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Ultrathin polymer film is deposited on the surfaces of vapor-grown carbon nanofibers by a

plasma polymerization using acrylic acid as a monomer. Small angle light scattering is used

to investigate the dispersion behavior of the carbon nanofibers suspended in water and pro-

vides information on the mechanism by which plasma treatment assists dispersion. Both

plasma-treated and untreated nanofibers exhibit a hierarchical morphology consisting of

small-scale aggregates that agglomerate to form fractal clusters that eventually precipitate.

The time evolution of small-scale aggregation and large-scale agglomeration is studied by

fitting the scattering data to a unified model. The morphology of the small-scale aggregates

is also studied by extracting the size distribution from the angle-dependence of the scattered

intensity, using the maximum entropy method in conjunction with a simplified tube form

factor. The aggregates are side-by-side bundles of individual nanofibers or more complex

structures. Plasma treatment not only contributes to breaking up of the small-scale aggre-

gates into smaller sizes but also inhibits their agglomeration. For untreated fibers, large

agglomerates appear immediately after sonication and their size remains almost unchanged

during the precipitation process. For treated fibers, precipitation dominates during the

first 8 h, leaving small entities in suspension which form agglomerates after a few days.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes are intrinsically one-dimensional struc-

tures that are chemically inert, and possess extraordinary

mechanical and electronic properties [1,2]. Unfortunately,

the advantages of carbon nanotubes have not been fully real-

ized because the dispersion of carbon nanotubes is particu-

larly intractable [3–6]. Although it is well known that plasma

treatment modifies the surfaces of carbon nanotubes and
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thus improves the dispersion of carbon nanotubes, the mea-

surement of the degree of dispersion remains challenging

and the mechanism by which plasma treatment aids in the

dispersion of carbon nanotubes is unknown. Here we use

light scattering to quantify the dispersion of plasma-treated

carbon nanofibers and elucidate their dispersion mechanism.

Deposition of a coating on carbon nanotubes could alter

the surface properties of the nanotubes, offering a potential

technological opportunity for improved dispersion. Plasma
.
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polymerization has been used in surface and interface engi-

neering for improving adhesion, hydrophobicity and hydro-

philicity, corrosion resistance, and surface etching [7]. Low-

temperature plasma polymerization treatment, a room tem-

perature and environmentally benign process, can be used

for surface modification and thin film deposition on almost

all substances. Deposition of ultrathin films of highly cross-

linked polymers on the surface of carbon nanofibers (or nano-

tubes) by a plasma polymerization has been achieved [8,9].

However, the nature of the dispersed entities in various media

and the evolution of the dispersed state under quiescent con-

ditions following sonication are unknown.

Many types of carbon nanotubes exist and the terminology

is not universal. Carbon nanofibers are similar to multiwalled

carbon nanotubes, but the carbon nanofibers are larger in

diameter and much lower in cost, thus making them more

suitable to practical applications.

Scattering methods have recently been employed to pro-

vide structural information about nanotube morphology

[10–14]. In this work, we use small angle light scattering to in-

fer the morphology of the plasma-treated vapor-grown car-

bon nanofibers and quantify the state dispersion of as-

received and plasma-treated carbon nanofibers in water as

a function of time. In order to better understand the state of

aggregation of the nanofibers, we also estimate the size distri-

bution from the light scattering data using the maximum en-

tropy method [15,16]. We use the Irena code developed by

Ilavsky and Jemian to get the maximum entropy solution

[17,18].

The time evolution of the scattering data show that plas-

ma treatment not only inhibits large-scale agglomeration,

but also contributes to the morphological change of the

short-scale bundling of fibers.

These observations have significant implications regarding

the use of plasma-treated carbon nanofibers as a reinforcing

filler to enhance the mechanical properties of polymer com-

posites. The dispersion of untreated carbon nanofibers in ma-

trix polymers has proven difficult, and the resulting

composites do not show the anticipated properties. After

plasma treatment, the dispersion of nanofibers in polymer

matrices is greatly enhanced, thus leading to improved

mechanical properties [9]. Light scattering study of plasma-

treated carbon nanofibers suspended in media provides a

morphological basis for improved performance of plasma-

treated nanofiber reinforced polymer composites. Our obser-

vation is in good agreement with experimental investigation

for enhanced dispersion of plasma-treated nanofibers in poly-

mer composites [9].
2. Experimental

The carbon nanotubes we used are vapor-grown carbon

nanofibers or simply carbon nanofibers. Vapor-grown carbon

fibers have larger diameters than carbon nanotubes. Details

regarding the nanofibers are given by Koerner et al. [19]. The

vapor-grown nanofibers were provided by Applied Sciences

Inc. Cedarville, OH. Pyrograf�-III PR19LHT nanofibers are va-

por grown and subsequently heated to temperatures up to

3000 �C. The Pyrograf�-III carbon nanofibers normally contain
a few concentric cylinders but may also be nested truncated

cones. Typically the cores are open.

The carbon nanofibers (PR19HT) are plasma-treated using

acrylic acid as a monomer. The plasma-coating facility is a

homemade system. The plasma reactor for thin film deposi-

tion of nanoparticles has been introduced previously. The

plasma reactor for plasma treatment of carbon nanofibers

consists mainly of a radio frequency source, glass vacuum

chamber and press gage [7,20,21]. The vacuum chamber of

the plasma reactor has a long Pyrex glass column about

80 cm in height and 6 cm in internal diameter. The powder

was vigorously stirred at the bottom of the tube and thus

the surface of particles can be continuously renewed and ex-

posed to the plasma during the plasma polymerization pro-

cessing. A magnetic bar was used to stir the powders. The

gases and monomers were introduced from the gas inlet dur-

ing the plasma cleaning treatment or plasma polymeriza-

tion. Before the plasma treatment, the basic pressure was

pumped down to less than 50 mtorr and then the carrier

gas (such as argon) or monomer vapors were introduced into

the reactor chamber. The operating pressure was adjusted by

the gas/monomer mass flow rate. During the plasma poly-

merization processing, the input power was 20 W and the

system pressure was 300 mtorr. The plasma treatment time

was 10 min.

TEM samples were prepared by allowing a drop of nanofi-

ber suspension to dry onto Cu grids with holy-carbon film.

The high-resolution transmission electron microscopy

(HRTEM) experiments were performed using a JEOL JEM

2010F electron microscope with a field emission source. The

accelerating voltage was 200 kV.

The dispersion efficiency was determined using a small

angle light scattering photometer–a Micromeritics Saturn

Digitizer (www.micromeritics.com). The data are reported in

reciprocal space as intensity vs. the magnitude of the scatter-

ing vector, q. Light scattering covers the regime 10�6

Å�1 < q < 10�3 Å–1, where q = (4p sin h)/k, h being half the scat-

tering angle, and k being the wavelength of the radiation in

the medium. This q range corresponds to length-scales

(�q�1) from 100 lm at low-q to 1000 Å (0.1 lm) at high q.

Deionized water was used as background.
3. Results and discussion

The as-received PR19HT powder consists of loosely aggre-

gated nanofibers. Some nanofibers are curved with open

ends. A representative HRTEM image of the original Pyrog-

raf�-III PR19HT (Fig. 1) shows the graphite structure with

the interlayer spacing d = 0.34 nm. Their diameters range

from 20 to 100 nm in TEM. No iron catalyst particles are found

by TEM.

To enhance dispersion ability of carbon nanofibers in

water, acrylic acid is selected as a monomer for plasma poly-

merization. Bright-field and high-resolution TEM images of

the plasma-coated nanofibers are shown in Fig. 2. An ultra-

thin film amorphous layer can be clearly seen covering the

surface of the carbon nanofibers. The thin film is uniform

with a thickness of approximately 2–7 nm surrounding the

entire nanofiber surface.



Fig. 1 – TEM images of unmodified carbon nanofibers

PR19LHT. The low-resolution image shows a variety of tube

shapes and morphologies including concentric cylinders

and stacked cones. No metallic catalyst was observed. The

bars are 2 nm and 100 nm.

Fig. 2 – TEM image of plasma-treated carbon nanofibers

PR19LHT: the bars are 10 nm. An ultrathin film of acrylic acid

was observed on the surface of the nanofibers.
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Fig. 3 – Evolution of the light scattering profile of plasma-

treated nanofibers in water for four days following

dispersion by sonication. The suspensions were sonicated

at 10 W for 5 min before the observations began. The

measurements were taken in the batch mode, so the sample

was undisturbed during the course of the experiment. The

lines are two-level unified fits. The unified parameters are

collected in Table 1.
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There is considerable experimental evidence for the pres-

ence of carboxylic acid functional group in an extremely thin

layer of poly(acrylic acid) film [7,20]. The COOH on the coating

could alter the surfaces of carbon nanofibers towards hydro-

philicity and thus result in improved dispersion of carbon

nanofibers in polar solvents. The coated carbon nanofibers

are stable in water for weeks. In the absence of sonication,

however, tubes aggregate and eventually precipitate. We use

light scattering to monitor this process.

Fig. 3 shows the light scattering profiles as a function of

time for plasma-treated nanofibers in water at a concentra-

tion of 5.0 · 10�6 g/ml. The data were obtained in the batch

mode without agitation after the suspensions were sonicated

at 10 W for 5 min. That is, the sample chamber was filled with
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Fig. 4 – Evolution of the light scattering profile of un-

modified nanofibers PR19HT for two days following

dispersion by sonication. The suspensions were sonicated

at 10 W for 5 min before the observations began. The

measurements were taken in the batch mode, so the sample

was undisturbed during the course of the experiment. The

lines are two-level unified fits. The unified parameters are

collected in Table 2.

2332 C A R B O N 4 7 ( 2 0 0 9 ) 2 3 2 9 – 2 3 3 6
the undiluted suspension and observed without stirring, agi-

tation or circulation. Deionized water was used as

background.

Initially the scattered intensity at low-q drops with time.

At 8 h, the maximal decrease in the intensity is observed.

After 8 h, however, the intensity increases slowly, consistent

with agglomeration. Substantial agglomeration is found after

48 h. In dilute solution the intensity at q! 0 is proportional to

molecular weight, so the data in Fig. 3 imply an increase of

molecular weight by a factor of twenty between 8 and 96 h.

Although less visible for 4, 8 and 24 h data, the scattering

curves consist of two power-law regimes and two Guinier re-

gimes that define two ‘‘length scales’’. Each Guinier regime is

followed by a quasi power-law regime. The curves were fit

using Beaucage’s Unified Model to extract radius of gyration

Rg, the power-law exponents, P, and the Guinier prefactors,

G, and power-law prefactor, B, associated with each length

scale [22]. These parameters are displayed in Table 1 for the

two structural levels. The slope near –2 (P = 2) on a log–log plot

around q = 0.002 Å�1 could arise from a hollow tube since the

wall of such an object is two-dimensional on scales larger

than its wall thickness and shorter than the radius. Such a

slope, however, can also arise from more complex aggregated

structures [23]. The crossover length scale (q�1 1 lm) between

the two power-law regimes corresponds to the largest radius

of the tube aggregates. Minimal change in Rg and P is ob-

served for q > 10�4 Å�1, indicating minimal change in mor-

phology with time on length scales below �1 lm. Similar

behavior was observed in the region 2 · 10�4 < q < 2 · 10�3

for single-walled nanotube suspensions [24].

The prefactor, G, extracted from high q structural level (le-

vel 1) decreases up to 8 h, indicating that the number and/or

molecular weight of the small-scale entities is decreasing up

to 8 h. After 48 h, however, the data indicate that these small-

scale structure clusters form large-scale objects, which we

call agglomerates. All the carbon precipitates after weeks.

We also studied dispersion behavior of untreated carbon

nanofibers although such a suspension is quite unstable in

water even with aid of ultrasound. The data for the untreated

sample (Fig. 4) show similarities and differences when com-

pared to the plasma-treated sample. Two structural levels

are present and the length scales are similar to the plasma-

treated case in Fig. 3. For the as-received sample, the large-

scale agglomerates are observed immediately (5 min). The

overall intensity shows a nearly monotonic, gradual decrease

consistent with precipitation being the dominant process.

The extracted Rgs are virtually unchanged during the precip-
Table 1 – Guinier radii and exponents as a function of time fo

Time 5 min 30 min 1 h 2 h

Low-q Rg (lm) 13.1 8.8 5.5 4.

P 1.58 1.43 1.39 1.

G 70.78 31.13 14.52 7.

106 B 70.31 3.26 4.41 21

High q Rg (lm) 0.67 0.72 0.71 0.

P 1.93 2.07 1.90 1.

G 0.73 0.55 0.58 0.

108 B 6.58 1.14 11.34 5.
itation process (Table 2). For the plasma-treated sample, the

extracted Rgs are significantly smaller than those for un-

treated case. The plasma-treated nanofibers are suspended

much longer than the untreated nanofibers. The size of the

agglomerates dramatically decreases (Table 1) due to the pres-

ence of COOH groups on the surfaces of the coated carbon

nanofibers.

Presumably, the number of the functional groups and the

thickness of the plasma coating on the surface of nanofibers

may vary, leading to difference in their dispersability. When

they are suspended, larger agglomerates precipitate during

the first 8 h, leaving smaller entities in suspension. After
r plasma-treated carbon nanofibers.

4 h 8 h 24 h 48 h 96 h

3 2.3 2.2 2.3 4.3 13.1

22 1.21 1.20 1.20 1.47 1.70

68 3.48 1.92 2.90 10.35 36.40

.87 13.81 10.84 15.50 1.47 17.06

65 0.71 0.73 0.68 0.69 0.67

97 1.97 1.90 1.95 1.94 2.10

37 0.48 0.58 0.42 0.43 0.32

69 5.67 29.6 5.55 4.92 1.64



Table 2 – Guinier radii and exponents as a function of time for as-received carbon nanofibers.

Time 5 min 1 h 2 h 5 h 8 h 24 h 32 h 44 h

Low-q Rg (lm) 21.3 20.9 20.8 19.4 18.6 19.5 20.1 20.2

P 1.48 1.44 1.43 1.22 1.23 1.32 1.35 1.40

G 160.2 110.1 74.2 51.5 44.9 65.2 70.1 74.3

106 B 0.59 4.23 4.14 29.72 23.24 10.67 8.30 4.43

High q Rg (lm) 0.86 0.84 0.88 0.83 0.87 0.83 0.83 0.82

P 2.01 2.07 2.15 2.14 2.08 2.00 1.98 2.10

G 1.53 1.24 1.46 0.92 1.00 0.67 0.66 0.69

108 B 4.53 2.93 1.67 1.77 2.56 3.90 4.75 1.89
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48 h, these small entities form large-structure agglomerates.

After plasma treatment, the agglomerates are easier to break

up and more difficult to grow. Plasma-treatment slows this

agglomeration.

We compare the scattering profiles for plasma-treated and

as-received carbon nanofibers at 8 h after sonication (Fig. 5).

Compared to the untreated sample, the intensity at low-q

(G) for the treated sample is one order of magnitude smaller,

indicating small entities in the suspension. The extracted

low-q Guinier radius is 2.2 lm for the plasma-treated sample,

compared to 18.6 lm for the untreated case. These observa-

tions are consistent with improved dispersion due to the

presence of the ultrathin plasma coating on the surface of

the nanofibers.

The morphology of both the small and large-scale objects

can be inferred from the power-law exponents, P, since P is
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Fig. 5 – Comparison of the scattering profiles for untreated

and plasma-treated carbon nanofibers 8 h after sonication.

A substantial population of large-scale clusters is present

only for the untreated sample.
the fractal dimension, D, of the objects giving rise to the scat-

tering. D = 1 implies a linear object and D > 1 indicates more

branched or flexible structures [12,23]. For our data, however,

the scattering entities are polydisperse and the power-law re-

gions extend over a very limited q range, so this approach is

unworkable. An alternative is to use the relationship, Mw �
RD

z , where Mw is the weight-average molecular weight, Rz is

the weight-squared-average radius and D is the fractal

dimension of the object. Since G � Mw and Rz � Rg, D can be

extracted from the slope of a log–log plot of G vs. Rg. Such a

plot is shown in Fig. 6 for the two structural levels for both

the treated and untreated samples. Except for the low-q data

for the treated sample, the data imply D P 6, which is

unphysical. When the slope is greater than three we interpret

the evolution of the scattering profile as due to precipitation

of carbon nanofibers, because, to first approximation, G
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dimension D = 1.7. In the other cases, the large change in G

with minimal change in Rg is consistent with

sedimentation.
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simply decreases at fixed Rg. For the untreated samples,

therefore, both structural levels evolve by precipitation. For

the plasma-treated sample, the small-scale objects precipi-

tate for the first 8 h and then begin to agglomerate. The latter

conclusion is reached because D = 1.7 ± 0.15 for the large-

scale structure (Fig. 6), consistent with a fractal morphology

characteristic of agglomerates formed by kinetic growth. This

number is also consistent with the value of P in Table 1 for the

96-h treated sample. For the other times, the power-law re-

gion is insufficient to compare the measured Ps and D from

Fig. 6. For the plasma-treated sample, precipitation domi-

nates agglomeration up to 8 h and agglomeration dominates

precipitation after 8 h.

To further understand the morphology, the data were ana-

lyzed to determine the bundle size distributions using the

maximum entropy method. To extract the size distribution

a particle shape must be assumed. Electron microscopy

shows that carbon nanofibers are more tube-like. The high q

feature of the data should arise from this one-dimensional

morphology.

As shown in Figs. 7 and 8, a tube model is investigated.

Fig. 7 shows the fit to the light scattering data for the 8-h plas-

ma-treated sample. Fig. 8 shows the corresponding volume

distributions assuming a tube form factor with a wall thick-

ness of 200 Å for 8-h untreated and plasma-treated samples.

Actually, the position and shape of the distribution calculated

for different tube-wall thicknesses do not show much differ-

ence (not shown here).

The model gives results with a peak in the diameter distri-

bution around 0.52 lm for the 8-h untreated sample. The

diameter at the peak is substantially larger than the tube

diameters seen in TEM. The scattering entities are not indi-

vidual tubes, but bundles. Both the peak position and the tails

to larger sizes indicate that dispersion is not complete, based

on the tube diameters seen in TEM. The bias to larger sizes is
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likely due to side-by-side fiber aggregates that are never

disrupted.

Comparison of the size distributions for untreated and

plasma-treated samples (Fig. 8) shows that plasma treatment

shifts the size distributions to smaller bundle sizes. That is,

plasma treatment makes it easier to break up the aggregates.

Since the contrast is not known, the volume distributions

(ordinate in Fig. 8) are on an arbitrary scale. A peak in the

diameter distribution for the plasma-treated sample shows

up at around 0.38 lm, which is still larger than the largest

individual fibers seen in TEM.

The simplified tube model used here was developed re-

cently [25]. The simplified tube form factor approximates an

exact tube model but suppress the oscillations that are found

for exact models. This simplification is of minimal conse-

quence when dealing with polydisperse distributions but it

does accelerate the maximum entropy code.

We also compare Rgs derived from high q as a function of

time for plasma-treated and untreated nanofibers (Fig. 9). In

both cases, the Rgs (Fig. 9) extracted from these high q data

show minimal change with time implying that the short-scale

morphology is maintained during agglomeration and precipi-

tation. Radius of gyration extracted from high q for plasma-

treated sample is smaller than that for untreated sample

(Fig. 9), consistent with the size distribution analysis. Plasma

treatment assists in breaking up the larger aggregated struc-

ture into smaller bundles although aggregation still exists

after plasma treatment. The dispersed bundles do not show

further aggregation over time due to the presence of the ultra-

thin plasma coating on the surfaces of carbon nanofibers.

Determining the size distribution for the low-q data is a

challenge. In fact, we are not able to extract reasonable size

distributions from the low-q portion data using a fractal

aggregate model. The process of dispersion and precipitation,
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however, can be inferred from the time evolution of Rg and G

extracted from the low-q unified fits. These parameters are

found in Tables 1 and 2. Fig. 10a and b show Rg and G derived

from low-q region as a function of time for plasma-treated

and untreated nanofibers. For the untreated fibers, G de-
30

25

20

15

10

5

0

R
g 

(µ
m

)

806040200

Time (h)

untreated
AA_plasma
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concentration G is proportional to the molecular weight.
creases at nearly constant Rg, consistent with precipitation.

After 8 h both Rg and G stabilize. For the plasma-treated case,

G and Rg show a dramatic decrease up to 8 h consistent with

sediment. Larger agglomerates precipitate, leaving smaller

entities in the suspension. After 8 h, G and Rg increase with

time consistent with agglomeration. It is interesting that

these parameters tend to approach that of the untreated fi-

bers. These observations are consistent with the fact that

plasma treatment slows agglomeration and precipitation.

These results have significant implications for plasma-

treated nanofibers as a reinforcing filler for polymer compos-

ites. Presumably, we are studying a more favorable dispersion

environment compared to dispersion in polymers. For the lat-

ter case, there is a generic entropic barrier to dispersion of

any colloid. When dispersed in polymers, it is reasonable that

both untreated and plasma-treated carbon nanofibers still

aggregate and agglomerate. Percolation thresholds are in-

creased and mechanical properties are not those expected

for a dispersion of isolated tubes. The reinforcing elements

are disordered fractal objects (agglomerates). Such objects

are unable to support even their own weight if they are too

large. They behave as large voids that are responsible for

decreasing composite moduli [9].

As stated in literature, the cluster size of plasma-treated

nanofibers in polymer matrices is significantly reduced, [9]

consistent with our observation that the plasma treatment

suppresses agglomeration. The clusters correspond to fractal

agglomerates studied in this paper. The smaller agglomerates

after plasma treatment mitigate their void behavior and

increase the interface area between the matrix and nanofi-

bers, thus leading to considerably enhanced composite
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performance. Although the morphology of the side-by-side

aggregates of plasma-treated nanofibers in polymers is not

studied in depth in literature, the presence of the plasma

coating layer between carbon nanofibers and polymer matri-

ces is obvious, contributing to enhanced load transfer be-

tween nanofibers and polymer matrices [9].
4. Conclusions

We compare dispersion behavior of plasma-treated and as-re-

ceived carbon nanofibers suspended in water under quiescent

conditions. Both samples show a hierarchical morphology

consisting small-scale aggregates and large-scale agglomer-

ates. The bundles consist of multiple fibers possibly aggre-

gated side-by-side. In any case these objects agglomerate to

form large-scale fractal clusters. Plasma treatment renders

the small-scale aggregates smaller. In the absence of plasma

treatment carbon nanofibers agglomerate immediately after

sonication. In the plasma-treated case, for the first 8 h, pre-

cipitation is dominant, leaving small entities in solution. It

takes days for the small objects to form agglomerates. Thus

plasma treatment assists dispersion not only by inhibiting

large-scale agglomeration but also by contributing to the mor-

phological change of the small-scale aggregation of fibers.

Ultimately, however, both treated and untreated fibers

agglomerate to form fractal clusters that eventually precipi-

tate. These observations are probably applicable to other plas-

ma polymerizations and surface coatings when the resulting

coating shows good compatibility with a solvent.
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