SAED patterns showed a broad
and diffuse diffraction halo. It implied that the deposited
films essentially formed a typical amorphous structure,
and the W atoms were uniformly distributed and dis-
solved in the DLC matrix. But for the W-C:H film with
4.38 at.% W atoms (Figure 4(c)), a few nanoparticles with
grain diameter about 5 nm were found in the film, and

more nanoparticles with similar grain diameter could be
observed obviously in W-C:H film with 31.74 at.% W
atoms (Figure 4(d)); the corresponding diffraction ring
of SAED pattern in Figure 4(d) became much sharper
than that in Figure 4(c), suggesting more carbide parti-
cles of high crystallinity existed in these films. Figure 4(d)
revealed the clear lattice fringes of the nanoparticles
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Figure 4: Plan-view high-resolution TEM images and corresponding SAED pattern of the pure DLC film (a); films with 1.08 at.% W (b),
4.38 at.% W (c), and 31.74 at.% W (d).
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Figure 5: Typical Raman spectrum (a) and G FWHM and position (b), 𝐼D/𝐼G (c) of films with different W concentration.

(marked red circles) uniformly embedded in theDLCmatrix,
the sharp crystalline diffraction rings observed in Figure 4(d)
indicated the existence of polycrystalline phases, which were
identified to be the (111), (200), (220), (222), and (420)
reflections of the cubic (FCC) WC

1−𝑥
structure. The TEM

results indicated that the dissolved W atoms began to form
WC
1−𝑥

phase in the DLC matrix when W concentration of
the films was in the range of 1.08∼4.38 at.%, and the films
with higher W concentration were nanocomposite of WC

1−𝑥

particles embedded in the DLC matrix.
Raman is usually employed to characterize the atomic

bonds of carbon films. Figure 5(a) displayed the Raman
spectra of the W-C:H films at various W concentrations.
Obviously, all samples presented a broad asymmetric Raman
scattering band in the range of 1000–1700 cm−1, which was
essentially as the typical carbon bond feature in hydrogenated
amorphous carbons films. Raman spectroscopy can be gen-
erally deconvoluted into two peaks: one named G-peak at

1580 cm−1 arising from E
2 g symmetry stretching vibration

mode caused by the sp2 atom and the other named shoulder
D-peak at around 1360 cm−1 caused by the zone edge of
A
1 g breathing mode [1]. The experimental spectrum was

fitted using two Gaussian peaks after background correc-
tion. According to the fitted G-peak position, the intensity
ratio of D-peak to G-peak (𝐼D/𝐼G), and the full width half
maximum (FWHM) of the G-peak, the bonding structure
of DLC films such as bond disorder, sp2/sp3 ratio can be
derived qualitatively [41–43]. Figure 5(b) showed that when
W concentration increased from 1.08 to 31.74 at.%, the G
peak position shifted monotonically from 1544.6 cm−1 to
1554.9 cm−1 and the 𝐼D/𝐼G ratio also increased from 1.32 to
1.57 as in Figure 5(c), implying a higher sp2/sp3 ratio in
the W-C:H films with higher W concentration; however,
the G-peak FWHM decreased from 175 cm−1 to 155 cm−1; it
revealed that the degree of film structural disorder declined.
But in comparison with the W-C:H films, the pure DLC film
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exhibited a higher sp2/sp3 ratio and less structural disorder,
which may be due to the change of plasma caused by the
collision between the W atoms with high energy and the
carbon atoms; other researchers also discovered structure
evolution due to influence of ion energy [44–46].

Figure 6 showed that the residual compressive stress
in the pure DLC films was about 1.7 GPa and arrived at
2.06GPa in W-C:H film with 31.74 at.% W concentration;
a minimum value about 1.485GPa was obtained when the
W concentration was 4.38 at.%, indicating that the residual
compressive stress in the DLC films could be reduced in a
proper range of W concentration. The decline of the film
residual compressive stress could be explained by two stages.
Firstly, at the lower W doping level, part of the W atoms
was distributed in the DLC matrix without bonding with
carbon atom, which provides the pivot location for the bond
distortion and reduced the film compressive stress [9, 22].
Moreover, the other fewWatoms formed the nanocrystallites
and embedded in the carbon matrix, which could also relax
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Figure 8: Friction coefficient (a) and average friction coefficient (b)
in stable test condition of the films various W concentrations.

the stress by the diffusion and sliding of the grain boundary
[11]. Since the W–C bond length was longer than that of
the C–C bond; however, with further increasing the W
concentration, more formation of W-C bond would induce
the severe distortion of the atomic bond angles, which in turn
increased the internal stress [9]. The present results agreed
well with those reported by the others’ work [17, 47].

Figure 7 depicted the hardness and elastic modulus as a
function of the W concentration. It could be observed that,
with more W atoms in the films, the hardness and elastic
modulus of the films decreased from 18.5GPa to 14.12 GPa
and from 179.4GPa to 161.5 GPa, respectively. Generally, the
mechanical properties of DLC films mainly depend on the
sp3 carbon matrix [1], but the incorporation of W atoms
and formation of nanoparticles in the DLC would break up
the continuity of the carbon network, which would cause
the decline of the hardness and elastic modulus. The similar
phenomenon was also found in Cr-C:H and Ti-C:H films
[48, 49].
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The friction coefficient of the films with sliding distance
evolution and coefficient in stable test condition were shown
in Figure 8. It indicated that W-C:H films with W atoms
less than 4.38 at.% had a lower friction coefficient compared
with the pure DLC in the stable test condition. But when
more W atoms were in the film, the friction coefficient of
the film became larger than 0.3, exhibiting the feature of
tungsten carbide in theDLCmatrix. Similar to theCr element
as a strong carbide former candidate doped in DLC films,
other phenomena were also discovered in Cr-C:H films with
different Cr concentration [50], which could be attributed
to the formed hard WC

1−𝑥
phase in the DLC matrix [24].

The tribological property related with the microstructure
influenced byW concentration was in accord with the results
analyzed by XPS, SEM, and TEM.

4. Conclusions

TheW-C:H films were prepared by a DC reactive magnetron
sputtering with W target (99.99%) in the Ar and C

2
H
2
gas

mixture. The concentration of tungsten in the films was
varied from 1.08 at.% to 31.74 at.% by changing the sputtering
current.The films mainly exhibited the feature of amorphous
carbon whenW concentration of the films was less than 4.38
at.%. The solubility of the W atoms in the DLC films was
in the range of 1.08∼4.38 at.%. W atoms would bond with
C atoms, resulting in the formation of WC

1−𝑥
nanoparticles

with the W concentration exceeding the solubility. The films
with 4.38 at.% W concentration showed a minimum value
residual compressive stress, a higher hardness value, and
better tribological properties.
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Gas adsorption and atom doping usually present when preparing carbon nanotubes (CNTs) and can affect the field emission
properties of carbon nanotubes. H

2
O molecule and boron atom are the most important adsorbates, respectively. Using ab-initio

calculations, we have investigated the electron field emission performance of CNTs simultaneously adsorbed with one H
2
O

molecule and doped with one boron atom (BCNT+H
2
O) in this paper. The results indicate that the electrons localize at the top of

BCNT+H
2
Oand the electronic density of states (DOS) around the Fermi level is enhanced obviously. It is expected that BCNT+H

2
O

will be more propitious to the field emission of electrons based on the calculations of DOS, HOMO/LUMO, and Mulliken charge
population.

1. Introduction

Carbon nanotubes (CNTs) have attractedmuch attention due
to their high aspect ratio and remarkable mechanical, ele-
ctronic, and chemical properties [1–3]. The quasi-one-dime-
nsional structures and unique electric properties make CNTs
have a lot of potential applications in different fields [4–6].
Especially, because of the excellent field emission properties,
CNTs have been promising candidates for flat-panel displays
[7, 8]. Up to now, many experimental [9] and theoretical [10–
12] studies have shown that the gas adsorption is of great
advantage to the electron emission of the CNTs. For example,
Kim et al. calculated the DOS and field emission properties of
closedCNTs under electric field [13],Maiti et al. explained the
reason why H

2
O adsorption on the top of CNTs can improve

the electron emission properties [14], andZhang et al. pointed
out that CNTs dopedwith boron andnitrogen are easy to emit
electrons [15].

Naturally, some kinds of gas can markedly change the
energy band structure of carbonnanotubes, whereas thework
of simultaneous doping and adsorption is rarely reported
until now. Therefore, it is very important to study the
emission properties of CNTs doped with other atoms and

adsorbed with gases under electric field. In this paper we
adopted the density functional theory (DFT) to investigate
the performances of BCNT+H

2
O.

2. Models and Calculation Methods

A single-walled armchair (5, 5) CNT with a cap (Figure 1) is
adopted.The cap is a hemisphere (30 carbon atoms) of C

60
at

one end of the CNT and the dangling bonds at the other end
are saturated by hydrogen atoms.The position of boron dope
is selected at the top layer of the CNT and the distance ofH

2
O

adsorption from the top pentagon is about 0.3 nm.Therefore
the whole system contains 93 atoms.

All the calculations were carried out by using first-pri-
nciple DFT provided by DMOL3 code [16]. The geometrical
optimization was based on the local density approximation
(LDA) during self-consistent field iteration with the Perdew-
Wang parameterization of the local exchange correlation
energy. The generalized gradient approximation (GGA) was
adopted to calculate the total energy and various electronic
properties with the Perdew-Wang-91 (PW91) function [17].
The all-electron Kohn-Sham wave functions were expanded
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(a) (b)

(c) (d)

Figure 1:The structures of BCNT+H
2
O and CNT+H

2
O. (a) and (b)

are the top views; (c) and (d) are the side views of BCNT+H
2
O and

CNT+H
2
O, respectively.

in the local atomic orbital basis set with orbital cutoff of 4.5 Å.
Self-consistent field procedure was done with a convergence
criterion of 10−5 a.u. on the energy and electron density.

3. Results and Discussion

In order to study the electronic field emission properties
of BCNT+H

2
O, a uniform external electric field with the

direction from the top to the end of theCNT is applied, whose
intensities are 𝐸 = 0 and 𝐸 = 10 eV/nm, respectively. In
real field emission conditions, a short tip of the structures
is considered. The electric field gradient along CNTs axis
is ignored and the whole structure is supposed to be in a
uniform external electric field [17].

The adsorption distance and adsorption energy are shown
in Table 1. The adsorption energy (𝑊ad) under the different
electric field is defined in (1) and (2), respectively. Consider
the following:

𝑊ad(𝐸=0)

= 𝑊CNTs(𝐸=0 ) +𝑊H
2
O(𝐸=0) −𝑊CNT+H

2
O(𝐸=0),

(1)

𝑊ad(𝐸=10 eV/nm)

= 𝑊CNTs(𝐸=10 eV/nm)

+𝑊H
2
O(𝐸=0) −𝑊CNT+H

2
O(𝐸=10 eV/nm),

(2)

Table 1: The adsorption distance (nm) and adsorption energy (eV)
of CNT + H2O and BCNT+H2O systems with and without electric
field (eV/nm).

Systems 𝐸 = 0 eV/nm 𝐸 = 10 eV/nm
Distance/nm Energy/eV Distance Energy

CNT+H2O 0.307 0.03 0.300 0.91
BCNT+H2O 0.315 0.09 0.310 1.34

Table 2: Pseudogap (eV) and DOS (electron/eV) at 𝐸
𝑓
under

different electric field (eV/nm).

Systems 𝐸 = 0 eV/nm 𝐸 = 10 eV/nm
DOS at 𝐸

𝑓
Pseudogap DOS at 𝐸

𝑓
Pseudogap

CNT+H2O 3.14 3.34 10.56 2.12
BCNT+H2O 10.61 2.10 18.56 1.61

where the 𝑊CNTs(𝐸=0 ), 𝑊H
2
O(𝐸=0), and 𝑊CNT+H

2
O(𝐸=0) are

the total energy of the pure CNT, the adsorbate (a H
2
O

molecule), and the adsorbed CNT system, respectively,
under the strength of electric field of 0 eV/nm, and where
𝑊CNTs(𝐸=10 eV/nm) and 𝑊CNT+H

2
O(𝐸=10 eV/nm) have the same

meaning under the strength of electric field of 10 eV/nm.
From Table 1, we can see that the adsorption distance

is about 0.3 nm and the adsorption energy is very small
for BCNT+H

2
O and CNT+H

2
O systems in the absence

of electric field.When the electric field increases to 10 eV/nm,
their adsorption energy is remarkably enhanced, while their
adsorption distance decreases slightly. Moreover, Table 1
shows that the adsorption energy of BCNT+H

2
O is much

higher than that of CNT+H
2
O under the same strength

of electric field, which indicates that the structure of
BCNT+H

2
O is more stable [18] than that in a electron tra-

nsmitter.
Figure 2 presents the DOS of the two systems under the

different electric fields and the local density of states (LDOS)
of the boron atom and the nearest three carbon atoms on
the top of BCNT+H

2
O under 𝐸 = 10 eV/nm. Obviously, the

DOS plots of the two systems shift towards the low energy
direction and their corresponding peak positions of antibond
states are more close to 𝐸

𝑓
when the electric fields increase

from 0 to 10 eV/nm. This indicates that the probability of
electron occurrence at antibond states increase, which is well
consistent with Kim’s conclusion [13].

To determine the pseudogap, an advanced peak sepa-
ration technique [19] is adopted. Furthermore, the DOS at
𝐸
𝑓
is also calculated, as listed in Table 2. When the electric

fields increase from 0 to 10 eV/nm, the DOS of the two
systems at 𝐸

𝑓
enhances by a big margin. Especially the

DOS of BCNT+H
2
O is about 179% that of CNT+H

2
O at

𝐸 = 10 eV/nm. The reasons can be found from Figure 2(e)
that the peak position of LDOS for BCNT+H

2
O tip is very

close to Fermi level, which leads to the enhancement of
DOS at 𝐸

𝑓
. Moreover, we can infer that the external electric

field significantly weakens the covalent bond and enhances
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Figure 2: DOS plots of CNT+H
2
O and BCNT+H

2
O under the different electric field. (a) and (c) are DOS of CNT+H

2
O and BCNT+H

2
O

without electric field, (b) and (d) are DOS of CNT+H
2
O and BCNT+H

2
O under 𝐸 = 10 eV/nm, and (e) is LDOS of a boron and 3 carbon

atoms of BCNT+H
2
O under 𝐸 = 10 eV/nm, respectively.



4 Journal of Nanomaterials

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3: Side views of the charge density under different electric field: (a), (b) and (c), (d) refer to HOMO/LUMO of CNT+H
2
O and

BCNT+H
2
O without electric field, respectively. (e), (f) and (g), (h) refer to HOMO/LUMO of CNT+H

2
O and BCNT+H

2
O under 𝐸 =

10 eV/nm, respectively.

the metallic bond from the pseudogap of BCNT+H
2
O com-

pared with CNT+H
2
O. Therefore, the calculated results and

theoretical analysis above mentioned indicate consistently
that the electron transmission in BCNT+H

2
O is much easier

and the corresponding field emission properties can be
effectively improved compared with CNT+H

2
O.

To further investigate the field emission property of
BCNT+H

2
O, we have performed the electronic orbital anal-

ysis. As shown in Figure 3, the HOMOs of CNT+H
2
O

and BCNT+H
2
O are all localized at their body and the

distribution is very similar no matter whether the electric
field is applied or not. However, the LUMO of later is mainly
localized at the tip of CNTs at 𝐸 = 10 eV/nm.

This means that there are more electrons congregating
on the top region of BCNT+H

2
O. Once the stronger electric

field is applied these electrons immediately emit to the
surrounding space. It can be seen that the conclusions of
orbital analysis are well consistent with that of the discussion
above.

When a boron atom substitutes a carbon atom in the top
layer, the charges distribution and the electronic structures
change accordingly. Figure 4 exhibits the results of Mulliken
population analysis for the CNT+H

2
O and BCNT+H

2
O

in the presence of 𝐸 = 10 eV/nm. We can see that the
boron atom carries a little negative charge and each of the
nearest three carbon atoms carries much more negative

charges than other atoms located in the first and second
layer [20]. The analysis results show that the boron doping
can cause more electrons aggregation at the top. Essentially,
the electron congregation becomes more obvious with the
increase of applied electric field and extra electrons on
the tip of system will congregate in the conduction band.
Consequently the Fermi level shifts toward the vacuum level.
This will lower the potential barrier of BCNT+H

2
O tip and

make the field emission more easily. All of these discussions
indicate that BCNT+H

2
O can enhance the electron field

emission.

4. Conclusions

In summary, we investigate the electronic structure and phys-
ical mechanism of the fieldemission of the capped SWNT
which are simultaneously adsorbed with one H

2
O molecule

and doped by a boron atom in the top layer. The calculations
and analysis confirm that BCNT+H

2
O has a higher DOS at

𝐸
𝑓
than CNT+H

2
O. Although the HOMO of BCNT+H

2
O

changes hardly with and without the applied electric field,
the LUMO is highly localized at the top. Furthermore, the
Mulliken population analysis shows that a lot of electrons
congregate at the cap of BCNT+H

2
O. Naturally, present

results of the LDOS, the pseudogap, the HOMO/LUMO,
and Mulliken population analysis congruously indicate that
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Figure 4: Mulliken population analysis of CNT+H
2
O (a) and BCNT+H

2
O (b) under 𝐸 = 10 eV/nm.

BCNT+H
2
O can effectively improve the fieldemission prop-

erties of carbon nanotubes compared with CNT+H
2
O.
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Nitrogen-doped carbon nanotubes (N-CNTs) were synthesized by pyrolysis of (4-{[(pyridine-4-yl)methylidene]amino}phenyl)
ferrocene in a solution of either acetonitrile or toluene as carbon source. This was achieved by testing three different growth
temperatures (800, 850, and 900∘C), and the 850∘Cwas found to be the most favourable condition for N-CNT growth. At the lower
temperature of 800∘C, amorphous carbon was mainly formed while at the higher temperature of 900∘C, the yield of carbon spheres
(CSs) increased. Apart from the variation in temperature, the formation of other shaped carbon nanomaterials (SCNMs) was found
to be carbon source dependent. Acetonitrile was found to produce mainly N-CNTs with “bamboo” morphology while toluene
formed a mixture of pristine CNTs and N-CNTs in the ratio of 1 : 1. N-CNTs, and other SCNMs synthesized were characterized by
means of TEM, SEM, Raman spectroscopy, TGA, and elemental analysis.

1. Introduction

The introduction of heteroatoms into the backbone of carbon
nanotubes (CNTs) changes their structural, chemical, and
electrical properties [1]. Doping CNTs with nitrogen creates
superficial defects that alters the chemical properties of CNTs
and creates a path to reactivity and applications [2]. Some of
the potential applications of N-CNTs include lithium storage
[3, 4], biosensors [5, 6], fuel cells [7, 8], drug delivery [9],
catalytic support [10], field emission [4, 11], and electronic
devices [12], among others.

Heteroatom doping was first reported by Stephan et al.
[13]. They doped CNTs with nitrogen and boron by means
of the arc discharge method. Currently, nitrogen doping
is accomplished by either in situ or ex situ [14] methods
whereby in the latter the walls of CNTs are functionalized
with nitrogen-containing groups by use of molecules such
as NH

3
[15] subsequent to CNT synthesis. Another useful

example of ex situ technique which does not involve a
simple molecule but a complex has been illustrated by
Schilling and Bron [16], where they functionalised multi-
walled CNTs with the aid of a nitrogen-containing complex,
iron tetramethoxyphenylporphyrin chloride (FeTMMP-Cl).

On the other hand, nitrogen doping using in situ synthesis has
been reported by means of arc discharge [17], laser ablation
[18], and chemical vapour deposition (CVD) [19] techniques.
In general, the CVD method is preferred since it is more
economical, relatively easier to produce and scale up the
synthesis of N-CNTs. In this approach, the carbon source also
provides the nitrogen source [2, 20]; however, the catalyst can
also act as a source of nitrogen [9, 21]. Additional examples
include the use of nitrogen source that is completely separate
from the carbon source and the catalyst [22].

N-CNTs can be identified by the characteristic “bamboo”
morphology that arises due to the presence of nitrogen,
which introduces defects and pentagon rings in the
graphene network that results in a positive curvature of
the tubular layer [1]. The distance between each bamboo
compartment has been found to be directly proportional
to the amount of nitrogen doping with a smaller size
compartment signifying a higher nitrogen doping level
[23]. Organometallic complexes, especially ferrocene and its
derivatives, have been used as both catalysts and as carbon
sources for the synthesis of CNTs and other shaped carbon
nanomaterials (SCNMs) [24]. The use of ferrocene and
acetonitrile has also been investigated [25]; however, in this
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paper we report on the use of an organometallic complex,
(4-{[(pyridine-4-yl)methylidene]amino}phenyl)ferrocene,
[Fe(C

5
H
5
)(C
17
H
13
N
2
)], which is a novel ferrocenyl derivative

as a catalyst for the synthesis of N-CNTs. It does not only
act as the source of active metal iron nanoparticle but also
as nitrogen and carbon source in a solution of acetonitrile
or toluene. This paper also explores the variation of growth
temperature and how it affects the yield, type of SCNMs
formed and level of nitrogen doping.

2. Experimental

All the chemicals used were of analytical grade and were used
as received unless stated otherwise. The catalyst precursors
were synthesized as previously reported: 4-nitrophenyl
ferrocene [26] and 4-ferrocenylaniline by catalytic reduction
of 4-nitrophenyl ferrocene as reported by Altaf et al. [27]. In
brief, 2 g of 4-nitrophenyl ferrocene was dissolved in 100mL
of methanol, and 2.62 g of zinc powder was slowly added to
the mixture while stirring. Then 4mL of formic acid was
added drop wise, and thereafter the mixture was heated to
70∘C. The reaction was monitored by TLC, and the reaction
product was isolated with a yield of 85%. (4-{[(Pyridine-4-yl)
methylidene]amino}phenyl)ferrocene was prepared as re-
ported earlier by our group [28] under solvent-free
conditions. Briefly, this involved mixing 4-ferrocenylaniline
(130mg, 0.47mmol) and pyridine-4-carboxyaldehyde
(76mg, 0.71mmol) in a Pyrex tube fitted with a ground
glass joint (Scheme 1). The solid mixture was thoroughly
ground leading to a melt, which solidified once it was left
to stand under vacuum. The red solid was then subjected
to column chromatography using a solvent mixture of
hexane : dichloromethane in the ratio of 8 : 2. The pure
product was isolated and obtained as red crystals.

An amount of 2.5 wt.% of (4-{[(pyridine-4-yl)methylid-
ene]amino}phenyl)ferrocene was used as a catalyst in the
CVD floating catalyst method to synthesize N-CNTs. The
setup of the reactor used was based on a previously reported
design [29]. A quartz tube (inner diameter 27mm and length
850mm), used as the reactor vessel, was placed inside a
muffle/tube furnace (model no. TSH12/50/610, EliteThermal
Systems Ltd) fitted with a main zone temperature controller
(Eurotherm 2416).The temperature was controlled and set to
the desired maximum reaction temperature (𝑇max), that is,
800, 850, or 900∘C. The purging and reducing gas was 10%
H
2
in argon (v/v) set at a flow rate of 100mL/min. When

the desired temperature (𝑇max) was attained, a solution of
2.5 wt.% catalyst and the carbon source was injected at a rate
of 0.8mL/min with the aid of a New Era Inc., syringe pump
(model no. NE 300). The carbonaceous materials obtained
from the uniform hot zone were collected and weighed.
The products were characterized by means of transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), Raman spectroscopy, thermogravimetric analysis,
and elemental analysis.

3. Results and Discussion

The catalyst, (4-{[(pyridine-4-yl)methylidene]amino}phe-
nyl)ferrocene was easily synthesized under solvent-free

Fe
N

O

H

Fe
N

N

4-ferrocenylaniline Pyridine-4-carboxyaldehyde

(4-{[(pyridine-4-yl)methylidene]amino}phenyl)ferrocene

NH2 +

Scheme 1: Solvent-free synthesis of (4-{[(pyridine-4-yl)methylide-
ne]amino}phenyl)ferrocene.

conditions to obtain an excellent yield (162mg, 94%) and
characterized as before [28]. The catalyst was further utilized
in a solution of either toluene or acetonitrile as the carbon
source to synthesize shaped carbon nanomaterials (SCNMs)
by means of the floating catalyst CVD method. Apart from
the catalyst, acetonitrile was also used as an additional
nitrogen source, and the results obtained are shown in
Table 1.

From the results, three types of SCNMswere formed, that
is, CNTs, amorphous carbon (Ac), and carbon spheres (CSs).
These results are in agreement with the findings of Nxumalo
et al. [30] who reported formation of similar products by
pyrolysis of ferrocenylaniline or a mixture of ferrocene and
aniline in different proportions by using toluene as the carbon
source at 900∘C. However, in their case they also obtained
carbon fibres. It is evident that the resultant products and
their distribution are dependent not only on the catalyst
and carbon source used, but also on the choice of reaction
conditions such as reaction temperature (𝑇max), reaction
time, gas flow rate, and pressure [31]. Figure 1 shows the TEM
images of a representative samples of the SCNMs obtained.

The TEM images in Figure 1 show that the CNTs formed
have “bamboo” shaped compartments which usually signifies
nitrogen doping. Bamboo compartments arise due to for-
mation of pentagonal rings in the graphene network, which
induces positive curvature in the graphene layer [1]. Inclusion
of nitrogen or oxygen in the carbon graphene network is
relatively easy. This is more so due to similarities in their
hybridisation and bond length, that is, C=C, C=O, and C=N
being 1.38 Å, 1.36 Å, and 1.34 Å, respectively. However, the
C=N bond length is shorter than that of C=C, and hence
it distorts the order in the graphene matrix by introducing
pentagons which cause strain in the structure [32]. These
distortions created by the nitrogen atoms cause defects and
are seen to be more concentrated in the inner layer than
other layers, and hence the bamboo morphology is more
pronounced inside the tube [33].

3.1. Effect of Carbon Source. Theeffect of the carbon source on
the size of individual bamboo compartments, wall thickness
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Table 1: Products obtained by pyrolysis of (4-{[(pyridine-4-yl)methylidene]amino}phenyl)ferrocene (2.5 wt.%) in a solution of toluene or
acetonitrile.

Temperature (∘C) Carbon source Yield (mg) Composition of the product∗ Avg. ID (nm) Avg. OD (nm)

800 Toluene 176 40% T; 60% Ac 10.19 60.19
Acetonitrile 100 60% T; 40% Ac 31.309 50.64

850 Toluene 300 50% T; 45% CS; 5% Ac 15.62 68.31
Acetonitrile 178 85% T; 15% Ac 54.248 60.709

900 Toluene 570 2% T; 98% CS 25.36 73.76
Acetonitrile 240 20% T; 80% CS 65.69 76.47

∗The composition of the products is based on acceptable counting procedures using electron micrographs; at least 50 images were used in each case and over
200 SCNMs were counted per sample.
T: carbon nanotubes; Ac: amorphous carbon; CS: carbon spheres; Avg. ID: average inner diameter; Avg. OD: average outer diameter.

Figure 1: TEM images of SCNMs synthesized from a solution of
(A) acetonitrile at 850∘C, (B) acetonitrile at 800∘C, and (C) toluene
at 850∘C.

and general morphology of CNTs was investigated. This was
accomplished by comparing the type of CNTs formed when
a solution of acetonitrile or toluene was used as the carbon
source. Figure 2 shows some TEM images of N-CNTs grown
from a solution of either acetonitrile or toluene.

Figure 2: TEM images of N-CNTs synthesized at 850∘C from a
solution of (A) acetonitrile and (B) toluene.The red lines and arrows
on the images indicate the individual bamboo compartments.

The sizes of each bamboo compartment were different
and this has a direct relationship with the amount of nitrogen
from the nitrogen source. N-CNTs synthesized from a solu-
tion of acetonitrile formed shorter bamboo compartments
compared with the ones formed from a solution of toluene.
A possible explanation could be that more nitrogen atoms
are incorporated into the structure since apart from the fer-
rocenyl derivative which contains nitrogen, the acetonitrile
solvent also introduces additional nitrogen which would also
be involved in the doping process.These findings concur with
those ofNxumalo et al. [30], who observed a decrease in bam-
boo compartment size andmore individual compartments in
each tube, which was an indication of the increased extent
of nitrogen doping. Chen et al. [8] also reported a positive
correlation between higher nitrogen content in the carbon
source and higher nitrogen doping in the N-CNTs.
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In addition to the bamboo compartment size, the use of
acetonitrile formed N-CNTs with bigger internal diameters
and smaller wall thicknesses.The increased internal diameter
and reduced wall thickness could be due to the level of
nitrogen doping. Our findings concur with those of Ionescu
et al. [34] who reported an increase in internal N-CNT
diameter and decrease in wall thickness with increased
nitrogen doping.

Some of the CNTs synthesised in a solution of toluene
lacked bamboo structures, indicating that effective nitrogen
doping did not readily take place in the graphene network.
The number of N-CNTs (with bamboo structures) and
pristine CNTs was in the ratio 1 : 1. This was determined by
counting tubes in at least 50 images. Koós and coworkers [31]
made a similar observation when they synthesized N-CNTs
in a solution of toluene in 5% benzylamine. This suggests
that nitrogen doping significantly depends on both choice of
carbon source and catalyst [35]. It was noted that N-CNTs
synthesized from a solution of acetonitrile were well aligned
(Figure 3(a)). On the other hand, the pristine CNTs (as
determined by lack of bamboo structures) synthesised from
a solution of toluene were observed to have kinks, were wavy,
and not aligned (Figure 3(b)). A possible reason could be
that products derived from the latter approach were not only
less ordered, but also intermingled with a mixture of pristine
CNTs andN-CNTs, and hence distorting the alignment of the
tubes [31].

3.2. Effect of Growth Temperature. Varying the growth tem-
perature was found to have an effect on the level of nitrogen
doping, yield, and the graphitic nature or crystallinity of N-
CNTs.

3.2.1. The Nitrogen-Doping Percentage. Elemental analysis
(CHNS) was used to study the relationship between growth
temperature and nitrogen-doping. It was observed that the
nitrogen-doping percentage increased from zero to 2.21% in
N-CNTs synthesized in a solution of toluene as the growth
temperature increased from 800 to 850∘C. When a solution
of acetonitrile was used, a similar, but more effective, doping
trend was observed; that is, the nitrogen-doping percentage
increased from 3.96% to 17.57% in the same temperature
range. However, a different trend was observed when the
growth temperature was increased to 900∘C when acetoni-
trile was used as a carbon source. The doping percentage
decreased to 3.47%. A possible explanation of this reduction
could be that as the growth temperature was raised to 900∘C,
elemental nitrogen that is usually incorporated into the
graphene structure did not react but escaped through the
exhaust system, and this was evident from the water trap
showing more vigorous bubbling. Our findings concur with
Tang et al. [35], who reported that the level of nitrogen-
doping decreased by half when the temperaturewas increased
from 800 to 900∘C. The highest nitrogen doping was noted
at 850∘C in a solution of acetonitrile indicating a direct
relationship between nitrogen doping, growth temperature
and amount of nitrogen in the carbon sources. Furthermore,

(a)

(b)

Figure 3: SEM images of CNTs synthesized at 850∘C from a solution
of (a) acetonitrile and (b) toluene showing the former to be well
aligned and the latter to be wavy.

in terms of the extent of nitrogen doping, the elemental anal-
ysis at 850∘C strongly correlates with the TEM observations
(Figure 2) and results discussed above.

3.2.2. N-CNT Yield and General Morphology. Generally the
yield of N-CNTs increased with growth temperature for both
acetonitrile and toluene. A solution of toluene gave a higher
yield (176, 300, and 570mg) compared with acetonitrile
(100, 178, and 240mg) at 800, 850, and 900∘C, respectively
(Table 1). It was also evident that the type of SCNMs formed
changed with growth temperature. At 800∘C, a lot of Ac
formed but the amount decreased as the growth temperature
increased to 900∘C. However, the percentage of CS increased
with growth temperature. A possible reason could be due to
agglomeration of catalyst nanoparticles into bigger particles
at higher temperatures (note that catalyst concentration was
kept constant) and hence favouring the growth of other
nanomaterials other than CNTs [36]. Seah et al. [37] also
observed a similar trend at high temperature, and attributed
this to higher catalyst/carbon ratio would also lead to catalyst
particles agglomerating at a higher rate, hence, becoming too
large and thus resulting in unfavourable conditions for 2 CNT
growth.

The morphology of the N-CNTs such as the outer diam-
eter (OD) was observed to change with growth temperature.
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TheODof the tubes was observed to increase with increase in
growth temperature for acetonitrile (Table 1). However, when
using a solution of toluene, it was only possible to compare
samples at temperatures of 800 and 850∘C, and the trend was
similar. A possible explanation for the increase in outer diam-
eter with increase in temperature could be due to agglom-
eration and increase in catalysts particle sizes which favour
formation of CNTs with large outer diameters. N-CNTs
synthesised with a solution of acetonitrile at 850∘C had larger
outer diameters (60.79 nm) comparedwith those grown from
a solution of toluene (55.3 nm). In contrast, at 800∘CN-CNTs
from toluene had bigger outer diameters than those from
acetonitrile (60.19 nm compared with 50.64 nm, resp.). As for
the internal diameter (I.D.), N-CNTs synthesized from ace-
tonitrile were larger comparedwith ones grown from toluene.
The opposite was observed for the wall thickness of N-CNTs
synthesized from toluene that showed thickerwalls compared
with those grown from acetonitrile as the carbon source.

3.2.3. Graphitic Nature/Crystallinity. Raman spectroscopy
was used to study the effect of growth temperature on the
graphitic nature of N-CNTs. Twomajor peaks were observed:
the 𝐺-band (between 1560 and 1599 cm−1) which originates
from the Raman 𝐸

2𝑔
mode and the 𝐷-band (between 1347

and 1363 cm−1) which is the disorder-induced band. The
intensities of the𝐺-band and𝐷-band were observed to differ,
and evidence can be seen from the 𝐼

𝐷
/𝐼
𝐺
ratio (Figure 4).

This ratio is an indicator of the graphitic nature of the N-
CNTs or degree of disorder, and it was observed to increase
from 800 to 850∘C for tubes synthesised with acetonitrile.
Nitrogen doping in N-CNTs increased as the growth tem-
perature rose from 800 to 850∘C which implies a higher level
of disorder, and this agrees with the results from elemental
analysis and the TEM observations. In contrast, the 𝐼

𝐷
/𝐼
𝐺

ratio of tubes synthesized from toluene decreased between
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Figure 5:Thermogravimetric analysis of SCNMs at different growth
temperatures (∘C) in a solution of either toluene or acetonitrile.

800 and 850∘C, which is an indication of the formation of
more graphitic tubes. However, Table 1 shows a reduction of
Ac product as the growth temperature increases, and this
could also be a possible reason for the increase in the graphitic
nature of the product at higher temperature. Generally, the
N-CNTs synthesised in a solution of acetonitrile were found
to be more disorderly at all growth temperatures, and this is
possibly due to the level of nitrogen doping.

Thermogravimetric analysis was used to investigate the
thermal stability of SCNMs synthesized at different growth
temperatures in a solution of acetonitrile or toluene. Figure 5
shows the thermograms.

SCNMs synthesized from a solution of toluene were
thermally more stable compared with those grown from
acetonitrile as confirmed by observing the initial decompo-
sition temperature. A possible explanation is that toluene
provided more pristine CNTs, which are more structured
with fewer defects, while acetonitrilemainly formedN-CNTs,
which is inline with our elemental analysis results, TEM
observations, and Raman analysis. N-CNTs, synthesized at a
temperature of 850∘Cwhich had the highest level of nitrogen-
doping, showed the least thermal stability. The decomposi-
tion temperature increased from 481∘C to 600∘C for N-CNTs
synthesized from acetonitrile at growth temperatures of 850
and 900∘C, respectively. This shows that the thermal stability
increased as the growth temperature increased from 850 to
900∘C which supports the decrease in the level of nitrogen
doping.

4. Conclusion

N-CNTs were synthesized by pyrolysis of (4-{[(pyridine-
4-yl)methylidene]amino}phenyl)ferrocene in a solution of
either toluene or acetonitrile. Acetonitrile formed N-CNTs
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withmainly bamboomorphology indicative of nitrogen dop-
ing. The N-CNTs were found to be generally less thermally
stable and less graphitic. Also the thermal stability decreases
as the level of nitrogen doping increases. A solution of toluene
formed a mixture of nitrogen-doped and pristine CNTs. In
general, the growth temperature was found to affect the yield,
type of SCNMs formed, and level of nitrogen doping. Hence,
this study has shown that the SCNMs synthesised depend on
the conditions of synthesis and the precursors used.
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The influences of pH, ionic strength, solid-liquid ratio, C
60
(C(COOH)

2
)
𝑛
, and C

60
(OH)

𝑛
on Eu(III) adsorption onto the oxidation

multiwalled carbon nanotubes (oMWCNTs) were studied by using batch technique. The dynamic process showed that the
adsorption of Eu(III) onto oMWCNTs could be in equilibrium for about 17 h and matched the quasi-second-order kinetics model.
The sorption process was influenced strongly by pH changes and ionic strength. In the pH range of 1.0 to 4.0, the adsorption ratio
increased with the increasing of pH values, then the adsorption of Eu(III) was almost saturated in the pH range of 4.0 to 10.0, and
the adsorption ratio reached about 90%. The adsorption ratio decreased with the increasing of ionic strength. C

60
(C(COOH)

2
)
2

could promote the adsorption process obviously, but C
60
(OH)

𝑛
competed with Eu(III) for the adsorption sites, thus leading to the

reducing of Eu(III) adsorption onto oMWCNTs. In the presence of C
60
(C(COOH)

2
)
𝑛
or C
60
(OH)

𝑛
, the adsorption of Eu(III) onto

oMWCNTs could be affected obviously by solid-liquid ratio and the initial concentration of Eu(III).

1. Introduction

The behavior of lanthanides and actinides has received much
attention in nuclear waste management [1, 2]. Eu(III) is a
trivalent lanthanide ion, and it is also a trivalent actinide
chemical element homologue. A large number of Eu(III)
exposure in the environment can cause great harm to people’s
health and life.Thus, the adsorption andmigration of Eu(III)
on metal oxides and minerals have been studied extensively,
and the investigations of their potential pollution towards the
natural water and soil environment are of great importance.
Xu et al. studied the adsorption of Eu(III) on TiO

2
with the

presence of organic matters in different pH values, which
indicated its adsorption behavior strongly influenced by the
pH changes, and the adsorption mechanism was attributed
to the formation of the inner ring complexes [3]. Wang et al.
studied the adsorption of Eu(III) on alumina, which was also
influenced by the pH changes, and the reaction is a surface
complexation reaction [4]. Li et al. studied the adsorption
of Eu(III) on iron oxides; the adsorption of Eu(III) was
significantly dependent on pH, temperature, and HA [5].

The carbon nanotube is a kind of carbon allotrope with
typical layered hollow structure, and it is considered to
be a typical one-dimensional material. Multiwalled carbon
nanotubes (MWCNTs) are the coaxial tubes formed by
several layers to dozens by hexagonal array of carbon atoms,
with hybridization of carbon atoms in the tube wall, which
can be easily modified; in addition, the carbon atoms exist
as SP2 hybridization in the carbon nanotubes and form the
most stable chemical bond C=C covalent bond in nature [6].
Therefore, carbon nanotubes have excellent physiochemical
property and versatile applications, especially in mechanics,
electromagnetism, optics, electronics, catalysis, and compos-
ite materials fields, and have huge potential research value
[7]. Due to its special structure, carbon nanotubes have large
specific surface area and high chemical stability, and their
surfaces can be functionalized easily [8], it is widely used
in the adsorption process. Some researchers have done the
study about metal ions (Pb(II), Ni(II), and Cd(II)) adsorbed
onto oMWCNTs in detail [9–11]. For example, Deng et al.
studied the adsorption mechanism of PFCs (perfluorinated
compounds) on MWCNTs [12]; their results indicated that
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MWCNTs have extremely excellent adsorption properties.
And Sheng et al. [13] studied the adsorption of Eu(III) onto
titanate nanotubes in microscopic insights.

Compared with experimental environment, the natural
environment is more complicated [14]. There are few studies
about the behavior of other organic materials on the adsorp-
tion of metal ions in the presence of carbon nanomaterials.
Therefore, it is of great significance to study the effects of a
variety of carbon nanomaterials coexisting on the adsorption
of metal ions. In order to simulate the interactions of carbon
nanomaterials with metal ions in a real environment, the
organic matters are often selected as another study factors in
the ternary system to study the adsorption of metal ions [15–
19]. In our study, the water-soluble fullerene was selected as
the third element of the adsorption system to study its effect
on Eu(III) adsorbed onto carbon nanotubes.

The fullerenes are following graphite, diamond, amor-
phous carbon, and another allotropes of carbon, which has
broad applications in the gas storage, the field of optics,
the polymer field, enhanced metals, superconducting field,
battery materials, catalysts, and biological medical prospects
[20]. As a fullerene, C

60
is the cheapest and easiest to

obtain, so C
60

and its derivatives were used to investigate
their properties in the current studies. Due to their large
number of 𝜋 electrons, fullerene is very easy to form 𝜋-
𝜋 stacking with other aromatic materials [21, 22], then to
affect its adsorption on metal ion or an organic. And adding
the appropriate functional groups to the fullerene skeleton
can improve the poor solubility [23]. Therefore, studying the
effect of water-soluble fullerene on adsorption of Eu(III) onto
carbon nanotubes can provide a new method for the study of
trivalent lanthanides and actinides behavior, explore a variety
of factors, and provide a theoretical basis for the long-lived
radioactive waste disposal security issues.

2. Materials and Methods

2.1. Materials. Multiwall carbon nanotubes (L. MWNTs-
1030) materials, purity > 95% (amorphous carbon ≤ 3wt%,
ash content ≤ 0.2 wt%), with a diameter of 10–30 nm, the
length of 1–10𝜇m, specific surface area of 10–100m2/g, were
purchased from Shenzhen Nanotech Port Company. Oxida-
tion multi-walled carbon nanotubes were made by raw car-
bon nanotubes and concentrated nitric acid. First, 3 g MWC-
NTs were added into concentrated nitric acid (400mL). The
mixture was stirred at 80∘C for 24 h then quenched with
deionized water, and the product was collected. A mixture
of concentrated nitric acid and concentrated sulfuric acid
(1 : 3, V/V) (400mL) was added to the above compound
and refluxed for 48 h then washed with deionized water (pH
≈ 6) to gain the oxidation multi-walled carbon nanotubes
(oxidized MWCNTs, oMWCNTs) [26].

Fullerene (C
60
), purity > 99.9%, was purchased from

Yongxin the fullerene Technology Co. Ltd. of Puyang City,
Henan Province. The fullerene hydroxylation process was
in accordance with the method of the literature [27]. In a
50mL round bottom flask containing the benzene solution
of C
60

(1mg/mL), then added sodium hydroxide solution
(2mL, 0.5mol/L), 5 drops of 10% tetrabutylammonium

hydroxide, and hydrogen peroxide (1mL, 30%). The solution
was stirred at room temperature for 12 h until the color of
benzene solution changed from purple to colorless, and the
aqueous solution changed from colorless to yellow-brown.
The mixture was extracted to obtain a dark brown color
of C
60
(OH)
𝑥
(O)
𝑦
solution. After added methanol to the

solution of C
60
(OH)
𝑥
(O)
𝑦
, the precipitation was occurred,

then the precipitation was filtered, washed with water (pH <
8), and dried under vacuum. C

60
(OH)
𝑛
was obtained [28].

Fullerene (C
60
), purity > 99.9%, was purchased from

Yongxin the fullerene Technology Co. Ltd. of Puyang City,
Henan Province. The C

60
and NaH were added into toluene,

when the color of the mixture solution changed from purple
to deep red, then added diethyl bromomalonate. The residue
was dissolved in the toluene, and then added NaH (excess
20-fold than before). The solution was stirred at 80∘C for
10 h under the protection of Ar gas and heating. Then,
CH
3
OH was added to the solution to terminate the reaction

immediately, and added 2mol/L HCl. The precipitate was
filtered, collected, and washed by toluene, 2mol/L HCl, H

2
O,

and benzene [29].
Unless otherwise noted, materials were obtained from

commercial suppliers and were used without further purifi-
cation.

2.2. Batch Experiments. Determining the equilibrium time
and the solid-liquid ratio, in a series of polyethylene cen-
trifuge tube added a certain amount of oMWCNTs, NaCl and
a known concentration EuCl

3
solution, so that the various

components of the system achieved the required concentra-
tion. The extremely small amount of HCl or NaOH solution
can be added to the system to adjust the pH to a desired value.
The samples were centrifuged 30min at 12000 r/min after
shaking 72 h in constant temperature. Taking out a certain
volume supernatant, the supernatant counts were measured
by a liquid scintillation counter. The adsorption of Eu(III)
on the oMWCNTs was calculated by before and after the
adsorption of Eu(III) in the liquid phase concentration.

2.3. X-Ray Photoelectron Spectroscopy (XPS) Analysis. In
order to further analyze the molecular level information of
the adsorbent material; the thermoelectric ESCALAB 250
spectrometer was used to identify the property of adsorbent
material, the results were shown in Figure 1. The C1s peaks of
oMWCNTs samples were at about 285.0, 288.2, and 289.0 eV
(Figure 1(a)), which were corresponding the C–C, CO, and
COO, respectively [30]. And O1s peaks of oMWCNTs sam-
ple at about 532.1, 534.1, and 537.2 eV (Figure 1(b)) were
indicated the OH, OH/CO, and COO/H

2
O, respectively

[31]. C1s peaks of C
60
(OH)
𝑛
at about 285.0 and 286.98 eV

(Figure 1(c)) showed the C-C and COO, respectively O1s
peak of C

60
(OH)
𝑛
at 532.77 eV (Figure 1(d)) was assigned to

bridging OH. C1s peak of C
60
(C(COOH)

2
)
𝑛
at about 284.9

and 289.1 eV (Figure 1(e)) was corresponding the C–C and
COO, respectively. O1s peak of C

60
(C(COOH)

2
)
𝑛
at about

532.4 and 533.5 eV (Figure 1(f)) could be assigned to bridging
OH and COO/H

2
O, respectively. The related peak areas are

shown in Table 1.
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Figure 1: The XPS of nanomaterials. (a) is the oMWCNTs C1s, (b) is oMWCNTs O1s, (c) is C
60
(OH)

𝑛
C1s, (d) is C

60
(OH)

𝑛
O1s, (e) is

C
60
(C(COOH)

2
)
𝑛
C1s, and (f) is C

60
(C(COOH)

2
)
𝑛
O1s.

Table 1: The percentage of various functional groups on different
carbon nanomaterials.

Material oMWCNTs C60(OH)𝑛 C60(C(COOH)
2
)
𝑛

C–C (%) 60.143 40.991 83.279
CO (%) 16.098 21.555 —
COO (%) 8.783 — —
Bridging OH (%) 8.575 17.739 16.721
Terminal OH/CO (%) 6.400 — —

3. Results and Discussions

3.1. Adsorption Kinetics

3.1.1. Effect of Equilibrium Time on Eu(III) Adsorption onto
oMWCNTs. The influence of the shaking time on Eu(III)

adsorption onto oMWCNTs is shown in Figure 2. The
adsorption ratio was increased with the increase of the
shaking time. After 17 h, the adsorption ratio of Eu(III) was
close to 100%; after that it was substantially unchanged.
These results indicated that the adsorption of Eu(III) onto
oMWCNTs was a chemical adsorption process [10]. The
48 h was selected as the equilibrium time in the following
experiments.

3.1.2. Pseudo-Second-Order Equation. Quasi-second-order
kinetic equation linear expression is

𝑡

𝑞
𝑡

=
1

𝑘𝑞2
𝑒

+
𝑡

𝑞
𝑒

, (1)

where 𝑞
𝑡
and 𝑞

𝑒
denote the time 𝑡 and the equilibrium

adsorption amount (mg/g) and 𝑘 is the second-order rate
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Figure 2: Effect of equilibrium time on Eu(III) adsorption onto
oMWCNTs. pH = 3.00 ± 0.05, 𝑚/𝑉 = 0.0250 g/L, 𝑇 = (25 ±
1)
∘C, 𝐶0Eu = 1.21 × 10

−5mol/L.
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Figure 3: Pseudo-second-order sorption kinetics plot for Eu(III).
pH = 3.00 ± 0.05, 𝑚/𝑉 = 0.0250 g/L, 𝑇 = (25 ± 1)∘C, 𝐶0Eu = 1.21 ×
10
−5mol/L.

constant (g ⋅ mg−1 ⋅ min−1). Using this equation to fit the
experimental data, the results as shown in Figure 3, quasi-
second-order equation is 𝑦 = 0.00013𝑥 + 0.00552, calculated
by the slope and intercept of 𝑘 = 3.3214 × 10−3 g/mg ⋅ min,
the 𝑞
𝑒
= 0.7757mg/g and the linear correlation coefficient

𝑅
2
= 0.9996 which is almost 1. These results showed that the

adsorption of Eu(III) onto oMWCNTs was keeping with the
quasi-second-order kinetic model.

3.2. Effect of pH on Eu(III) Adsorption onto oMWCNTs.
The influence of different pH on the adsorption was shown
in Figure 4. Figure 4 shows that when the solid-liquid is
0.025 g/L and ionic strength is 0.1mol/L(NaCl), the ratio of
Eu(III) adsorption onto oMWCNTs is influenced strongly by
the pH. Figure 4 also shows the adsorption ratio of Eu(III)
onto oMWCNTs declines with the ionic strength increases,
suggesting that the adsorption can be suppressed by ionic
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Figure 4: Effect of pH on Eu(III) adsorption onto oMWCNTs.
𝑚/𝑉 = 0.0250 g/L, 𝑇 = (25 ± 1)∘C, 𝐶0Eu = 1.21 × 10

−5mol/L.
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strength. Sheng et al. found that the adsorption rate ofTh(IV)
on raw diatomite increased rapidly to about 100% when the
pH value changed from 2 to 4 and was influenced by the ionic
strength strongly [13]. Wu et al., Guo et al., and Mingming
et al. also found that the adsorption of Eu(III) on sodium
bentonite and Na-attapulgite was effected by ionic strength
and pH changes strongly [32–34]. The experimental results
in this work further confirmed the previous results.

When pH < 1.5, the adsorption ratio was low and almost
not changing with the pH increased. In the range pH of 1.5
to 4.0, the adsorption ratio increased rapidly, from 20% to
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Figure 9: Effect of solid-liquid ratio and C
60
(OH)

𝑛
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on the adsorption of Eu(III) onto oMWCNTs. pH = 3.00 ±
0.05, 𝑚/𝑉 = 0.025 g/L, 𝑇 = (25 ± 1)∘C, 𝐶0Eu = 1.21 × 10

−5mol/L.

about 90%.When pH > 4.0, the adsorption ratio changed not
so obviously indicating that the system was in equilibrium.
Because the species distribution of Eu(III) can form a water-
soluble carbonates at high pH, so the adsorption ratio cannot
reach 100%.

The effect of pH on Eu(III) adsorption onto the oMWC-
NTs could be explained by the surface charge and ionization
degree of oMWCNTs. When pH < pHpzc, Eu3+ and
oMWCNTs surface proton produces electrostatic repulsion,
which prevents Eu3+ from being adsorbed onto oMWCNTs,
resulting in a lower adsorption ratio of Eu(III). When
pH > pHpzc, Eu

3+ interacts with oMWCNTs surface proton
by electrostatic attraction making more Eu(III) adsorbed
onto oMWCNTs surface, increasing the adsorption ratio of
Eu(III). The species changes of Eu(III) with pH in solution
is another important influencing factor for the adsorption
system.The thermodynamic data used to estimate the Eu(III)
species distribution in the solution were listed in Table 2.
As shown in Figure 5, when the initial concentration of
Eu(III) is 1.21 × 10−5mol/L with background electrolyte
(0.01mol/L NaCl solution), the main existence forms are
Eu3+, Eu(OH)

2

+, EuCl
2

+, EuCO
3

+, Eu(CO
3
)
2

−. When pH ≤
6.5, the main species is Eu3+. When pH > 6.5, due to
the impact of CO

2
, Eu(III) mainly exists as the forms of

EuCO
3

+ and Eu(CO
3
)
2

− in solution, which have relatively
low solubility in aqueous solution leading to increase Eu(III)
content in the solid phase, so the adsorption ratio of Eu(III)
onto oMWCNTs maintains the maximum and no longer
changes.

3.3. Effect of Solid-Liquid Ratio on Eu(III) Adsorption onto
oMWCNTs. Figure 6 shows that the adsorption ratio trans-
formation of Eu(III) adsorption onto oMWCNTs increases
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Table 2: The thermodynamic constants used for species estimates
[24, 25].

Reaction log𝐾
H2O↔ OH− +H+

−13.8

Eu3+ +H2O↔ [Eu (OH)]
2+
+H+

−7.64

Eu3+ + 2H2O↔ [Eu(OH)2]
+
+ 2H+

−15.1

Eu3+ + 3H2O↔ [Eu(OH)3]
0
+ 3H+

−23.7

Eu3+ + 4H2O↔ [Eu(OH)4]
−

+ 4H+
−36.2

H2CO3 ↔ CO3
2−
+ 2H+

−17.43

Eu3+ + CO3
2−
↔ [EuCO3]

+
8.1

Eu3+ + 2CO3
2−
↔ [Eu(CO3)2]

−

12.1

Eu3+ + Cl− ↔ EuCl2+ 1.10

Eu3+ + 2Cl− ↔ EuCl2
+

1.50

with the increasing of oMWCNTs concentration. With the
increasing of the solid solution ratio in the system, the
adsorption ratio of Eu(III) is increasing until Eu(III) is
adsorbed completely. While the percentage composition
of oMWCNTs increases, the surface adsorption sites also
increase, which can promote the adsorption of Eu(III).
Figure 6 also shows the influence of different 𝑚/𝑉 value on
the distribution coefficient𝐾

𝑑
. 𝐾
𝑑
values can be estimated by

𝐶
𝑠
and 𝐶

𝑒
:

𝐾
𝑑
=
𝐶
𝑠
− 𝐶
𝑒

𝐶
𝑒

⋅
𝑉

𝑚
, (2)

where 𝑉 is the volume of the solution (m/L) and 𝑚 is
the weight of solid (g). As shown in Figure 6, with the
increasing of the solid-liquid ratio, 𝐾

𝑑
values also increase

gradually, when the solid-liquid ratio exceeds 0.1mL/g, 𝐾
𝑑

value declines slightly.Thus, it can be seen from that,𝐾
𝑑
value

depends on the solid content at low solid concentration, but
when the solid content reaches a certain concentration, 𝐾

𝑑

value is never depend on the solid content.This phenomenon
also presents in the adsorption system of the other metal ions
and the different adsorbents [35, 36].

3.4. Effect of 𝐶
60
(𝑂𝐻)
𝑛
on Eu(III) Adsorption onto oMWC-

NTs. Figure 7 shows the Eu(III) adsorption border changes
in the present of different C

60
(OH)
𝑛
concentration. When

the concentration of C
60
(OH)
𝑛
is 250mg/L, the adsorption

capacity of Eu(III) on the oMWCNTs is about 10% at
pH 2.5, but it arrives at about 28% at pH 7. While the
concentration of C

60
(OH)
𝑛
is 125mg/L, the adsorption rate

increases significantly, which rises from 20% at pH 2.5
to 38% at pH 6.8. Similarly, when the concentration of
C
60
(OH)
𝑛
is 45mg/L, the adsorption of C

60
(OH)
𝑛
reaches

the maximum at the same pH value. These results show
that the presence of C

60
(OH)
𝑛
can restrain the adsorption

of Eu(III) onto oMWCNTs. According to the literatures,
in a ternary system, the organic material plays an impor-
tant role in metal ions adsorbed onto oMWCNTs. It is
mainly attributed to the ternary complex which was formed
by metal ion, the organics, and the surface functional
groups of oMWCNTs through hydrophobic interactions,
electrostatic interactions, and hydrogen bonds [37, 38]. But
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C
60
(OH)
𝑛
can compete with Eu(III) for the surface adsorp-

tion sites of oMWCNTs, which could weaken the adsorption
ratio of Eu(III) onto oMWCNTs. With the concentration of
C
60
(OH)
𝑛
increasing gradually, more and more C

60
(OH)
𝑛
is

connected to oMWCNTs. So C
60
(OH)
𝑛
could affect the

surface properties of oMWCNTs as well as the adsorption
sites, then the adsorption ratio of Eu(III) onto oMWCNTs
is decreased. For further understanding of the effect of
C
60
(OH)
𝑛
on the adsorption system, changing the initial

concentration of Eu(III) and solid-liquid ratio to observe
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the effects of different C
60
(OH)
𝑛
concentrations on Eu(III)

adsorption onto oMWCNTs was investigated (Figures 8 and
9). It indicates that the Eu(III) is only adsorbed onoMWCNTs
surface with no interaction with C

60
(OH)
𝑛
. As shown in

Figure 8, when the initial concentration of Eu(III) is 6.0822×
10
−6mol/L, the adsorption rate becomes smaller gradually

with C
60
(OH)
𝑛
concentration increases. The result shows

that Eu(III) is adsorbed by oMWCNTs before the interaction
of oMWCNTs with C

60
(OH)
𝑛
due to the low concentration

of Eu(III), Conversely, when the initial concentration of the
Eu(III) is increased to 2.3082 × 10−5mol/L, under the same
concentration of oMWCNTs and C

60
(OH)
𝑛
, the adsorption

ratio is increases gradually because the abundant Eu(III) is
enough strong to compete with C

60
(OH)
𝑛
for oMWCNTs.

Figure 9 shows that when the solid-liquid ratio is 0.0250 g/L
or 0.0083 g/L, and the concentration of C

60
(OH)
𝑛
is less than

150mg/L, the adsorption ratio of Eu(III) declines sharply,
and then with the increasing of C

60
(OH)
𝑛
, the adsorption

rate becomes slow and till to stable. However, when the
solid-liquid ratio rises to 0.0500 g/L, the adsorption rate of
Eu(III) is slowly decreased, but it is higher than that of the
solid-liquid ratio is 0.0250 g/L and 0.0083 g/L.This is because
that with the increasing of solid-liquid ratio, the available
adsorption sites also increases, so more Eu(III) is adsorbed
to oMWCNTs.

3.5. Effect of C
60
(C(COOH)

2
)
2
on Eu(III) Adsorption onto

oMWCNTs. The effect of C
60
(C(COOH)

2
)
2
on the adsorp-

tion of Eu(III) is shown in Figure 10. The presence of
C
60
(C(COOH)

2
)
2
promoted the adsorption of the Eu(III)

onto the oMWCNTs in the pH range of 1.5 to 3.5 sig-
nificantly, and the maximum adsorption ratio is observed
at pH > 3.5. Considering the ability of 𝜋-𝜋 stacking

between C
60
(C(COOH)

2
)
2
and oMWCNTs is less than that

of C
60
(OH)
𝑛
, and the space steric effect of C

60
(C(COOH)

2
)
2

is stronger than that of C
60
(OH)
𝑛
, so the adsorption capacity

of C
60
(C(COOH)

2
)
2
onto the surface of oMWCNTs is not

as large as C
60
(OH)
𝑛
, which provides more opportunities

for Eu(III) to be adsorbed by oMWCNTs. Under the acidic
environment, C

60
(C(COOH)

2
)
2
is very easy to combine with

H+ from the solution and oMWCNTs surface, so Eu(III)
is adsorbed onto the surface of oMWCNTs more easily.
Meanwhile, the presence of hydrolyzate of Eu(III) may also
be another reason to increase the adsorption ratio.

Similarly, changing the initial concentration of Eu(III)
and the ratio of solid to liquid at pH 3.00 ± 0.05, the effect
of C
60
(C(COOH)

2
)
2
concentration on the adsorption ratio

is shown in Figures 11 and 12. As shown in Figure 11, when
the initial concentration of Eu(III) is 6.0822 × 10−6 g/L,
there are enough adsorption sites to be occupied by Eu(III),
and the adsorption ratio can reach maximum value fast.
However, when the initial concentration of Eu(III) is 2.3082×
10
−5 g/L, the adsorption sites of oMWCNTs are occupied

completely at absence of C
60
(C(COOH)

2
)
2
, and the adsorp-

tion ratio is low; but once the C
60
(C(COOH)

2
)
2
is added,

the C
60
(C(COOH)

2
)
2
can improve Eu(III) adsorption onto

oMWCNTs, thus the adsorption ratio is increased with
the increasing of C

60
(C(COOH)

2
)
2
concentration until to

the maximum, and then maintains this level. As shown in
Figure 12, for the low solid-liquid ratio, such as 𝑚/𝑉 =
0.0083 g/L or 0.025 g/L, the quantity of Eu(III) in the solution
are so much more than the adsorption sites of oMWC-
NTs. After the adsorption process is in the equilibrium at
the experimental conditions, the solid-liquid ratio is low,
and the sorption ratio also is low. However, when the
C
60
(C(COOH)

2
)
2
presents at the adsorption system, the

adsorption ratio is increased due to C
60
(C(COOH)

2
)
2
can

promote the adsorption of Eu(III) onto oMWCNTs. And
with the increasing of the concentration of C

60
(C(COOH)

2
)
2
,

the adsorption ratio is increased till the Eu(III) adsorbed
completely.

4. Conclusion

The effects and behavior of Eu(III) adsorption onto oMWC-
NTs are studied when the C

60
(C(COOH)

2
)
2
or C
60
(OH)
𝑛
is

added. The adsorption of Eu(III) onto oMWCNTs is
affected strongly by pH and ionic strength. The presence of
C
60
(C(COOH)

2
)
𝑛
promotes the changes of adsorption ratio

obviously. However, C
60
(OH)
𝑛
competes the adsorption sites

with Eu(III), leading to reducing the adsorption ratio of
Eu(III) adsorbed onto oMWCNTs.
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