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Abstract In this article, an easy, effective, n-n
conjugation non-covalent surface functionalization
of multi-walled carbon nanotubes (MWCNTS) was
achieved by using ball grinding technology between
pristine  MWCNTs and esterified styrene-maleic
anhydride ester (ESMA) copolymer, resulting in
the formation of modified E-MWCNTs dispersion
with excellent dispersibility and long storage stabil-
ity in N-methylpyrrolidone (NMP). The analysis of
transmittance spectroscopy, absorption spectros-
copy, sedimentation photo, and transmittance elec-
tron microscopy (TEM) confirms that the modified
E-MWCNT dispersion has a homogeneous dispersion
in NMP. Results obtained from thermogravimetry
analysis (TGA) and Raman spectroscopy reveal that
ESMA copolymer is successfully coated on pristine
MWCNTs surface. Compared with the bad dispers-
ibility of MWCNTSs in NMP, the physically modified
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E-MWCNTs-3 dispersion mixed with 0.12wt%
ESMA copolymer under the condition of total 6 h
ball grinding time using paint shaker can be easily
well-dispersed and has good storage stability, and no
sedimentation is observed more than 3 months. Fur-
thermore, the method is simple and economical to
operate in industry.
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Introduction

Multi-walled carbon nanotubes (MWCNTs) have
attracted great interest among researchers owing
to their excellent electronic [1, 2], mechanical [3],
energy conversion [4], biomedical applications [5],
and more. Compared with conductive spherical par-
ticles, the high aspect ratio and high conductivity of
MWCNTs show a wonderful advantage in construct-
ing a conductive network in the lithium-ion battery
positive electrode at a much lower concentration
[6]. To obtain these extraordinary properties, com-
mercial MWCNTSs often need to be dispersed into a
medium and should be dispersed individually. How-
ever, homogeneous dispersion with good dispersibil-
ity and long storage stability still presents a challenge,
as the tube—tube contact makes them susceptible to
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aggregation, driven by strong van der Waals forces
interaction energy of ca.500 eV/pm?>.

In recent years, chemical and physical modification
strategies have been commonly used to obtain abundant
functionalized CNTs [7-19]. The chemical modification
strategy is to introduce functional groups on the surface of
CNTs, and then to graft soluble hydrophilic or hydropho-
bic polymer chains [7, 8]. On the other hand, researchers
have vigorously adopted steric hindrance or m—x stack-
ing interaction strategies to disperse carbon nanotubes
(CNTs) into the aqueous or solvent system, generally
with the assistance of surfactants, biomolecules, aromatic
compounds, and polymers [9—19]. Since this modification
strategy avoids hazardous chemical reactions under strong
acidic conditions while preserving the conjugated struc-
ture and intrinsic properties of CNTs, it is considered to
be one of the more promising methods for the dispersion
of CNTs in various applications. The physical dispersion
strategy except two-step method [20], however, presents a
challenge in terms of the homogeneous and long-term sta-
bility of CNT dispersion which is generally inferior to that
achieved by the chemical modification method [21, 22].

In this paper, we report an easy, effective one-step
modification of MWCNTs by using m-m conjugation
non-covalent strategy between pristine MWCNTSs and
the benzene type backbone of esterified SMA copoly-
mer, as shown in Fig. 1, to prepare modified E-MWC-
NTs dispersion with good dispersibility and long storage
stability in NMP. Thus, the ESMA copolymer was easily
grafted onto the surface of MWCNTSs with a single step.

This effective surface modification strategy of pris-
tine MWCNTSs can be used to prepare well-dispersed
conductive dispersion for a similar application in the
positive electrode of lithium-ion batteries [6, 23-29].
More importantly, this physical modification above is
easy and economical due to easy operation and cheap
raw materials in industry. We also reckon that this
experimental work will promote the application of
MWCNTs in high-performance lithium-ion batteries.

Experimental
Materials
Pristine MWCNTSs product (black powder: MWCNTs,

length: 20-50um, BET: 230-300 mZ/g, MWCNTs
outer mean diameter: 5—-10 nm) was obtained from
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Hefei Aigo Additives Technology Co. Ltd. Esterified
styrene-maleic anhydride ester (ESMA) copolymer
bought from POLYSCOPE company was used with-
out purification. N-methylpyrrolidone (NMP) bought
from the market was used without purification.

Modification of MWCNTs with ESMA copolymer

First of all, NMP ((98-n) g) and ESMA copolymer
(n=0.03, 0.06, and 0.12 g) were added to the glass
bottle and stirred with a stirrer at 300 rpm for 15 min.
After that, pristine MWCNTSs (2.0 g) and zirconium
bead (sizer: 1 mm) were added to the pre-prepared
mixture and dispersed for 6 h in a paint shaker to
afford uniform E-MWCNT dispersion. The corre-
sponding recipe of modified EEMWCNTs is shown in
Table 1. Then, the above products were dried over-
night at 80 °C in a vacuum. The procedure of the
preparation of modified E-MWCNT dispersion is
schematically displayed in Fig. 1.

Characterization

The transmittance and absorption of the MWCNTs
dispersion were systematically determined with a
quartz cell using a UV2600 ultraviolet spectropho-
tometer (Shimadzu Instruments) scanned in the range
of 200-800 nm. The particle size distribution of the
MWCNTs dispersion was characterized by a 90Plus
PALS zeta potential (Brookhaven Instruments). Ther-
mogravimetry analysis (TGA) of pristine MWCNTs
and modified E-MWCNTSs was performed under nitro-
gen on a 209F1 thermogravimetric analyzer (Netzsch
Instruments) with a temperature range of 25-600°C
at a heating rate of 10°C/min. The nanostructures of
the dried E-EMWCNTs were studied using the Raman
spectroscopic (Raman, Kaiser Holo-Lab) technique.
The morphology of the dilute MWCNTs dispersion
was investigated by transmittance electron microscopy
(TEM, FEI F20). For TEM, the dilute dispersion (in
NMP) was placed onto a carbon-coated copper grid.

Results and discussion

Transmittance spectroscopy

For accurately studying the dispersion effect of car-
bon materials, it is necessary to compare their optical



J Nanopart Res (2023) 25:216

Page3of9 216

Fig. 1 Schematic diagram
of ESMA copolymer—modi-
fied MWCNTs via paint
shaker and homogenization
processes in NMP

Pristine MWCNTs aggregates

: Zirconium bead

Table 1 The recipe of modified E-MWCNTSs

E-MWCNTs-1 E-MWCNTs-2 E-MWCNTs-3

NMP 97.97 97.94 97.88
ESMA 0.03 0.06 0.12
MWCNTs 2 2 2

transmittance [30, 31]. Figure 2a shows the transmit-
tance spectroscopy of ESMA copolymer and diluted
pristine MWCNTs and modified E-MWCNT dis-
persion scanned in the range of 200-800 nm. We
extracted the optical transmittance data at 550 nm
from ESMA and pristine MWCNTs and modified
E-MWCNTs dispersion in Fig. 2a. For ESMA copol-
ymer, its optical transmittance is 99.8% at 550 nm,
showing that it has little effect on the transmittance
of carbon nanotubes. Compared to 90.2% at 550 nm
of pristine MWCNTSs dispersion, the optical transmit-
tance of modified E-MWCNTs dispersion is lower,
indicating that the pristine MWCNTs were dis-
persed poorly in NMP and the serious agglomeration
was formed due to its high surface area, strong van
der Waals forces, and inherent hydrophobicity. The
lower optical transmittance confirms that the pristine
MWCNTs were dispersed significantly by ESMA
copolymer.
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Figure 2b shows the effect of ESMA copolymer
content on the transmittance of modified E-MWCNTs
dispersion at 550 nm. Compared with the pristine
MWCNTs, the modified E-MWCNTs showed good
dispersibility in NMP, especially the E-MWCNTs-3
(32.1%). 1t was indicated that the dispersing effect of
MWCNTs can be improved after being modified with
different ESMA copolymer contents in NMP. Because
of the new m-m conjugation non-covalent modifica-
tion between pristine MWCNTs and ESMA copoly-
mer, the tight agglomeration was controlled effec-
tively. With the increasing ESMA copolymer content,
the optical transmittance of E-MWCNTSs dispersion
decreased gradually. This may be because when the
ESMA copolymer content is insufficient, the uncoated
MWCNTs will be likely to agglomerate together.

Absorption spectroscopy

To take advantage of the physical properties of
MWCNTs, the entangled bundles of the commercial-
ized MWCNTSs need to be modified before being used
as functional additives in the various materials [2, 17,
19]. It is an accurate test to prove the modification
effect of CNTs by comparing the absorbance inten-
sity of carbon nanotubes remaining after a centrifuga-
tion [32]. Therefore, the dispersing abilities at varied
ESMA copolymer concentrations were characterized

@ Springer
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Fig. 2 Transmittance spectra of ESMA copolymer and dilute
dispersion of pristine MWCNTs and modified E-MWCNTSs
with incident light wavelength ranging from 200 to 780 nm.
The data in the figure indicates the optical transmittance with
incident 550 nm visible light (a); effect of ESMA content on
the transmittance (wavelength, 550 nm) of modified E-MWC-
NTs dispersion (b); pristine MWCNTs dispersion prepared
using similar technology in “Modification of MWCNTs with
ESMA copolymer” has the same solid content with modified
E-MWCNTs dispersion

using UV—vis spectroscopy by recording the absorb-
ance values at 200—800 nm. As reported in previous
studies, the greater absorbance proved to the better
dispersibility because the intensity of absorbance is
related to the number of particles contained in the
unit volume of the dispersion [33].

Figure 3 shows the absorbance spectra of diluted
MWCNTs and modified E-MWCNTSs dispersion
taken after centrifugation for 15 min at 900 rpm.
In Fig. 3, it is clear that the modified E-MWCNTSs
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dispersion with different contents of ESMA copoly-
mer shows an upward shift of the baseline. The
shorter the wavelength is, the larger the baseline shift
is. In addition, the MWCNTs dispersion appears to
peak at around 200-300 nm in the UV region, and its
tail extends to the visible region. The phenomenon is
owing to the wavelength dependence of light scatter-
ing by MWCNTSs in NMP. As can be seen in Fig. 3,
the absorbance of pristine MWCNTs dispersion taken
after centrifugation is the lowest due to heavy sedi-
mentation. Compared to that of pristine MWCNTs
dispersion, the absorbance intensity of E-MWCNTs-1
dispersion is increased owing to a little sedimentation
and that of E-EMWCNTSs-3 dispersion having redshift
without sedimentation is the highest, indicating that
n—7 stacking interaction has formed between MWC-
NTs and benzene backbone of ESMA copolymer.

Dispersibility and stability

On the basis of the dynamic light scattering (DLS)
principle, the number average diameter and size
distribution of the diluted MWCNTs dispersion
were analyzed using a zeta potential analyzer as
shown in Fig. 4. According to the result, the pris-
tine MWCNTs are dispersed poorly in NMP, and
serious agglomeration is formed owing to the exist-
ence of the high surface area and strong van der
Waals forces [34, 35]. Its average diameter (Dsg)
is about 4589 nm as shown in Fig. 4b. Because of
the new non-covalent modification between ESMA
and pristine MWCNTs, the agglomeration is con-
trolled effectively. With the increasing content of the
ESMA copolymer, the average diameter of carbon
nanotubes decreased gradually.

Compared with the pristine MWCNTSs, the
E-MWCNTs modified with ESMA copolymer
showed good dispersibility in NMP, especially the
E-MWCNTs-3 (1763 nm). It was suggested that the
dispersing effect of carbon nanotubes using a paint
shaker can be improved after being modified with
ESMA copolymer.

The simplest method evaluating the dispersibility
and storage stability of MWCNTSs in the solvent is
the sedimentation test [31, 34]. Comparison photo-
graphs of pristine MWCNTs and modified E-MWC-
NTs dispersions stored for 3 months are shown in
Fig. 5. The dispersibility and storage stability of the
ESMA copolymer—modified MWCNTs are much
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Fig. 3 Absorption spectra of dispersion of pristine MWCNTs
and modified E-MWCNTSs with different contents of ESMA
copolymer (a); optical images of the modified E-MWCNTs-3
dispersion (b), and E-MWCNTSs-3 dispersion after centrifuga-
tion (c¢). All samples were diluted 2000 times in NMP and then
centrifuged under the condition of 900 rpm for 15 min

better than that of pristine MWCNTs dispersion
without dispersant in NMP. In contrast to pristine
MWCNTs and E-MWCNTs modified with different
ESMA copolymer contents, the pristine MWCNTSs
are insoluble and form an obvious black layer in the
bottom of the glass, while three kinds of E-MWC-
NTs dispersion in Fig. 5A can be easily well-dis-
persed in NMP, and no sedimentation is found more
than 3 months.

Figure 5B shows the diluted dispersibility com-
parison photos of pristine MWCNTs and modified
E-MWCNTs dispersions for 3 months. The dispersibil-
ity of EEMWCNTs is also much better than that of their
totally physical mixed dispersion. However, the diluted
E-MWCNTs-1/2 dispersions have a little sediment in
Fig. 5B, indicating that ESMA copolymer is not enough
to bring mutual exclusion and steric hindrance effect.
By comparison, EEMWCNTSs-3 diluted 100 times can
be easily well-dispersed in NMP, and no sedimentation
is observed for more than 3 months in Fig. 5B, indicat-
ing that they are a physically stable system.
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Fig. 4 Size and distribution (a) of the MWCNTs dispersion.
a: Pristine MWCNTs. b: EEMWCNTSs-1. ¢c: EMWCNTSs-2. d:
E-MWCNTs-3. Relation (b) between Ds, and ESMA copoly-
mer content for the MWCNTSs

TGA analysis

Actual MWCNT compositions in the dispersions were
measured by TGA analysis of pristine MWCNTs and
modified E-MWCNTs after evaporation of the sol-
vent in Fig. 6. The TGA plot of MWCNTs indicates
a slight mass loss of around 1.2% as the temperature
reaches 600 °C. There is a distinct mass loss region
between 250 and 600 °C for modified E-MWCNTs
with different contents of ESMA copolymer, which
was attributed to the pyrolysis of ESMA copolymer.
Furthermore, we note that the more ESMA is used,
the more it decomposes. The results indicate that
ESMA copolymer can be adsorbed on the surface of
carbon nanotubes.
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Fig. S Comparison photographs (A) of dispersion of pristine
MWCNTs and modified E-MWCNTSs-1-3 stored for 3 months.
a: Pristine MWCNTSs. b: EMWCNTs-1. ¢c: EEMWCNTSs-2. d:

Raman spectroscopy

Raman spectroscopy is usually used to distinguish
the ordered and disordered carbon structures of
CNTs [2]. Figure 7 displays the Raman spectra of
pristine MWCNTs and modified E-MWCNTs. As
shown in Fig. 7, the prominent D peak at 1337 cm™!
represented the A;, mode corresponding to the dis-
ordered graphite structure of pristine MWCNTs.
The G band at 1572 cm™! was associated with the
E,, mode representing the C=C stretching in the
graphitic carbon. Generally, the relative peak inten-
sity ratio of the D band (Ip) to G band () repre-
sented graphitic degrees and graphitic crystallite
sizes of carbon [19]. The I/I; ratio of modified
E-MWCNTs presents a slight increase from 1.14
for pristine MWCNTs to 1.20 for E-MWCNT-3,
indicating that no more defects are introduced after
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Fig. 6 TGA curves of pristine MWCNTs and modified
E-MWCNTs with different contents of ESMA copolymer
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(B)
b c d

E-MWCNTs-3. The corresponding dispersions (B) shown on the
right were diluted 100 times

the physical modification of pristine MWCNTSs with
ESMA copolymer, and the carbon nanotubes pre-
serves its basic structural properties.

Dispersion morphology

The dispersion morphologies of pristine MWCNTSs
and E-MWCNTs-1-3 modified by ESMA copolymer
in NMP are checked by TEM, as shown in Fig. 8.
To represent detailed morphological information of
the specimens, different magnifications were uti-
lized for the diluted dispersions. The pristine MWC-
NTs dispersed in NMP at the carbon-coated cop-
per grid show tight agglomeration and exist large
stacked carbon nanotubes [35, 36], which is attrib-
uted to the poor dispersion of MWCNT nanotubes
in Fig. 8A. In comparison, we find that the dispers-
ibility of E-MWCNTs improves with increasing
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Fig. 7 Raman spectroscopy of pristine MWCNTSs and modi-
fied E-EMWCNTs with different contents of ESMA copolymer
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Fig. 8 TEM images of
pristine MWCNTs (A) and
modified E-EMWCNTSs with
different contents of ESMA
copolymer (B to D in
sequence) drop-casted from
the NMP, showing different
dispersion morphologies.
TEM images (A'-D’) on the
right are magnified disper-
sion morphologies. All
samples were diluted 2000
times in NMP

ESMA copolymer content in Fig. 8C to D. Further-
more, the EEMWCNT-3 is well-dispersed in NMP,
and the aggregates of MWCNTs are successfully
debundled into individually dispersed nanotubes
in Fig. 8D. This observation is consistent with
MWCNTs functionalization with non-covalent m-nt
interactions, where the molecular chains of ESMA
copolymer brought mutual exclusion and steric hin-
drance effect. Thus, the surface free energy reduced
correspondingly, and the agglomeration was con-
trolled effectively. Thus, it can be inferred from the

dispersion morphologies that E-MWCNTs-3 with
good dispersibility and long storage stability is easy
to disperse in lithium-ion batteries’ positive slurry
and build good electrochemical properties.

Conclusion

In summary, ESMA copolymer-modified E-MWC-
NTs dispersion was successfully prepared in NMP

@ Springer
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by using a one-step m-m conjugation non-covalent
surface functionalization technique between pristine
MWCNTs and benzene backbone. The results show
that the best modified E-MWCNTs-3 with the lowest
optical transmittance (32.1%) at 550 nm can be easily
well-dispersed in NMP, and the aggregates of MWC-
NTs are successfully debundled into individually dis-
persed nanotubes by using paint shaker. The prepared
E-MWCNTs-3 dispersion with no sedimentation
more than 3 months has the potential application as
a functional conductive or performance additive for
lithium-ion batteries, which provided a new strategy
for the high value-added use of MWCNTs.
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