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Abstract This study sought to produce carbon nanotube
(CNT) pulp out of extremely long, vertically aligned CNT
arrays as raw materials. After high-speed shearing and mixing nitric acid and sulfuric acid, which served as the treatment, the researchers produced the desired pulp, which was
further transformed into CNT paper by a common filtration process. The paper’s tensile strength, Young’s modulus and electrical conductivity were 7.5 MPa, 785 MPa and
1.0 × 104 S/m, respectively, when the temperature of the
acid treatment was at 110°C. Apart from this, the researchers
also improved the mechanical property of CNT paper by
polymers. The CNT paper was soaked in polyethylene oxide, polyvinyl pyrrolidone, and polyvinyl alcohol (PVA) solution, eventually making the CNT/PVA film show its mechanical properties, which increased, while its electrical
conductivity decreased. To diffuse the polymer into the CNT
paper thoroughly, the researchers used vacuum filtration to
fabricate a CNT/PVA film by penetrating PVA into the CNT
paper. After a ten-hour filtration, the tensile strength and
Young’s modulus of CNT/PVA film were 96.1 MPa and
6.23 GPa, respectively, which show an increase by factors
of 12 and 7, respectively, although the material’s electrical
conductivity was lowered to 0.16 × 104 S/m.
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1 Introduction
Carbon nanotubes (CNTs) have become the focus of nanoscience and nanotechnology for many years due to their special structures and exceptional properties [1–4]. Until now,
various CNT macroscopic structures, including CNT array
[1, 2], CNT yarn [4], CNT paper [5–15], CNT films [16–20],
CNT sheet [21], CNT membrane [22] and CNT fibres [23],
have been reported. The CNT paper or buckypaper has excellent electrical and mechanical properties [5–22], thus attracting wide use in many applications, including actuators,
sensors, capacitors, electrodes, fuel cell, and field emission
devices. Recently, Pushparaj et al. [24] reported on CNTbased composite papers, which were ultrathin, flexible, safe
energy storage devices to meet various design and power
needs of modern gadgets. CNT papers usually have an electrical conductivity of 104 –105 S/m and tensile strength of
10–80 MPa [5–22].
Meanwhile, most CNT papers are made of single-walled
CNTs (SWCNTs). However, compared with multiwalled
CNTs (MWCNTs), SWCNTs are expensive; moreover, the
purification and dispersion of SWCNTs in gas or liquid are
still difficult. MWCNTs are always in an agglomerated form
[25]. After being dispersed further by ball milling and acid
treatment, MWCNTs obtained an aspect ratio of less than
1,000 [26], which cannot be easily transformed into CNT
paper. Recently, it was shown that vertically aligned MWCNT (VACNT) arrays consisting mainly of CNTs with good
alignment and large aspect ratio can be obtained in a large
amount [27–29]. The length of CNT in array form can reach
6.0 mm, and the aspect ratio is above 105 . Moreover, the entanglements of CNTs in array form are much less than those
in agglomerated CNTs. Recently, Wang et al. [30] directly
used VACNT arrays to fabricate oriented CNT papers. However, the size of CNT paper was limited.
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In this study, VACNT arrays were dispersed by highspeed shearing, acid treatment, and pulping. After filtering
the CNT pulp, the researchers produced CNT paper, whose
mechanical and electrical properties were then tested. The
paper was strengthened further with various polymers by
soaking or vacuum filtration. The properties of the composite film were also identified and reported.

2 Experimental
2.1 Synthesis, dispersion, and functionalization of VACNT
arrays
In this study, VACNT arrays, which were about 5.0 mm long
after 150-minute growth (see Fig. 1a), were synthesized by
floating catalysis process [27–29]. The VACNT arrays were
not easy to hold together as a large-area film; apart from this,
strong anisotropies also appeared. Along the axis direction,
VACNT arrays were easily torn into small bundles. Then the
VACNT arrays were sheared into CNT cotton by high-speed
shearing. CNT cotton was further functionalized by mixedacid treatment. The process was done by adding 0.3 g CNT
cotton, 15 ml nitric acid, and 45 ml sulfuric acid in a 100 ml
Teflon reactor. The temperature of the reactor was controlled
by temperature programming equipment. The temperature
was raised from room temperature to 90◦ C in 30 minutes,
kept constant at 90◦ C for 30 minutes, then naturally cooled
down to room temperature. Various CNT samples were obtained by altering the constant temperature to 100, 110, 120,
and 130◦ C. Then five VACNT array samples were obtained;
they were named CNTs-90, CNTs-100, CNTs-110, CNTs120, and CNTs-130 according to the temperature of the acid
treatment.
2.2 CNT paper by filtration
Each sample was diluted to 300 ml using deionized water.
The CNT solution was then stirred in an A-88 tissue triturator for two minutes, thus producing CNT pulp. This CNT
pulp was a solution of long and well-dispersed CNTs. Furthermore, the CNT pulp was filtered through a microporous
filter membrane (with a diameter of 6.5 cm and a pore diameter of 0.22 µm). When the pH value of the filtrate reached
7.0, the filtration stopped. After removing the acid, the researchers easily separated the CNT paper from the microporous filter membrane.
2.3 CNT/polymer composite film
To improve the property of the CNT paper further, the researchers used polymers to make a composite film by soaking or further filtration. Here, polyvinyl alcohol (PVA, purity

Fig. 1 The macroscopic (a) and SEM (b) images of as-grown VACNT
arrays by the floating catalysis process. CNT paper was obtained as
shown in (c)

∼97.0%, Mw of 75,000–79,000 g/mol), polyvinyl pyrrolidone (PVP, Mw of 90,000 g/mol), and polyethylene oxide
(PEO, Mw of 58,000 g/mol), purchased from Beijing Yili
Fine Chemicals Ltd., were used. The polymers were dissolved in deionized water to dissolve into a 1 wt% solution.
The composite film was produced using the following procedure.
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2.3.1 Soaking method
The as-prepared CNT paper was simply soaked in 1 wt%
polymer solution for three hours, 26 hours, and 72 hours.
The film was then immersed in deionized water for one hour,
compacted, and dried in an oven at 100◦ C for 30 minutes.
2.3.2 Vacuum filtration method
The CNT paper was kept on the filter. Then 1 wt% PVA
solution was filtered through the paper. The filtration time
was varied from 30 minutes, 10 hours, to 24 hours. Then
the CNT films were separated from the microporous filter membrane, further compacted, and dried at 100◦ C for
30 minutes.
2.4 Characterization
The morphology of VACNT arrays was characterized by
scanning electron microscopy (SEM, JSM 7401F at 3.0 kV).
For transmission electron microscopy (TEM), about 5 mg
of material was sonicated in ethanol, and several drops were
put onto a TEM grid. The quality of the sample was characterized by high-resolution TEM (HRTEM, JEM 2010 at
120.0 kV). Raman experiments were performed with a Raman spectrophotometer Renishaw, RM2000 in ambient conditions. The spectra were recorded using a He-Ne laser excitation line of 633 nm. The infrared spectra of the mixed-acid
treated VACNT arrays were measured by NEXUS FT-IR of
Nicolet.
The mechanical properties of the films were tested using GT-TS-2000 Micro computational tensile testing machine (Taiwan Gaotie). The tested sample was 0.5 mm wide,
6.0 mm long, and approximately 0.1 mm thick. The stretching rate was 10.0 mm/min. At the least, five samples were
tested, and the results were averaged. The volume resistivity
was tested by four-probe dc measurement.

3 Results and discussion
3.1 CNT paper obtained by filtration
VACNT arrays were synchronously grown on the substrate
by floating catalysis process [27–29]. When the growth time
was 2.5 hours, the length of the VACNT arrays reached
5.0 mm (see Fig. 1a). The CNTs showed good alignment
even when they were peeled from the substrate (see Fig. 1b).
The density of VACNT array was about 20.0 g/L, which
was further modulated by controlling the growth parameter. Then high-speed shearing was used to tear the VACNT
arrays into small bundles. After a two-minute shearing, the
VACNT arrays were dispersed into CNT cotton, which was
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CNT bundles with a diameter of ∼1–10 µm and an apparent density of 2.0 g/L. Meanwhile, the length of CNT did
not change much; the arrays were just torn into various bundles. The CNT cotton was then treated with nitric and sulfuric acids; this was done to remove catalysts, functionalize
the surface of the CNTs, and obtain CNT pulp. At the same
time, some CNTs were shortened. After dilution and washing, the CNT pulp was filtered. The solvent went through the
filter membrane, and the CNTs were trapped. They stacked
up together and entangled with each other; then CNT paper was produced (see Fig. 1c). As was apparent, the paper
could be peeled down easily from the filter membrane. The
size of the CNT paper depended upon the size of filter, and
the thickness was determined by the amount of CNTs in the
pulp. The surface of the CNT paper was smooth. The CNTs
were mainly over several hundred micrometers to millimeters long, and thus the CNTs were with large aspect ratio
and could be transformed into paper form easily.
The morphology of the CNT paper is shown in Fig. 2.
A large amount of extra long CNTs randomly spread in
the paper. Because the VACNT arrays were highly pure
and because no surfactants were used during the dispersion, no other impurities, such as catalyst carriers and carbon
spheres, were found in the CNT paper (see Fig. 2). As for the
surface of the CNT paper, most of the CNTs were parallel
in the surface and entangled with each other. Moreover, no
obvious single CNT or CNT bundle was stretched out of the
surface. Figure 2(b) shows that most of the CNTs were kept
in a relative straight morphology, with a tortuosity factor of
1.14 ± 0.06 at a scale of 10 µm [31]. Unlike SWCNTs, the
van der Waals force was not effective for MWCNT bundle
formation. Thus, the MWCNTs were almost in individual
state. The CNT paper was porous, showing the possibility
for gas selective penetration. As shown in Fig. 2c, the CNT
paper was a multilayered structure with each layer about
10 µm thick, while its total thickness was about 150 µm. The
interface of each layer was not obvious. At the cross-section,
the CNTs were stretched out into bundles during the stretch
test. Some CNTs were obviously oriented after stretching,
as shown in Fig. 2d.
Various applications have been proposed for buckypaper
in the literature. However, most CNT papers were fabricated
using SWCNTs as raw material. In this study, the MWCNTs in array form had an extremely large aspect ratio, from
which MWCNT paper could be derived. However, the asgrown MWCNTs showed inert surface. Acid treatment was
needed to enhance the interaction of CNTs. Because the
temperature of the acid treatment affected the functionalization of MWCNTs obviously, the researchers varied it from
90 to 130◦ C. Some organic groups, including the carboxyl
group, grafted at the surface and ends of CNTs. In the infrared spectra, as shown in Fig. 3, the peak at 1747.2 cm−1
increased obviously, indicating the graft of carboxyl groups.
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Fig. 2 SEM images of CNT
paper obtained by filtration of
CNT pulp. (a) and (b) show the
surface of CNT paper; (c) and
(d) show the cross-section of
CNT paper

Fig. 3 The infrared spectra of CNTs before and after mixed acid treatment at 120◦ C for 0.5 hour

Meanwhile, the defect density of the paper increased, which
can be confirmed by Raman spectra (Fig. 4) and HRTEM
images (Fig. 5). The Raman spectrum is an important way to
characterize the defect densities of carbon products macro-

scopically. Here, the ratio of intensity of D peak to G peak
(ID /IG ) can be used to characterize the degree of defect
of MWCNTs [32]. The ID /IG ratio of raw MWCNTs was
about 0.64, while the ID /IG ratio of acid-treated CNTs increased sharply as shown in Fig. 4a. When the acid treatment temperature was 90, 100, and 110◦ C, the ID /IG ratio was near 1.25. When the acid treatment temperature
was increased further, the ratio increased to 1.40 (Fig. 4b).
This shows that during the mixed-acid treatment, the carbon atoms at the surface were oxidized to carboxyl and
hydroxyl groups, and the ordered graphite layers were destroyed [33, 34]. The etching effects were reinforced as the
treatment temperature increased, thus increasing the ID /IG
ratio. The HRTEM images shown in Fig. 5 also confirm that
the graphite layers were significantly breached by the mixed
acid. Both the end (Fig. 5a) and the side wall (Fig. 5b) of
MWCNTs were etched. The ordered graphite layers were
etched into discontinuous layers. Some carbon atoms were
etched out by the attack of NO2 + in nitric acid and sulfuric
acid, thus validating the results of prior studies [33, 34].
Various pieces of CNT paper were obtained from the
CNT pulp by varying acid treatment temperature. The mechanical and electrical properties of CNT paper are listed in
Table 1. The paper showed a tensile strength and Young’s
modulus over 4.3 and 426 MPa, respectively. When the
acid treatment temperature increased, more carboxyl and
hydroxyl groups were grafted, leading to strong interactions
especially hydrogen-bond force among CNTs, thus increas-
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ing tensile strength. As for the CNT paper obtained from
CNTs-110, it had a tensile strength of 7.5 MPa and Young’s
modulus of 785 MPa. When the acid treatment temperature was higher, the defect density, which was indicated by
the Raman spectra (Fig. 4) and HRTEM images (Fig. 5),
considerably increased. Some CNTs were shortened, the

Table 1 The mechanical and electrical properties of CNT papers
Treatment

Tensile

Young’s

Electrical

temperature

strength

modulus

conductivity

(◦ C)

(MPa)

(MPa)

(S/m)

90

4.3

426

0.83 × 104

100

4.6

439

1.0 × 104

110

7.5

785

1.0 × 104

120

6.0

557

0.91 × 104

130

4.5

455

0.91 × 104

Table 2 The mechanical and
electrical properties of
buckypapers in the literature

Type of

Process

CNTs
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aspect ratio of CNT decreased, and the mechanical properties were lowered. Compared with the data in Table 2,
the results of electrical properties in this study were in the
same order; furthermore, similar trends were shown as the
mechanical properties. When the acid treatment temperature increased from 90 to 100◦ C, more functional groups
will be grafted on the CNTs. Picozzi et al. reported that
the new groups increased the number of bands near the
Fermi level, promoting electron transfer between the carbon
atoms [35]. Thus, the electrical conductivity was increased
to 1.0 × 104 S/m since the CNT paper derived from CNTs100 contained more functional groups than that derived from
CNTs-90, which was similar to Lau’s results [36]. However,
when the acid treatment temperature increased further, the
defect density revealed by the Raman spectra (Fig. 4) and
TEM images (Fig. 5) considerably increased; meanwhile,
some CNTs were shortened to be with a decreased aspect
ratio, leading to gradual decrease of electrical conductivity.
As a result of SWCNT functionalization leading to imper-

Electrical

Tensile

Young’s

conductivity

strength

modulus

(S/m)

(MPa)

(GPa)

Ref

SWCNT

5 × 104

[37]

SWCNT

4 × 104

[38]

SWCNT

6.67 × 103 –2 × 104

SWCNT
SWCNT
SWCNT

oleum

1.30 × 105

oleum, heat treated

9 × 104

10M HNO3

1.2 × 104

SWCNT
SWCNT

SWCNT

pristine

5.50 × 104

SOCl2

3.00 × 105

H2 SO3

1.46 × 105

iodine

1.45 × 105

H2 SO4

9.00 × 104

SO2 Cl2

8.20 × 104

pristine

7.00 × 104

SOCl2

3.50 × 105

1.2

30

8

74

5

[17]

14–35

0.2–2

[41]

[42]

11

0.66

37

0.95
2

2.47 × 104

16

4

DNA

3.06 × 104

76

3.3

chitosan

2.90 × 104

149

3.4

pristine

3.03 × 103

ozonized

3.23 × 102

CdTe decorated

7.14 × 102

ionic liquid

SWCNT

Triton X-100

DWCNT

[5]
[40]

16

SWCNT

SWCNT

[39]
10

[43]

[7]
[44]

[45]
680–850

10.8–12.2

[18]

DWCNT

9.09 × 105 –2 × 106

[19]

MWCNT

1.1 × 104 –2.0 × 104

[30]

536

G. Xu et al.

Fig. 5 The HRTEM images of CNTs-120 obtained by mixed acid
treatment at 120◦ C for 0.5 hour. The CNT structure, including the end
(a) and surface (b), was obviously etched by the acid

Fig. 4 (a) The Raman spectra of VACNT arrays before and after
mixed-acid treatment. (b) The relationship between ID /IG ratio and
mixed acid treatment temperature

good mechanical property of CNT itself as a result of the
weak connection among CNTs. Compared with SWCNTs,
the MWCNTs obtained by floating catalysis process were
of a larger diameter of 40–60 nm, and the distance between
MWCNTs was large. Therefore, the van der Waals force between CNTS was not strong. For the potential applications,
however, a strong paper is needed. In order to improve the
mechanical properties of the produced paper, CNT/polymer
composite films were made by various methods, including
soaking the CNT paper in a polymer solution and filtering
the polymer solution through the CNT paper.
3.2 Enhancing the CNT paper by soaking

fection defects, the electrical conductivity also decreased as
reported by Zhang et al. [17].
The CNT paper was obtained mostly by simple filtration
of CNT pulp. However, the tensile strength of the CNT paper was about 4.3–7.5 MPa, which was much lower than
that of SWCNT or double-walled CNT (DWCNT) paper
reported by other groups (Table 2). This is far from the

A simple way for a polymer to penetrate into paper is soaking the paper into the solution of polymer. In his study, Coleman et al. [46] soaked SWCNT film in PVA solution, which
enhanced Young’s modulus and strength by three and nine
times, respectively. For MWCNT paper, the effects of polymer are obvious. For PEO, it is composed of intramolecule
ether groups; PVA has a number of hydroxyl groups, while
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Table 3 The mechanical and electrical properties of CNT film obtained by the soaking method

Table 4 The mechanical and electrical properties of CNT film obtained by vacuum filtration

Sample

Thickness

Electrical

Sample

Thickness

name

(µm)

name

(µm)

CNT
CNT/PEO
CNT/PVP
CNT/PVA

Tensile

Young’s

strength

modulus

conductivity

(MPa)

(MPa)

(S/m)

96

7.5

785

1.0 × 104

CNT

143

3.5

323

2.63 × 103

PVA

787

2.13 × 103

1369

1.75 × 103

125
132

8.1
18.9

PVP is full of the carbonyl groups. These polymers were
used to enhance the MWCNT paper. The mechanical and
electrical properties of CNT composite films obtained by the
soaking method are shown in Table 3.
After soaking, the thickness of the CNT paper obviously
increased. Among all results, only the mechanical properties of CNT/PVA films were obviously enhanced (Table 3).
In fact, the tensile strength and Young’s modulus increased
from 7.5 and 785 MPa to 18.9 and 1369 MPa, respectively.
In contrast, the CNT/PVP films showed little change in
properties, while the properties of the CNT/PEO films even
decreased. During the soaking process, the polymers diffused into the film and interacted with CNTs to bind them
together. PVA easily interacted with functionalized CNTs.
Consequently, PVA warped around the CNTs and bound
them together. The mechanical properties increased a little for PVP, which had little interaction with CNTs because
of the carbonyl groups. As for PEO, the ether groups have
little interactions with CNTs. The thickness of CNT films
increased as a result of PEO clinging on the CNT paper.
The electrical conductivity decreased because these polymers were insulated, and the scattering and block of electrons increased at the interface of the CNT/polymer. However, the tensile strength of the CNT/PVA film increased by
152%, which provided the availability of strong CNT films.
It can then be noticed that the polymers, especially PVA,
grafted to the surface of CNTs quickly. Then the pores at
the surface were blocked up by the polymer, hence the diffusion of polymer into the CNT paper was difficult. This led
to the lack of polymer in the inner core of the CNT paper
and to the limited improvement in mechanical property.
3.3 Strong CNT/PVA film by vacuum filtration
Wang et al. [47, 48] and Gou et al. [49] fabricated SWNT
membranes from a multistep dispersion and filtration
method. The membranes were impregnated with epoxy
resin/polycarbonate solution to make nanocomposites with
a high SWNT loading and improved storage modulus. Vacuum filtration was also used to enhance the mechanical
properties while maintaining the electrical properties. Various films were obtained by varying the filtration time.

Tensile

Young’s

Electrical

strength

modulus

conductivity

(MPa)

(GPa)

(S/m)

96

7.5

0.785

1 × 104

100

62.0

4.05

<10−2

CNTPVA30min

81

22.8

1.94

0.21 × 104

CNTPVA10h

92

96.1

6.23

0.16 × 104

CNTPVA24h

118

56.9

2.94

8.26 × 102

A group of SEM images (Fig. 6) showed the surface and
cross-section of CNT/PVA film fabricated by vacuum filtration. When the filtration lasted for five minutes, although
most of the CNTs were coated by PVA, there were still
some pores (Fig. 6a). Meanwhile, because of the strong
PVA/CNT interaction, the CNT paper shrank, and its thickness decreased from 96 to 81 µm after a 30-minute filtration. With further filtration, more and more of the solution passed through the CNT film, and PVA bonded with
CNTs. The thickness of the CNT film increased. A homogeneous CNT/PVA film was formed after a ten-hour filtration (Fig. 6b). Neither pores nor macroscopic defects could
be found. Meanwhile, strong interactions between PVA and
CNTs were formed, which was confirmed by mechanical
property enhancement (see Table 4). After a ten-hour filtration, the tensile strength and Young’s modulus reached
96.1 MPa and 6.23 GPa, respectively, or they increased by
factors of 12 and 7 compared to those of pristine CNT paper, respectively. At the same time, the electrical conductivity decreased to 0.16 × 104 S/m. When the filtration time
increased further to 24 hours, there was too much PVA on
the surface of the composite film (Fig. 6c). The fringes of
CNTs were not clear (Fig. 6d) except at the end of the
cross-section, where short single CNTs were stretched. The
thickness increased further; however, the tensile strength
and electrical conductivity decreased. The CNT/PVA films
obtained by vacuum filtration had a much higher tensile
strength and Young’s modulus than those obtained by the
soaking method. This indicates that vacuum filtration provided an impetus on the diffusion of PVA, then a homogeneous strong film was obtained.
The strongest CNT/PVA film has a tensile strength of
96.1 MPa and Young’s modulus of 6.23 GPa. Compared
with SWCNT paper/film listed in Table 2, it has good mechanical performance. For a strong CNT film, the stress can
be transferred to a single CNT. However, because the mechanism of stress transfer between PVA and CNT was not
clear, and the interface was not good, a super strong CNT
film was unavailable. Meanwhile, there were still some defects, such as the layered structure as shown in Fig. 2c.
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Fig. 6 SEM images of the
MWCNT/PVA films. Surface
morphologies of MWCNT/PVA
films after (a) 30-minute,
(b) 10-hour, and (c) 24-hour
filtration. (d) is the morphology
of the cross-section of the film
after 24-hour filtration

Therefore, there was still a gap between the theoretical
predication and experimental results yielded by this study,
thereby encouraging further research on forming a good interface between polymers and CNTs as well as decreasing
the defects of CNT composite film. This could open new
opportunities in the development of stronger paper/films to
meet potential applications.

4 Conclusions
Long VACNT arrays were obtained by synchronous growth
in the floating catalysis process. After high-speed shearing,
nitric acid and sulfuric acid treatment at various temperatures, and pulping, CNT pulp was obtained which was the
solution of long and well-dispersed CNTs. The CNT pulp
was filtered to obtain CNT paper. When the treatment temperature was 110◦ C, due to proper organic group grafting
on the surface of CNTs, the tensile strength, Young’s modulus, and electrical conductivity were 7.5 MPa, 785 MPa, and
1.0 × 104 S/m, respectively. The CNT paper was further
strengthened by making a CNT/polymer composite film.
The CNT paper was soaked in PEO, PVP, and PVA solutions. PVA/CNT film showed the best mechanical properties
as shown by the strong interaction between PVA and functionalized CNTs. The tensile strength and Young’s modulus increased to 18.9 and 1369 MPa. However, its electrical

conductivity decreased. Because polymers could hardly diffuse into CNT paper, vacuum filtration was used to fabricate
CNT/PVA film. As a result, PVA penetrated into the CNT
paper more, producing a homogeneous CNT/PVA film. After a ten-hour filtration, the tensile strength and Young’s
modulus of CNT/PVA film were 96.1 MPa and 6.23 GPa,
respectively, an obvious increase by factors of 12 and 7 compared to those of pristine CNT paper. However, these properties are not significant compared to those of the individual CNT, making good interactions between polymer and
CNTs and low defect density necessary to improve the CNT
film further. If this end is materialized, there will be a strong
CNT paper/film that could meet the potential applications of
CNTs in the future.
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