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inforcing efficiency in CNT
nanocomposites via the development of pyrene-
based active dispersants†

Xinyi Yin,‡ab Qiang Li,‡bc Haishui Wang,a Wengang Yang,b Xi Zhou,*b Han Zhang *d

and Weibang Lyu *be

Various preforms of carbon nanotubes (CNTs), such as fibers, yarns, or buckypapers (BP), have been

developed over the last few years in order to fabricate advanced nanocomposites containing a high

volume fraction of the reinforcing phase. However, a homogeneous dispersion and an even isolation of

CNTs during the fabrication process of many preforms such as BP is often challenging, while the poor

interaction between CNTs and the matrix also limits the final performance of the nanocomposites.

Herein, a new route to overcome these two challenges simultaneously has been demonstrated based on

an active dispersant (noted as Py-PEI) developed through the quaternization reaction of pyrene

derivatives (Py-Br) and polyethylenimine (PEI). The existence of pyrene groups leads to the formation of

p–p stacking with CNTs, successfully hindering the re-aggregation of dispersed CNTs. Meanwhile, the

amine groups of Py-PEI can establish covalent bonds with epoxy, leading to an enhanced load transfer

efficiency between CNTs and epoxy in the composites. Systematic characterization of both fabricated

BP and BP-reinforced nanocomposites have been performed, with significantly enhanced CNT

dispersion stability in water together with improved mechanical performance of the as-obtained BP/

epoxy nanocomposites. This study provides a new strategy in fabricating high performance

nanocomposites with the ease of nanofiller dispersion and enhanced reinforcing efficiency.
1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991,1 a great
amount of effort has been dedicated in developing lightweight,
high-performance and multi-functional composites by utilizing
the excellent mechanical strength, electrical and thermal
properties of CNTs.2,3 Nevertheless, two features of CNTs oen
limit their strengthening efficiency in nano-reinforced
composites: (i) high level of entanglement of CNTs due to
their high aspect ratios, high surface areas and inter-tube van
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der Waals interactions, which oen results in agglomerations
and poor dispersion/distribution in the matrix; (ii) the inert
nature of the pristine CNT surfaces, causing poor compatibility
or weak interfacial interaction with the matrix; hence, a limited
reinforcing efficiency in subsequent composites.

Among many CNT assemblies developed during the last two
decades to overcome the dispersion and agglomeration issues,
buckypaper (BP) consisting of pure CNTs in the form of a thin
lm with a thickness of around few hundred microns provides
an easy solution in handling and subsequent nanocomposite
fabrication.4–6 Both dry method7 and wet method8 have been
developed in making BPs. However, the wet method, where BPs
are made by ltrating CNT solutions through porous
membranes, is more widely used owing to its simplicity and
easy operation, and the product structure can be well predicted
and controlled.9

A uniform CNT dispersion is essential and of great necessity
inmaking high-performance BP lms viawet method. Thus, the
selection of appropriate dispersant and dispersing media to
prepare the CNT suspension becomes a crucial step of the
process. As most dispersing media employed are organic
solvents, such as N,N-dimethylformamide (DMF) and acids,
deionized (DI) water is becoming one of the most desired
options owing to its environment-friendly nature, although the
hydrophobic nature of CNTs oen hinders the dispersion
© 2021 The Author(s). Published by the Royal Society of Chemistry
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process in DI. Many surfactants, such as sodium dode-
cylbenzene sulfonate (SDBS), polyvinylpyridone (PVP), and
sodium cholate (SC) have been used as dispersants to facilitate
the CNT dispersion. However, it is worth noting that these
employed surfactants usually remained on CNT surfaces aer
dispersion and become contaminations. Hence, they weaken
the interface load transfer, requiring an additional removal
process such as acid treating,10,11 annealing12,13 and soaking or
washing.14,15 Clearly, it is essential and of great important to
have a dispersant that stabilizes the CNT dispersion without the
aforementioned side effects.

It is well known that the existence of a thin layer of sizing
agents on the surface of advanced bers (e.g., carbon bers,
glass bers) can provide the bonding between the reinforcing
bers and matrix with an enhanced load transfer. Introducing
chemical groups onto the CNT surfaces for a similar purpose –

to establish a stronger interaction between the CNTs andmatrix
– has been proven as an efficient method in enhancing the nal
performance of the CNT composites. Similar to ber sizing, the
ideal active dispersant for CNTs should meet the following two
requirements: forming the non-covalent bonds with CNT
surfaces during the dispersion stage, and the covalent bonds
with matrix materials during the subsequent manufacturing
stage. The former reserves the conjugated atomistic structure of
CNTs and prohibits the dispersed CNTs from re-aggregation,
while the latter enhances the load transfer efficiency between
the matrix and CNTs in the composites.

Over the last few years, many efforts have been made to
design and synthesize active dispersants for CNTs. Chen et al.
reported a non-covalent modication strategy that utilized
tannic acid (TA) and polyethylenimine to aid the CNT disper-
sion, and to improve the interfacial interaction between multi-
walled carbon nanotubes (MWCNTs) and the epoxy matrix
based on the reaction between the amine group on the surface
of MWCNTs and epoxy resins.16 Gu et al. developed a dispersant
based on polystyrene (PS) graed with epichlorohydrin, which
could interact with MWCNT via p–p stacking and covalently
bond with the epoxy resin matrix via the epoxy–amine reaction,
obtaining increased tensile strength and bending strength by
37.6% and 34.4%, respectively.17 In another study, Park et al.
found that the p–p interaction between phenyl glycidyl ether
(PGE) and MWCNT could enhance the dispersion of MWCNT.
Meanwhile, the epoxy functional groups contained in PGE can
improve the interfacial properties through the covalent bond
with the polyamide-6 matrix.18 It was also found that compared
with the molecules containing single aromatic rings, such as
the aforementioned TA, PS, and PGE, pyrene derivatives that
contain four or more aromatic rings have been proved to form
much enhanced interactions with CNTs.19

In this work, an environmental-friendly water-based
suspension with stable CNT dispersion alongside improved
interfacial bonding has been achieved for enhanced reinforcing
efficiency in the fabricated nanocomposites. A new active
dispersant has been developed based on the water-soluble
branched polymer polyethyleneimine (PEI) containing suffi-
cient reactive amine groups (primary, secondary and tertiary)
via quaternization reaction between 1-(bromoacetyl) pyrene (Py-
© 2021 The Author(s). Published by the Royal Society of Chemistry
Br) and PEI. A stable CNT dispersion in water has been
successfully achieved for an extended period of time (over one
month) owing to the formation of p–p interactions between the
pyrene groups and CNTs. In addition, with the established
covalent bonds between the amine groups and epoxy matrix,
CNT composites with improved mechanical properties have
been achieved. This work provides a new route to overcome the
low reinforcing efficiency in CNT nanocomposites with an
environmentally sustainable water suspension consisting of
a stable CNT dispersion, beneting the eld of nanocomposites
with the easiness of sustainable fabrication without organic
solvents for high performance applications.
2. Experimental
2.1 Raw materials

Single-walled carbon nanotubes (SWCNTs) were provided by
Nanjing JCNano Technology Co., Ltd. The diameter and length
of these CNTs were about 1–2 nm and 15–20 mm, respectively,
according to the datasheet provided. 1-(Bromoacetyl)pyrene (Py-
Br, 97%) was purchased from Merck Corp. Polyethyleneimine
(PEI) with an average molecular weight of 600 g mol�1 was
purchased from Aladdin Reagent Corp, Shanghai, China.
Sodium dodecyl benzene sulfonate (SDBS, AR), N,N-dime-
thylformamide (DMF, AR), tetrahydrofuran (THF, AR) and
acetone were purchased from Sinopharm Chemical Reagent
Co., Ltd. Epoxy resin DER332 was purchased from Dow Chem-
ical Co. The amine curing agents, 4,40-methylenedianiline
(DDM) and 2-ethyl-4-methylimidazole (2E4MZ), were formu-
lated in the laboratory prior to use. All chemicals and solvents
were used as received and without further purication. Deion-
ized (DI) water was generated with a Milli-Q integral pure and
ultrapure water purication system.
2.2 Preparation of materials

2.2.1 Preparation of the active dispersant. To make the
active dispersant, 97 mg Py-Br was dissolved in 6 mL DMF and
60 mg PEI was dissolved in 10 mL DMF beforehand. Then, the
yellowish Py-Br solution was added dropwise into the prepared
PEI solution, where the color of the PEI solution changed from
colorless to yellowish, and then quickly went to wine red. The
mixtures were stirred for 12 hours at room temperature, and
then precipitated in 100 mL THF to remove the unreacted Py-Br.
The precipitates were collected via centrifuge (7000 rpm, 15
min), and subsequently dissolved in DMF and precipitated in
THF again. The dissolve–precipitate–centrifuge procedure was
repeated several times until no obvious color change was
observed in the liquid supernatant. The precipitates were then
dried overnight in vacuum at 100 �C. The nal product in
brownish yellow was obtained and labeled as Py-PEI, and the
yield was about 60 wt%.

2.2.2 Preparation of the CNT dispersions. 36 mg Py-PEI
and 36 mg SDBS were individually dissolved in 120 mL DI
water before the addition of 12 mg of CNTs into each solution.
Both mixtures were then individually homogenized by using
a high-pressure jet-milling homogenizer (20 MPa, AH-BASIC 2,
RSC Adv., 2021, 11, 23892–23900 | 23893
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ATS Engineering Limited) for 30min to obtain CNT dispersions,
which were denoted as Py-PEI@CNT and SDBS@CNT, respec-
tively. For comparison, 12 mg CNTs were added into 120 mL DI
water to prepare pure CNT dispersions under the same condi-
tions, and the obtained suspension was denoted as p-CNT.

2.2.3 Preparation of the BP lm and BP-based composite
lm. The above dispersions were ltered through a cellulose
acetate membrane with a pore size of 0.2 mm and diameter of 47
mm, and then rinsed with DI water several times. The obtained
BP lms, labeled as Py-PEI@BP, SDBS@BP and p-BP, were dried
for 24 hours at room temperature, and then carefully peeled
from the lter membrane. The epoxy DER332 and curing agent
(epoxy/curing agent ¼ 100 : 27 by weight) were dissolved in
acetone with a resin content of 8 wt%. The BP lms were soaked
in the above solution for 2 hours at 50 �C, and then dried in
a vacuum for 0.5 h at 35 �C to remove acetone. Between 2 to 4
pieces of inltrated BP lms were stacked together to provide an
appropriate thickness, and then cured by hot pressing at
20 MPa, 100 �C for 1 hour and 140 �C for 4 hours. The obtained
composite lms, which were around 20 mm thick, were labeled
as Py-PEI@BP/(Epoxy-8), SDBS@BP/(Epoxy-8) and p-BP/(Epoxy-
8). To study the effect of the resin content on the composite
properties, solutions containing 5 wt%, and 10 wt% resin were
also prepared, and the resulting Py-PEI@BP based composites
were labeled Py-PEI@BP/(Epoxy-5) and Py-PEI@BP/(Epoxy-10)
accordingly.
Fig. 1 Schematic illustrations of (a) the preparation process of the
active dispersant Py-PEI; and (b) the mechanism of the Py-PEI facili-
tated CNT dispersion without re-aggregation after dispersion.
2.3 Characterization

The synthesized dispersants were characterized by Ultraviolet-
visible and near-infrared spectroscopy (UV-Vis-NIR, Cary 5000,
Agilent) from 200 nm to 500 nm and Fourier Transform infrared
spectroscopy (FT-IR, Nicolet 6700, Thermo Scientic, USA)
within the scan range of 4000–500 cm�1. Functionalization of
CNTs was also analyzed by FT-IR. The ratio of ID/IG was obtained
using a Raman microscope (LabRAM ARAMIS Horiba Jobin
Yvon) with a 532 nm diode pumped solid-state laser. X-ray
photoelectron spectroscopy (XPS, ESCALAB Xi+, Thermo Scien-
tic) was performed to observe the chemical structure of BP.
The thermal behaviors of the samples and the content of epoxy
and dispersant within the composites were examined by ther-
mogravimetry (TGA, TG 209 F1 Libra, NETZSCH) under N2, with
the temperature increasing from 30 �C to 600 �C at a heating
rate of 10 �C min�1. The curing reaction between the epoxy and
dispersant was determined by differential scanning calorimetry
(DSC, 200 F3 Maia, NETZSCH) from 30 �C to 200 �C with
a heating rate of 10 �C min�1 under N2. The microstructures of
the BP lms were observed using a scanning electron micro-
scope (SEM, S4800, Hitachi, Japan). The morphologies of the
CNTs were characterized by transmission electron microscopy
(TEM, Tecnai G2F20 S-Twin, FEI, USA) operated at 200 kV. The
mechanical properties, including the tensile strength, modulus
and strain to failure of the BP lms were characterized using
a tensile testing machine (Instron 3365, Instron Inc. USA)
equipped with a 10 N load cell. Specimens were cut into pieces
of 1 mm in width and 20 mm in length. The gauge length was
10 mm and the crosshead displacement speed was 0.5
23894 | RSC Adv., 2021, 11, 23892–23900
mm min�1. At least ve specimens were tested for each kind of
sample with average values reported in the results section.
3. Results and discussion
3.1 Chemical structures of the active dispersant Py-PEI

As schematically illustrated in Fig. 1a, Py-PEI was synthesized by
the quaternization reaction between Py-Br and PEI. FTIR was
used to determine the chemical bonds and structures of the
synthesized specimens, with the typical spectra of PEI, Py-Br
presented alongside with Py-PEI. As shown in Fig. 2a, the
FTIR analysis discloses the presence of the absorption peaks at
2871 cm�1, 1660 cm�1 and 852 cm�1, assigned to the quater-
nary ammonium salt, carbonyl group adjacent to the pyrene
group, and C–H in the pyrene ring, respectively.20 This indicates
the successful introduction of the pyrene group into PEI via
quaternization. In addition, the appearance of broad and strong
peaks between 3500–3100 cm�1 conrmed the existence of
abundant amine groups (–NH2 and –NH–) in Py-PEI, which
would benet the subsequent interaction with epoxy resins. UV-
Vis-NIR diagnosis (Fig. 2b) clearly showed the characteristic
absorption K band of the pyrene group between 310–420 nm
due to the p–p* transition in the spectrum of Py-PEI, further
conrming the presence of the pyrene group in Py-PEI.21
3.2 Dispersion of CNTs aided by Py-PEI

The effect of Py-PEI on the CNT dispersion has been charac-
terized and presented in Fig. 3, with the optical images of the
dispersed CNT suspensions aer 10 minutes (Fig. 3a) and 1
month (Fig. 3b). Aer 0.05 mg mL�1 CNTs were dispersed in
deionized water via high-pressure jet-milling homogenizer for
30 min, the pure CNT suspension (p-CNT) showed very clear
precipitation aer 10 min only, while the Py-PEI@CNT and
SDBS@CNT suspensions remained homogeneous without
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) IR spectra of Py-Br, PEI, and synthesized Py-PEI, indicating the presence of the pyrene group in PEI after quaternization; and (b) UV-Vis-
NIR spectra of PEI, Py-Br and synthesized Py-PEI, with a clear trace of the characteristic K band from the pyrene group at the 310–420 nm range.
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obvious precipitation. Aer an extended period of time (one
month) at room temperature, occulation took place in the
SDBS@CNT suspension (Fig. 3b), while the Py-PEI@CNT
suspension was still showing a very stable dispersion, indi-
cating the efficiency of Py-PEI in facilitating a stable CNT
dispersion in DI water.

The morphologies of both pristine and Py-PEI-coated CNTs
were examined and analyzed through TEM. As shown in Fig. 3c,
the pristine CNTs sample presented relatively smooth surfaces,
while the Py-PEI modied CNT samples showed evidence of the
Py-PEI molecules wrapping around the CNTs (Fig. 3d), serving
as a spatial barrier to prevent the re-aggregation of CNTs in the
solution.

As schematically illustrated in Fig. 1b, the improved CNT
dispersion aer Py-PEI modication can be attributed to the
pyrene groups anchored on the surface of the isolated CNTs,
forming p–p stacking and providing barriers between CNTs to
prevent them from re-aggregation.
Fig. 3 Digital pictures of the CNTs suspensions (0.05mgmL�1) after (a) 10
(c) before and (d) after Py-PEI treatment.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.3 Structure and morphology of the Py-PEI functionalized
BP lm

The chemical structure of BP lms was analyzed by FT-IR
spectroscopy, as shown in Fig. 4a. For the pristine CNTs, no
absorption peak was observed, indicating that the surface of the
unmodied CNTs is relatively clean. For Py-PEI@BP, however,
several absorption peaks can be clearly identied. These strong
peaks located between 3500–3100 cm�1, at 1635 cm�1 and at
852 cm�1 mainly originated from the amine groups (–NH2 and
–NH–), carbonyl group and C–H in the pyrene ring of Py-PEI,
conrming the presence of Py-PEI on the CNT surfaces.

Raman spectroscopy was used to analyze the effect of func-
tionalization on the intrinsic structure of CNTs. The relative
intensity (ID/IG) between the D-band and G-band is a good
parameter to evaluate the structural defects of CNTs.16 The
intensity ratios of the D-band and G-band of the p-BP lm and
Py-PEI@BP lm were 0.0235 and 0.0244, respectively, as shown
minutes and (b) onemonth, as well as TEM images of CNTs in DI water

RSC Adv., 2021, 11, 23892–23900 | 23895
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Fig. 4 (a) FT-IR spectra showing clear evidence of Py-PEI at the surface of the treated CNTs; and (b) Raman spectra of the p-BP film and Py-
PEI@BP film; XPS C1s spectra of (c) the p-BP film, (d) Py-PEI@BP film.
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in Fig. 4b. This indicates that the non-covalent functionaliza-
tion process by Py-PEI has successfully preserved the crystal
structure of CNTs without any obvious damage. According to
a previous report, the G-band shied to a higher frequency (blue
shi) aer p-doping and to lower frequency (red shi) aer n-
doping.22 Compared to the p-BP lm, the G band of the Py-
PEI@BP lm was slightly red-shied by about 2 cm�1 (from
1591 cm�1 to 1589 cm�1), indicating the existence of an electron
transfer from Py-PEI to CNTs.23

XPS was utilized to examine the interaction between Py-PEI
and CNTs. As shown in Fig. 4c and d, the main C1s peak of
CNTs had changed in position and in intensity aer Py-PEI
treatment. The shi of the peak position was used to charac-
terize the charge transfer between Py-PEI and CNTs.23 The main
peak of C1s of the p-BP lm appeared at 284.5 eV, which was
regarded as the sp2 carbon. The main C1s peak of the Py-
PEI@BP lm was up-shied by 0.4 eV compared to the p-BP
lm, indicating the electron transfer from Py-PEI to CNTs,
which is consistent with the Raman data observed. The increase
of the C]C signal intensity is mainly attributed to the
graphene-like structure of the pyrene group in Py-PEI.24

The p–p* transition was observed in the spectrum of both p-
BP lms (290.5 eV) and Py-PEI@BP lms (290.8 eV). In the p-BP
lm, the p–p* transition was caused by inter-tube interaction of
CNTs, which exist in the form of large size bundles. While in Py-
PEI@BP lm, the p–p* transition in this lm originated not
only from the interaction between CNTs within a bundle, but
23896 | RSC Adv., 2021, 11, 23892–23900
also from the interaction between pyrene groups and CNTs. The
peak position of the p–p* transition in the Py-PEI@BP lm was
up-shied by 0.3 eV, indicating a stronger electron donor effect.
This discloses the strong interaction between Py-PEI and CNTs
via p–p stacking, and conrms the successful attachment of Py-
PEI onto CNTs.

As shown in Fig. 5, although all BP lms were composed of
a CNT bundle network with porous structures, most of the
bundles in the Py-PEI@BP lm were below 50 nm in diameter
(Fig. 5c), which is smaller than that of the SDBS@BP lm
(Fig. 5b) and far smaller than that of the pristine BP lm
(Fig. 5a). The presence of a larger amount of thin CNT bundles
in the Py-PEI@BP lm indicates that Py-PEI has excellent
performance in stabilizing the CNT suspension during the
dispersion/ltration processing. Compared with one of the
widely used surfactants (SDBS), the pyrene-decorated polymers,
anchored around the surface of CNTs via p–p stacking, effec-
tively decreased the tendency of re-aggregation of CNTs. In
addition, although the Py-PEI@BP lms were shown to be more
compact than pristine BP, the presence of ne porosity with
pore sizes of around 50–300 nm allowed for sufficient cavities
for the epoxy resin to impregnate the CNT lms during the
manufacturing processes.15

3.4 Mechanical performance analyses

3.4.1 Py-PEI, CNTs and epoxy contents in the fabricated
composite lms. TGA was performed to determine the content
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of the (a) p-BP film, (b) SDBS@BP film, and (c) Py-PEI@BP film show much thinner and separated CNT bundles owing to the
enhanced stable CNT dispersion, (d) Py-PEI@BP/(Epoxy-5), (e) Py-PEI@BP/(Epoxy-8) and (f) Py-PEI@BP/(Epoxy-10).
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of Py-PEI and CNTs in the Py-PEI@BP lm and Py-PEI, CNTs, as
well as the epoxy matrix in the composite samples. About 5 mg
of the sample was used for TGA analysis. At least three samples
were tested for each material, which showed a relatively
constant distribution of ingredients. TGA curves of different
samples and their residual fraction were obtained (Fig. S1†)
aer these samples were heated to 600 �C. The content of each
component in the Py-PEI@BP lm and composite samples were
then calculated accordingly (see ESI† for details) and summa-
rized in Table 1.

It can be found that the Py-PEI@BP lm is composed of
approx. 34 wt% Py-PEI and 66 wt% CNTs. The relatively high
amount of dispersant le in the BP lm implies good interac-
tion between the active dispersant and CNTs. It is worth noting
that the original ratio of Py-PEI and CNTs was 3, while aer
ltration, the ratio was reduced to about 0.5. This means that
a certain amount of Py-PEI materials did not form intimate
interactions with CNTs, and were removed during the ltration
processing. For composite samples, the content of CNTs was in
the range of 34 wt%–43 wt%, which is a relatively high amount
as reinforcement in the composites, especially considering the
Table 1 The contents of Py-PEI, CNTs and epoxy in the composite
films

Sample Residual mass (%)

Content of each
component (wt%)

Py-PEI CNTs EP

BP 97.5 — 97.5 —
Py-PEI 17.1 17.1 — —
Py-PEI@BP 70.2 34.0 66.0 —
Py-PEI@BP/(Epoxy-5) 46.1 22.3 43.4 34.3
Py-PEI@BP/(Epoxy-8) 39.5 19.1 37.1 43.8
Py-PEI@BP/(Epoxy-10) 36.8 17.8 34.6 47.6

© 2021 The Author(s). Published by the Royal Society of Chemistry
random in-plane distribution nature of the current nano-
composites lms. The relative amount of Py-PEI was around
18 wt%–22 wt%, which provides adequate amine groups to
cross-link with the epoxy matrix during the curing process.

3.4.2 Mechanical properties. The representative stress–
strain curves of different BP lms were shown in Fig. 6a and the
overall mechanical properties were summarized in Fig. 6b. For
pure BP lms without any resins, CNTs were not well dispersed
or exfoliated in the dispersion, connecting to each other only
through inter-tube van der Waals forces thus resulted in very
low tensile strength and modulus. However, using Py-PEI to
facilitate the dispersion, the modied lm already demon-
strated a better mechanical performance without any resins,
attributed to the improved quality of the dispersion and suffi-
cient separation of the CNT bundles, as observed from
morphological studies (Fig. 5c).

The introduction of epoxy resins plays an important role in
impregnating and binding CNTs to transfer the external stress
to CNTs via interfacial load transfer. However, the amount of
resin should be carefully controlled to ensure decent bonding,
yet sufficiently high content of reinforcing CNTs. By impreg-
nating the Py-PEI@BP lm in 5 wt%, 8 wt% and 10 wt% epoxy
resin solutions, CNT composites, named Py-PEI@BP/(Epoxy-5),
Py-PEI@BP/(Epoxy-8), and Py-PEI@BP/(Epoxy-10) accordingly,
were obtained. As shown in Table 1, the effective CNT concen-
trations of these three composites are 43.4 wt%, 37.1 wt%, and
34.6 wt%, respectively.

As shown in Fig. 6a, the tensile strength and modulus of the
composites made through impregnating the BP with a lower
concentration of 5 wt% were about 135.1 MPa and 10.8 GPa,
respectively. This moderate reinforcing efficiency can be
attributed to the existence of voids, as observed from SEM
images (Fig. 5d). With the increased amount of epoxy EP
content of 8 wt% in the impregnation solution (effectively
37.1 wt% CNTs), much higher tensile strength and modulus of
RSC Adv., 2021, 11, 23892–23900 | 23897
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Fig. 6 Mechanical properties of BP and their based composites: (a) the representative stress–strain curves, (b) mechanical properties' bar chart
of different films.

Fig. 7 Comparison of the mechanical properties of wet-processed
BP/epoxy nanocomposite films with various treatments, confirming
the excellent reinforcing efficiency introduced from the effective
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184.8 MPa and 15.8 GPa were obtained, respectively. This
excellent mechanical performance of the nanocomposites is in
good agreement with their compact and uniform microstruc-
ture, as revealed from Fig. 5e. When further increasing the EP
amount (effectively with 34.6 wt% CNTs), a resin rich layer was
found on the surface of the composite lms in Fig. 5f, resulting
in reduced mechanical properties of 103.5 MPa in tensile
strength and 9.2 GPa in modulus from previous specimens.
These enhanced mechanical properties are also compared with
other widely used surfactant (SDBS@BP/(Epoxy-8)) at the same
concentration of the Py-PEI decorated specimens, as shown in
Fig. 6a. As expected, higher values in both stiffness (15.8 GPa to
13.3 GPa) and strength (184.8 MPa to 124.3 MPa) can be found
from the Py-PEI@BP/(Epoxy-8) lm compared with SDBS@BP/
(Epoxy-8) lms, owing to the enhanced interfacial interaction
between the Py-PEI molecules and epoxy resins, where the
residual SDBS molecules could not form strong covalent bonds
with the epoxy matrix.

The excellent reinforcing efficiency and improved stiffness
and strength of the CNT nanocomposites are attributed to two
main aspects: (i) homogeneous dispersion and stable suspension
with very well isolated CNTs owing to the active dispersant Py-
PEI, leading to increased surface areas of CNTs exposed for
subsequent interaction with resins; (ii) promoted stress transfer
from the resin matrix to CNTs owing to the successful intro-
duction of amine groups from the Py-PEI molecules, providing
covalent bonding with the epoxy resins during the cross-linking
process; hence, enhanced interactions between CNTs and epoxy
resins. The cross-link reaction between Py-PEI and epoxy was
veried by DSC analysis (Fig. S3†), where a curing exothermic
peak starting from 125 �C in the Py-PEI/epoxy curve can be found.

Within p-BP, neighboring CNTs (either parallel aligned or
crossed) interact with each other through weak van der Waal
interactions. Upon stretching, CNTs can slide with each other
easily. Aer the impregnation of the epoxy resin, CNTs were
coated by resin materials. On the one hand, this enhanced the
load transfer between CNTs, while on the other hand, it restricted
the inter-tube sliding. Thus, the failure strain of the CNT
23898 | RSC Adv., 2021, 11, 23892–23900
composites is lower than that of p-BP. Similar phenomena have
also been reported in previous studies, such as ref. 14 and 25.

Fig. 7 compared the tensile strength and modulus of the BP-
based CNT/epoxy lms reported in the literature.14,25–31 It can be
seen that the tensile strength of the composite lms developed
in the current study are among one of the highest reported
values for the modulus, further conrming the reinforcing
efficiency of the current “sizing” layer on the surface of CNTs in
the epoxy nanocomposites.

4. Concluding remarks and
discussions

In this study, we developed a universal method to design an
active dispersant for CNTs. We solved not only the well-
acknowledged re-agglomeration issues in the CNT dispersion,
but also the interfacial load transfer between the CNT rein-
forcement and epoxy resins in the nanocomposites. A new
“active dispersant” Py-PEI was successfully synthesized via
quaternization reaction between 1-(bromoacetyl) pyrene (Py-Br)
and polyethyleneimine (PEI), serving as a “sizing” layer for
dispersion and enhanced interfacial load transfer in the current system.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CNTs similar to the commercial microsized reinforcing bers. A
very stable CNT dispersion has been achieved in a water
suspension without any sign of re-agglomeration even aer
a prolonged period of time, which can provide enhanced proc-
essability for the subsequent nanocomposite, especially with an
environmentally friendly medium, such as water.

Based on the developed active dispersant, high quality BPs
and BP-based CNT composites have been fabricated and
systematically characterized, in order to examine the interfacial
load transfer based on the Py-PEI sizing layer and subsequent
performance. Excellent mechanical performance owing to the
enhanced reinforcing efficiency at the interfacial areas have
been obtained. The modulus of 15.8 GPa at 37.1 wt% CNT
loadings is among one of the highest reported values in the BP-
based nanocomposites, attributed to the covalent bonds formed
between Py-PEI and epoxy resins. It is also worth noting that the
presented strategy in developing an active dispersant can be
tuned for other resin systems, offering great potential in a wide
range of resin systems.

It is worth mentioning that the strength of the composite
lms prepared by dry method can oen reach over 2 GPa.32,33 It
is well recognized that besides the factor of interfacial load
transfer, the length and alignment of CNTs are other two key
factors determining the mechanical performance of the CNT
composite. In the CNT lms prepared through the dry methods,
either drawing from a spinnable array or directly synthesized
using the oating catalyst CVD method, CNTs are always in the
order of hundreds of micrometers. However, CNTs used in the
current study are far shorter, which is only around ten
micrometers. Moreover, CNTs in the current composites were
almost randomly distributed. Thus, using longer CNTs and
increasing the alignment of CNTs should be the focus of
preparing high-performance BP-based composites in the future.
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