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Carbon nanotubes (CNTs) have received extensive attention due
to their extraordinary properties in electronic conduction,[1] heat
transfer,[2] and mechanical strength.[3] Materials with unparallel
performance, such as super-strong, lightweight e-textiles, can
be fabricated from CNTs, suggesting a future revolution in
materials science. Thus, the emerging CNT technology will
largely depend on the development of effective spinning and
post-spinning processes to realize such unprecedented materials. Two widely implemented strategies for fabricating CNT
fibers are in-solution[4–7] and solid-state spinning techniques.
The in-solution spinning of CNTs can produce continuous
CNT fibers; however, homogeneous dispersion of CNTs in the
solvent is necessary for proper spinning. Moreover, the properties of the CNT fibers strongly depend on the methods of CNT
dispersion. An alternative strategy is solid-state spinning,[8–17]
which allows avoidance of CNT dispersion in solvents and
for various post-spinning processes to be applied with ease.
Twisting,[10–16] densification,[9,18] and infiltration[8,19,20] are
examples of post-spinning processes, and the main purpose
of the spinning and post-spinning processes is to enhance the
mechanical properties of CNT fibers. Despite the effort that has
been made, however, fabrication of strong CNT fibers remains
a great challenge.
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The strong protein-based adhesives found in marine mussel
Mytilus edulis, provide an important insight into the development of post-spinning processes of CNT fibers. The mussel
secretes special adhesive foot proteins that undergo rapid solidification in seawater. At a molecular level, the unusual amino
acid 3,4-dihydroxy-L-phenylalanine (DOPA) found in the adhesive proteins functions as a molecule that is responsible for
the solidification by oxidative chemical crosslinking.[21–24] From
a chemical point of view, covalent crosslinking with amines
and/or catechol (a side chain of DOPA) or metal coordination
are the reactions involved with DOPA, and the reactions are
responsible for mechanical reinforcement of the adhesive materials of mussels.[25] Here, inspired by the molecular mechanics
of mussel adhesive formation, we demonstrate a new postspinning process for the fabrication of CNT fibers (Figure 1a,b).
By infiltration of mussel-mimetic adhesive polymers and
curing through thermal and metal oxidation, we demonstrate
an increase in the tensile strength of CNT fibers by up to 470%.
The study described suggests a general post-spinning approach
for enhancement of the mechanical properties of CNT fibers
prepared by various spinning techniques.
Vertically well-aligned CNT arrays were grown on Fe-catalystimmobilized (1.7-nm-thick) silicon substrates by plasmaenhanced chemical vapor deposition. Methane (CH4) was used
as the carbon source to synthesize CNTs, with argon (Ar),
hydrogen (H2), and oxygen (O2) carrier gases. In the presence
of Ar gas flow (100 sccm), temperature was raised up to 730 °C
for 7 min, followed by Ar/H2 gas (12 sccm) for 5 min. Finally,
CH4/O2 gas (66/1 sccm) was provided in the presence of Ar/
H2 gas for 15 min. Scanning electron microscopy (SEM) analysis showed that the fully grown, vertically aligned CNT forest
was 720 μm in height, interacting with neighboring CNTs by
van der Waals forces (Figure S1, Supporting Information).[9]
The CNT fibers (Figure 1d) directly spun from the CNT forest
(Figure 1c) underwent the following steps of post-spinning
processes: 1) the CNT fibers were mechanically twisted; 2)
the adhesive polymer poly(ethylenimine) catechol (PEI-C) was
infiltrated into the fibers; and 3) the CNT fibers were densified by solvent evaporation at 120 °C (Figure 1f). The densification, driven by surface tension, occurs during evaporation
of methanol (Figure 1e). The diameter of loosely packed CNT
fibers (Figure 1d, inset) was markedly decreased from 91.8
to 17.1 μm (Figure 1f, inset) as a result of the post-spinning
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similar changes in diameter decreasing to
16.6 ± 3.0 μm (Figure 1e). X-ray photoelectron spectroscopy (XPS) analysis showed N
1s (≈400 eV) and O 1s (≈532 eV) peaks from
the infiltrated PEI-C adhesives (Figure 1g,
right panel). In contrast, no nitrogen (N 1s)
was observed in the CNT fibers that were not
treated with PEI-C adhesives (Figure 1g, left
panel). The slight oxygen signal was due to
the unavoidable surface oxidation of CNTs.
Energy dispersive X-ray spectroscopy (EDS)
analysis revealed similar nitrogen (25.3% for
the outer and 22.9% for the inner region) and
oxygen (17.4% for the outer and 16.2% for
the inner region) compositions in the crosssectioned CNT fiber (Figure S2 and Table S1,
Supporting Information). This result indicated that the polymer was effectively diffused into the core region of the CNT fibers.
The mass percentage of the PEI-C polymer
in the CNT fiber was ≈8 wt%, determined
by measuring changes in weight and volume
utilizing a 3-m-long CNT fiber. These results
clearly demonstrate that the mussel-inspired
adhesive polymers are effectively diffused
between the individual CNTs for mechanical
reinforcement.
The PEI-C infiltrated CNT fibers exhibited 65% increase in tensile strength from
0.55 ± 0.11 GPa to 0.91 ± 0.24 GPa compared
with the fibers without the adhesive treatment. When the infiltrated PEI-C molecules
were crosslinked at 120 °C for 2 h, a significant enhancement in tensile strength and
modulus was observed; the tensile strength
increased from 0.91 ± 0.24 GPa to 2.2 ±
0.15 GPa and the modulus increased from 65 ±
17 GPa to 120 ± 23 GPa (Figure 2a). Considering the density of each sample (0.53 g cm−3
before infiltration and 0.55 g cm−3 after infiltration), the specific strength values were
also increased from 1.04 ± 0.25 MN m kg−1
to 4.00 ± 0.27 MN m kg−1 (Table S2, Supporting Information). At high temperatures
above 90 °C, catechols are oxidized to quinones that react with amine and/or catechol
groups of nearby PEI-C by Michael-type
addition and/or Schiff base formation.[26,27]
At low temperatures below 40 °C, catechols
Figure 1. Fabrication and characterization of mussel-inspired CNT fibers. a) A photograph of do not exhibit chemical reactivity, resulting
a mussel attached to Si substrate. b) A schematic illustration of one-dimensionally aligned in a marginal increase in tensile strength
CNT fibers that are mechanically reinforced by mussel-mimetic, catechol-containing adhesives. to 0.91 ± 0.24 GPa. To further verify the catc) Spinning CNT fibers from the forest. d) SEM image of the spun CNT fibers (scale bar: 25 μm)
echol-mediated crosslinking reactions, the
e,f) High magnification SEM images of e) densified CNT fiber and f) h-PEI-C treated CNT fiber.
infiltrated PEI-C adhesives were retrieved by
The insets show the SEM images of each CNT fiber sample. g) XPS spectra of CNT fibers before
acid treatment (5 M HCl), as reported previ(left) and after (right) infiltration of PEI-C followed by thermal curing.
ously;[28] the UV-vis spectra showed a broad
peak at 320 nm in addition to the unoxidized catechol peak at
processes, twisting, infiltration, and densification. The decrease
280 nm, indicating oxidative crosslinking of the PEI-C polyin diameter is primarily due to the solvent evaporation; the postmers (Figure 2b).[29] In addition, calorimetric analysis using
spinning process in the absence of PEI-C adhesives resulted in
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PEI-Cs with various degrees of catechol
conjugations were prepared and labeled as
PEI-C1 for 25.0%, PEI-C2 for 13.5%, and
PEI-C3 for 5.0% conjugation to the primary
amine groups of PEI. The degree of catechol conjugation of PEI-Cs and the tensile
strength of the CNT fibers showed a positive
correlation: 0.6 ± 0.13 GPa for PEI-C3, 1.37 ±
0.37 GPa for PEI-C2, and 2.2 ± 0.37 GPa for
PEI-C1 (Figure 3a and Table S3, Supporting
Information). The effective mechanical reinforcement is due to increased crosslinking
between the adhesive polymers that are
strongly adhered to the surface of individual
CNTs. In fact, UV-vis spectra of PEI-C1,
PEI-C2, and PEI-C3 obtained from the CNT
fibers showed increased catechol crosslinking
at 320 nm (Figure S5, Supporting Information). The mechanical properties are also
dependent on the molecular weight of the
adhesives. A low-molecular-weight (≈500
Da) adhesive that is structurally similar to
PEI-C (sPEI-C) was synthesized. The CNT
fibers fabricated by sPEI-C showed an earlyFigure 2. Mechanical reinforcement of the CNT fibers. a) Force–distance curves of methanol- state failure (Figure 3a, purple), indicating
densified CNT fibers (control; black), PEI-C1-infiltrated (blue), and heat-treated PEI-C1-infiltrated the importance of the molecular weight
CNT fibers (red). b) UV-vis spectra of PEI-C retrieved from CNT fibers before (black) and after
of the adhesives. This result strongly sug(red) thermal treatment. c,d) TEM fractography images of PEI-C infiltrated CNT fibers after
c) methanol densification and d) heat treatment. e) A schematic illustration of the reinforce- gests that the facile diffusion caused by low
molecular weight is not an important factor
ment of the CNT fibers.
for mechanical reinforcement of CNT fibers.
Rather, a large number of catechols per chain
that can effectively interconnect the CNTs are the critical aspect
differential scanning calorimetry (DSC) also revealed that an
to enhance the tensile strength of CNT fibers. Unexpectedly,
endothermal peak of PEI-C at 55 °C, which is an indication of
the sPEI-C treatment resulted in a softening of the fiber and
a crosslinking reaction between PEI-Cs, was significantly lower
exhibiting the highest strain, about 2.5%, among the tested
in the subsequent temperature scanning. The data suggest that
CNT fibers.
the strong covalent linkages between PEI-Cs were formed upon
The crystallinity of infiltrated polymers has been another
heating (Figure S3, Supporting Information). As for CNT and
consideration for enhancement of mechanical properties.
PEI-C interactions, π–π bonds between catechol and CNTs, as
Poly(vinyl alcohol) (PVA)–CNT composites fabricated by inwell as hydrogen bonds between the amine of PEI and hydroxyl
solution and solid-state spinning techniques are well-known
or epoxide groups of the CNTs, might be involved. Furthermore,
1H NMR spectroscopy clearly showed complex oxidation of catexamples.[4,6,8] Crystallization of the surface-adsorbed PVA
molecules found in the vicinity of CNTs greatly influences the
echol in the CNT fibers. The downfield shift, increased number,
mechanical properties of CNT fibers. In fact, by catechol conand broadness of the proton peaks demonstrated oxidative catejugation, the non-crystalline PEI was converted to a crystalline
chol–catechol crosslinking upon heating (Figure S4, Supporting
polymer (Figure 3b); two broad peaks at 2θ = 12.5° and 25° sugInformation). Transmission electron microscopy (TEM) analysis
gest the newly generated crystalline nature of PEI-C.
of the fractured fibers provided insight into the mechanical reinFe(II/III) ions play an important role in reinforcing the mechanforcement by PEI-C adhesives; the presence of a bundle-shaped
ical strength of the mussel adhesives.[17,31,32] The Fe–catechol
fracture (Figure 2c) rather than a hairy-type failure (Figure 2d)
coordination and Fe-induced oxidative crosslinking chemistry
indicates an important role of PEI-C in adhesion between CNTs
could provide a strategy to further enhance mechanical properties
(Figure 2e). In general, for linearly aligned CNT fibers, interof CNT fibers (Figure 3c,d). To maximize the degree of mechannanotube friction is a primary interaction against applied strain
ical reinforcement of the CNT fibers, the PEI-C1-infiltrated CNT
force, which determines strength of the fiber.[30] Sliding between
fibers were further treated with 0.5 M Fe(NO3)3 solution for 10 min.
individual CNT occurs when the strain force is greater than the
The tensile strength of iron-treated CNT fibers was furfriction force. In this case, a hairy-type failure shown in Figure
ther increased up to 2.5 ± 0.31 GPa with the similar modulus
2d was often observed due to the sliding of individual CNTs.
before Fe(III) treatment (Figure 3c). The UV-vis spectra of the
However, the hairy-type failure was not observed for the CNT
metal-polymer-CNT fibers showed evidence of iron-induced catefibers treated by PEI-C adhesive. A localized, bundle-shaped
chol crosslinking (Figure 3d). In a previous study, catechol could
fracture was detected in which an individual CNT was tightly
form coordination bonds with Fe(III), generating three distinct
bound by the infiltrated adhesive (Figure 2c).
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increased the tensile strength of the adhesive
threads but also enhanced elasticity, proposing
a general principle of mussel-inspired control
of mechanical properties by iron and catechol
chemistry.
In conclusion, a method to reinforce the
mechanics of CNT fibers inspired by the
strategy found in the formation of mussel
threads was reported. The four-step sequential
fabrication processes that consist of 1) spinning
and twisting, 2) mussel-mimetic adhesive infiltration, 3) temperature-induced crosslinking,
and 4) Fe(III)-mediated catechol crosslinking
resulted in a remarkable ≈500% increase of the
tensile strength of the CNT fibers with a reduction in the ductility of the fiber compared to
untreated CNT fibers. The super-strong CNT
fibers had a diameter of 15–20 μm, which is
larger than reported CNT fibers with the tensile strength greater than 2 GPa, indicating
fewer defects in the approach described here.
Thus, the mechanical reinforcement achieved
by treatment of the mussel-inspired adhesive
suggests a new possibility to enhance mechanical properties of other carbon nanocomposite
materials. However, compared to pristine
CNT, the modulus and strength of the CNT
fiber was small[34] and, therefore, efforts to
improve the mechanics of CNT fibers should
be continued.

Supporting Information
Supporting Information is available from the Wiley
Online Library or from the author.
Figure 3. Engineering mussel-inspired adhesives influence the mechanical properties of CNT
fibers. a) The tensile strength of CNT fibers was increased as the degree of catechol conjugation onto the PEI polymer backbone was increase. The number of catechols per PEI molecule:
PEI-C1 (red) > PEI-C2 (blue) > PEI-C3 (green). Stress–strain curves of CNT fibers infiltrated by
catechol-conjugated oligoamine (h-sPEI-C) (purple). b) XRD spectra of PEI (black), h-PEI-C2
retrieved from fibers (blue), and h-PEI-C1 (red). c) Stress–strain curves of h-PEI-C1 CNT (red)
and h-PEI-C1+Fe(III) (blue). d) UV-vis spectra of PEI-C1 (black), h-PEI-C1 (red), and hPEI-C1+Fe(III) (blue) retrieved from CNT fibers. Fe(NO3)3 in aqueous solution (green) was
used for comparison.

coordination species: 1:1 (Fe:catechol, mono, weak bands at 429
and 700 nm), 1:2 (bis, strong band at 470 nm), and 1:3 (tris,
strong band at 590 nm) complexes.[31] In this study, a broad
peak from 320 to 500 nm appeared, which was distinct from the
spectrum of Fe(NO3)3 aqueous solutions, and the unoxidized
catechol peak at 280 nm decreased simultaneously after addition of Fe(III). Due to the high molecular weight of PEI (Mw =
25 kDa), the chemical environment of the conjugated catechols
is intrinsically hetero-geneous, which results in the broad peak
of catechol–Fe(III) coordination. The previous report utilizing
catechol–Fe(III) coordination to produce a stiff organic thin film
also did not show a distinct peak.[32] Recently, the molecular-level
insight into the role of Fe (II/III) ions in the mussel threads was
also reported.[33] Iron-mediated covalent crosslinking not only
1974
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