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ABSTRACT

Carbon nanotube/carbon (CNT/C) composites show potential for lightweight structural materials
and non-metal electrical conductors for aerospace, military, and other industries where the
combination of lightweight, high strength and excellent conductivity are required. Numerous
research attempts have been reported to fabricate CNT/C composite focusing on high CNT
alignment and dense carbon matrix. However, simultaneous improvements for mechanically
strengthening and electrically improving properties of strength and conductivity in materials still
presents a great challenge. In this study, pyrolyzed polydopamine (py-PDA) with selected
surface treatments is introduced as an interface enhancer between CNTs and carbon matrix. Due
to the presence of py-PDA, the effective physical interlocking and conductive pathways are
rebuilt at the interface area between CNTs and carbon matrix, resulting in better load transfer and
electron transport. The CNT/py-PDA/C composite fibers demonstrated remarkable
improvements in electrical conductivity (2.1 x 10° S cm-1) and tensile strength (up to 727 MPa),
which should prove to be vastly advantageous as compared to the previously reported CNT/C
composites. The outstanding thermal stability of fully carbonized materials is also an attractive
feature. Coupled with scalable manufacturing methods, these integrated characteristics of
CNT/py-PDA/C composite fiber can potentially have broad applications for lightweight
structural materials and non-metal conductors.

1. INTRODUCTION

The next-generation mechanically strong and electrically conductive lightweight structural
materials show immense potential for application in vehicles and aircrafts to meet the
lightweight strategy of future automobiles[1, 2]. As one candidate, carbon fiber (CF) has been
extensively studied, and possesses high specific tensile strength and modulus[3-6]. Recently,
researchers have devoted great efforts in exploring other carbon allotrope such as carbon
nanotube (CNT), which shows much higher tensile strength of up to 100 GPa and modulus of up
to 1.3 TPa[7, 8]. Coupled with the exceptionally high electrical and thermal conductivities[9-15],
CNT is predicted to be a better candidate than CF as the next-generation of nano reinforcement
materials. In this sense, carbon or ceramic matrix composites are one reliable and promising
candidate, which may also fully take advantages of the excellent properties of nano
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reinforcement materials including CF, CNTs, and graphene[2, 16-21]. To date, carbon
nanotube/carbon (CNT/C) composites have been reported with main focus on mechanical
properties[17-19, 22], and the structural evolution mechanism of carbon matrix[19, 23, 24].
Electrical property was less studied due to the poor conductive performance[25].

Two common manufacturing routes of CNT/C composites are chemical vapor infiltration
(CVID)[18, 19, 22-24, 26], and polymer-infiltration-pyrolysis (PIP)[17, 25]. Several key factors
have been investigated including increasing the alignment degree of CNTs[25], densifying the
CNT network structure[18], and creating dense, continuous, and highly graphitized carbon
matrix in the vicinity of CNTs[23, 27]. In our previous work, high volume density of CNT/C
composite was obtained by multiple carbon precursor infiltration using PIP method to achieve a
fully densified carbon matrix.[27] The reported tensile strength ranges from 148.6 MPa to 460
GPa.[17, 18, 28] Higher value of up to 1.7 GPa was also reported.[19, 22] However, the reported
electrical conductivity is either rarely evaluated or poorly low, ranging from 100 S/cm to 500
S/em.[17, 18, 27, 28] Traditional cross-linking or covalent bonding of CNT/polymer composites
through functional groups,[29, 30] are not effective for the case of CNT/C composites due to the
decomposition of O/N functional groups after high temperature treatment. Nevertheless, carbon
matrix is supposed to enhance the inter-connections between CNTs by filling the pores within
CNT network,[27, 31, 32] which can facilitate the load transfer among neighboring CNTs.
Therefore, the effective interface design should be of great interest to simultaneously improve
mechanical, and electrical properties of CNT/C composite.

Polydopamine (PDA), is a widely investigated because of its amazing characteristics including
extraordinary adhesion.[33-36] More importantly, after carbonization at high temperature, the
strong adhesion property of pyrolyzed polydopamine (py-PDA) was maintained.[33] This
adhesion effect of py-PDA is important, and is different from the aforementioned cross-linking
or covalent bonding via O/N containing functional groups.[34] Previous studies showed that py-
PDA could be highly conductive, up to 10> S m™.[37-39] However, to date, the interface
engineering using py-PDA as an interface enhancer is not explored yet to fabricate both strong
and conductive CNT/C composite.

Herein, we reported a systematic study of py-PDA functionalized CNT/C composite fiber based
on our previous results.[32] This fiber was successfully prepared by coating PDA onto CNTs
first, followed by carbon precursor infiltration, and mechanical twisting. Further pyrolyzing
process converted the interfaced PDA into conductive carbon of py-PDA, which enabled
CNT/py-PDA/C composite fiber possessing not only high tensile strength, but also high
electrical conductivity. It was found that CNT/py-PDA/C composite fiber possessed a tensile
strength and modulus of up to 727 MPa, and 85 GPa, respectively. More importantly, high
electrical was reached up to 2.1 x 10° S m™!. These significant improvements of both mechanical
and electrical properties of our CNT/py-PDA/C composite fiber indicates a great scientific
contribution and provide an in-depth understanding of key roles of the interface for C/C
composite.



2. EXPERIMENTATION
2.1 CNT/py-PDA/C Composite Fiber Manufacturing.

CNT ribbon (CNTR) from Nanocomp Technologies Inc. was used as received without any pre-
treatment[40]. Dopamine solution (2 mg ml™") was prepared with tris-HCI buffer (10 mM, pH of
8.5). First, the functionalization of CNTR using PDA was performed at room temperature by
controlling time at 5 min, 10 min, 30 min, 60 min, to 120 min (referred to as CNTR/PDA). Then
phenolic resin (Durite™ Resin SC-1008, Hexion Inc.) in acetone with a concentration of 3, 5,
and 10 wt.% was infiltrated into CNTR/PDA for 2 hours (referred to as CNT/PDA/Resin). For
clarification, samples were named as CNTR/XX before manual twisting, and CNT/YY fiber after
manual twisting due to the shape difference where XX or YY represents various treatments such
as PDA coating or resin infiltration. The ribbon of CNT/PDA/Resin was manually twisted into
fiber and then cured at 170 °C for 3 hours. Finally, CNT/py-PDA/C composite fiber was
obtained by thermal treatment at three different temperature of 800, 1000, and 1200 °C in argon
atmosphere using a tube furnace (GSL-1600X-OTF, MTI Corporation). The initial carbonization
was started at room temperature increasing to 400 °C at 10 °C min™!' then held for 1 hour. With a
step-carbonization of every 100 °C at 5 °C min!, it was held for 1 hour at each temperature of
500, 600, 700, and 800 °C. For the cases of carbonization at 1000 and 1200 °C, it was raised up
to 800 °C using the same temperature profile in the case of carbonization at 800 °C. Then the
temperature was raised again to 1000 °C (or 1200 °C) at 2 °C min' and held for 1 hour. The
temperature profile of cooling was controlled at 5 °C min™! from 1000 °C (or 1200 °C) to 800 °C,
then 10 °C min™! was set from 800 °C to room temperature (Fig. 1).

14004 ——1200°C
——1000 °C ‘
1200 4 800 °C 1200 °C
6 2 °C/min 5°C/min
2. 10004 \
0]
—
2 8004
g \10 °C/min
o 600+
5
Pt 400 -
200
0 T T T T
0 200 400 600 800 1000

Time (min)

Fig. 1. Temperature program of thermal treatment at 800, 1000, and 1200 °C. The cases of 1000
and 1200 °C, same temperature program before 800 °C was shared as the case of 800 °C. line
colors too weak.

2.2 CNT/C Composite Fiber Manufacturing.
All process including phenolic resin infiltration, twisting, curing, and thermal treatment for

CNT/C composite fiber were as same as these carried out for the preparation of CNT/py-PDA/C
composite fiber, without the functionalization of PDA.



2.3 CNTR/py-PDA.

All samples were prepared under same conditions, except the different functionalization time of
PDA. Once the PDA functionalized CNTR was dry, thermal treatment was carried out in an Ar
atmosphere (tube furnace, GSL-1600X-OTF, MTI Corporation) using the same temperature
profile that was used for the preparation of the CNT/py-PDA/C composite fibers. AFM was used
to characterize the surface morphology.

2.4 Material characterization.

SEM images were obtained using a JEOL JSM-7401F. TEM images were taken using the JEM-
ARM200cF (JEOL) at 80 kV. The TEM samples were prepared by peeling and cutting the
broken areas of CNTR/PDA and placing them on TEM mesh grids. The thickness of PDA in the
vicinity of CNTs was analyzed by the open source software of Image J. Mechanical properties
were characterized by Dynamic Mechanical Analyzers (DMA, Q800, TA Instruments). The
average value of stress, modulus, and failure strain for each sample prepared under different
conditions were based on 6-12 trials. Atomic force microscope (AFM) images were taken by
Multimode 8 with Nanoscope V controller. The surface roughness (Ra) was obtained from line-
scan profiles of 3-6 lines. Electrical conductivity was tested by four-probe method with current
source (Keithley 6221) and nanovoltmeter (Keithley 2182A) using the in-house designed sample
holder.[14] The wide-angle X-ray diffraction (WAXD) measurements were obtained on a Bruker
NanoSTAR system with an Incoatec IuS microfocus X-ray source operating at 45 kV and 650
pA. The wide-angle diffraction intensity was captured by a Fuji Photo Film image plate and read
with a Fuji FLA-7000 scanner. The Raman spectroscopy was carried out on a Renishaw inVia
micro-Raman system using a 785 nm excitation wavelength (1.58 eV) diode laser.
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Fig. 2. The schematic illustration of CNT/C composite manufacturing with three steps including
the combination of dip-coating and PIP method.



3. RESULTS
3.1 Manufacturing process of CNT/py-PDA/C composite fiber

CNT/py-PDA/C composite fiber was prepared using a simple and scalable way: the combination
of dip-coating and PIP method as shown in Fig. 2.[25, 27, 34] First, polydopamine (PDA) was
formed onto the surface of CNTs through an auto-oxidative reaction.[33, 41] Second, the PDA
coated CNTR was infiltrated with phenolic resin and then manually twisted into CNT fiber,
followed by curing process to get phenolic resin molecule cross-linked. Third, thermal treatment
of aforementioned fiber was carried out in argon atmosphere to obtain py-PDA/CNT/C
composite fiber. Fig. 2d illustrated the microstructure of py-PDA/CNT/C composite fiber with
py-PDA as the interface enhancer. Since the raw material of CNTR can be mass produced by
Nanocomp Technologies Inc.,[40] the reported manufacturing method here is feasible and easily
scalable, which can take the advantage of commercially available CF manufacturing process.
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Fig. 3. (a) Surface morphology of as-received raw CNTR (inset: the digital image of CNTR)
(white arrows show the main alignment direction of CNTs). (b) SEM image of PDA coated
CNTR. (c¢) TEM image of PDA coated CNT. (d) Surface morphology of CNT/py-PDA/C
composite fiber (white arrows show the main alignment direction of CNTs). (e) The average
diameter of as-prepared composite fiber ranging from 120 to 150 um (inset: digital image shows
the flexibility of CNT/py-PDA/C fiber). (f) The cross-section of CNT/py-PDA/C fiber.

The raw CNTR possessed pores and was pre-aligned (Fig. 3a) along longitudinal direction. First,
PDA aggregated on the surface of CNTs through self-polymerization.[34, 36] The porous
structure was still present after PDA coating (Fig. 3b). On the other hand, the thickness of PDA
coating was not homogeneous (Fig. 3¢), varying from 3 to 12 nm with 7 nm in average (Fig. 3¢
inset). The following phenolic resin infiltration process and mechanical twisting increased both
the CNT network density and CNT bundle alignment degree (Fig. 3d). The final CNT/py-PDA/C
composite fiber had a diameter of greater than 100 pm (Fig. 3e). Fig. 3f shows the cross section
of CNT/py-PDA/C composite fiber (sample was prepared by FIB). Compared to previous results



in literature, our py-PDA/CNT/C composite fiber has a larger diameter and the length is
unlimited, just depending on the length of raw CNTR (Fig. 4 a and b). Additionally, all samples
showed a uniform diameter along longitudinal direction (Fig. 4c) and a similar twisting angle
(Fig. 4 d to f), indicating a reliable manufacturing process.
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Fig. 4 a) A raw CNT ribbon with a relative uniform width and a thickness of 7-9 um. b) A roll of
CNT/py-PDA/C composite fiber with a length of 1.5 meters. c) The as-prepared composite fiber
(carbonized at 1200 °C ) with (60 min) and without functionalization at different resin
concentration (3, 5, 10 wt.%) showed a relative uniform diameter along fiber axis. d-e) All
CNT/C composite fibers displayed a similar twisting angle of 19-20 °.
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3@T1200), (b) 5 wt.% (CNT/C-5@T1200), and (c) 10 wt.% (CNT/C-10@T1200) of phenolic
resin solution.

The mechanical and electrical properties of CNT/py-PDA/C and CNT/C composite fibers were
systematically investigated by varying processing parameters including the concentration of



phenolic resin solution (wt.%), PDA functionalization time (t), and the temperature of thermal
treatment (T). Three different concentrations of phenolic resin were investigated, and their
corresponding composite fibers were referred as CNT/C-X (X is the weight percent of phenolic
resin solution). As the surface morphology depicted in Fig. 5, dense packing structure of CNTs
and carbon matrix were achieved for all three studied composite fibers, CNT/C-3 (3 wt.%),
CNT/C-5 (5 wt.%), and CNT/C-10 (10 wt.%), as compared to CNTR (carbonized at 1200 °C).
Obviously, in Fig. 5c, a denser and more continuous structure was achieved for CNT/C-10
composite fiber. Thus, a higher performance of CNT/C-10 than the other two counterparts was
expected. And this assumption was verified by the following mechanical property investigations
as the stress-strain curves plotted in Fig. 6.
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Fig. 6. The stress-strain curves CNT/C composite fibers and their corresponding averaged values
of ultimate tensile strength, modulus, and failure strain. Fibers were prepared at different
temperature: 800 °C (a and d), 1000 °C (b and e), 1200 °C (c and f).

In Fig. 6, a better mechanical performance of CNT/C-10@T1200 was found as compared to the
other two composite fibers of CNT/C-3@T1200 and CNT/C-5@T1200. This was an evidence
that dense and continuous carbon matrix enhanced the interconnections between neighboring
CNTs. Furthermore, comparing to the fibers carbonized at 800, and 1000 °C (Fig. 6 a, b, d, and
e), higher thermal treatment temperature at 1200 °C (Fig. 6 ¢ and f) resulted in a better
mechanical performance, reaching 323 MPa and 39.2 GPa in terms of strength and modulus,
respectively. This guided us to use the 10 wt.% of phenolic resin solution to prepare py-
PDA/CNT/C composite fibers for the following investigation of the effects of py-PDA
functionalization.

The effects of PDA coating time (t) on the mechanical properties of CNT/py-PDA/C composite
fibers were also investigated (referred to as CNT/py-PDA/C@tY, with Y indicating the coating
time in minutes). Similar surface morphologies were observed for CNT/py-PDA/C@T1200
composite fibers prepared with different functionalization time from 5 min to 120 min (Fig. 7)
indicating no negative effects from the introduction of PDA or py-PDA.
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Fig. 7. a-¢) Surface morphol of C 'py- /C composite fiber wit Varius PDA coating
times when phenolic resin concentration was controlled at 10 wt.%

As clearly seen from the stress-strain curves in Fig. 8, the tensile stress simultaneously increased
with the extension of PDA functionalization time from 5 min to 60 min at each thermal treatment
temperature of 800, 1000, 1200 °C. However, further extending PDA coating time did not
increase the tensile stress any more. In this study, for CNT/py-PDA/C@t60-T1200 composite
fiber, both modulus and tensile stress reached the maximum of 85 GPa and 727 MPa,
respectively. Overall, CNT/py-PDA/C@ t60-T1200 composite fibers showed better mechanical
performance than their counterparts of CNT/C@ 1200 composite fibers without functionalization:
more than twice higher in terms of tensile stress and modulus.
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Fig. 8. The stress-strain curves CNT/py-PDA/C composite fibers and their corresponding
averaged values of ultimate tensile strength, modulus, and failure strain. Fibers were prepared at
different temperature: 800 °C (a and b), 1000 °C (¢ and d), 1200 °C (e and f).
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Fig. 9. AFM images and extracted data for surface morphology of samples with different
functionalization time including: control, 0 min (al-a3), 5 min (b1-b3), 10 min (c1-c3), 30 min
(d1-d3), 60 min (e1-e3), 120 min (f1-13). For each case, one 2D AFM surface morphology, two
representative scanning line profiles, and the histogram of surface roughness were included.

The improvements of mechanical properties could be ascribed to the introduction of py-PDA as
an interface enhancer which may result in strong interactions between CNTs and carbon matrix,
leading to a better load transfer among neighboring CNTs. AFM surface morphology results of
both CNTR as control (without py-PDA) and functionalized CNTR/py-PDA with different
coating time were collected as shown in Fig. 9. Based on the definition of surface roughness (Ra)
(excluding the baseline of CNTs itself), the CNTR showed a value of Ra as small as 0.65 nm
(Fig. 9a3). However, the Ra of CNTR/py-PDA gradually increased from 1.54 nm to 2.53 nm with
the increase of functionalization time from 5 min to 60 min (Fig.9 b3 to €3). AFM results
confirmed the hierarchical structure of py-PDA on the surface of CNTs after carbonization.[33]
Additionally, the increasing Ra is nicely correlated with the improved mechanical properties of
py-PDA/CNT/C composite fiber. Therefore, the increased surface roughness is beneficial for
physical interaction such as interlocking between CNTs and carbon matrix. A slight decrease of
Ra for the case of CNTR/py-PDA at 120 min functionalization time (Fig.9 £3) may explained the
decreased tensile stress of CNT/py-PDA/C@t120-T1200 composite fiber as summarized in Fig.
8f. Furthermore, thermal treatment temperature is also important. For example, tensile stress of
565 MPa and 471 MPa were achieved for py-PDA/CNT/C@1000(60) and py-
PDA/CNT/C@800(60) composite fibers, respectively. Nevertheless, these values are much
higher than that of control CNT/C composite fibers carbonized at same temperature, 296 MPa
for CNT/C@1000 and 194 MPa for CNT/C@800, respectively.
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Fig. 10. Electrical conductivity of CNT/C and CNT/py-PDA/C composite fibers. (a) Effects of
the concentration of phenolic resin solution and thermal treatment temperature on the
conductivity of CNT/C composite fibers. (b) Effects of PDA functionalization time and thermal
treatment temperature on the conductivity of CNT/py-PDA/C composite fibers.

Another key feature of CNT/C composite for potential application is the requirement of high
electrical conductivity, which was also studied for CNT/C and CNT/py-PDA/C composite fibers
in this study as displayed in Fig. 10. The trend of increased electrical conductivity of CNT/C-3,
CNT/C-5, and CNT/C-10 was observed in Fig. 10a possibly due to the dense and continuous
carbon matrix. As the carbonization temperature raised from 800 °C to 1200 °C, the highest



electrical conductivity was achieved for CNT/C-10@T1200, up to 9.5 x 10* S m™!. After the
introduction of py-PDA, all CNT/py-PDA/C@T1200 composite fibers showed a higher
conductivity than that of CNT/C-10@T1200 composite fiber. More importantly, a significant
enhancement of conductivity was recorded for py-PDA/CNT/C@t60-T1200 composite fibers,
reaching 2.1 x 10° S m™!, which can be accredited to pyrolytic carbon of py-PDA, serving as
conductive pathways between CNTs and carbon matrix.[34, 42] When the functionalization time
was more than 60 min (120 min in this study), the enhancement of conductivity due to the
introduction of py-PDA induced contact resistance decrease was probably saturated. The slight
decrease of conductivity of CNT/py-PDA/C@t120-T1200 composite fiber may be due to the
over coating of py-PDA because its conductivity is much poorer than that of CNT itself.[11, 38,
39] Overall, through controlling the concentration of phenolic resin solution, carbonization
temperature, and the unique functionalization of py-PDA in this study, both high electrical and
mechanical properties were achieved with significant improvements.

4. CONCLUSIONS

In summary, we reported an effective and potential scalable method for CNT/C composite fiber
manufacturing through the combination of controlling the concentration of phenolic resin
solution, mechanical twisting, thermal treatment temperature, and the unique introduction of py-
PDA as an interface enhancer between CNTs and carbon matrix. The achieved significant
improvements of CNT/py-PDA/C@t60-T1200 composite fiber including both mechanical (727
MPa) and electrical (2.1 x 10> S m™!) performance are surpass these of control CNT/C composite
fibers (323 MPa and 9.5 x 10* S m™!, respectively) and results from literature. Particularly, the as
prepared CNT/py-PDA/C composite fiber is still flexible and bendable. These integrated
characteristics of CNT/py-PDA/C composite fiber may enable the potential wide applications
ranging from electronic devices including flexible, wearable, and portable sensors,
supercapacitors, and batteries to structural materials where high specific strength and specific
conductivity are of great interest.
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