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Abstract A mild-temperature, nonchemical tech-

nique is used to produce a nanohybrid multifunctional

(electro-conducting and magnetic) powder material by

intercalating iron oxide nanoparticles in large aspect

ratio, open-ended, hollow-core carbon nanofibers

(CNFs). Single-crystal, superparamagnetic Fe3O4

nanoparticles (10 nm average diameter) filled the

CNF internal cavity (diameter \100 nm) after suc-

cessive steps starting with dispersion of CNFs and

magnetite nanoparticles in aqueous or organic sol-

vents, sequencing or combining sonication-assisted

capillary imbibition and concentration-driven diffu-

sion, and finally drying at mild temperatures. The

influence of several process parameters—such as

sonication type and duration, concentration of solids

dispersed in solvent, CNF-to-nanoparticle mass ratio,

and drying temperature—on intercalation efficiency

(evaluated in terms of particle packing in the CNF

cavity) was studied using electron microscopy. The

magnetic CNF powder was used as a low-concentra-

tion filler in poly(methyl methacrylate) to demonstrate

thin free-standing polymer films with simultaneous

magnetic and electro-conducting properties. Such

films could be implemented in sensors, optoelectro-

magnetic devices, or electromagnetic interference

shields.
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Introduction

Many intriguing properties of hollow cylindrical

structures filled with inorganic materials have moti-

vated researchers to investigate such nanohybrids/

nanocomposites in various areas of nanotechnology

(Liu et al. 1999; Sloan et al. 1999; Dai et al. 1999;

Kuzmany et al. 2001; Bachtold et al. 2001; Misewich

et al. 2003), drug delivery and medical devices
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(Charlier et al. 1996; Mönch et al. 2005), field

ionization (Luo et al. 2011), electrochemistry (Day

et al. 2005, 2007; Cheng et al. 2012), hydrogen storage

(Costa et al. 2005), memory devices (Chou et al.

1994), sensors (Dong et al. 2007, 2008), nanoreactors

(Wang et al. 2008; Castillejos et al. 2009; Palanisel-

vam et al. 2011), chemical probes (Winkler et al.

2006), catalysis (Pan and Bao 2008; Castillejos et al.

2009), etc. Carbon Nanotubes (CNTs) and Carbon

Nanofibers (CNFs), among the most investigated

cylindrical nanostructures (Dresselhaus et al. 2001),

offer themselves as ideal platforms for studies in these

areas. The term CNT is used herein to define short (up

to a few microns) carbon tubular structures with nm

diameter, while the term CNF is reserved for typically

longer (several tens of microns) carbon tube structures

with larger diameters of O(10 nm)–O(100 nm). The

hollow cavity of CNFs and CNTs can be filled

(Gautam et al. 2010) with other materials to synthesize

a whole new class of nanohybrids that are well suited

for specialized applications. Owing to their graphitic

structure, CNTs and CNFs are most suitable for

hosting metal or metal oxide nanoparticles (Gautam

et al. 2010), magnetic nanoparticles (Gautam et al.

2010), fluorescent nanoparticles (Lee et al. 2008),

polymers (Sinha-Ray et al. 2011), C60 molecules

(Smith et al. 1998, 1999), organic molecules (Take-

nobu et al. 2003; Li et al. 2005), etc.

To design a novel nanosystem with desirable

properties, it is often required to combine different

intercalated nanomaterials, each with its own unique

functionality. Nanocomposites with an encapsulated

phase in a host material are expected to have chemical/

physical protection and longer lifespan because the

properties of each filling constituent in such nanohy-

brids can be retained or even enhanced upon contain-

ment within the host cylindrical structure. Additional

properties or functionalities can be imparted by the

nanoscale interaction between the host shell and the

intercalated material. Several approaches have been

reported so far to encapsulate various nanophase

materials inside the hollow cavities of CNTs and

CNFs. Metal-based materials have been added to the

hollow cavities of CNTs and CNFs by arc discharge

growth of carbon nanotubes (Guerretpiecourt et al.

1994; Demoncy et al. 1998), volatile metal complex

filling and decomposition (Guan et al. 2005), capillary

suction of molten metal salts (Ajayan and Iijima 1993;

Tsang et al. 1994; Chu et al. 1996; Ebbesen 1996;

Ugarte et al. 1996), sonochemical fabrication and

incorporation of magnetic nanomaterials inside the

CNFs or other filling techniques. Although function-

alization of outer and inner surfaces of CNTs/CNFs

using organic chemistry techniques (Smith et al. 1998;

Okazaki et al. 2001; Qiu et al. 2006; Tessonnier et al.

2009b) has allowed efficient filling with metal nano-

particles, the related methods are frequently complex

and pose challenges when scaling up. In these studies,

CNFs have several advantages, which include their

relatively high electrical and thermal conductivities,

thick/strong inert walls, wide commercial availability,

etc.

Nanoparticles frequently exhibit size-dependent

physical, thermal, electrical, and chemical properties

(Goldstein et al. 1992; Brune et al. 2006). To overcome

complications in interpreting measurements involving

encapsulated particles with diverse sizes, recent CNT/

CNF filling studies (Castillejos et al. 2009; La Torre

et al. 2010, 2012) have intercalated monodisperse

nanoparticles. CNFs are well suited for this approach

because of their comparatively large hollow cavity

(inner dia. much larger than a few nm), which allows

the nanoparticles to invade more easily. On the other

hand, the much longer CNF lengths hinder efficient

packing of the intercalated particles throughout the

entire CNF length, thus requiring additional processing

steps (e.g. ultra-sonication). Encapsulation of mag-

netic nanoparticles in CNFs prevents oxidation or other

chemical/physical modification, an advantage when

such nanocomposite materials are targeted for electric

or magnetic applications.

Nanostructured composites with magnetic properties

have been attracting increased attention, as of recently.

Sutradhar et al. (2013) reported a solvent-based sono-

chemical process to encapsulate superparamagnetic and

ferrimagnetic nanoparticles in multi-walled carbon

nanotubes. Other recent studies (Pati et al. 2010,

2012) employed nanoparticles of different materials

which were mixed via wet-based chemical routes and

sintered by heat to produce magnetic nanostructured

composites. Magnetic nanoparticles encapsulated

inside CNTs have also been reported by Tı̂lmaciu

et al. (2009), Gautam et al. (2010), and Wolny et al.

(2010). Filling of CVD carbon fibers (dia. *300 nm)

has been reported by Gogotsi and co-workers (Korneva

et al. 2005; Kornev et al. 2008), however, these large

vessels featured fragile walls of amorphous carbon, thus

could be vulnerable under harsh mechanical handling.
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Recently, research articles have appeared on synthesiz-

ing gold (La Torre et al. 2012) and other metal

(Tessonnier et al. 2009a) nanoparticles inside CNF

cavities using complex chemical routes, which result in

low packing efficiencies.

The goal of this study is to fabricate and charac-

terize a multifunctional (electro-conducting and mag-

netic) composite powder, and use it as filler in thin

polymer films with the same functionalities. We

present a nonchemical, mild-temperature technique

to encapsulate magnetite (Fe3O4) nanoparticles into

durable-wall, hollow-core CNFs by ultra-sonication-

assisted capillary imbibition, and self-sustained diffu-

sion. The latter was introduced by Bazilevsky et al.

(2008) to intercalate macromolecules and nanoparti-

cles in nanotubes. CNF filling is achieved by capillary

imbibition and diffusion-driven concentration gradi-

ents established during solvent evaporation from

particle-containing stable dispersions. The present

approach achieves comparatively dense packing of

metal nanoparticles inside the hollow cavities of the

fibers. We perform a systematic study of the effects of

important processing parameters and produce CNFs

loaded with densely packed magnetite nanoparticles

by careful control and optimization of process condi-

tions. Such hybrid powders exhibit novel properties by

combining the electric conductivity of the encasing

CNFs, the mechanically durable structure of the CNF

walls, and the magnetic properties of the intercalated

nanoparticles. As a result, these novel materials may

find applications as nanofillers in various polymeric

systems. For example, inert polymeric matrices may

be transformed into magneto- and electro-active

functional metamaterials by incorporating these pow-

ders. Moreover, ordered assembly of the CNFs by

weak external magnetic fields may result in polymeric

nanocomposites with anisotropic physical properties

(Fragouli et al. 2010; Erb et al. 2012; Fragouli et al.

2014). Furthermore, the magnetic CNFs can be used as

principal components in magnetic-field-controlled

sensors, opto-electro-magnetic devices, etc.

Experimental

Materials and processes

Commercially available hollow-core CNFs (PR24-

XT-LHT, Pyrograf III, Pyrograf Products Inc., USA)

were employed in this study (Fig. 1). The CNFs were

produced from pyrolytically stripped carbon nanofi-

bers, which featured thick walls of poorly ordered

pyrolytic carbon formed during the synthesis process.

The poorly ordered walls were graphitized by the

manufacturer by subsequent heat treatment at

1,500 �C, leading to quasi defect-free walls. Most of

the CNFs used in this study were open-ended with

mechanically strong wall structure. They had 100 nm

average outer diameter and 10–30 micron length

(reduced lengths from the as-received state after

10 min of bath sonication), while their inner diameters

were in the range 25–90 nm.

Oil-based EMG-911 and water-based EMG-508

ferrofluids (Ferrotec Inc. USA) were used as source of

single-crystal superparamagnetic magnetite (Fe3O4)

nanoparticles (average diameter *10 nm, range

7–15 nm), which were diluted in either toluene

(99.9 % ACS Grade, Fisher Scientific), acetone or

water. The magnetite nanoparticles in EMG-911 were

functionalized during manufacturing with fatty-acid

molecules to assist long-term stability. In the case of

the water-based EMG-508 ferrofluid, a low molecular

weight anionic surfactant was included as dispersant.

In their as-received state, the EMG-911 and EMG-508

ferrofluids contained, respectively, 2 and 1.2 vol%

magnetite nanoparticles. In order to compare the effect

Fig. 1 HRTEM micrograph showing portion of a typical CNF

used in this study. The exploded inset shows a magnified detail

of the graphitic herringbone wall structure
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of the nanoparticle functionalization to the CNF filling

process, dry uncoated magnetite particle powders

were also utilized; the characteristic dry particle size

was 15–20 nm (NanoAmor, USA). Bath ultra-sonica-

tion (Cole-Parmer Model No: 08895-04, USA,

40 kHz, 70 W) and probe sonication (Sonics, Vibra-

cell, Model VCX 750, 20 kHz, 750 W, 13 mm probe)

were used to prepare the dispersions and facilitate the

imbibition of the nanoparticles in the CNF cavities.

Dispersion procedures

For the base dispersions, 0.1–10 mg of CNFs was

added in 20 ml liquid (toluene for oil-based ferrofluid,

acetone, or water for water-based ferrofluid) and bath

sonicated for 10 min. Subsequently, the appropriate

magnetite nanoparticle-containing ferrofluid was

added to the respective CNF dispersion either before

or after the second sonication step, which featured

either bath sonication or probe sonication (70 %

amplitude), each maintained for a few seconds up to

360 min, as designated in the experiments intended to

explore the influence of process parameters. In the

case of probe sonication, the process was performed

for 1 min at a time, to avoid excessive heating (and

likewise evaporation losses) of the host liquid. After

sonication, the dispersion was cooled for 1 min in

room temperature water before the cycle was repeated,

until the total sonication time reached the desired

value. In the final dispersion, the CNF-to-nanoparticle

mass ratio ranged from 2.5:1 to 10:1. To investigate

the importance of nanoparticle functionalization,

EMG-911 ferrofluid magnetite nanoparticles were

substituted by the same amount of dry uncoated

magnetite nanoparticles in toluene dispersions main-

taining a 4:1 CNF-to-nanoparticle wt. ratio.

Drying of CNF/magnetite suspensions

The sonicated suspensions, as produced by the above-

mentioned steps, were dried either at room tempera-

ture or at 120 �C (hotplate, Cimarec, USA) inside a

chemical fume hood until all the solvent evaporated

away. During this step, the solids concentration

increased gradually, thus establishing particle con-

centration gradients from outside the CNFs to their

less concentrated interior, in turn, driving the nano-

particles by diffusion into the CNFs (Bazilevsky et al.

2008). Upon complete drying, a black powder deposit

was obtained consisting of CNFs with magnetite

nanoparticles both inside the CNF cavities and on the

outer CNF walls. The latter necessitated an extra

washing step to rid the CNF outer walls from

nanoparticles adhered by molecular forces.

Washing of dried powder to remove nanoparticles

from CNF exterior walls

The dried CNF-magnetite hybrids were subsequently

re-suspended in toluene (when EMG-911 ferrofluid

was used), or acetone or water (for EMG-508 ferro-

fluid) to remove the magnetite nanoparticles from the

CNF outer surfaces by means of bath sonication. The

effect of sonication time for the washing step was

evaluated (in terms of removal of the exterior particles

without apparent effect on the intercalated nanoparti-

cles), and 10–15 min was found to be optimal. As

such, this cleaning time was used in the experiments.

Unless otherwise mentioned, 10 mg of CNF, 20 ml

toluene, 4.16 mg of magnetite (in EMG-911 ferro-

fluid), and 120 �C drying temperature were used.

HRTEM characterization of magnetite-filled

CNFs

Dilute dispersions (0.003 wt%) of nanoparticle-encas-

ing CNFs with cleaned outer surfaces were deposited

on lacey carbon, 300-mesh copper electron micro-

scope grids. After drying, high-resolution (HR) image

analysis was carried out in a JEOL-3010F (300 kV

e-beam) transmission electron microscope (TEM).

The filling efficiencies of CNFs obtained from differ-

ent experiments were determined qualitatively from

TEM images. HRTEM visualization was performed

both in normal and tilt specimen modes. Tilt mode

analysis (see Supporting Information) was required to

distinguish whether the magnetite nanoparticles were

encapsulated inside the CNFs or were attached to the

exterior CNF wall surface.

Fabrication and characterization of CNF/PMMA

nanocomposite films

CNFs intercalated with magnetite nanoparticles and

washed to rid their outer walls from magnetite particle

deposits were re-dispersed in toluene for further wet

processing. PMMA (MW 120,000, Sigma Aldrich,

USA) in toluene solution (concentration 100 mg/ml)
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was mixed with the CNF/toluene dispersion to attain

CNF:PMMA wt. ratio of 7.2 %. The final solution was

drop-casted on glass slides (1 9 1 cm2) and left to dry

under ambient conditions, thus producing thin CNF/

PMMA composite films.

For magnetic characterization of these films, a

Quantum Design Ltd. SQUID (superconducting quan-

tum interference device) magnetometer was used. The

magnetization curves were acquired at room temper-

ature, starting from an instrument magnetic field of

5 T and ramping down to zero. The temperature

dependence of Zero-Field-Cooled and Field-Cooled

(ZFC/FC) magnetization was measured under a static

field of 5 mT after cooling the samples down to 5 K in

a zero magnetic field (ZFC curve) or in the same probe

field of 5 mT (FC curve). For the nanocomposite film,

the data were corrected by the diamagnetic contribu-

tion of the PMMA polymer (control, measured

separately). In all cases, the direction of the applied

magnetic field is parallel to the plane of the substrates.

For film electronic conductivity measurements, a

Keithley 2612A sourcemeter and a DL Instruments

1211 current preamplifier were used, both mounted on

an ambient probe station (Süss Microtech, Germany).

Samples were biased from 0 to -1 V, and from 0 to

1 V. Conductive silver paste electrodes were painted

on the sample surfaces in order to minimize the

contact resistance.

Results and discussion

Figure 1 shows a HRTEM image of a typical CNF

used in this study. The micrograph reveals structural

details of the walls, which consist of stacked cones of

graphene layers at an angle to the fiber axis (herring-

bone structure). The stacked cones create a ratchet-

like morphology along the CNF inner wall surface,

which serves as an anchor for the nanoparticles

entering the CNF channels. Due to their high degree

of graphitization, the CNFs have high thermal and

electrical conductivity (Al-Saleh and Sundararaj

2009). Moreover, their surface energy is *155 mN/

m (as per manufacturer’s specifications), indicating a

highly wettable surface. Wettability is important

because it facilitates the intercalation of the nanopar-

ticles into the CNFs from the host suspensions.

Intercalation of magnetic nanoparticles into the

CNF cavities was performed via a physical solvent-

based process. Figure 2 shows a schematic of the

entire intercalation process. Utilizing ultra-sonication,

CNFs were first dispersed in the liquid medium.

Magnetic nanoparticles were subsequently added (in

the form of a ferrofluid) into this dispersion. The

resulting nanoparticle/CNF dispersion was then ultr-

asonicated, followed by heating to completely evap-

orate the liquid. The dried deposit was finally re-

dispersed into the same dispersion medium and bath

sonicated for 10–15 min. This re-dispersion process

helped to remove nanoparticles from the outside

surface of the CNFs, while leaving the intercalated

particles intact inside the CNF cavity (see Supporting

Information).

The selection of the solvent/dispersion medium

critically affects the particle intercalation efficiency.

Ideally, a liquid with low surface tension and low

viscosity is preferred, in order to readily pre-wet the

CNF inner walls and carry the well-dispersed nano-

particles into the cavity. Based upon a series of

experiments (see Supporting Information, Fig. S1)

with different host liquids, toluene (surface tension

28.4 mN/m) was found to be the optimal dispersion

medium.

Dispersibility of nanoparticles in the liquid host

medium was another important criterion for effective

filling of CNFs. Nanoparticles in a stably dispersed

state (e.g., magnetite nanoparticles from EMG 911

ferrofluid) invaded the CNF cavity readily and in large

numbers. On the other hand, nanoparticles which are

not dispersible or hard to disperse in liquid showed

very limited or no intercalation in the CNF cavity (See

Supporting Information, Figs. S2 and S3). Hence, the

effects of other process parameters were studied using

easily dispersible nanoparticles (in EMG 911 ferro-

fluid) and toluene solvent.

Influence of process parameters

Further experimental efforts focused on how interca-

lation efficiency is affected by different process

parameters, such as sonication type and duration,

concentrations of CNFs and magnetite nanoparticles

in the dispersion, and finally drying temperature.

Sonication type and duration

To investigate the influence of sonication type (bath

vs. probe) on particle intercalation efficiency, two sets
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of samples were prepared. In one case, the nanopar-

ticle-CNF dispersion was probe sonicated, while in the

other, bath sonication was used keeping the sonication

time fixed (*10 min). Figure 3a, b shows the differ-

ence in packing characteristics of nanoparticles inside

CNFs prepared using probe sonication and bath

sonication, respectively. Not surprisingly, probe son-

ication proved to be superior to bath sonication in

terms of intercalation efficiency. HRTEM observa-

tions of the probe-sonicated samples showed that most

of the open-ended tubes were densely packed with

nanoparticles. On the other hand, most CNFs from the

bath-sonicated samples were vacant, with nanoparti-

cles mostly observed outside the CNFs. Few CNFs

from the bath-sonicated sample revealed highly

localized, small particle clusters inside their cavity.

As compared to bath sonication, probe sonication has

much higher energy density, thus creating more rapid

mixing of nanoparticles and CNFs in the suspension.

This increases the probability of collisions of nano-

particles with the CNF open ends, and ultimately helps

the particles to invade the cavity. At the same time,

because of the higher energy density of probe sonica-

tion, there is higher probability for the liquid medium

to wet the interior of the CNFs throughout their length,

thus indirectly helping intercalate more nanoparticles.

On the other hand, energetically intense probe soni-

cation results in higher adhesion of the nanoparticles

on the CNF outer walls, thus making the washing step

more difficult and time consuming. In turn, the longer

sonication periods required to clean up the outer CNF

walls also force out nanoparticles from inside the

cavity. Bath sonication, due to its lower energy

density, facilitates the final washing step by causing

Fig. 2 Schematic of the processing steps used to intercalate

Fe3O4 (magnetite) nanoparticles into hollow-core carbon

nanofibers (CNFs). Light blue indicates liquid, while the brown

dots in the bottom row denote magnetite nanoparticles. The

exploded views from the vials detail the filling state of the CNFs

at that specific step. (Color figure online)
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relatively lower adhesion of the particles on the CNF

outer walls.

Increased sonication times raised the number of

intercalated nanoparticles and filled CNFs in both

bath-sonicated and probe-sonicated samples. Fig-

ure 3c shows a representative filled CNF obtained

after 1 h of bath sonication. The higher sonication

time in this case increased the particle packing, as

compared to CNFs obtained after 10 min of bath

sonication (Fig. 3b). For even longer bath sonication

times (6 h; Fig. 3d), the number of intercalated

particles was further improved. In the 1 h-sonicated

sample, approximately 80 % of the open-ended tubes

contained nanoparticles. Almost all these CNFs had

high intercalated particle density. In the 6 h sample,

almost all open-ended CNFs with sufficiently large

diameter ([35 nm) were densely packed with nano-

particles. Sonication processing time had similar

influence on the probe-sonicated samples, as con-

firmed by a separate set of experiments (see Support-

ing Information, Fig. S4) that varied sonication times

from 10 s to 1,000 s.

The dense packing in Fig. 3c, d was seen through-

out the entire CNF length. Hence, it was concluded

that prolonged bath sonication facilitates higher

nanoparticle intercalation and more uniform packing

along the CNF length. This advantage, along with the

looser adherence of nanoparticles on the CNF outer

walls, made bath sonication more attractive as com-

pared to probe sonication. Moreover, bath sonication

had the advantage of being continuous, as contrasted

with probe sonication where frequent interruptions

were necessary to avoid dispersion overheating and

premature loss of the host liquid.

The probability of nanoparticle intercalation into

the CNF cavities increases with CNF-nanoparticle

Fig. 3 Intercalated CNFs after 10 min of a probe sonication, and b bath sonication. c, d Intercalated CNFs after 1 and 6 h of bath

sonication, respectively. The particle packing density rises with processing time (b–d)
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collision probability. The number of collisions N (per

unit volume) between nanoparticles and the open ends

of the CNFs is estimated by (Chamberlain et al. 2010)

N ¼ a4pDRcn1n2 t þ 2Rc

ffiffi

t
p

p
pD

� �

; ð1Þ

where D denotes the diffusion coefficient of nanopar-

ticles, Rc the nanoparticle radius, n1 and n2 the

nanoparticle and CNF concentrations in the liquid, t

the time from the onset of the experiment, and a = 1/3

(expression factor). D can be estimated by the Stokes–

Einstein equation (Chamberlain et al. 2010)

D ¼ kT

6pgRc

; ð2Þ

where k denotes Boltzmann’s constant, T is the

temperature, and g is the viscosity of the host liquid.

Under simultaneous sonication of CNFs and nanopar-

ticles, the interaction probability is expected to be

orders of magnitude higher compared to the unaided

diffusion case. In other words, the effective value of

D for sonication-assisted simultaneous mixing would

be much higher than the simple diffusive case.

Moreover, prolonged bath sonication ensures uniform

distribution of surfactant (present as a ferrofluid

ingredient) and nanoparticles both inside and outside

the CNF cavity. Prolonged sonication also helps the

CNFs to mix well with the surfactant molecules, and to

disperse efficiently, thus ensuring higher probability

of nanoparticle-CNF interaction during the drying

process. Because of the above reasons, simultaneous

sonication of CNFs and nanoparticles yields higher

intercalation efficiency and is thus preferable. This

was also corroborated by the experiments, which

showed that in the absence of this step, nanoparticle

intercalation was significantly reduced (see Support-

ing Information, Fig. S5).

CNF:nanoparticle mass ratio and concentration

of solids dispersed in solvent

Intercalation experiments were carried out with fixed

CNF mass and varying nanoparticle amounts that

corresponded to CNF:nanoparticle mass ratios of

10:4.16 and 10:1.04. Both samples were bath soni-

cated for 6 h. Subsequently, the standard drying and

cleaning steps were performed. As the relative amount

of nanoparticles decreased, the density of intercalated

nanoparticles decreased drastically (compare repre-

sentative TEM images of Fig. 4a, b). This observation

clearly shows the capability of the current method to

control the number of intercalated magnetite nano-

particles inside the CNF cavity by changing the

relative amount of nanoparticles with respect to the

CNF content. Using this approach, CNFs with con-

trolled magnetic properties can be fabricated, since

such properties are expected to be proportional to the

number of nanoparticles inside the CNF cavity.

The solids (CNF ? nanoparticle) concentration in

the liquid medium also influences the rheological

properties of the dispersions. High solids concentra-

tion increases the viscosity or may alter the effective

surface tension of the dispersion. Most importantly, as

shown in Eq. 1, the collision frequency N depends on

the concentrations of both CNFs and nanoparticles in

dispersion, thus affecting the intercalation process. To

investigate this effect, an additional experiment with

1 mg of CNFs and 0.416 mg of magnetite (supplied

from EMG 911 ferrofluid) in the same amount of

toluene and 6 h of bath sonication was carried out. The

CNF:nanoparticle mass ratio was thus identical to the

10:4.16 case discussed above, but the solids concen-

tration was 10 times smaller. Representative HRTEM

images of cleaned (stripped of the particles deposited

on the outer walls) samples are compared in Fig. 4a, c.

As expected from Eq. 1, the probability of intercala-

tion for higher solids concentration (Fig. 4a) is higher.

For the low solids concentration, the interaction

probability between CNFs and nanoparticles is rela-

tively lower, thus contributing to lower nanoparticle

packing overall. As shown in Fig. 4c, this packing is

rather inhomogeneous, with most CNFs containing no

particles over their length, except in a small fraction

that contains densely packed clusters. Indeed, in the

dispersion with lower solids content, CNF cavities

were filled with toluene carrying fewer nanoparticles.

After complete evaporation of the solvent outside the

CNFs during drying, the toluene inside the CNF cavity

also started to evaporate, thus shrinking in volume. In

turn, capillary action collected the small number of

nanoparticles into a shorter span of the CNF length,

eventually concentrating them to very high packing

over smaller portions of the CNF length (Fig. 4c). In

this process, the edges of the densely packed nano-

particle cluster took the shape of the liquid meniscus,

thus providing forensic evidence for the validity of the

above mechanism. Consequently, for homogeneous
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intercalation through the entire CNF length, the

concentration of nanoparticles and CNFs into the

liquid medium must be high enough (0.1 wt% in the

present case).

Dispersion drying temperature

The present intercalation method is utilizing two

important physical mechanisms to drive and encapsu-

late the nanoparticles inside the CNF cavities. The first

mechanism relies upon the high energy density of

sonication. The second mechanism aiding the inter-

calation process is the known (Bazilevsky et al. 2007,

2008) concentration-gradient-driven flow accom-

plished by evaporating the liquid dispersion medium

either by heating (e.g., hot plate) or naturally at room

temperature. Hence the drying temperature is expected

to have significant influence on the intercalation

mechanism. Important temperature-dependent prop-

erties, which may influence the intercalation process,

are the diffusion coefficient of the nanoparticles, as

well as the fluid properties and evaporation rate of the

liquid medium. All prior experiments used 120 �C

(drying temperature) for evaporating the liquid dis-

persion medium. One additional experiment was

carried out where the dispersions were dried at room

temperature. Representative images of the filled CNF

samples are compared in Fig. 5. Figure 5a shows a

typical CNF from the room temperature dried sample

and reveals a smaller number of intercalated nanopar-

ticles, as compared to the sample dried at 120 �C

(Fig. 5c).

The denser particle packing attained with the higher

drying temperature can be attributed to the corre-

sponding stronger particle diffusion coefficient at that

temperature. As per Eq. 2, apart from the proportional

relationship between D and T, higher temperature also

decreases the liquid viscosity, further raising diffusive

agility, and in turn, facilitating the intercalation

process during drying. In the room temperature dried

sample, significant amounts of seemingly polymeric

deposits were observed inside the CNF cavity

(Fig. 5a); these deposits formed peapod-like morphol-

ogies, as reported elsewhere (Bazilevsky et al. 2007,

2008). In addition to nanoparticles and CNFs, surfac-

tant molecules (fatty acids) were also present in the

original ferrofluid dispersion. These surfactants also

invade the CNFs during the drying/intercalation

process and form deposit patterns such as those seen

in between the particles in Fig. 5a. These deposits

could not be seen in the 120 �C dried sample (Fig. 5c),

thus suggesting that the higher drying temperature

destroyed these surfactant remnants. To this end, the

higher drying temperature offers the advantage of

more pristine intercalated samples. Finally, careful

inspection of Fig. 5a (see magnified detail in Fig. 5b)

also reveals that multiple graphene layers peel off

from the CNF wall and bend toward the polymeric

deposit at the core of the CNF cavity. This peeling may

be due to the capillary tension of the dispersion

medium, which upon drying, forces the inner graphene

layers of the CNF wall to separate out and bend toward

the surfactant deposits. The protruding bent layers of

graphene sheets were not observed in the sample dried

Fig. 4 Typical intercalated CNFs obtained from experiments

that used dispersions comprising 10 mg CNF and a 4.16 mg

nanoparticles, or b 1.04 mg nanoparticles (both supplied from

EMG-911 ferrofluid). Image c shows intercalated CNFs

obtained using a dispersion with the same CNF:nanoparticle

ratio as in (a), but with solids concentration ten times lower than

(a). The solids concentration in a was *0.1 wt%, while in c it

was *0.01 wt%
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at 120 �C. It is worth noting that similar observations

have been made (Ye et al. 2004) in the interior of

hydrothermally synthesized closed-end carbon nanof-

ibers which contained an aqueous phase. The capillary

action of the enclosed water phase was reported

therein to be responsible for the peeling of the

graphene layers toward the encased fluid.

Magnetic properties of intercalated CNF powder

and polymer composite films

The magnetite nanoparticles are single-domain crys-

tallites which, due to their small size, are expected to

be in the superparamagnetic regime at room temper-

ature. Since, in the present case, the magnetic nano-

particles remain encased in the CNF cavity, the filled

CNF vessels should retain, at first approximation, the

magnetic character of the pristine magnetite nanopar-

ticles within them. Indeed, as confirmed in Fig. 6,

filled CNFs are superparamagnetic at room tempera-

ture with mean blocking temperature TB = 89.5 K

(Fig. 6a). Moreover, the magnetization curve mea-

sured at room temperature (Fig. 6b) presents no

coercivity or remanence. The magnetic CNF satura-

tion magnetization, Ms = 14.3 emu/gr (Fig. 6b), is of

course lower than that of neat magnetite nanoparticles,

due to the fractional presence of nanoparticles in the

composite nanoparticle/CNFs system.

The presence of an external magnetic field would

cause the induced magnetic moment of each entrapped

nanoparticle to preferentially align parallel to the

field’s direction, pulling them toward regions where

the magnetic field is stronger. The magnitude of the

magnetic force that each CNF experiences is propor-

tional to the strength of the external magnetic field and

the total number of nanoparticles encased inside the

CNF. As shown in Fig. 7, the force of a standard

magnetic bar (0.1 T) is high enough for the filled

CNFs to overcome the liquid viscous drag and

diffusive forces experienced in the liquid, and assem-

ble onto the glass wall adjacent to the magnetic bar.

This property is important because it can facilitate

controlled positioning of the filled CNFs by means of

external magnetic forces.

Intercalated CNFs with superparamagnetic proper-

ties, if dispersible in organic nonpolar solvents to

facilitate their incorporation in polymeric systems, can

be an asset for various technological applications. As

an example, polymeric nanocomposite films can be

formed by combining the magnetic and conductive

properties of the intercalated CNFs with the mechan-

ical flexibility and processability of polymers. To

provide proof of concept, 40-lm-thick nanocomposite

films were fabricated containing 7.2 wt% magnetic

CNFs in poly(methyl methacrylate) (PMMA). As

shown in Fig. 8a, the nanocomposite films attain

magnetic properties, maintaining the room tempera-

ture superparamagnetic behavior of the magnetic

CNFs, with similar mean blocking temperature. At

the same time, the films are also electrically conduct-

ing due to the presence of the conductive CNFs.

Figure 8b presents the linear Ohmic I–V behavior of

the CNF/PMMA/Fe3O4 nanocomposite film. The DC

Fig. 5 Intercalated CNFs obtained after drying at a room

temperature, and c 120 �C. Note the denser particle packing in

(c), as compared to (a). b Magnified detail from (a) showing

bending of graphene sheets from CNF wall (left) toward the

surfactant/nanoparticle mixture at the inner chamber of the CNF

(right)
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Fig. 6 a ZFC/FC magnetization curves, and b magnetization curve at 300 K of magnetite-intercalated CNF powder. The
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Fig. 7 a Well-dispersed magnetic CNFs in toluene; b CNFs move in the liquid and assemble on the glass vial wall closest to the

adjacent magnetic bar (0.1 T)

0 50 100 150 200 250 300
0.0

0.1

0.2

0.3

0.4

0.5

0.6

M
 (e

m
u/

gr
)

T (K)

ZFC

FC 

(a)

-1 0 1

-400

-200

0

200

400

C
ur

re
nt

 (µ
A)

Voltage (V)

(b)

Fig. 8 a ZFC/FC magnetization curves of a 40-lm-thick

composite film containing 7.2 wt% of magnetic CNFs distrib-

uted in a PMMA matrix. The magnetization values are
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film. b DC current–voltage (I–V) characteristic curve for the

same film
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electrical conductivity of the film is

r = 10.22 ± 3.42 S/m, as calculated by r = t l d/R,

where t is the thickness of the film, l is the length of the

electrodes used, d is the distance between them, and

R is the slope of the data presented in Fig. 8b. The

magnetic and electro-conducting properties of this

thin composite film offer one example of multifunc-

tionality of materials that can be fabricated with the

present method. Such films could be of value in

applications where simultaneous electrical and/or

magnetic properties are required (e.g., electromag-

netic interference shielding, etc.).

Conclusion

We have demonstrated a mild-temperature, nonchem-

ical process to fabricate magnetically active and electro-

conducting CNFs. CNF powders were produced by

intercalating superparamagnetic, single-crystal, magne-

tite nanoparticles inside the CNF hollow cavities by

sonication-assisted capillary imbibition and concentra-

tion-driven diffusion acting during the solvent evapo-

ration stage. The influence of several important process

parameters—such as sonication type and time, CNF-to-

nanoparticle ratio and drying temperature—on interca-

lation efficiency (evaluated in terms of particle packing

in the CNF cavities) was examined. We have shown that

by tuning the process parameters, different nanoparticle

packing densities can be obtained in the CNFs. The

unique functionalities of the produced CNF powders

offer rich technological opportunities. As an example,

we have shown these active CNFs to be promising fillers

for fabricating smart polymer nanocomposite thin films

with simultaneous magnetic and electro-conductive

properties. Such multifunctional composite materials

can find applications in sensors, opto-electronic devices,

energy and heat transfer devices, etc. Using the present

method, it is feasible to intercalate multiple nanomate-

rials into the hollow CNF cavities, with each component

adding a distinct functionality. Thus, the method is well

suited for the fabrication of previously unattainable

materials (e.g., metamaterials) and offers an attractive

platform for studying fundamental properties of nano-

particles packed tightly in nanoenclosures.
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