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Carbon-based nanomaterials have attracted much research interest in recent years due to their excellent chemical and physiological
properties such as chemical stability, low cytotoxicity, and biocompatibility. The traditional methods to prepare hollow carbon
nanospheres require complicated instrumentation and harsh chemicals, including high-temperature furnace, gas inlets, and
hydrogen fluoride etching. Herein, we propose a new strategy to prepare hollow carbon nanospheres in a simple and fast
manner by using microwave radiation. Polypyrrole-coated silica core-shell nanoparticles (SiO2@PPy NPs) were firstly prepared
and subsequently processed by microwave radiation and aqueous alkaline solution to obtain the hollow carbon nanospheres.
This facile method has potent potential to be utilized in the preparation of different types of hollow carbon nanospheres with
various microstructure and elemental composition.

1. Introduction

Carbon nanomaterials, such as carbon nanospheres, meso-
porous carbon nanomaterials, and carbon dots, are consid-
ered to be important for the next-generation structural,
energy, and bioengineering materials due to their unique
physical, chemical, optical, mechanical, and thermal proper-
ties, together with their high stability, good conductivity, and
high biocompatibility. Carbon nanospheres have been widely
explored and applied in different research fields [1, 2], such as
electrode materials [3], flexible electronic devices [4], bioima-
ging [5], and drug carriers [6]. For example, sodium-ion
hybrid supercapacitors which used mesoporous Nb2O5@-
Carbon core-shell nanoparticles and reduced graphene oxide
as the anode material showed high energy/power densities
and long cycle life [7]. Carbon dots, synthesized from the
folic acid, exhibited selectivity towards cancer cells with
folate receptors, making such cells easily distinguishable in
fluorescence microscopy imaging [8]. A DOX-loaded HB5-
modified mesoporous carbon nanomaterial-based drug
delivery system provides highly efficient methods for the
treatment of HER2-positive cancers, which has better thera-
peutic efficacy and lower side effects [9]. Among variant mor-

phology of carbon, hollow carbon nanospheres have received
more and more attention due to their unique properties such
as encapsulation ability, controllable permeability, surface
functionality, high surface-to-volume ratios, and excellent
chemical and thermal stability [10]. The application
prospects of hollow carbon nanospheres are broad. The tra-
ditional preparation methods of hollow carbon nanospheres
include emulsion synthesis [11], soft-templating synthesis
[12], hard-templating synthesis [13], modified Stöber
method [14], and template-free strategy [15]. These methods
often need to be carried out under high temperatures and
pressures, while the process is complicated, and the process-
ing time is considerably elongated [16]. Furthermore, it was
hard to control the morphology of the target product during
the soft-templating synthesis, and the template removal pro-
cess was often challenging during the hard-templating syn-
thesis [10].

Herein, we intend to use a microwave rapid nanosynth-
esis method to synthesize hollow carbon nanospheres. As a
nontoxic and biocompatible conductive polymer material,
PPy has been used in electrode materials [17], in vivo photo-
dynamic and photothermal therapy [18], etc. We have
explored a rapid synthesis method of hollow carbon

Hindawi
International Journal of Polymer Science
Volume 2020, Article ID 9031535, 10 pages
https://doi.org/10.1155/2020/9031535

https://orcid.org/0000-0003-1684-1317
https://orcid.org/0000-0003-3217-864X
https://orcid.org/0000-0002-0281-8426
https://orcid.org/0000-0002-5163-8771
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/9031535


nanospheres by using PPy as the carbon source under micro-
wave irradiation. This method is environmentally friendly
and eliminates the need of harsh conditions. It takes only a
domestic microwave oven to synthesize the carbon nano-
spheres in a short time (1–30min). Then, hollow carbon
nanospheres are obtained by using NaOH to etch the tem-
plate. By controlling the process parameters and precursor
materials used in the microwave process, carbon nano-
spheres with different structure and morphology can be
obtained.

2. Experimental Section

2.1. Materials. Tetraethyl orthosilicate (99.99%) was pur-
chased from Aladdin. Ammonia solution (25%) and ethanol
absolute (99.7%) were purchased from Tianjin Zhiyuan
Reagent Co., Ltd. Pyrrole was purchased from Macklin.
Chondroitin sulfate A sodium salt from bovine trachea was
purchased from Sigma. Ammonium persulfate was pur-
chased from Sinopharm Chemical Reagent Co., Ltd. Sodium
hydroxide was purchased from Tianjin Damao.

2.2. Synthesis of SiO2@PPy NPs. SiO2 NPs were synthesized
according to the classical method reported by Stöber et al.
[19]. Briefly, add 5mL ammonia water and 1mL pure water
to 50mL ethanol with stirring. Add 5mL tetraethyl orthosili-
cate (TEOS), and continue to stir for 2 h. After centrifugation
(4000 rpm, 15min), the products were washed by water twice
and ethanol for one time, then dried to obtain silicon nano-
spheres. PPy coating was according to method described by
Zhou et al. [20]. 0.2 g SiO2 NPs templates were dispersed to
100mL water by ultrasonic, and then 0.1 g Chondroitin
sulfate A sodium salt was added to form a solution with a
concentration of 0.001 g/mL. The solution was stirred over-
night, so that the SiO2 NPs could fully absorb chondroitin
sulfate. 0.070mL pyrrole monomer was added to the

mixture. Then (NH4)2S2O8 (0.228 g, 10mL H2O) was added
to the system, and the mixture was stirred at 4°C for 12 h.
The samples were washed twice by water and once by alcohol
(5500 rpm, 20min), then dried for 12h at 60°C.

2.3. Microwave SiO2@PPy NPs and Template Etching. After
mixing 100mg SiO2@PPy NPs with carbon fiber at different
mass ratios, microwave reactions were initiated at 1000W in
different reaction time. The conditions for each group are
recorded in Table 1 and named as MW1, MW2, and MW3.
Then the microwave products were washed and centrifuged
(5500 rpm, 15min) to obtain the carbonization products with
silicon spheres templates. Silicon cores were then removed by
stirring in 1M NaOH, and the Hollow C was obtained.

3. Results and Discussion

According to the method reported by Zhou et al. [20], we
synthesized SiO2@PPy NPs as templates for carbonization.
In this method, the SiO2 NPs surfaces are modified by chon-
droitin sulfate A sodium (CSA) so that the PPy can be doped
by the CSA molecules in situ. Besides, the CSA molecules are
negatively charged so they can repel each other and make the
PPy layer uniformly distributed. In order to inspect the func-
tional groups on the surface of the samples, we use Fourier
transform infrared spectroscopy (FT-IR) to characterize the
as-synthesized SiO2@PPy NPs (Figure 1). In Figures 1(a)
and 1(b), the absorption peaks near 3400 cm-1 are attributed
to H-O-H stretching [21]. In Figure 1(a), the strong peaks at
1103, 800, and 469 cm-1 corresponded to the antisymmetric
vibration peaks of Si-O-Si and the symmetric and curved
vibration peaks of Si-O bonds. The peak at 952 cm-1 belongs
to the bending vibration absorption of Si-OH. In Figure 1(b),
the absorption at 1563 cm-1 is assigned to C-C stretching or
C-N stretching [22]. The band at 1483 cm-1 corresponds to
C-N stretching, and it may also contribute by the

Table 1: Microwave parameters of each group.

Samples Carbon fiber mass (mg) SiO2@PPy NPs : carbon fiber (mass ratio) Microwave time (min) Subsequent treatment

MW1 1 100 : 1 5 H2O washing

MW2 3 100 : 3 5 H2O washing

MW3 5 100 : 5 2 H2O washing

Hollow C 1 100 : 1 5 NaOH stirring
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Figure 1: FT-IR spectra of (a) SiO2 NPs and (b) SiO2@PPy NPs.
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dissymmetrical and symmetric ring-stretching modes [23].
The peaks near 1220 cm-1 and 933 cm-1 suggest the doped
state of PPy [23]. By comparing Figures 1(a) and 1(b), we
speculated that the PPy shells of SiO2@PPy NPs are thin
because of the strong Si-O-Si stretching absorption peak near
1100 cm-1. The characteristic absorption peaks of PPy on the
SiO2@PPy NPs surfaces indicate that PPy is successfully
coated on the surfaces of SiO2 NPs.

We then use scanning electron microscope (SEM) to ana-
lyze the shape and size of the as-prepared SiO2@PPy NPs. In
Figure 2, we can see that compared to the SiO2 NPs
(Figure S1), the surface of SiO2@PPy NPs is considerably
rougher. The PPy was found to precipitate on the surface of
the SiO2 NPs, forming particulate microstructure. Due to
the cross-linking of the PPy coating, the as-obtained
SiO2@PPy NPs generally exhibited an aggregated
morphology under SEM, but the structure of individual
SiO2@PPy NPs can be still clearly identified (Figure 2(c)).
In the SEM images, the particle sizes of the SiO2@PPy NPs
are measured to be ranged from 200nm to 300nm. The
existence of PPy coating on the surface of the SiO2@PPy
NPs was further verified by transmission electron
microscopy (TEM). In Figure 3, it can be observed that the
SiO2@PPy NPs have a core-shell structure. From the red-
circle-marked part of Figure 3(d), the phase boundary
between PPy and silica can be seen clearly. The SiO2 NP

can be observed as the solid core, while PPy forms an intact
and continuous thin nanoshell on the silica surface. The
average thickness of the PPy nanoshells was measured to be
19:62 ± 1:78 nm based on the TEM images. A series of
experiments were also conducted to explore the appropriate
diameter of silicon spheres (Figure S1, Table S1). Next, we
investigated the effect of CSA concentration on the
thickness of PPy shell (Figure S2 and S3). In Figure S2, it is
obvious that the surface of the spheres in the CSA-doped
group (Figure S2b-f) is rougher than that in the control
group (Figure S2a) without CSA doping. It indicates that
CSA can modify the surface of SiO2 NPs and promote the
coating of PPy. TEM was then used to compare the
difference of PPy coating obtained from five different CSA
concentrations (Figure S3). Among them, the PPy layer of
the 0.1wt% group (Figure S3a) is the most uniform and
continuous. With increasing the concentration of CSA, the
agglomeration of SiO2@PPy NPs becomes weaker, and the
granular shape of PPy on SiO2 NPs surface becomes more
obvious. And in the 0.4wt% and 0.5wt% groups, where the
CSA concentrations are over 0.3wt% (Figure S3d and S3e),
it shows obvious discontinuity of PPy shells. The weaker
agglomeration of SiO2@PPy NPs is the effect of CSA for it
can play a role in constructing the grid structure in the
reaction and effectively disperse the SiO2 NPs via
electrostatic interactions [20]. The CSA chains with lots of

(a) (b)

(c) (d)

Figure 2: SEM images of (a–d) SiO2@PPy NPs in different magnifications. (c) is the close up view of (a) and shows the separation state of
SiO2@PPy NPs.
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sulphonic (-SO3
-) and carboxylic (-COO-) groups can

interact with Py+ and form intermediate complexes [24].
When the oxidative polymerization was triggered, the PPy
was preferentially formed along the CSA chains [24]. In
higher CSA concentrations (≥0.3wt%), more CSA
molecules would adsorb on the surface of the SiO2 NPs,
resulting in higher steric hindrance that hinders the
formation of a continuous PPy coating layer. To explore
the relationship between size and CSA concentration, we
randomly counted more than 50 SiO2@PPy NPs for each of
the different CSA concentrations. The size (in SEM figures)
and thickness (in TEM figures) distributions are shown in
Figure S4. In the 0.2wt% group, the SiO2@PPy NPs feature
the largest average size (245:08 ± 6:11 nm) and the thickest
PPy layer (23:60 ± 2:20 nm). When the concentration is
higher than 0.2wt%, with increasing the concentration of
CSA, the size of SiO2@PPy NPs becomes smaller, and the
PPy layers become thinner.

The SiO2@PPy NPs were then microwave-treated under
different conditions in Table 1, which were labeled as
microwave-treated products 1–3 (MW1, MW2, and MW3),
and samples obtained after a 1mol/L NaOH stirring treat-

ment were named as hollow carbon nanospheres (Hollow
C). The morphology and microstructure of the products after
microwave radiation were characterized by TEM. In
Figures 4(a)–4(c), we can clearly see the shells’ morphology
changed after microwave, and the SiO2@C NPs still maintain
the core-shell structure. The average thickness of shells of
SiO2@C NPs is 29:5 ± 5:5 nm. Compared to the SiO2@PPy
NPs, the shells of the products after microwave radiation
become thicker, and the larger standard deviation indicates
the heterogeneity of shells. These changes indicate that car-
bonation reactions may have taken place in the products dur-
ing microwave. After stirring in NaOH solution, we can
obtain carbon nanospheres with hollow core formed by
removing SiO2 NPs templates, and the average hollow size
is 135.7 nm (Figures 4(d)–4(f)). The edges of the hollow cores
in Hollow C are smooth; however, the shells are heterogene-
ity, and most of them are incomplete. Also, there is no porous
structure that can be observed in Hollow C.

Elemental analysis (EA) was conducted on SiO2@PPy
NPs and SiO2@C. In Table 2, it can be seen that the weight
percentage of carbon elements of SiO2@PPy is around 15%
and is similar to the products after microwave. In the

100 nm

(a)

50 nm

(b)

20 nm

(c)

20 nm

(d)

Figure 3: TEM images of (a–d) SiO2@PPy NPs in different magnifications. (d) is the close view of (b). (d) The circled part shows the double-
layer structure clearly.
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meantime, the C/H ratio increases from 6.2313 to over 7 after
microwave radiation, which indicates that SiO2@PPy is car-
bonized. Hollow C is the product of MW1 after NaOH treat-
ment, and the contents of carbon, nitrogen, and C/H ratio are
38.06%, 10.48%, and 13.654. Compared to MW1, these
parameters significantly increased, which suggests that the
effect of microwave carbonization is good and the SiO2 NPs
were successfully etched. Carbon cannot be dissolved by the
aqueous alkaline solution so it remains after NaOH stirring
resulting in the increase of weight percentage of carbon ele-
ments and C/H ratio. This demonstrates that the

100 nm

(a)

100 nm

(b)

100 nm

(c)

100 nm

(d)

100 nm

(e)

100 nm

(f)

Figure 4: TEM images of SiO2@CNPs (a–c) and Hollow C (d–f). (b) The circled part shows one of the cores lose its shell during the reaction.

Table 2: EA results of SiO2@PPy, samples after microwave, and
Hollow C.

Samples C% H% N% C/H C/N

SiO2@PPy 15.65 2.51 3.99 6.2313 3.9223

MW1 15.86 2.22 4.33 7.1487 3.6588

MW2 15.45 1.97 4.28 7.8247 3.6111

MW3 15.55 2.1 4.15 7.3967 3.7439

Hollow C 38.06 2.79 10.48 13.654 3.6302
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carbonization reaction happened. As can be seen from
Table 2, the sum of the percentage of C, H, and N elements
is only slightly higher than 20% in SiO2@C while in Hollow
C it is slightly more than 50%. It shows that there are other ele-
ments in the samples with a high content cannot be detected,
considering to be Si and O elements.

In the process of microwave radiation, it is the PPy in
the shell to be carbonized, so we are more concerned
about the change of element content in the surface. X-
ray photoelectron spectroscopy (XPS) was used to study
the surface element content. Figure 5 shows that the sam-
ples contain elements such as Na, S, Si, O, N, and C, and
the atomic percentages of various elements can be
obtained by integrating the peak area (Table 3). The Na
and S elements come from the CSA added, and Si comes
from silicon sphere core. Meanwhile, peaks at around
533 eV are attributed to O1s, which can be derived from
CSA and SiO2 NPs detected through the shell in
SiO2@PPy NPs and SiO2@C NPs. Peaks at 400 eV and
285 eV are N1s and C1s peaks. Nitrogen mainly comes
from the PPy heterocyclic ring, and carbon comes from
the carbon skeleton of the products.

According to the results, the atomic percentage of C ele-
ments is the highest (75.4%), followed by O, Si, and N in
SiO2@PPy NPs. In MW1 and MW2, the C content decreases
to 57.76% and 55.44%, respectively, after the microwave
treatment, while the C content inMW3 is significantly higher
(70.09%) than MW1 and MW2. However, there are only
slight differences among the C contents of the MW1, MW2,
and MW3 samples according to the EA analysis. It thus indi-
cates that during the sample preparation process of MW3, a
higher mass ratio of the carbon fiber and a shorter microwave
time may result in a higher C content on the sample surface.
The EA analysis of the O element indicates that the atomic
percentage of O in MW3 increases slightly to 19.83% and
in MW1 and MW2 increases up to 27.34% and 28.42%,
respectively. Compared with the EA result that the weight
percentage of C has no obvious change in SiO2@PPy NPs
and SiO2@C, this shows that the C elements do not lose a
lot in the reaction and it is the addition of O elements in
the shells that mainly causes the decrease of the proportion
of C elements in SiO2@C. Also, these changes indicate that
the effect of microwave time on the element ratio of C and
O is greater than the mass ratio of carbon fiber in the precur-
sor. By increasing the radiation time, the carbon content
decreases while the oxygen content increases. As for the per-
centage of Si elements, it is 2.9% in SiO2@PPy NPs and
increases to 8.82%, 9.88%, and 3.62% in MW1, MW2, and
MW3 individually. The possible cause of this is that a portion
of the SiO2 cores lost their shells in the reaction, which can be
seen in Figure 4(b) (red circle), and the reaction between SiO2
and C is also expected to attribute to this. SiO2 can be
reduced by carbon under the high temperature, and the hap-
pening of this reaction can also let a few Si elements mix into
the shells.

Compared with MW1 washed by water, the proportion
of carbon atoms in the products treated by NaOH increases
to 78.85%, while the proportion of silicon elements decreases
to 1.16%, and the weight percentages of C and N elements

both increase in the EA results. It shows that the silicon cores
were successfully etched, and Hollow C was obtained. How-
ever, the percentage of silicon atoms on the surface decreases
by only 7.66%, while the percentage of carbon atoms
increases by 21.09%. This suggests that the percentage of car-
bon atoms rise is not totally formed by removing the silicon
cores, and there are some other reasons: (1) The oxygen con-
tent decreases in Hollow C, which may be caused by the
break of the noncovalently bound between CSA and the par-
ticles. (2) The nitrogen in the system mainly exists in the het-
erocyclic ring of PPy, which content also decreases after
NaOH treatment. This indicates that the residual PPy in
the shells was also removed. However, the increase of weight
percentage of N in the EA results is because of the etching of
silicon cores.

The deconvolution of the XPS peaks was performed by
using the software of XPSpeak41 (Figure 6). It can be seen
that the proportion of C-C is the largest in C1s and the
remaining components of C=C, C=O, and C-O are basically

1200

Na1s

O1s

N1s

C1s

S2p Si2pC
ou

nt
/s

1000 800 600
Binding energy/eV

PPy@Sio2 NPs
MW1
MW2

MW3
Hollow C

400 200 0

Figure 5: XPS results of SiO2@PPy NPs, samples after microwave,
and Hollow C.

Table 3: The atomic percentages and peak positions of different
elements obtained by XPS characterization of SiO2@PPy NPs,
samples after microwave, and Hollow C.

Elements SiO2@PPy NPs MW1 MW2 MW3 Hollow C

C peak (eV) 284.8 284.81 284.82 284.81 284.79

C (%) 75.4 57.76 55.44 70.09 78.85

O peak (eV) 532.63 533.03 532.99 532.81 532.2

O (%) 19.57 27.34 28.42 19.83 17.14

N peak (eV) 399.78 399.77 399.81 399.83 399.72

N (%) 1.53 6.09 6.26 6.15 2.02

Si peak (eV) 103.45 103.81 103.76 103.78 102.1

Si (%) 2.9 8.82 9.88 3.62 1.16
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close. According to the peak separation of O1s, the ratio of C-
O is higher than that of C=O in SiO2@PPy NPs, and while
the results change in the samples after microwave, the ratio
of C=O exceeds that of C-O. The proportion of C-O in Hol-

low C is higher than that of C=O, which may be due to the
aldol reaction or disproportionation. A part of C=O is
reduced to C-O, so the proportion of C-O rises while the pro-
portion of C=O decreases.
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Raman analyses were performed to deeper study the form
of carbon in SiO2 NPs, SiO2@PPy NPs, SiO2@C NPs, and
Hollow C (Figure 7). In the spectrum of the SiO2 NPs
(Figure 7(a)), we can see a small peak at 460 cm-1 and a wide
peak at 3454 cm-1. These two peaks disappeared after PPy
layers were coated (Figure 7(b)) and new peaks near
1360 cm-1 (D peak), 1580 cm-1 (G peak), and 2930 cm-1 (G
+D peak) relating to carbon materials appeared [25, 26],
which can also be observed in SiO2@C NPs (Figure 7(c))
and Hollow C (Figure 7(d)). D-band represents structural
defects of carbon, and G-band comes from in-plane vibration
of sp2-bonded crystalline carbon, so the ID/IG intensity ratio
can give the information about the graphitization degree
[26]. ID/IG is 0.46, 0.44, and 0.64 in SiO2@PPy NPs, SiO2@C
NPs, and Hollow C, respectively. Compared to SiO2@PPy
NPs, ID/IG in SiO2@C NPs is a little higher corresponding
to the decrease of the proportion of C-C in XPS results.
The increasing ID/IG ratio in Hollow C indicates the defects
and the degree of nongraphitized carbon increased, which
may be due to the change of oxygen-containing functional
groups [27] and the reduction of sp2 domains during the
NaOH stirring.

Microwave heating method is expected to have the char-
acteristics of faster heating rate and higher efficiency than the
traditional heating method. By absorbing microwave energy,
it heats the SiO2@PPy NPs and turns them into SiO2@CNPs.
The absorbing properties of materials are mainly related to
magnetic loss, dielectric loss, and transmissivity on the elec-
tromagnetic wave [28]. SiO2 NPs was reported to be one of
the most extensive application wave-transmitting materials

[29, 30], and due to the interfacial polarization, coating the
PPy shell on the SiO2 core could increase the complex per-
mittivity and dielectric loss [31]. In addition, CSA has nega-
tive charges, which can increase the permittivity of
SiO2@PPy NPs. What is more, the activated carbon fibers
added can assist SiO2@PPy NPs to absorb the microwave
and enhance the heating effects [32]. The Raman results are
similar in SiO2@PPy NPs and SiO2@C NPs; however, they
have a significant difference in XPS results, which may indi-
cate that changes mainly happened in forming oxygen-
containing functional groups instead of the changing of the
form of carbon during the microwave heating in an
oxygen-containing atmosphere. Alkali could be used as a
reagent to remove silica except HF to prepare hollow spheres
[33, 34]. However, in this process, not only silica successfully
etched, but also a number of oxygen-containing functional
groups were reduced in Hollow C leading to the increase in
the ID/IG ratio and the changes in the proportion of oxygen
and carbon, which indicate that we get hollow carbon
nanospheres.

4. Conclusions

In this paper, we reported a fast, convenient, and simple
strategy to obtain hollow carbon nanospheres with a short-
time microwave heating process and an aqueous alkaline
solution treatment. We used silicon as the core and PPy coat-
ing layers as the shells. We further used the microwave
method to carbonize the PPy shells into carbon shells. The
SiO2 NPs templates can be removed by NaOH to produce
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Figure 7: Raman results of (a) SiO2 NPs, (b) SiO2@PPy NPs, (c) SiO2@C NPs, and (d) Hollow C.
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the carbon nanospheres. Compared with the traditional car-
bonization methods, we only need a microwave oven to
obtain the carbonization products with different structure
and morphology in a few minutes, which is considered to
be more energy saving and efficient. We believe that this
microwave-assisted synthesis method can be extended for
the efficient preparation of carbon nanospheres and the prep-
aration of different carbon materials with different
nanostructure.
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One silsesquioxane-polythiophene hybrid copolymer, with combined star-like structure and intramolecular heterogeneity, was
synthesized and sufficiently characterized via various methods, including FTIR, NMR, and SEC measurements. According to the
exploration and characterization results, it was much more efficient at modifying SWNTs than its linear analogs in aqueous
solution. The hydrophobic silsesquioxane core and PEDOT chains could locally anchor to the surface of the nanotubes, while
the soluble flexible copolymer chains extended into the solution and rigid conjugated chains provided some π-π stacking effect
to enhance adhesive force with the conjugated structure of the carbon nanotube, imparting steric stabilization to nanotube
dispersion. The noncovalent interaction with SWNTs and solubility in aqueous solution improved the electrochemical
characteristics of the modified-SWNT composite and availed for the preparation of a flexible and transparent electroactive film.
Accordingly, this kind of silsesquioxane-polythiophene hybrid copolymer will be forwarded to apply to the assembling of
flexible optoelectronic devices.

1. Introduction

Carbon nanotubes (CNTs) classified as multiwalled nano-
tubes (MWNTs) and single-walled nanotubes (SWNTs),
upon the wrapped amount of a graphite sheet, have been
used in multiple fields, such as composites, optoelectronic
devices, field emission display, and energy storage, due to
their unique physical, chemical, and structural properties
[1–3]. However, the poor solubility and dispersibility of
CNTs in both aqueous and organic media are major barriers
for CNT applications, especially for SWNTs, as a result of the
strong Van der Waals interaction between CNTs [4–8].

In order to obtain fine dispersion of CNTs in aqueous
solution, various approaches that primarily paid attention
on dispersion and dissolution properties have been devel-
oped, including covalent surface and noncovalent surface
functionalization strategies [9–14]. Noncovalent modifica-
tion has received considerable attraction for the modification
of surface properties with no damage to the sp2 structure of
the nanotube surface, involving π-π interaction, hydrogen

bonds, and ionic interaction by employing micromolecule
surfactants or amphiphilic copolymers as modifiers.

In previously published works [15–17], copolymeric
structures have the advantages of promoting CNTs’ dispersi-
bility in a wide range of solvents depending on the great affin-
ity of hydrophobicity of the copolymers for the nanotube,
and it has been demonstrated in several literatures that vari-
ous polymers have effectively enhanced the long-term disper-
sion stability of CNTs through different types of interactions.
Furthermore, the versatile chemistry of copolymer modifiers
allows for tailoring and functionalizing polymer/nanotube
composites with finely various properties, enhancing the
application of CNTs, especially in fabricating carbon-based
flexible transparent electrodes [18–21].

Herein, a novel star-shaped copolymer is reported to sta-
bilize single-walled carbon nanotubes (SWNTs) in aqueous
solution through noncovalent interactions. In the previous
work of our team [4], we had adequately demonstrated that
an octopus-shaped amphiphilic copolymer could generate a
stable and uniform physical adsorption layer on a nanotube,
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yielding much better efficiencies toward functionalization
and dispersion, and multiple binding sites could assemble
larger polymer aggregation that locally anchored onto the
nanotube surface compared to its linear analogs that sequen-
tially reduced the hydrophobicity of the sidewall surface for
minimizing the connection with water and other tubes.

Therefore, we were motivated to extend SWNTmodifica-
tion to a silsesquioxane- (SQ-) cored star-like conjugated
copolymer. Firstly, SQ would be convenient to constitute
the core of star polymers. Secondly, the hydrophobic sil-
sesquioxane cage could impart to amphiphilic copolymers’
hydrophobic-hydrophobic interactions with CNTs [4].
Finally, the conjugated segments could generate π-π inter-
action between conjugated chains and the hybridized CNT
surface [22–24].

Herein, we report a star-like conjugated copolymer T10-
(PDMA-b-PMA)-PEDOT (P5-5) standing on hydrophobic
cage-like decakis(methacryloxypropyl) silsesquioxane (T10)
and the linear analog PDMA-b-PMA-b-PEDOT, to explore
the mechanism of SQ-based star configuration and conju-
gated system generating the efficient dispersion of SWNTs.

2. Experimental Section

2.1. Materials. N,N-(Dimethylamine)ethyl methacrylate
(DMA, Aladdin, 99%) and methyl acrylate (MA, Aladdin,
99%) were purified through passing over the basic aluminum
oxide column. 2,2-Azobisisobutyronitrile (AIBN, Aladdin,
98%) was recrystallized twice in ethanol before use. Cage-
like decakis(methacryloxypropyl) silsesquioxane (T10) was
prepared in our laboratory [25]. Single-walled carbon nano-
tubes (SWNTs) were purchased from Aladdin (carbon
content > 95%, OD × L: 1‐2 nm × 5‐30μm).

2.2. Synthesis Processes. As described in Scheme 1, the
experiments began from the precise synthesis of a T10-
(PDMA-b-PMA)-Th polymer precursor (M5-5) that con-
tained five thiophene groups. The polymer precursor was
subsequently copolymerized with the EDOT monomer to
form PEDOT branches grafted from the hydrophobic T10
core, and the extension of the conjugated system was real-
ized at the interface between the immiscible organic and

aqueous phases by a modified interfacial synthesis protocol
(MIP) [24]. For comparative purposes and to further
explore the dispersing efficiency, the linear analog was pre-
pared by the RAFT method and subsequently grafted the
EDOT monomer from the thiophene group (denoted as
PDMA-b-PMA-b-PEDOT) in the MIP process.

The specific experimental procedures were described in
supporting information with structural characterization
information for all polymers and reaction intermediates.

2.3. Characterization. Size exclusion chromatography (SEC)
was conducted at 35°C by a Waters 1515 series system
equipped with Styragel HR4 and HR3 columns and a Waters
2414 refractive index detector. The system was calibrated by
narrowly dispersed polystyrene standards, and HPLC-grade
DMF was used for the mobile phase at 0.60mL/min. Nuclear
Magnetic Resonance (1H NMR) spectra were characterized
in deuterated chloroform by using a Bruker DMX-400 spec-
trometer with a Varian probe. Infrared spectra were
obtained with a Fourier transform infrared spectrometer
using the KBr method (FTIR, Bruker Tensor 27, Germany).
The UV-vis spectra of samples were measured in THF
solution (UV-1800, Shimadzu Co., Japan). Weight loss tem-
peratures of the products were determined by using a ther-
mogravimetric analyzer (TGA, Netzsch TG209F3) at
10°C/min under the nitrogen flow rate of 40mL/min from
50–700°C. Transmission electron microscopy was performed
on a high-resolution transmission electron microscope (HR-
TEM, Tecnai G2 F20 S-TWIN). The electrochemical perfor-
mance was determined with CHI660E employing a standard
three-electrode electrochemical cell that consisted of a glassy
carbon electrode as the working electrode, a saturated calo-
mel electrode (SCE) as the reference electrode, and a plati-
num wire as the counter electrode. Cyclic voltammetry was
carried out relative to an SCE reference electrode at different
scan rates (20–100mV/s), and the potential window of
cycling was confined between -1 and 1V. The electrochemi-
cal impedance spectroscopy (EIS) was performed in the fre-
quency range of 105 to 10−2Hz with the signal amplitude of
5mV against the open-circuit potential. The electrical con-
ductivity was subjected to the standard four-point probe
method at ambient temperature (RTS-8, Four Probes Tech).
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3. Results and Discussion

3.1. Chemical Structural Characterization. Decafunctiona-
lized SQ (T10) was selected to construct the star-shaped
copolymer because this viscous amorphous liquid cluster
compound was synthesized with high yield, which could
be afforded in large-scale use. In addition, T10 offers more
available functionalities for multiple grafting of the poly-
mer chains to the core, and it also effectively interferes
in strong π-π interactions between neighboring conjugated
chains, resulting in solution processability for the hybrid
polymer [24].

In order to form the star-shaped copolymer precursor
M5-5, a one-pot continuous reaction sequence was used to
prepare the asymmetric T10 with five thiophene groups
(T10(5-5)), including a nucleophilic opening of the thiolac-
tone by aminolysis and then a radical thiol-ene conjugation.
Due to the extremely high reactivity of thiyl radical addition
toward the carbon-carbon double bond, excess thiolactone
could promote the conversion rate of amine and ensure com-
plete conversion [26]; PDMA-b-PMA obtained by reversible
addition-fragmentation transfer (RAFT) polymerization was
linked to T10(5-5) by thiol-ene conjugation after nucleophilic
cleavage of the thiocarbonyl group.

The linear copolymer precursor was obtained by a typical
RAFT polymerization procedure under the regulation of
DTTC-Th as an efficient RAFT agent with an end-capped
thiophene group.

Our particular synthetic approach (MIP) for the growth
of conjugated chains relied on the reaction of the precursors
and monomer by multicomponent oxidative coupling at the
interface, which suppresses the interdiffusion of a monomer
and an oxidant in the confined region to avoid uncontrolled
homopolymerization, and also on the diffusion of the result-
ing copolymer down to the bottom phase due to the highly
hydrophilic nature of the flexible arms and instability
enhancement at the interface as the extension of the conju-
gated system, while being convenient for the rearrangement
of unreacted precursors at the interface (Scheme 2).

1H NMR, FTIR, UV-vis, and GPC analyses confirmed
that the star-shaped conjugated copolymer and linear ana-

logs were obtained with precise structure and low narrow
molecular weight distribution, and the supporting informa-
tion described the detailed experimental process and results
(Figures S1–S8). All chemical structures are illustrated in
Scheme 1, and the structural data are listed in Table 1.

3.2. Functionalized CNTs with the Silsesquioxane-
Polythiophene Hybrid Copolymer and Its Linear Analog.Mul-
tiple modifier-functionalized SWNTs were obtained while
avoiding inclusion of dissociative copolymers through multi-
ple centrifugation and washing steps, yielding PDMA-b-
PMA-Th with SWNTs (M1) and PDMA-b-PMA-b-PEDOT
with SWNTs (M2) and P5-5 with SWNTs. As we know, π
-π stacking interactions are strong interfacial noncovalent
interactions between modifiers and CNTs, as it was indicated
that conjugation groups located at the flexible chains of the
copolymer resulted in higher adhesion [8]. For the copoly-
mer/CNT composites, the employed thiophene moieties in
the flexible PDMAEMA could endow the copolymer strong
π-π interactions with CNT, functioning as interfacial linkers
between the modifiers and SWNTs. Thus, the anchor groups
at the flexible chains of modifiers could be adhered tightly
along the CNT surface to form stronger interfacial interac-
tion in the modifier-CNT complex.

3.2.1. Transmission Electron Microscopy (TEM). For the pur-
pose to confirm the strong and stable interfacial interactions
between SWNTs and modifiers, we conducted transmission
electron microscopy (TEM) analysis. As observed in
Figure 1, all nanotubes retained their structural integrity,
revealing that no damage was evident to the nanotube walls
in the experiment; the modified SWNTs apparently tended
to exist as individuals or small bundles, especially for P5-
5/SWNTs, despite well-known property that the pristine
SWNTs would aggregate and be entangled to form large
ropes without any modification. In addition, these star-
shaped copolymer-modified SWNTs had more individually
dispersed nanotubes and less bundles, compared to linear
copolymer-modified SWNTs; moreover, the star-shaped
copolymer aggregates homogeneously adhered to the surface
of the nanotube without large agglomeration. From the fig-
ures of individual SWNTs (Figure 1, insets), many arc-like
bulges were observed on the surface of P5-5 modified nano-
tubes, attributed commonly to regions of irregular copolymer
coating along the lengths; however, many linear copolymer-
modified nanotubes were still bounded together, which
might be due to the disorderly stacking of a large copolymer
and resulting in the lack of relatively strong noncovalent
forces to stabilize individual tubes. Of the two linear
copolymer-modified nanotubes, PDMA-b-PMA-b-PEDOT-
modified SWNTs had less entanglement (Figure 1(b)).

3.2.2. Fourier Transform Infrared Spectroscopy (FTIR).Direct
evidences of modifier-nanotube interactions could also be
obtained using Fourier transform infrared spectroscopy
(FTIR) after dispersion and centrifugation. As displayed in
FTIR spectra of pristine SWNTs and modified SWNTs
(Figure 2), the IR absorption bands occurred with maxima
around 3450 cm-1, which correspond to the –OH stretching

Modified interfacial synthesis protocol (MIP)

Butanol
Aqueous

Fe3+ Fe2+

Leave from
interface

Stay at
interface

Move to
interface

Biphasic interfacial synthesis system

Scheme 2: Synthesis protocol of P5-5 through water/butanol
interface.
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vibration of surface hydroxyl groups on CNTs and the
adsorbed water molecules. An intense band at 1636 cm-1

appeared in all samples was assigned to the stretching vibra-
tion of carbonyl groups (C=O) present in carboxylic acids
and conjugated C=C groups on the nanotubes. Besides, in
the spectra of modified SWNTs, an obvious C=O stretching
vibration of ester groups in polymer chains (ca. 1718 cm-1)
and C–O stretching vibrations (ca. 1233 and 1149 cm-1) were
observed; the observation suggested that the modifiers were
still effectively wrapped onto the nanotube surface by nonco-
valent interactions after rinsing. Compared to the spectra of
modifiers (Figure S9), the characteristic peak of PEDOT
chains (ca. 850 and 988 cm–1) shifted toward higher
wavenumbers due to the electron-deficient defects of the
nanotube surface and might confirm the π-conjugated
stacking between the PEDOT segment and the nanotube
surface, revealing the adherence of copolymers to the
nanotube surface.

3.3. Dispersion Properties

3.3.1. UV-vis Spectrogram. For the assessment of the varia-
tion of dispersion efficiency of SWNTs modified by the

star-like copolymer and its linear analogs in aqueous solu-
tion, three modified-SWNT (m-SWNT) dispersions (M1,
M2, and M3) were prepared and investigated by using a
UV-vis spectrogram. Figure S10 shows the absorption
profiles of SWNT dispersions in a modifier THF/water
solution; nearly no obvious signal peaks could be detected
for SWNT dispersion modified by linear copolymers (M1,
M2) in the UV-vis region. Moreover, there were no evident
changes in the absorption spectra with or without the
modifiers, causing us to tentatively suppose that the
nanotube structure had not been destroyed in the
solubilization process. In the absorption profiles for PDMA-
b-PMA-b-PEDOT solution and P5-5 solution (Figure 3), a
wide absorption band from 450 to 550 nm was observed
in the spectra, which could be attributed to the
characteristic π-π∗ transition in conjugated polythiophene
backbones [27].

Furthermore, we presumed that the amount of the nano-
tube stabilized by modifiers in dispersion would be reduced
after centrifugal separation, and the UV absorption intensity
of supernatants could represent the amount of well-stable
nanotube suspension. As indicated from Figure 3, the
absorption intensity of the supernatants for both PEDOT-

Table 1: Structural characterization of all copolymers.

Polymer
Yield
(%)

Mw
a

(kg/mol)
Mw/Mn

a
Mn

b

(kg/mol)
Mn

c

(kg/mol)
N thiopheneð Þ

f

N Mnð Þ
d

N Mwð Þ
e DPEDOT

b DPEDOT
a

PDMA-b-PMA 65 17 1.2 15 15 — — — — —

PDMA-b-PMA-Th 65 21 1.3 20 20 1 — — — —

PDMA-b-PMA-b-
PEDOT

70 22 1.3 21 21 1 — — 6/6 6/6

M5-5 75 81 2.2 78 80 5 5.1 4.6 — —

P5-5 50 91 2.2 92 — — — 85/17 70/14
aMolecular weights and polydispersity indexes determined by SEC in DMF on the basis of polystyrene calibration. The number of grafted EDOT and the
approximate polymerization degree of EDOT in each PEDOT chain were calculated on SEC results. bMn , the number of grafted EDOT, and the
approximate polymerization degree of EDOT in each PEDOT chain were calculated on 1H NMR results. cMn was calculated on speculative structure
construction. dThe grafting number of PDMA-b-PMA in macromonomer precursors was calculated by the equation NðMnÞ =Mnðmacromonomer 
precursorÞ/MnðPDMA‐b‐PMAÞ. eThe grafting number of PDMA-b-PMA in macromonomer precursors was calculated by the equation NðMwÞ =Mwð
macromonomer precursorÞ/MWðPDMA‐b‐PMAÞ. fThe number of thiophene rings of macromonomer precursors was calculated on 1H NMR results.

100 nm 10 nm

(a)

100 nm 10 nm

(b)

100 nm 10 nm
Copolymer arc-shaped

aggregation

(c)

Figure 1: HR-TEM images of the modified SWNTs: PDMA-b-PMA-Th/SWNTs (a), PDMA-b-PMA-b-PEDOT/SWNTs (b), and P5-
5/SWNTs (c). The insets show the morphology of PDMA-b-PMA-Th, PDMA-b-PMA-b-PEDOT, and P5-5 surrounding the surface of the
CNTs in (a), (b), and (c), respectively.
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grafted modifiers (M2 and M3) was enhanced signifi-
cantly in comparison with the original polymer solutions
diluted in the same ratio, despite the fact that it was not
obvious in comparison with the M1 supernatant with
PDMA-b-PMA-Th solution; in addition, the M3 superna-
tant had the maximum enhancement of absorption inten-
sity. The variation of dispersion efficiency resulted from
the noncovalent modification, which was probably rele-
vant to the configuration, the silsesquioxane cage, and
the PEDOT segments.

3.3.2. Visual Sedimentation. It was well known that pristine
SWNTs could not be stabilized in aqueous solution without
the help of a modifier, despite the vigorous ultrasonication,
due to the highly specific surface area and hydrophobic
sidewall surface. For the modified SWNTs, the modification
ability of polymers on SWNTs could be visually assessed by
conducting a sedimentation experiment to compare the stabil-
ity of modified-SWNTdispersions (Figure S11). All modifiers
had the ability to enhance the dispersity of SWNTs, especially
PEDOT-grafted copolymers. In particular, it seemed that the
star-shaped copolymer/SWNT dispersion had more stability
than linear ones, which was observed in a vial over 10
days without any precipitation. Therefore, we inferred
that the SQ cage and PEDOT segments played key roles
for noncovalent functionalization of nanotubes: Firstly,
due to the hydrophobic nature of SQ cores and PEDOT
segments, they should be gathered close to the surface of
the carbon tube. Secondly, the poor solubility and conjugated
nature of PEDOT imparted effective physisorption between
the stabilizer and the conjugated structure of the nanotube.
Thirdly, thanks to the tentacles of multiarm SQ-based
copolymers with rigid arms, the solvation segments would
produce more opportunities to generate a great affinity for
solvent, which primarily decreased the interfacial tension of
nanotubes by minimizing their contacts with water [28],

and more hydrophobic segments could provide more
opportunities to interact with the nanotube surface. This
speculation can be strongly supported by the fact that the
SQ-based star copolymer employing multi-PEDOT chains
compared to its linear analogs resulted in an improved
functional capability to stabilize SWNTs.

3.3.3. Thermogravimetric Analysis (TGA). For the purpose
of obtaining a more quantitative picture of the extent of
nanotube functionalization, thermogravimetric analysis
(TGA) was conducted to evaluate the thermodynamic
property of copolymer/SWNT complexes and further esti-
mate the well-adhered polymers on the nanotube surface
under an N2 atmosphere after centrifugation; all thermal
property data are listed in Table 2. The copolymers
(PDMA-b-PMA-Th, PDMA-b-PMA-b-PEDOT, and P5-5)
and copolymer/SWNTs complexes (M1 residue, M2 resi-
due, and M3 residue) (Figure 4) both indicated a distinct
two-step thermal degradation, which might be caused by
the loss of ester bonds and the decomposition of the back-
bone in the temperature range of 200–500°C, while no
mass loss of the SWNTs was observed in the same tem-
perature range.

The highest decomposition temperature at the maximum
degradation rate in the second stage for thermal degradation
of the framework structure of P5-5 indicated that the star-
shaped configuration and the presence of T10 contributed
to the increase in thermostability (Figure S12) [29].
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Figure 2: Infrared spectrogram of pristine SWNTs and modified
nanotubes.
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Figure 3: Absorption profiles for the modifier solution and
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by merging the centrifugal supernatant and the washing liquid
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volume of dispersion), and all copolymer solutions were diluted to
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The lower decomposition temperature of the PEDOT
homopolymer might result in the lower decomposition
temperature in the second stage of the PDMA-b-PMA-b-
PEDOT trace (Figure S13), and the successful grafting of
PEDOT segments from the thiophene group of PDMA-b-
PMA-Th was further verified.

In addition, the C700 values of PDMA-b-PMA-Th,
PDMA-b-PMA-b-PEDOT, and P5-5 were 5.5, 5.1, and
12.6%, and the C700 values of M1 residue, M2 residue, and
M3 residue were 72.2, 60.4, and 56.1, respectively. As indicated
in Figure 3 (TGA traces), the copolymers would be completely
decomposed over 500°C; the mass loss from the residues of
copolymer/SWNT complexes during thermal degradation
could be used to estimate the amount of well-wrapped copol-
ymers on the nanotubes in dispersion, and it was, respectively,
about 25%, 35%, and 44% corresponding to the loss of PDMA-
b-PMA-Th, PDMA-b-PMA-b-PEDOT, and P5-5 between
200°C and 500°C deducing that the mass loss of SWNTs,
further combined with UV spectra, could be used to evaluate
the functional capability of modifiers to stabilize SWNTs.

M1 residue had the least mass loss with the lowest disper-
sion efficiency of M1; that is, most of PDMA-b-PMA-Th was
washed out due to the unstable physisorption on SWNTs; it
implied that the grafting of PEDOT segments played an
important role to form stable interactions with nanotubes
in solution, which endowed more stacking interaction and
hydrophobicity between modifiers and the surface of the
nanotube. As expected, M3 residue had the largest mass loss
compared with the linear ones with the best dispersion effi-
ciency of M3, indicating that more P5-5 was well wrapped
on the surface of nanotubes resulting in the largest polymer
content in residue, thus providing strong support for the pre-
vious proposal: more possibilities would be obtained by
introducing more solvation segments to generate a great
affinity for solvent, and more hydrophobic segments and
conjugated segments could provide more opportunities and
π-stacking to interact with the nanotube, which powerfully
enhanced adhesion on the surface to avoid dissolving even
during several washing steps.

3.3.4. Mechanism. On the basis of the above results, the pos-
sible mechanism for elucidating the interaction between
SWNTs and copolymers in Figure 5 was put forward. Thanks
to the hydrophobic interaction and π-π stacking system
between star-shaped copolymers and the sidewall, originat-
ing from the hydrophobic CSQ cores and conjugated
PEDOT segments, the modifiers were readily adsorbed onto
the surface of nanotubes by forming relatively strong nonco-
valent forces, and the other flexible solvable tentacles on the
opposite side of the carbon tube had to stretch to the solvent
as linear “buoys” due to the steric hindrance endowed by sil-
sesquioxane cages. Thereby, a mass of spherical modifiers
was inclined to absorb onto the sidewall to form arc-shaped
copolymer aggregation which could decrease the hydropho-
bicity of the sidewall for minimizing the direct contact with
water and other tubes. Meanwhile, these “buoys” tremen-
dously enhanced the solubility of SWNTs in aqueous solu-
tion, thus causing well-dispersed SWNTs. In contrast,
linear modifiers would be irregularly distributed in solvent
due to lack of restrictions from the CSQ cage; therefore, the
solvable copolymer chains would wrap the nanotube by
generating hydrogen bond interactions. Although the
PEDOT chains in PDMA-b-PMA-b-PEDOT could provide
some π-π stacking effect to enhance adhesive force with
the graphite structure of the surface, but the linear copol-
ymers were difficult to form well-organized aggregations to
prevent bundling of tubes.

3.4. Electrochemical Property. The electrochemical charac-
teristics of thin films prepared by spin coating from copol-
ymer solutions and the supernatant of modified-SWNT
dispersions were determined to provide information about
the structure of copolymers and dispersion efficiency. The
quasi-rectangle-shaped cyclic voltammetry (CV) curves of
PDMA-PMA-b-PEDOT P5-5 in Figure S14 were similar
to those of soluble PEDOT analogs [30], the curves
indicated similar chemically reversible signals during the
process of positive and negative scans, and low potentials
of the current onsets verified the highly electron-rich

Table 2: Thermogravimetric analysis data of various copolymers
and modified-SWNT residues.

Tmax,1 (
°C) Tmax,2 (

°C) C700
a (%)

T10 418 — 43.7

PDMA-b-PMA-b-Th 325 421 5.5

PDMA-b-PMA-b-PEDOT 320 406 5.1

P5-5 307 430 12.2

PEDOT 325 375 30.4

M1 residue 281 398 72.2

M2 residue 280 402 60.4

M3 residue 295 412 56.1
aC700 represented the percentage residue of various samples at 700°C.
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Figure 4: TGA curves of the modifiers, modified-SWNT residues,
and pristine SWNTs.
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nature of the polymer films. As shown in the CV curves, a
negative shift was observed in the oxidation potential (Eox)
values for PDMA-b-PMA-b-PEDOT (0.84V) and P5-5
(0.75V), possibly due to the larger conjugation system in P5-
5. In addition, the larger curve area in the P5-5 film indicated
that it had a higher specific capacitance that was imparted by
the more PEDOT chains for facilitating ion motion.

In order to further study the stabilizing effect endowed by
the conjugation and configuration of modifiers, which could
be reflected by the electrochemical variation of modified-
SWNT composite films, cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS) measurements
were conducted on the composite films. From Figure 6(a),
CV curves of the P5-5/SWNT composite film and PDMA-
b-PMA-b-PEDOT/SWNT composite film showed a quasir-
ectangle shape with a couple of peaks, indicating an electrical
double-layer capacitance originated from the redox reactions
of PEDOT chains [31]. As we know, a large surface area and
good electrical conductivity may enhance capacity proper-
ties, and the curve area of the P5-5/SWNT composite film
was greater than that of the PDMA-b-PMA-b-PED-
OT/SWNT composite film and PDMA-b-PMA-Th/SWNT
composite film; it was clearly indicated that the hybrid copol-
ymer, P5-5, possesses maximum PEDOT segments and star
configuration, which was beneficial to facilitating ion motion
to increase the specific capacitance of the composite film.

Furthermore, the internal resistance of modified-SWNT
films, arising from the physical contact between components
and the electron transfer resistance between the activematerials
and the substrate, could reflect the adhesion and π-π stacking
system between copolymers and the nanotube [32–34]. There-
fore, electrochemical impedance spectroscopy (EIS) measure-
ments were performed from 105Hz to 0.01Hz. As shown in
Figure 6(b), the resistance of the electrolyte (Rsol) corresponded
to the intercept of the Nyquist diagrams on the Z real axis; the
charge transfer resistance (Rct) on the electrode was repre-
sented on the diameter of the semicircle in the Nyquist plots;
the Warburg resistance (Rw) was associated with the slope of
the straight line portion in the Nyquist plots at low frequency,
correlating with the frequency dependence of ion diffusion to
the electrode interface in the electrolyte. Obviously, Rsol values
for the P5-5/SWNT composite film (12.7Ω), PDMA-b-PMA-
b-PEDOT/SWNT composite film (12.9Ω), and PDMA-b-
PMA-Th/SWNT composite film (13.4Ω) were quite similar
for the same electrochemical system. Predictable results, in
which Rct values were in the order of the P5-5/SWNT compos-
ite film (76Ω)<PDMA-b-PMA-b-PEDOT/SWNT composite
film (116Ω)<PDMA-b-PMA-Th/SWNT composite film
(>186Ω), indicated that PEDOT chains and silsesquioxane
cages tended to assist the charge migration, while further
implying that the star-shaped copolymer could stabilize more
nanotubes via more π-π interaction and hydrophobic-

Linear conjugated copolymers Copolymer-nanotube complex

SWNT

:PDMA-b-PMA chain

: Cage of silsesquioxane

: PEDOT segments

(a)

Hybrid-nanotube complexStar-like conjugated hybrid

SWNT

:PDMA-b-PMA chain

: Cage of silsesquioxane

: PEDOT segments

(b)

Figure 5: Mechanism between SWNTs with modifiers.
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hydrophobic interaction. The Rw value for the P5-5/SWNT
composite film was larger than that of PDMA-b-PMA-b-
PEDOT/SWNTs and PDMA-b-PMA-Th/SWNTs, which
demonstrated good accessibility of the electrolyte ions to the
P5-5/SWNT electrode in the participation of robust silses-
quioxane cages on the surface. These EIS results supported
the CV analyses of the enhanced electrochemical performance
of the P5-5/SWNT composite film and also echoed the analy-
ses of UV spectra and TEM; that is, the SQ-based star-shaped
copolymer with PEDOT segments could tightly adhere on the
surface to stabilize more nanotubes in aqueous solution.

4. Conclusion

In summary, one star-shaped silsesquioxane-polythiophene
hybrid modifier (P5-5) for SWNTs was successfully synthe-
sized via a modified interfacial synthesis protocol. The visual
sedimentation indicated that the P5-5 showed excellent abil-
ity to stabilize SWNTs in aqueous solution, and direct evi-
dences of modifier/SWNT interactions were verified by
UV-vis, FTIR, TEM, and TGA, which demonstrated that
the amphiphilic hybrid copolymer was much more efficient
at modifying SWNTs than its linear analogs. The possible
mechanism for elucidating the noncovalent interaction
between SWNTs and the star-shaped copolymer was that
the silsesquioxane core and conjugated PEDOT chains
locally anchored onto the nanotube surface due to their
hydrophobicity nature, while the flexible copolymer chains
stretched into aqueous solution; in addition, the formation
of amphiphilic copolymer aggregations, which is convex over
the sidewall surface, sequentially reduced the hydrophobic
area for minimizing their contact with water and other tubes
and thus provided hydrophilic “buoys” to enhance the solu-
bility of SWNTs in aqueous solution. The electrochemical
properties indicated that PEDOT chains and silsesquioxane

cages tended to facilitate the charge migration due to the elec-
trochemical activity and functional capability of P5-5.
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Carbon nanotubes were synthesized by using a nanostructured conducting polymer—the polypyrrole nanofiber via microwave
radiation. The radiation time was set to be 30, 60, and 90 seconds, respectively. The morphological evolvements of the as-
synthesized carbon nanotubes with increased radiation time (e.g., shape, diameter, wall structure, and catalyst size) were
carefully investigated, and the possible growth mode was discussed in detail. It was found that the growth mode of the carbon
nanotubes synthesized from the conducting polymer substrate under microwave radiation was complex and cannot be simply
interpreted by either a “tip” or “base” growth model. A new growth mode of the “liquifying cascade growth” was observed for
the as-synthesized carbon nanotubes, as their growth was directed by a series of liquified iron nanoparticles with sequentially
decreasing sizes, similar to the cascade of liquid droplets. And it could provide useful insights for the morphological and
structural designs of the carbon nanotubes prepared by related microwave-based methods.

1. Introduction

Carbon nanotubes (CNTs) represent a special one-
dimensional allotrope of graphite with distinct thermal, elec-
trical, mechanical, and chemical properties [1]. Currently,
CNTs are majorly synthesized by thermal techniques such
as chemical vapor deposition (CVD), arc discharge (AC),
and laser ablation (LA) [2]. However, the CVD techniques
majorly use the gasified hydrocarbons as the precursor while
AC and LA use the decomposed carbonaceous species gener-
ated from high-energy sources as precursors. Recently, exten-
sive research efforts have been made to develop the synthesis
technique of CNTs based on conducting polymers [3–10].
Due to their excellent microwave absorption properties, con-
ducting polymers, e.g., polypyrrole (Ppy), can be used as the
substrate to grow CNTs in a domestic microwave oven. Upon
microwave radiation, the conducting polymer quickly
absorbs the electromagnetic waves and elevates the reaction
temperature to several hundreds of degrees Celsius. This trig-
gers the decomposition of ferrocene to generate iron (Fe)
nanoparticles as the catalyst and gaseous hydrocarbons as

the carbon source to initiate the CNT growth. Due to the
highly efficient heating of the conducting polymer, the whole
CNT growth process can be completed within tens of seconds
[3, 6, 9, 10]. Compared to CVD, AC, and LA techniques, the
conducting polymer-based microwave technique may attain
the characteristics of simple instrumentation, easy-process-
ing, and very fast growth. It can also be used to grow CNT
brushes on the surface of different materials, e.g., carbon
fiber fabrics, MXene, Kevlar fibers, and poly(lactic-co-glycolic
acid) particles to obtain CNT-based hierarchical composites
with enhanced electrochemical, mechanical, and bioimaging
properties [3, 9, 11, 12]. Even though the growth of CNTs by
using the conducting polymer-based microwave technique is
simple and fast, currently, there are very few reports on the
morphological study of the as-obtained CNTs. And the mech-
anisms involved in the microwave growth process have not
been comprehensively studied and are still unclear.

The morphological control of CNTs is very important
because the size and shape of CNTs can significantly affect
their properties and functions [13]. For example, the
bamboo-shaped CNTs were reported to have high energy-
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storage performance such as high-discharge capacities, high
rate capabilities, and low potential gaps, as they were used
as the electrode catalysts of the Li-CO2 batteries [14]. On
the other hand, it was also reported that the bamboo-
shaped CNTs showed exponential decrease of scission length
and low tensile strengths during ultrasonication [15]. Coiled
CNT forests also showed strongly nonlinear dependence on
displacement which was found to be fundamentally different
from the response of a straight CNT forest, under high-strain
rate deformation of a drop-ball test [16]. The morphology of
the as-synthesized CNTs is intrinsically clung to the growth
modes. Currently, either a “tip growth” or “base growth”
model has been proposed to the CNTs synthesized by
using the conducting polymer-based microwave techniques,
deducing from the location of the catalyst nanoparticles
(NPs) [3, 6]. However, these assumptions are rather empiri-
cal and insufficient to describe the internal growth modes
of CNTs synthesized by the conducting polymer microwave
technique according to our experimental observations.

Herein, we carefully investigate the growth mode of the
CNTs synthesized by using conducting polymer, i.e., poly-
pyrrole nanofibers (Ppy NFs), under the microwave radiation
of a domestic microwave oven. The radiation time was grad-
ually increased to study the morphological evolvement of the
CNTs in the process. Compared to the nonnanostructured
conducting polymers that are widely used to grow CNTs,
the Ppy NFs would have stronger microwave absorbing
properties due to their one-dimensional (1D) nanostructure
and high surface area [17]. The correlation between the
CNT morphology and the morphology of the catalyst NPs
is also discussed in detail. And a new possible growth mode
of the CNTs synthesized by conducting polymer-based
microwave techniques is proposed.

2. Experimental

2.1. Synthesis of CNTs by Using Ppy NFs and Ferrocene. Ppy
NFs were synthesized by a modified “seeding approach”
[17]. Briefly speaking, 1mL pyrrole (Alfa Aesar, 98%) was
added into 60mL 1M HCl and magnetically stirred for 20
minutes (min). Subsequently, 1mL vanadium pentoxide
(V2O5) nanofiber sol-gel was injected into the dispersion
quickly by using a 1mL syringe. The transparent dispersion
turned light green immediately, and Ppy NFs were starting
to precipitate out of the dispersion as V2O5 was added. After
30 seconds (s), 1.09 g initiator ammonium persulfate (Alfa
Aesar, 98%) was added to trigger the polymerization process.
The polymerization was proceeded for another 1 hour under
magnetic stirring. After polymerization, the black precipita-
tion was suction filtered and washed with copious amounts
of 1M HCl and acetone to remove the impurities. The as-
obtained Ppy NFs were dried in an 80°C oven overnight
before further usage.

70mg of Ppy NFs and 70mg ferrocene (Alfa Aesar, 99%)
were mechanically mixed using an agate mortar and then
transferred to a 20mL quartz-glass vial. The black powder
of Ppy NF was thoroughly mixed with the yellowish ferro-
cene, and the final mixture appeared as homogeneous black
powders. The glass vial was then placed into a domestic

microwave oven (Panasonic Inverter 1000) and heated at
1000W power for different durations, i.e., 30 s, 60 s, and
90 s. As the microwave radiation was applied, the black mix-
ture was quickly heated up and turned red, which was similar
to the color of hot iron, due to the intensive absorption of
microwave by the Ppy NFs. At the same time, the tempera-
ture of the mixture was quickly risen to several hundreds of
degrees Celsius and triggered the decomposition of ferro-
cene, generating high density of gaseous carbonaceous spe-
cies floating inside the glass vial and covering its inner
walls. As the microwave process continued, intensive micro-
plasmas were generated near the surface of the mixture,
which interacted with the gaseous species to give shining
sparks inside the glass vial. Simultaneously, high pressure
was generated by the hot gas inside the vial, and the shape
of the quartz glass was also slightly deformed. Themicrowave
heating process was automatically stopped when the preset
time was depleted. The glass vial was then cooled in ambient
condition, and the product was subsequently collected and
purified by washing with copious amounts of toluene and
water to remove the residues of precursors.

2.2. Characterizations of the as-Synthesized CNTs. The mor-
phologies of the as-synthesized CNTs were characterized by
a scanning electron microscope (SEM, JEOL JXA-8600).
The tube-wall and graphitic structures of the CNTs were
characterized by a transmission electron microscope (TEM,
JEOL JEM-2100F) equipped with an energy dispersive X-
ray detector (EDX, Oxford Instruments INCA X-Max). The
TEM sample was prepared by adding 3mg of the as-
synthesized CNTs in 5mL de-ionized water, which was sub-
sequently bath-sonicated for 20min to form a homogeneous
dispersion. One or two drops from the dispersion was
then casted on a TEM copper grid by using a glass pipette.
The elemental composition and crystalline structure of the
catalysts were analyzed by EDX and selected area electron
diffraction (SAED).

The size distributions of the as-synthesized CNTs were
measured by analyzing the corresponding SEM and TEM
images using the ImageJ software. For each set of the sam-
ples, at least 50 different CNTs were counted and analyzed
to calculate the values of average diameter and standard devi-
ation, respectively.

3. Results and Discussion

The representative SEM images of the CNTs synthesized by
using Ppy nanofibers and ferrocene under different micro-
wave radiation time are shown in Figure 1. Apparently, thin
and curved CNTs are obtained from the time of 30 s, as
shown in Figures 1(a) and 1(b). The CNTs are radially grown
outward from many granulated micron-sized particulates,
resembling the structure of a sea urchin (Figure 1(a)). As
the microwave time increases to 60 s, significant changes in
the morphology can be observed for the as-obtained CNTs,
compared to the 30 s situation. In this case, thicker and
straighter CNTs are grown from the granulated substrates,
and the radial growth is disturbed (Figures 1(c) and 1(d)).
The as-grown CNTs tend to randomly entangle with each
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other, forming porous networks. Upon further increasing
the microwave time to 90 s, thick and straight CNTs are
found to grow from the granulated substrates at various
angles, while a portion of thin and curved CNTs are also
observed to exist alongside with them (Figure 1(e)). The
other portion of the thick and straight CNTs obtained from
90 s show a characteristic bamboo-shaped morphology, as
the side walls of the CNTs are apparently segmented into

periodic nanoscale compartments (Figure 1(f)). The average
diameters of the CNTs obtained from 30 s are calculated to
be 145.8 nm, with a standard deviation of 18.7 nm. And the
calculated average diameters of the CNTs obtained from
60 s and 90 s are 268.8 nm and 356.8 nm, with standard devi-
ations of 56.8 nm and 141.2 nm, respectively.

The TEM images of CNTs obtained from 30 s are shown
in Figure 2. From Figure 2(a), it can be observed that the tube
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Figure 1: SEM images of CNTs synthesized by Ppy NFs and ferrocene under microwave radiation for 30 s (a, b), 60 s (c, d), and 90 s (e, f).
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Figure 2: (a, b) TEM images of the CNTs synthesized by 30 s microwave time and protruded catalyst Fe NPs are observed to direct the CNT
growth. (c, d) TEM images showing the cascade growth process of the CNTs; the catalyst Fe NPs are protruded towards the growth direction
and lifted to direct the growth from the parent NP, forming a discontinuous cascade of NPs. The growth direction is marked with red arrows.
(e) TEM image showing a CNT as the growth process is terminated. A catalyst Fe NP encapsulated in carbon shells can be observed at the tip
of the CNT. The carbon shells are composed of orderly stacking graphene layers as shown in (f).
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walls of the as-obtained CNTs are generally smooth, compos-
ing of continuous stacking graphene layers with structural
homogeneity. Catalyst NPs can be observed inside the hollow
cores of the CNTs, and they are identified to be the polycrys-
talline Fe NPs according to the EDX (Figure S1) and the
SAED analysis (Figure S2). The shapes of the Fe NPs are
ellipsoid, spherical, and ellipsoid with one protruded end.
The average diameters of the Fe NPs are measured to be
136.6nm with a standard deviation of 51.9nm. And the
average outer diameters of the corresponding CNTs are
measured to be 139.9 nm, indicating a strong correlation
between the NP diameter and the CNT diameter. The CNTs
are found to preferentially nucleate and grow on smaller Fe
NPs at the early stage, while larger NPs (diameters > 200 nm)
show a slower CNT growth kinetics in terms of the length
and thickness of the forming tube walls. A few large Fe
NPs with diameters between 260 and 440nm also can be
observed. These large Fe NPs are partially covered by
multiple layers of graphene sheets with one end protrudes
and points towards the propagating CNT growth direction
(Figures 2(a) and 2(b)). It is speculated that the Fe NPs are
partially liquified to form the protruding ends during the
growth process. The liquified portion of the NPs then serve
as the active catalytic center to direct the CNT growth. As
the carbon atoms continuous diffuse and precipitate out
from the liquified NPs, the protruding portion of the Fe
NPs may detach from the original NP and lift off. The
CNTs then continue to grow from the lifting liquified Fe
NPs, producing smooth tube walls whose inner diameters
are identical to the minor axis of the liquified NPs
(Figure 2(c)). At this time, the lifting liquified NPs may act
as the active tips to direct the CNT growth. However, the
lifted liquified NPs may receive fewer thermal energies as
they move away from the heating substrates, and the lifting
process as a whole is stopped due to the partial cooling and
solidifying of the NPs. In this case, a smaller liquified NP
may again protrude from the parent NP and lifted to direct
the CNT growth, repeating the previous growth process.
The growing of CNTs would be stopped if the lifted NPs
become too small or solidified, as shown in Figures 2(c) and
2(d). Either tip or base growth mode has been suggested for
the CNTs synthesized from ferrocene under microwave

radiation, using conducting polymers or graphite as the
heating substrate. This is due to the fact that the Fe NPs can
be observed to distribute along the major tube axis of the
as-obtained CNTs, e.g., at the tips, at the bottoms, and in
the middle. This phenomenon actually reveals the liquifying
cascade growth mode of the CNTs under microwave which
cannot be simply interpreted as tip or base growth, because
the Fe NPs in the liquid state may solidify and split into
multiple smaller NPs to direct the tube growth. As the
liquified Fe NPs solidify, thick carbon shells with orderly
stacking graphene layers are formed along the surface
profile of the NPs, as shown in Figures 2(e) and 2(f). The
tip of the Fe NP is capped with closed carbon shells, and no
further growth can be initiated, indicating the termination
of the growth process (Figure 2(f)). Stacking faults and
misalignments can be observed in the tube wall structures
of the CNTs obtained from 30 s (Figure S3), indicating the
reduced degree of graphitization in short microwave time.

The changes in the diameters of the CNTs synthesized
by using different microwave time were firstly analyzed
through the SEM images. The quasilinear increase in the
average diameters with prolonged microwave time of the
as-obtained CNTs indicates their growth process is kineti-
cally controlled (Figure 3(a)). The rate determine step is spec-
ulated to be the decomposition of ferrocene. The standard
deviations to the average diameters significantly increase
with prolonged microwave time, indicating the CNTs syn-
thesized from shorter time would have a more uniform
diameter distribution and longer microwave time may
generate a wide-range diameter distribution for the CNTs
that confers significant differences in diameters between
the individual CNTs (Figure 3(b)). However, the increase
of CNT diameters, significantly widened diameter distribu-
tions, and the emerging of CNTs with extremely large diam-
eters as the microwave time is prolonged all in total reflect the
change of the growth kinetics as it proceeds. Indeed, the total
morphological evolvement of the CNTs is directly controlled
by the growth kinetics and can be simply modulated by tun-
ing the microwave time. On the other hand, the growth
kinetics, including carbon diffusion, metal-carbon interac-
tion, and carbon wall structure formation, are strongly
related to the dynamic crystalline structures of the metal
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Figure 3: (a) Plotted graph showing the correlation between the average CNT diameters and microwave time; the standard deviations are
plotted as the error bars. (b) Columns showing the direct comparison of the average diameters and corresponding standard deviations of
the CNTs synthesized from 30 s, 60 s, and 90 s.
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NPs that are acting as the catalysts. By investigating the size
and shape changes of the metal NPs during the CNTs’
growth and the influences of these changes on the CNTs’
morphologies, we can gain useful insights on the detail
growth processes, growth modes, and microstructural forma-
tion of the as-grown CNTs.

As the microwave time increases to 60 s, significant
morphological changes are observed for the as-obtained
CNTs. Both CNTs with smooth and continuous tube walls
(Figure S4) and CNTs with bamboo-like wall structures
(Figure 4(a)) are found to coexist in the products. The
average diameters of the CNTs measured from the TEM
images are 246nm, and this value is considered to be
consistent with the SEM analysis. The bamboo-like CNTs
are observed to grow from the same sheet-like substrate
(Figure 4(a)). The CNTs are grown perpendicularly to the
substrate in two opposite directions at different angles. The
catalyst Fe NPs are found to intensively exist inside the
tube cores, lifted towards the tips, forming cascade NPs of
decreasing sizes within single bamboo-like CNTs, which are
similar to the liquid droplet cascades. By carefully examining
the bamboo-like CNTs, it is found that they are generally
composed of a smooth and straight tube portion connecting
to a bamboo-shaped portion (Figure 4(b)). This abrupt
change of the tube structure can be possibly attributed to
the phase transition of the catalyst Fe NPs. It has been
reported that Ni catalyst NPs underwent a reversible phase
change from the liquified state to the solidified state in the
temperature range from 800 to 700°C, resulting in a
structure change of the CNT tube walls from straight to

cup-stack [18]. It has also been reported that the as-grown
CNTs would obtain a tube wall structure reproducing the
shape of the active catalyst NPs [19]. Therefore, in the first
place, the liquified Fe NPs may extrude from the heating
substrate and direct the CNT growth. At this stage, CNTs
with smooth and continuous tube walls can be formed. Due
to the unique heating mechanism of microwave, the heats
are generated by the microwave absorbing substrates, i.e.,
Ppy nanofiber. As the catalyst Fe NPs move away from the
substrate, they receive fewer thermal energies and become
reluctant to maintain the liquid-like form. The slow cooling
of the Fe NPs results in the gradual shrinkage of their
shapes from elongated liquified states to solidified spherical
states, and it is measured to happen when the NPs are 0.89-
3.17μm distant from the substrate, with an average distance
of 1:81 ± 0:54μm, according to the TEM images. During
the shrinkage, the NPs may still acquire the partial liquified
state and mobile to direct the CNT growth until completely
cooling. Therefore, a general trend that can be observed for
the growth of bamboo-like CNTs is the length and size of
the individual bamboo-like compartments decrease as the
tube length increases, coincided with the phase change of
the catalyst Fe NPs. The bamboo-like CNTs are formed by
the stacking of several cup-shaped compartments with
convex tails and concave heads, and the catalyst Fe NPs can
be found around the tips of the CNTs (Figure 4(c)). By
identifying the locations of the convex tails and the concave
heads, the growth direction of the bamboo-like CNTs can be
manifested (Figure 4(d)). The CNTs obtained from 60 s
share the same growth mode with the 30 s, and the sequence
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Figure 4: (a, b) TEM images of the bamboo-shaped CNTs synthesized by 60 s microwave time. The bamboo-shaped CNTs are found to grow
in opposite directions from the sheet-like substrate in (a), and the growth direction is marked with red arrows. The bamboo-shaped CNTs are
found to compose of one straight part with smooth and continuous tube wall and the other part with bamboo-like segmented tube walls, as
shown in (b). (c, d) TEM images showing the magnified view of the bamboo-shaped CNTs. The catalyst Fe NPs can be observed at the tips of
the CNTs, as shown in (c). And the growth direction of the bamboo-shaped CNTs is identified to be from the convex tails to the concave
heads, as shown in (d). (e) Liquifying cascade growth mode similar to the 30 s situation is also observed for the 60 s CNTs. The cascading
catalyst NPs with reducing sizes are numbered with arithmetic orders. (f) HRTEM image showing the well-stacking graphitized tube walls
of the bamboo-shaped CNTs.
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of the cascading NPs can be clearly observed around their
tips (Figure 4(e)). The 60 s CNTs exhibit well-graphitized
wall structure with a lattice spacing of 0.34 nm without
stacking faults both on and parallel to the catalyst surface,
indicating the growth time is sufficient to achieve a higher
degree of graphitization (Figure 4(f) and Figure S5).

As the microwave time increases to 90 s, the as-obtained
CNTs show diverse morphologies including straight, curved,
bamboo-shaped, and cup-stack (Figures 5(a)–5(d)). The
average diameter of the CNTs obtained from the TEM anal-
ysis is calculated to be 324.9 nm, close to the SEM analysis
result. The as-obtained CNTs also showed orderly stacking
graphitic shells, with larger shell thickness than the 60 s tubes
(Figure S6). However, the substantial inhomogeneity
observed in the morphologies for the 90 s CNTs can be
possibly attributed to the inhomogeneous nucleation and
growth processes of the catalyst Fe NPs which produces
NPs with a wide range of size distribution to catalyze the
CNT growth. It has been reported that the size of the
catalyst NPs would continue growing during the CNT
growth process by both surface diffusion and the Ostwald
ripening process [20]. The surface diffusion of the catalyst
atoms onto the same catalyst NPs may result in the size
increment of the NPs and eventually deactivate the catalyst
NPs to grow CNTs [21]. On the other hand, the Ostwald
ripening process would result in the continuous growth of
the large catalyst NPs by consuming the smaller ones. The
combination of these two effects may give rise to significant
differences in size between the large and small catalyst NPs.
Interestingly, remarkable differences in size can be observed
for the catalyst Fe NPs during the 90 s growth. The large Fe
NPs with sizes from 190 to 513nm and small NPs with
sizes from 74 to 160 nm are found to coexist in the core
regions of the CNTs (Figures 5(b)–5(e)). A few large NPs

with rhombohedral and rectangular shapes can also be
observed around the CNT bundles (Figures 5(c)–5(e)).
There are no graphitic shells covered on the surface of these
large NPs, indicating that they are inert to catalyze the
CNT growth. Interestingly, a rhombohedral NP is observed
at the tip end of a bamboo-shaped CNT, and the smaller
NPs in the compartment of the CNT are merging towards
the rhombohedral NP, which can be taken as an indication
for the Ostwald ripening process (Figure 5(d)). Besides the
remarkable Ostwald ripening phenomenon on the catalyst
NPs, the CNTs obtained from 90s show a similar growth
mode to the 30 s and 60 s situations, as the liquifying catalyst
Fe NPs elongated and elevated from the parent NPs to direct
the CNT growth and subsequently form a liquifying cascade
of smaller NPs to continue the growth process (Figures 5(e)
and 5(f)). Eventually, the growth process would be stopped
as the small NPs were deactivated by the surface-covered
graphitic shells (Figure S7).

4. Conclusions

In this article, we detailedly investigated the morphological
evolvement of the CNTs synthesized by using Ppy nanofibers
and ferrocene under microwave radiation. The reaction
kinetics of the growth process were elaborated by analyzing
the morphologies of CNTs and catalyst Fe NPs obtained
from increased microwave time, i.e., 30 s, 60 s, and 90 s. The
diameters of CNTs and their degrees of graphitization were
found to simultaneously increased with prolonged micro-
wave time from 30 s to 90 s. A strong correlation was also
found between the diameters of the CNTs and sizes of the
catalyst NPs. By carefully analyzing the TEM images of the
catalyst NPs inside the tubes, a new liquifying cascade growth
mode was proposed for the as-obtained CNTs. Due to the
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Figure 5: Different morphologies can be observed for the CNTs synthesized by 90 s microwave time, such as straight tubes with continuous
tube walls (a), bamboo-shaped tubes with segmented tube walls (b), curved tubes with continuous tube walls (c), and cup-stack tubes (d). A
few large rhombohedral and rectangular NPs can be observed in (c), (d), and (e), indicating substantial Ostwald ripening of the catalysts.
Protruding (e) and liquid-shaped (f) catalyst Fe NPs can be observed at the tips of the as-obtained CNTs, indicating the same growth
mode with the 30 s and 60 s processes.
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unique heating mechanism of microwave, the liquified cata-
lyst NPs would receive fewer thermal energies as they were
elevating from the substrates (heat source) and became grad-
ually solidified. During this stage, a morphological transfor-
mation from smooth and straight tubes to bamboo-shaped
tubes can be observed. However, the growth process of CNTs
was continued until the cascade liquified NPs became fully
covered by the graphitic shells or too small to catalyze the
CNT formation. The Ostwald ripening of the catalyst NPs
was found to become significant as the microwave time was
increased to 90 s. The remarkable difference in size between
the large and small NPs and a wide-range size distribution
of the catalyst NPs lead to a highly divergent diameter distri-
bution of the as-obtained CNTs, from approximately 180nm
to 740 nm, after the 90 s microwave process. A few rhombo-
hedral NPs with sizes from around 200nm to 480nm were
discovered near the tips of the CNTs. These NPs were inert
for catalyzing the CNT growth, and it was speculated that
they were composed of trigonal hematite crystals according
to their shapes.

To further improve the morphological homogeneity of
the CNTs synthesized by conducting polymers and ferro-
cene under microwave, a more homogeneous heating mech-
anism may need to be implemented to eliminate the thermal
gradient near the surface of the substrate and help the NPs
maintain their liquified states, e.g., additional microwave
absorbing materials like carbon fibers can be introduced on
the substrate’s surface. On the other hand, the Ostwald rip-
ening process may also need to be suppressed during the
growth. To achieve this goal, the microwave synthesis pro-
cess can be conducted in more reducing environment with
the addition of reducing agents such as hydrogen gas.
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results, including the transmission electron microscopy
(TEM) images, high-resolution TEM images (HRTEM),
energy-dispersive X-ray (EDX) spectrum, and selected-area
electron diffraction (SAED) pattern, to support the discus-
sions in the manuscript. Figure S1: EDX spectrum of the cat-
alyst nanoparticle observed inside the core of the as-obtained

CNTs; the elemental composition of the nanoparticle was
identified to be Fe. Figure S2: SAED pattern of a catalyst
Fe NP encapsulated at the tip of a CNT. The interpretation
of pattern indicated the NP was polycrystalline. Figure S3:
(a, c) TEM and (b, d) HRTEM images of the CNTs synthe-
sized by 30 s microwave time. The representative stacking
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images of the CNTs with smooth and continuous tube walls
synthesized by 60 s microwave time. Figure S5: (a, c, e) TEM
and (b, d, f) HRTEM images of the CNTs synthesized by 60 s
microwave time. A lattice spacing of 0.34 nm can be observed
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corresponding (b, d, f) HRTEM images of the CNTs synthe-
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Conducting polymer-based composites have recently becoming popular in both academic research and industrial practices due to
their high conductivity, ease of process, and tunable electrical properties. The multifunctional conducting polymer-based
composites demonstrated great application potential for in vivo therapeutics and implantable electronics, including drug
delivery, neural interfacing, and minimally invasive electronics. In this review article, the state-of-the-art conducting polymer-
based composites in the mentioned biological fields are discussed and summarized. The recent progress on the synthesis,
structure, properties, and application of the conducting polymer-based composites is presented, aimed at revealing the
structure-property relationship and the corresponding functional applications of the conducting polymer-based composites.
Furthermore, key issues and challenges regarding the implantation performance of these composites are highlighted in this paper.

1. Introduction

Conducting polymers (CPs) can be referred to the composite
materials comprising polymeric components and conductive
components. The polymeric components and the conductive
components of the CPs can be arranged in different struc-
tures and configurations, e.g., mixing, coating, and hierarchi-
cal, to gain the designed functionality. Different from the
CPs, the intrinsically conducting polymers (ICPs) can trans-
port the electrons and holes through their unique alternating
single-and-double-bond structure in the main chains, and
the addition of another conductive phase is not necessary.
The discovery of the ICPs dates back to the 1850s with the
introduction of polyaniline [1] by Henry Letheby, but only
in the 1970s did polyaniline (PANI) and other conducting
polymers such as polypyrrole (PPy), polythiophene, and
polyacetylene receive intense attention from the scientific
and industrial communities due to the breakthrough work
done by Heeger, MacDiarmid, and Shirakawa [2]. Conduct-
ing polymers are organic polymers that can conduct electric-
ity, which are different from the conventional polymers such

as polyethylene and natural rubber, and due to their unusual
electrochemical and optical properties, the ICPs have greatly
benefitted our society in applications such as energy storage
[3], supercapacitors [4, 5], field emission [6], biosensors [7],
gas sensors [8], and tissue engineering [9]. Chemical synthe-
sis and electrochemical synthesis are generally two main
methods to synthesize ICPs; in particular, electrochemistry
has played a key role in the synthesis of ICPs for its fine-
tuning in the polymer structures, compositions, and electro-
chemical properties. Several articles and reviews have been
published on the synthesis, properties, and applications of
ICPs [10, 11]. However, to achieve a wide range of applicabil-
ity, excellent mechanical properties, easy processability, and
high-performance electrical, sensing, and energy-storage
capabilities are required for the next-generation conducting
polymer-based composites.

Compared to the bulk polymers, the conducting polymer-
based composites which are formed by blending or mixing
ICPs with other materials have drawn more attention, and
the properties of each individual component can be effi-
ciently integrated to achieve multifunctionality [12]. Various
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strategies have been developed to synthesize the conducting
polymer-based composites, such as electrosynthesis in the
presence of an insulating polymer [8], encapsulation of fibers
[13], incorporation of other secondary nanoparticles to form
conducting polymer nanocomposites [14], electropolymeri-
zation of different monomers (e.g., aniline and 3,4-ethylene-
dioxythiophene) [15], and the utilization of dopants with
multiple functions (e.g., disulfide biotin) [16], and the in situ
integration of noble metal nanoclusters during oxidative
polymerization (e.g., platinum nanoclusters) [17]. Resulting
from the synergistic effect of different components, the con-
ducting polymer-based composites showmultifunctionalized
properties and enhanced mechanical performance and pro-
cessability. The structure of the composites, interfacial adhe-
sion between the conducting polymer and other components,
and the synthetic strategies would greatly affect the properties
and applications of the as-obtained conducting polymer-
based composites.

Although it is widely accepted that the key component of
neural communications in the human body is the action
potential generated at the synapses, the subsequent genera-
tion of the electrical charges plays a vital role in the signal
transmission and simulation of the neural cells. The applica-
tions of ICPs in bioelectronics are quite attractive, as they are
intrinsically biocompatible and mechanically soft to realize
conformal matches between the electronics and tissues to
reduce the foreign body response (FBR). The biocompatibil-
ity of ICPs has been extensively investigated both in vitro and
in vivo. The reported results indeed demonstrated that the
ICPs, especially PPy and poly(3,4-ethylenedioxythiophene)
(PEDOT), possessed good biocompatibilities with cells, tis-
sues, and organs [18–23]. Vaitkuviene et al. showed that the
PPy nanoparticles synthesized by oxidative polymerization
exhibited almost no cytotoxicity to the primary mouse
embryonic fibroblasts, mouse hepatoma cell line, and human
T lymphocyte Jurkat cell line at low concentrations (up to
9.7μgmL-1) [19]. They also demonstrated that the PPy-
modified gold surface showed good biocompatibilities to
support the adhesion and proliferation of mouse bone
marrow-derived stem cells, similar to the bare gold and poly-
styrene surfaces [20]. Wang et al. reported that the PPy
extraction solution showed no trace of acute and subacute
toxicity, pyretogen, hemolysis, allergen, and mutagenesis.
The Schwann cells in the PPy extraction solution also showed
higher survival and proliferation rates compared to the saline
solution; they also tested the chronic effect of the implanted
PPy-coated silicone tube for bridging the transected sciatic
nerve. The result showed that the PPy-coated silicone tube
can improve the nerve tissue regeneration and induce only
light inflammation after 6 months’ implantation [21]. George
et al. fabricated PPy implants doped with polystyrene sulfo-
nate (PSS) or sodium dodecylbenzenesulfonate (NaDBS)
and surgically inserted the PPy implants into the cerebral
cortex of rats. Reduced gliosis and enhanced tissue-implant
interactions were found on the PPy implants after either 3
weeks’ or 6 weeks’ implantation, which in most cases outper-
formed the Teflon implants as the control [22]. Moreover,
Ramanaviciene et al. showed that chemically synthesized
PPy nanoparticles neither demonstrated any cytotoxic effects

on mouse peritoneum cells nor affected the spleen, kidney, or
liver indexes and the immune-related hematological param-
eters of the mice. According to their observation, the PPy
nanoparticles also induced no allergic response and no
inflammation can be detected in the peritoneum of mice in
the sixth week after the injection of PPy nanoparticles [23].
The relatively good biocompatibility of the chemically and
electrochemically synthesized ICPs makes them ideal candi-
dates for medical bionics and implantable electrodes, where
high electrical conductivity, low impedance, and seamless
integration of biomolecules are required to establish an inte-
grated tissue-electrode interface [24, 25].

However, several drawbacks are associated with ICPs and
their composites and hinder their biological applications,
such as low mechanical strength, low sensitivity and selectiv-
ity, and low stability. To overcome the limitations of the
ICPs, different methods and strategies have been employed
and the results were carefully investigated, including (i)
chemical surface modification of conducting polymers with
physiologically active species; [26] (ii) blending with other
nonconductive polymers with good mechanical properties,
e.g., biomass-derived and biodegradable polymers such as
PDLLA [27], chitosan [28], collagen [29], cellulose [13],
and polysaccharide [30]; (iii) utilizing nanostructured con-
ducting polymers such as nanoparticles, nanotube, nano-
wires, and nanofibers; [11] and (iv) usage of the physical
and covalent surface coating technologies—the conducting
polymers were used either as substrates or as coatings [13].
And the biocompatibility of these polymers in the biological
tissues was also evaluated using different methods such as
“in vitro” assays [31]. After all, the ICPs and their composites
hold a perspective future in biological applications, especially
in implantable devices and cyborg tissues.

Several review articles have been published on ICPs used
in biomedical [32, 33], tissue engineering [9], and biosensors
[34, 35]. In this review, we mainly focus on the conducting
polymer-based composites and devoted to summarizing
their structures, properties, and applications in the biologi-
cal fields, including drug delivery, neural interfacing, and tis-
sue engineering.

2. Conducting Polymer-Based Composites for
Drug Delivery

An efficient drug delivery system that can deliver the drug
to targeted body sites and control the drug release rate pre-
cisely is able to improve the therapeutic outcomes and
reduce the side effects [36, 37]. Structuring such drug deliv-
ery systems has been long dreamed of and became more
and more practical with the development of a variety of
polymer-based delivery systems. From nonbiodegradable
diffusion-controlled membranes [38] to biodegradable sys-
tems with a combination of diffusion and polymer matrix
degradation [39], the polymer-based delivery system has
shown enormous benefits in drug delivery and release.
And since the 1980s, an effective and intelligent drug deliv-
ery system based on the ICPs has been developed [40, 41].
Resulting from their inherent electrical, magnetic, and opti-
cal properties, the ICPs, especially their composites, are
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expected to be used as next-generation stimuli-responsive
drug delivery systems that are smart enough to adjust the
release rates according to the changes of the tissue microen-
vironment. Various ICPs, including PPy and its derivatives,
PANI [42], PEDOT, and its derivatives [43], have been used
to construct new polymer-based drug delivery systems. The
ICPs also showed promising biocompatibility when inter-
facing with different biological tissues [44], which further
proved their application potential in the fabrication of drug
delivery systems.

In drug delivery systems, the use of ICPs is significantly
limited by the choice of dopant and the molecular weight of
the loaded drug. To remove these barriers, chemical modifi-
cation or physical coating methods have been used. For
example, George et al. modified the surface of PPy through
biotin-streptavidin coupling [45]. Due to the ability of
attaching any biotin-labeled compound, streptavidin bridges
the biotinylated drug and PPy (Figure 1(a)). The modified
PPy composites show high stability and well-controlled drug
release process. Different from the chemical surface modifi-
cation, Abidian and his coworkers reported the electrochem-
ical depositions of PPy or PEDOT nanotubes on drug-
loaded, electrospun biodegradable poly(L-lactide) (PLLA)
or poly(lactide-co-glycolide) (PLGA) (Figure 1(b)). This
nanostructured conducting polymer composites can be used
for the release of dexamethasone with electrical stimulations
[43]. The controlled release of dexamethasone was also
reported by Wadhwa et al. [41] In their study, the prodrug
of dexamethasone disodium phosphate (Figure 1(c)) was
used as a dopant in PPy followed by coating PPy on the
gold-coated coverslips (electrodes). The release of the dexa-
methasone was controlled by the cyclic voltammetry (CV)
with alternating positive and negative potentials. In this
study, 0.5μg/cm2 dexamethasone can be released after each
CV cycle and up to a total of nearly 16μg/cm2 can be released
after 30 CV cycles (Figure 1(d)). To further enhance the drug
release performance and drug-loading capacity of the ICPs,
Woeppel et al. reported the usage of functionalized negatively
charged porous silica nanoparticles as the dopant for PEDOT
[46]. The silica nanoparticle-doped PEDOT showed signifi-
cantly enhanced doxorubicin (DOX) release profiles (up to
7-folds higher than the control) by applying electrical stimu-
lations; different kinds of drugs, e.g., fluorescein and DNQX,
have been loaded into the porous silica nanoparticle-doped
PEDOT and demonstrated controllable release profiles
in vivo. Biologically active dopants, such as neural growth
factor and brain-derived neurotrophic factor, can also be
directly incorporated into the matrices of PPy and PEDOT
to promote the neurite outgrowth in vitro [47, 48]. In sum-
mary, chemical modification of conducting polymer sub-
strate, coating conducting polymers on the drug-loaded
biodegradable polymeric substrate, or prodrug modification
have been proven to be the effective methods in preparing
conducting polymer composite-based drug delivery systems.

Conducting polymer-hydrogel blends were also synthe-
sizedandapplied inelectrochemically controlleddrugdelivery
systems. Due to their high swelling capacity, hydrophilicity,
and quick responses to external stimuli such as strain, pH,
and temperature, the hydrogels have been proposed as suit-

able materials for drug delivery applications [49, 50]. Inte-
gration of conducting polymers into the hydrogel may
endow smart functions to the as-prepared composites,
e.g., switchable delivery modes (on and off) and controls
over the drug-releasing rate. Conducting polymers such as
PANI [51, 52] and PPy [53, 54] are electropolymerized to
grow inside or on the surface of different hydrogels. Semi-
interpenetrating PANI-polyacrylamide hydrogel composites
were prepared by Lira and de Torresi, and the electrochem-
ically controlled release of safranin has been demonstrated
in this research [52]. It was found that the release of safra-
nin was influenced by not only the physical and chemical
properties of the composites, but also the electrochemical
processes. In another work, drug-loaded PPy nanoparticles
were suspended in a temperature-responsive hydrogel
(poly[(D,L-lactic acid)-co-(glycolic acid)]-b-poly(ethylene
oxide)-b-poly-[(D,L-lactic acid)-co-(glycolic acid)] (PLGA-
PEG-PLGA)), which is a liquid at low temperatures but
becomes a gel at body temperature, as shown in Figure 2
[54]. The composites acquire the advantages of both con-
ducting polymers and the sol-gel transition of hydrogels,
exhibiting a dual stimulus (temperature and electric field)
responsiveness and can be used to trigger sensitive dosage-
controlled release of drugs. Other conducting polymer-
hydrogel systems such as PANI-polysaccharide hydrogels
[30], PPy-alginate hydrogel [53], and chitosan-graft-PANI-
oxidized dextran hydrogel [55] have also been evaluated to
identify their potential in drug delivery applications.
Recently, near-infrared light and pH dual responsive drug
delivery composites of PANI-biodegradable poly(ethylene
glycol)-poly(ε-caprolactone) (PEG5k-PCL10k) block copol-
ymers and lecithin that are used for the controlled release
of cisplatin were reported by You and his coworkers [42].

Nowadays, there is an increasing trend in the fabrication
of conducting polymer-based composites for drug delivery.
However, most ICPs and their composites are not biode-
gradable, which is considered a major drawback for the
ICP-based drug delivery systems, and a postdelivery process
is required to remove the drug-loaded carriers. Although
several biodegradable conducting polymer composites have
been reported [56], it is still a challenge to achieve both high
conductivity and appropriate biodegradability. Meanwhile,
conducting polymer composites that can response to dual
or more stimuli are expected to find widespread applica-
tions in drug delivery for their more precisely controlled
release rate.

3. Conducting Polymer-Based Composite
Electrodes for Neural Interfacing

The nervous system is of great complexity due to the thou-
sands of networks of neurons and supporting cells, which
work synchronously to process external and internal cues
that result in movements, emotions, sight, speech, and hear-
ing. It is important for knowing the mechanism of the neural
network and treating some neural disorders to understand
the nervous system, which has engaged the interests of scien-
tists. The neural interface serves as a medium between elec-
trical devices and neural tissues. In other words, the neural
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interface is a tool to interface between biological and elec-
tronic systems, allowing for monitoring and manipulation
of neural circuits that underpin both normal and diseased
states. The information of nervous networks and their
responses to the bioactive materials have been effectively
provided by the neural electrodes. When implanted into
the brain, neural electrodes can record the signal from the
neuron for studying the mechanism of the brain and also
can give the degenerated tissues in the brain effective stimu-
lations to heal neurological diseases such as Parkinson’s dis-
ease, epilepsy, deafness, blindness, and movement disorders.
Therefore, it is vital for neural research to have reliable sig-
nals taken from the brain for the accurate analysis of the
neural system and selective stimulations. For clinical diag-
nosis, it requires a neural electrode with a high conductivity,
low impedance, and good biocompatibility. The traditional
neural electrodes are mostly composed of noble metals
and may not be competent for long-term implantations
and signal recording due to the mechanical mismatch
between the stiff metal electrode (Emetal = 74-530GPa [57])
and soft neural tissue (Ebrain = 2:1-3.7 kPa [58], Espinal cord =
3-6.3 kPa [59], and Eperipheral nerve = 576-840 kPa [60, 61]).
The mechanical mismatch between the electrodes and neu-
ral tissues may induce significant FBR at the electrode-
neural tissue interface, resulting in the malfunction of both
the electrodes and the surrounding tissues. Current research
is aimed at producing stable, small, and high-density micro-
electrodes in order to improve the recording and stimulat-
ing selectivity for both in vitro and in vivo applications.
To carry out implantation of neural electrodes precisely
and selectively and reduce the unwanted damage of neural
tissues, the fabrication of neural electrodes with a smaller
geometrical size, e.g., microelectrodes, has been widely
adapted. However, the small geometrical sizes also limit
the electrical functions of the microelectrodes, and increased
impedance and reduced charge injection properties are
associated with the microelectrodes compared to the bulky
ones. To address this issue, the geometric surface of the
microelectrodes can be miniaturized to form conductive,
porous, and biocompatible nanostructures [62].

Strategies to improve the electrochemical surface area
whilst maintaining the desired geometric area include the
development of rough microelectrodes and microelectrode
coatings onto traditional planar microelectrode materials
such as gold and platinum. The metal electrode (gold, plati-
num, and silver) was coated by conducting materials through
chemical and electrochemical deposition. The conducting
materials including graphene and graphene oxide (GO)
[63], iridium oxide (IrOx) [64], carbon nanotubes (CNTs)
[65], and ICPs [66]. ICPs with high conductivity, excellent
charge transport capacity, and good biocompatibility were
speculated as promising electrode materials for next-
generation neural electronics with reduced neural interfacing
impedance. Few researches focused on the way to coat ICPs
like PPy [67], PANI [68], and PEDOT [69] on the surface
of metallic microelectrodes to enhance their electrochemical
properties, which is considered simple but effective.
Compared to the bare metal electrodes, the impedance of
the modified neural electrodes became smaller due to the

increased electrochemical surface area after the deposition
of ICPs. For example, Zhou et al. fabricated a PEDOT and
multiwall carbon nanotube (MWCNT) composited thin film
and coated it onto platinum microelectrodes by different
electrochemical deposition methods, i.e., potentiostatic and
galvanostatic [70]. Compared to the PEDOT/MWCNT coat-
ing formed by the potentiostatic method, the PED-
OT/MWCNT film from the galvanostatic method showed a
porous morphology composed of tangled rods with a smaller
average diameter (~50nm). The impedances of the PED-
OT/MWCNT-coated microelectrodes from the two methods
exhibited almost two orders of magnitude lower than the
bare platinum microelectrode at 1 kHz. The impedance at
1 kHz is a typical parameter to evaluate the functions of the
neural electrodes, as it correlates to power consumption for
the electrical stimulation of the neural tissues and the neuro-
nal action potentials. However, the stability of the ICP coat-
ing on the microelectrodes is also critical for achieving
chronic monitoring of the neural tissues. Few researches have
focused on solving these problems by doping inorganic and
organic substances into the ICP coating to enhance the adhe-
sion between the ICP films and the substrates and also to
enhance the biocompatibility of the electrodes corresponding
to the neural tissues. For example, Bodart et al. polymerized
PEDOT:tetrafluoroborate (PEDOT:BF4) onto the platinum
neural electrode by using three different solvents, i.e., propyl-
ene carbonate (PC), acetonitrile (ACN), and water [71]. The
mechanical and electrochemical stabilities of the as-obtained
composited electrodes were subsequently analyzed. The
result indicated that PEDOT:BF4 coatings deposited in
organic solvents on platinum-iridium (PtIr) microelectrodes
remained physically stable after 5min of sonication and
retained more than 80% of their charge storage capacity
(CSC), while coatings deposited in deionized water detached
from the PtIr microelectrodes after 2-3min of sonication.
After soaking in the PBS (pH = 7:4) solution for two weeks,
the impedances of PEDOT-coated microelectrodes obtained
in PC and ACN were increased but still considerably lower
than the bare PtIr electrode. They concluded that the PtIr
electrode coated by the PEDOT:BF4 film from the organic
solvents showed better stability under ultrasonication, PBS
soaking, and steam sterilization than the PEDOT:BF4 coating
from water. Cui et al. electrochemically polymerized PPy and
a biomolecule (a silk-like polymer having fibronectin frag-
ments (SLPF) and nonapeptide CDPGYIGSR) onto the gold
electrode sites of a neural probe [72]. Apart from better per-
formance in electrical properties than the uncoated elec-
trodes, more cells (1:25 ± 0:6 cells per site) were grown on
the PPy/SLPF-coated gold electrodes than on the uncoated
ones. They also found that human neuroblastoma cells pre-
ferred to seed onto the PPy/CDPGYIGSR-modified electrode
selectively compared to the electrode coated with PPy/CH3-
COO− (Figure 3). It indicated that by doping different bio-
molecules in the conducting polymer coating deposited on
the neural electrode, the cell behaviors on the neural elec-
trodes can be mediated to promote the formation of inte-
grated tissue-electronic interfaces.

To further decrease themechanicalmismatch between the
electrodes and tissues, and achieve the so-called conformal
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electronic-tissue interface, soft substrates such as Parylene C
[73], polydimethylsiloxane (PDMS) [74], SU-8 [75], polyim-
ide (PI) [76], and silk fibroin [77] can be introduced to fabri-
cate flexible and highly conductive neural electrodes.
Compared to the metal substrate, PI, SU-8, Parylene C, and
PDMS acquire much smaller Young’s moduli of 8.45GPa,
5.6GPa, 4.0GPa, and 1.0MPa, respectively. These materials
could be utilized to fabricate flexible neural electrodes of
different shapes and sizes with improved conformal match-
ing for minimally invasive implantation. For example, Heo
et al. fabricated a PI nanofiber- (NF-) based neural interface
with a high flexibility and permeability for stable neural sig-
nal recording [78]. The neural interface they designed con-
sisted of a PI NF substrate, electronic connection pads
composed of silver nanoparticles, and PEDOT: poly(styrene-
sulfonate) (PEDOT:PSS) as the advanced conductive layer
(Figure 4). They demonstrated that the as-obtained NF-
based nerve electrode showed electrochemical properties
superior to those of conventional cuff electrodes. And it
was able to record neural signals for a long period of time,
i.e., after implantation for 12 weeks.

4. Conductive Polymer-Based Electronics for
Minimally Invasive Electronics

The ICPs, such as PPy [79] and PEDOT [80], can be used as
the electrode materials for flexible and stretchable electron-
ics. Their major advantages include biocompatibility and
large surface area, resulting in higher in vivo charge transfer
capacities [81]. Various biomolecules, such as enzyme,
DNA, growth factor, and antibody, can be readily incorpo-
rated into the ICPs through electrochemical polymerization
as the stimuli to enhance the acquisition of biological cues
[82–85]. On the other hand, the CP-based stretchable elec-
trodes for engineered tissues can also be realized by incorpo-
rating metal-based or carbon-based nanoparticles into
elastomers, such as PDMS or styrene-butadiene-styrene
(SBS) [86]. Another way to make CP-based flexible and
stretchable electronics is to infuse liquid metal alloys inside
microfluidic channels, e.g., filling the eutectic gallium-
indium in the PDMS channels.

Bioresorbable macromolecules and polymers can be
used as the substrates for the fabrication of CP-based
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Figure 3: (a) Micromachined metal/silicon-based neural recording probe. (b, c) Optical micrographs of a PPy/PSS-coated 5-channel
neural probe. (b) is the top view of the probe, and (c) is the side view from which the thickness of the film can be estimated. The
area of each metal electrode is 3900 μm2, and the thickness of the probe is 15μm. By varying the deposition charge, the amount of
material deposited can be precisely controlled. (d–g) SEM images of PPy/SLPF-coated electrode sites. From (d) to (g), the deposition
time increased, corresponding to a total charge passed of (d) 0μC, (e) 1μC, (f) 4μC, and (g) 10μC. The area of the uncoated
electrode site is 1250 μm2 [72].
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Figure 4: (a) Scheme of the fabrication process using an inkjet printing system. (b) Concept of preproduction design and (c) image of the
fabricated NF-based neural electrode. Electric wire cables were bonded to the end of the electrode pads using conductive silver epoxy and
were covered with bone cement. (d) Electrochemical impedance spectrum over a frequency range of 1–105Hz. (e) Cyclic voltammograms
with a scan range of −0.7 to +0.8V at a scan rate of 100mV/s. (f) Image of a wrapped stimulus cuff electrode and a recording NF-based
electrode. Acute ex vivo recordings obtained using (g) a control electrode, (h) AgNP-coated PI NF electrode, and (i) AgNP/PEDOT-
coated PI NF electrode. (j) Electrical packaging electrode (1) and implanted electrode (2). The NF-based electrode is wrapped around the
sciatic nerve of a rat. (k) Representative neural signal recording obtained from sciatic nerve tissue over a period of 12 weeks using a
control electrode, an NF-based electrode, and an NF-based electrode soaked with Tranilast. (l) Simultaneous mapping of the SNR of an
NF-based electrode with and without Tranilast [78].
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bioelectronics. The utilization of bioresorbable materials to
construct the bioresorbable electronics can effectively elim-
inate the adverse effects of long-term implantation such as
the FRB and unfavorable biofilm formation [87]. The sub-
strate layer of bioresorbable electronics can be fabricated
by natural or synthetic polymers with tunable degradation
properties. For example, the natural protein silk fibroin
[88] which can be degraded into natural amino acids by
enzymes in vivo. Alternatively, bioresorbable synthetic
polymers, such as PLGA, can also be used. The advantages
of the natural polymers include higher biocompatibility,
reduced FBR, and higher mechanical strengths. Disadvan-
tages include higher cost and lower processability. Com-
pared with natural polymers, the synthetic polymers
show the advantages including controllable degradation
rate and low cost [89].

The conductive components of the CP-based bioelec-
tronics, such as semiconductors and dielectrics, can be made
of silicon and silicon dioxide, which would degrade into non-
toxic Si(OH)4 in physiological solutions, and the dissolution
rate is dependent on the thickness. For the metallic conduc-
tors, the biocompatibilities of gold and platinum are good,
but they are not degradable. Magnesium and zinc can dis-
solve rapidly, and the degradation products are magnesium
hydroxide and zinc oxide, which can be easily removed by
the human body [90]. Tungsten, molybdenum, and iron
can also be dissolved, but the dissolution rates are slower,
and the degradation products are iron oxides or hydroxides
and tungsten and molybdenum oxides [88]. Therefore, the
metal conductors may need to be selected according to the
life expectancy of the bioresorbable electronics. Zinc and
magnesium are suitable for short-term implantation, while
tungsten, molybdenum, and iron are suitable for long-term
implantation [91].

The flexible polymeric substrates and conductive mate-
rials can be integrated to fabricate CP-based bioresorbable
electronics in various structures and configurations to
achieve minimally invasive implantations, e.g., the injectable
bioelectronics. Typical structures of the injectable bioelec-
tronics are cylindrical, consisting of a microchip and inte-
grated electronic components such as semiconducting
electronic components, solenoid microcoils, and hybrid
charge storage capacitors. All the electronic components of
the injectable bioelectronics are combined in a thin film of
an integrated circuit chip. Metal electrodes are extended from
both ends of the device, acting as the stimulation electrodes
to activate the nearby nerves or muscle motions [92]. With
the development of injectable bioelectronics, reticular elec-
tronic implants were found to have excellent mechanical
and structural properties and were widely used in the neural
research, e.g., the single-neuron chronic recording for the
retina in awake mice [93] and seamless syringe-injectable
mesh electronics with minimal chronic immune response
for brain monitoring [94]. Mesh-shape flexible bioelectronics
provide new solutions for the signal recording and stimula-
tion of brain tissues during implantation, and they can avoid
problems associated with traditional rigid wire-shape
electrodes such as mechanical mismatch and FBR [93–99].
The unique macroporous morphology with submicrometer

thickness and cell-scale-wide mesh elements may realize the
stable and seamless tissue integration by virtue of their
unique mechanical and structural properties [94, 95, 97].
Previous studies on the mesh-shape electronics also demon-
strated stable chronic recording at the single-neuron level
for at least eight months [91].

Key points related to the structural design of standard
mesh electronics are highlighted in Figures 5(a) and 5(b)
[100]. Periodic unit structures are constructed for the stan-
dard mesh electronic probes (Figures 5(a) and 5(b)). The
unit cell of the mesh consists of longitudinal elements paral-
lel to the injection direction and transverse elements ori-
ented at an angle α of 45° relative to the longitudinal
direction (Figure 5(b)) [94, 96–99]. The longitudinal ele-
ments may have composite structures, consisting of gold
interconnects sandwiched between two layers of the bio-
compatible photoresist SU-8 [101]. One end of the longitu-
dinal element is connected to a sensor or stimulator such as
a metal electrode [94–98, 102] or nanowire transistor [95,
102, 103], and the other end is connected to an input/output
(I/O) pad. The transverse elements may consist of two SU-8
layers with a total thickness of approximately 800nm and a
width of 20μm [95]. The transverse elements determine the
transverse bending stiffness of the overall mesh structure,
and correspondingly, it also determines the rolling degree
of grid probes when they are loaded into the needle. After
all, both longitudinal and transverse elements contribute to
the longitudinal bending stiffness of the mesh probe, and a
sufficient longitudinal bending stiffness may maintain the
overall linear structure of the mesh electronics during injec-
tion [95, 96].

Besides the mesh-like structure, biomimetic neuron-like
structures for implantable bioelectronics were also proposed
by Yang et al. [104] The neuron-like electronic unit (NeuE) is
structurally and mechanically mimicking a neuron at the
subcellular level. The photoresists of SU-8 and S1805 were
used as the polymeric phase while chromium, gold, and plat-
inum were used as the conductive phase of the NeuE. The
sizes of the metal recording blocks of NeuE also match those
of the targeted neural cells. The interconnects of the neuron-
like structure have similar flexibility to the axons. And the
thin polymer insulating layer of the structure is also analo-
gous to the myelin sheath. Both of these features promote
in the propagation of electrical signals from the neural cells
to the electrodes. The NeuE can also be assembled into an
open three-dimensional neuron-like electronic network
with structures and morphologies mimicking the natural
neural network. However, the properties and functions of
the implantable bioelectronics are closely related to their
designed structures. In recent studies, mesh-like minimally
invasive electronics are often reported to have ultraflexible
structures so that they can on the one hand be delivered
by capillary needles and on the other hand be perfectly
adapted to the nonplanar surface of the brain tissues. The
ultraflexible mesh electronics comprising the SU-8 polymeric
layer and metallic electrodes can minimize the accumulation
of astrocytes and glial cells [94, 95]. In the meantime, it can
also reduce the glial scarring (Figure 6(a)), resulting in little
or no chronic immune responses in the brain [94, 105].
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The implant process was conducted by ultra-small-size nee-
dles; therefore, minimal damage was induced at the implant
site [93, 94]. To inject the device into targeted tissues, the
ultraflexible mesh-shape electronics are preloaded in a glass
capillary needle, then are injected to the targeted site, and
the mesh electronics are unfolded (Figure 6(b)) [93, 95].
The match between the injection rate of the mesh electronics
and the retraction rate of the needle after injection has been
proven to be the key factor to deliver the mesh electrons
to the targeted tissue with an unfolded conformation
(Figure 6(c)) [96]. On the other hand, the use of needles
and probes with smaller sizes can further reduce the damage
applied to the tissues and maintain the original vascular and
cellular structures during the injection process. Several
methods have been reported to reduce the probe size, e.g.,
the utilizations of ultraflexible two-dimensional (2D) and
one-dimensional (1D) probes have been proven to be effec-
tive in reducing the transverse bending stiffness of the elec-
tronics, and they can be injected through the glass needles
with an inner diameter as small as 100μm and an outer
diameter of 170μm [100]. In another study, the devices made
by the nanoelectronic thread (NET) were reported to obtain a
minuscule size [105]. The epoxy-based SU-8 was used as the
polymeric phase while gold and platinum were used as the
conductive interconnects and electrodes for NET. The
NET-50 showed a total thickness of 1μm and an average
width of 50μm, and the NET-10 showed a cross-sectional
area of 10μm× 1:5 μm. Due to the extremely small thickness,
the bending stiffness of NET-50 and NET-10 is much lower

than those of the typical silicon, carbon fiber, PI, and
Parylene C probes (Figure 6(d)). Recently, Liu et al. showed
that the longitudinal and transverse bending stiffness of
the mesh-shape electronics, DL and DT, was dependent on
the angle between the longitudinal and transverse elements
(α shown in Figure 5(b)) [95]. When α = 45°, DL and DT
were ~2:5 × 10−3 nN · m and ~10-2 nN·m, respectively. And
the bending stiffness of the injected mesh electronics can
be reduced to 0.087 nN·m. The bending stiffness was further
reduced to 10-15N·m2 by utilizing the NET structures which
realized the glial scar-free neural integration [105]. More-
over, the bending stiffness of the biomimetic neuron-like
electronics decreased 5-20 times as compared to the other
state-of-the-art mesh electronic designs, and both a struc-
turally and functionally stable tissue-electronic interface
can be formed after implantation [104].

The electronic properties such as stable impedance and
large signal-to-noise ratio (SNR) are also critical to achieve
a highly integrated tissue-electronic interface for chronic
and real-time monitoring. For the NET probes, the imped-
ance was around 750 kΩ after implantation and decreased
to around 600 kΩ in the first 1.5 months. The impedance
was then observed to remain stable for the next 2.5 months
accompanied with low noise levels (Figure 6(e)) [105]. Sort-
able single-unit action potentials (APs) with stable average
amplitude and SNR can also be obtained by the NET
probes throughout the experimental period of 4 months
(Figure 6(f)). On the other hand, the mesh electronics
showed higher biocompatibilities as compared to the flexible
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Figure 5: Structural design of ultraflexible syringe-injectable mesh electronics. (a) Schematic of a conventional mesh electronic probe. (b)
Schematic of the mesh electronic unit cell, highlighting key probe design parameters, including the angle between longitudinal and
transverse elements (α), the longitudinal element width (wl), the transverse element width (wt), the longitudinal interconnect metal width
(wm), and the transverse element thickness (tt). For the standard mesh (α = 45°, wl = 20 μm, wt = 20 μm, wm = 10μm, and tt ≈ 800 nm).
(c) Schematic of ultraflexible 2D mesh electronics to facilitate loading and injection using reduced diameter needles and injection volumes,
where α = 70°, wt = 10 μm, and tt ≈ 400 nm; parameters for the longitudinal elements are the same as in the standard design highlighted in
panel (b). (d) Schematic of ultraflexible 1D mesh electronics with transverse element removal in the implantation site, i.e., wt and tt equal
to zero, and the parameters for the longitudinal elements and transverse elements external to the implantation region are the same as the
2D probes highlighted in panel (c). Orange lines represent the gold interconnects, dark blue lines represent two SU-8 layers for
interconnect insulation, and the cyan line represents a single SU-8 layer [100].
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thin-film probes according to the immunohistochemical
characterization, as the fluorescence intensity corresponding
to the neuron somata was much higher near the surface of the
mesh electronics (Figure 6(g)), and the intensities of astro-
cytes and microglia were much lower [94, 97, 104]. Con-
trolled injection of the mesh electronics has also been
realized by a stereotaxic surgery station equipped with a
syringe pump, and a spatial precision of ca. 20μm has been
achieved. And subsequently, 100% multichannel input/out-
put (I/O) connectivity between the mesh electronics and a
flexible cable device can be achieved by using a computer-
controlled conductive ink printing technique [96].

The CP-based injectable electronics with minimal inva-
siveness have great potential for neural study and brain
recording such as single-unit neural AP recording [95], brain
mapping [97, 106], and biochemical sensing [107] which
may promote the establishment of a next-generation brain-
machine interface for both fundamental neuroscience and
therapies [108]. By maximally reducing the tissue damage
during implantation and minimizing the chronic immunor-
esponses, the CP-based injectable electronics can serve as a
long-termmonitoring platform in vivo [109] and can retrieve
the physiological signals from the deep brain regions [110].
The CP-based injectable electronics can also integrate with
the wireless devices for the applications of wireless optoge-
netics [111].

5. Conclusions and Future Work

Upon integrating the flexibilities of polymers and conductiv-
ities of metals, the CP-based composites show promising
applications for the in vivo therapeutics and implantable

electronics, including drug delivery, neural interfacing,
and injectable electronics. The ICPs can be utilized as the
biocompatible, tunable, and controllable advanced delivery
platforms for the in vivo targeted transport of the nega-
tively charged drug molecules. And they can also be inte-
grated with other functional materials such as metallic
electrodes and hydrogels to form multifunctional composites
for tissue monitoring, stimulation, and drug delivery. High-
performance neural recording electrodes with significantly
enhanced biocompatibility and sensitivity can be fabricated
by coating the nanostructured ICPs onto the metallic elec-
trodes. Flexible electronics which conformally comply with
the epidermal layer of tissues can also be obtained by coating
the ICPs on polymeric substrates using various techniques,
such as photolithography, inkjet printing, and electrodeposi-
tion. On the other hand, ultraflexible CP-based composites
can be obtained by integrating the polymeric photoresists
with metallic electrodes in various structures and configura-
tions, such as the mesh- and thread-like shapes. The ultra-
flexible CP-based composites can be further utilized as the
injectable electronics for minimally invasive implantation
and show high performance in chronic recording, neural
monitoring, and single-neuron-level brain mapping. To fur-
ther transform the lab-based technique into therapeutic
applications, the mechanical property and chemical stability
of the ICPs may need to be improved for drug delivery. The
chronic performance of the ICPs and the patterning preci-
sion of the printing electronics may need to be further
improved for the flexible electronics. Finally, concerns over
the biocompatibility of the CP-based injectable electronics
also arise since highly cross-linked nondegradable SU-8 and
metallic chromium with biological toxicity are used.
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Figure 6: (a) Thin-film electronics may induce the glial scar formation while the mesh electronics may not. The blue lines represent different
types of electronics (mesh and thin film), the neurons are in purple, and the glial scars are in yellow [94]. (b) Schematic showing a mesh
electronic that is injected into the tissue and extended [95]. (c) Mesh electronics injected by the balanced FoV approach was extended (1).
And a mismatched injection may result in a wrinkled mesh (2) [96]. (d) A comparison between the bending stiffness of the NET-
structured probes and other typical fiber-based probes [105]. (e) Stable impedance (red) and low noise level (blue) were demonstrated by
the NET-structured probes during a long-term recording process (~4 months) [105]. (f) Stable average amplitude (red) and large SNR
(blue) for the chronic recording of single-unit APs were also observed on the NET probes [105]. (g) Stable fluorescence intensity of
neuron somata can be obtained near the surface of the mesh electronics as compared to the flexible thin-film probes [94]. (h) Single-unit
neural recording from one channel of the mesh electronics; the average potential waveform (red) showed characteristic average duration
of 2ms and peak-to-peak amplitude of 70 μV of the single-unit APs [95].
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Hydrogel is a new class of functional polymer materials with a promising potential in the biomedical field. The purpose of this article
is to review recent advancements in several types of biomedical hydrogels, including conductive hydrogels, injectable hydrogels,
double network hydrogels, responsive hydrogels, nanocomposite hydrogels, and sliding hydrogels. In comparison with
traditional hydrogels, these advanced hydrogels exhibit significant advantages in structure, mechanical properties, and
applications. The article focuses on different methods used to prepare advanced biomedical hydrogels and their diversified
applications as drug delivery systems, wound dressings, biosensors, contact lenses, and tissue replacement. These advances are
rapidly overcoming current limitations of hydrogels, and we anticipate that further research will lead to the development of
advanced hydrogels with ubiquitous roles in biomedicine and tissue replacement and regeneration.

1. Introduction

Hydrogels are a class of polymers having a three-dimensional
network structure formed through physical and chemical
cross-linking of monomers with a hydrophilic group [1].
Hydrogels swell when they absorb large volumes of water yet
maintain their original structures without being dissolved [2,
3] (Figure 1). In the biomedical field, hydrogels are a new class
of functional polymer materials with enormous potential in
biotechnology. When the polymer network is encased in
water, the material absorbs the water and adopts fluidic prop-
erties, which is very similar to what occurs with tissues in the
human body [4, 5]. In the presence of water, the surfaces of
the hydrogels become wet and malleable. And because of these
properties, couple with the stable organization of the material

significantly reduces irritation to the surrounding tissues and
improves biocompatibility [6]. Additionally, hydrogels will
not affect the metabolic processes of living organisms and
metabolites can pass freely through the hydrogels. Hydrogels
are also sensitive to small changes in external stimuli, such as
temperature, pH, ionic strength, electric fields, and magnetic
fields, and can respond to these stimuli through volume
swelling or shrinking [7–11]. Therefore, hydrogels are more
similar to living tissues, specifically the outer membrane of
the cell matrix, than any other currently known synthetic bio-
materials and these properties result in reducing friction and
mechanical effects on the surrounding tissues, which signifi-
cantly improves the biological properties of the material [12].

Hydrogels have been one of the greatest interests to bio-
material scientists since the pioneering work of Wichterle
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and Lim in 1960 on cross-linked HEMA (hydroxyethyl meth-
acrylate) hydrogels, which has led to the development of
materials with excellent water absorption, high water reten-
tion, good biocompatibility, biodegradability, limited or
minimal toxicity, and simplified synthesis methods. These
materials are now widely used in biomedicine, functioning
as tissue fillers, drug delivery agents, contact lenses, and tissue
engineering scaffold materials [12–14]. Because hydrogels
produce huge economic and social benefits, the research, the
development, the application, and the production of hydro-
gels represent an important area of the biomaterial field.

Traditional hydrogels are typically formed by chemical
cross-linking. Nonuniform dispersion of a chemical cross-
linking agent results in a nonuniform gel network, and the
resulting gel is very weak and fragile, greatly limits its appli-
cation [15]. To overcome mechanical limitations in tradi-
tional gels, four major types of novel network structures
have been investigated, as follows: (i) the replacement of
covalent cross-linking points by active cross-linking sites,
which can reduce the stress concentration and the network
structural damage caused by the uneven distribution of
covalent bonds. Representative studies include “Slide-Ring”
hydrogels, in which “8”-shaped polyrotaxane as a crosslink-
ing point, polymer chains pass through the cross-linking
agent from its upper and lower cavities [16]. The molecular
chains distribute stress more uniformly across the gel net-
work through positional adjustment in the external force.
(ii) The introduction of a “sacrifice key” within the structure
of certain hydrogels (e.g., double network hydrogels), which
is a region designed to break and absorb energy that can
improve the strength and resilience of the materials [17].
These hydrogels are mainly composed of two interpen-
etrating or semi-interpenetrating networks with different
properties. Under stress, the first network absorbs energy to
burst, endowing hydrogels with high strength and toughness,
while the second network is loosely cross-linked and is more
difficult to destroy, which maintains the integrity of hydro-
gels [3]. (iii) Nanoparticles as giant multifunctional cross-
linking points, where polymer chains are cross-linked into a
three-dimensional network by physical adsorption or chemi-
cal bonding [18]. The physical adsorption between the
molecular chains and nanoparticles can dissipate energy to
improve the mechanical properties of hydrogels, while con-
versely, the high specific surface area and high modulus of
nanoparticles themselves strengthen the hydrogels [19]. (iv)
Polymers constructed via noncovalent interactions and
supramolecular self-assembling structures, producing hydro-
gels that are strong, resilient, and responsive to changing
stimuli [20]. Consequently, the objective of this review is to

evaluate recent research and progress aimed at developing
novel high-performance, intelligent hydrogel materials for
biomedical applications.

2. Main Types of Hydrogels

2.1. Conductive Hydrogels. Conductive hydrogel (CH) is a
new effective material which has the similar unique proper-
ties to traditional hydrogels and an additional benefit in elec-
trical conductivity [21–23]. It was first proposed by Gilmore
et al. [24], and in recent years, more attention has been given
in the exploitation and application of CHs. Depending on the
different additives, the CHs are divided into two categories:
(i) the CHs-based conducting polymers (CPs) and (ii) the
CHs-based metallic nanoparticles. Mostly, the CH is defined
as a hybrid network made by cross-linked soft hydrogels and
CPs [25]. Although CP is not metallic, it has extraordinary
electrical conductivity that can change the final hydrogels
in structural and electrical properties to a considerable extent
[26–31]. The use of CPs enables hydrogels to stimulate elec-
tricity locally and enhance the physical properties of hydro-
gels to accurately control the extent and duration of external
stimulation [32, 33]. The microscopy allows the microstruc-
ture magnified, and it always be used to observe the micro-
structure of the hydrogel, such as atomic force microscopy,
which can not only observe the microstructure of objects
[34, 35] but also the conductivity of the conductive hydrogel
that can be detected by conducting probe atomic force
microscopy [36]. Nowadays, the most familiar CPs like poly-
pyrrole (PPY), polythiophene (PT), poly(3,4-ethylene diox-
ythiophene) (PEDOT), and polyaniline (PAni) are widely
used in biomedical science to promote cell growth and prolif-
eration [37, 38]. Besides, the natural polymers such as algi-
nate, starch, chitosan, and their derivatives also have been
considered as CPs in different conditions and because of the
characteristics of these natural polymers, the final hydrogels
are extremely beneficial to biodegradable and biocompatible.
Till now, the CPs has gained lots of scientific responsiveness
and they have extensively applied in batteries, sensors, semi-
conductor devices, electronic and optoelectronic devices,
and so on [39–43]. Similar to the CPs mentioned before, the
metallic nanoparticles give the CH synergistic properties
combined with the metal and hydrogel matrix [44, 45]. And
since the performance of the hydrogels has improved the
homogeneous distribution and long-term cytotoxicity of
metallic nanoparticles, more applications of final hydrogels
are being developed in the field of biomaterials.

A number of routes have explored to the preparation of
CHs, but all of them can be summarized as two types: prep-
aration of single component CHs and preparation of multi-
component CHs. Single-component CHs are defined as a
stable conjugate-combined conductive polymer with small
hydrophilic molecule through electrostatic interaction or
cross-linked by substitutes of small molecular. According
to the electrostatic interaction between the positive charges
on PAni with the phosphate on phytic acid, the final hydro-
gel has better characteristics in capacitance (∼480 F·g−1),
higher sensitivity (~16.7 μA·mM-1), and faster response time
(~0.3 s) in the glucose sensing test [46]. The common

Figure 1: The sketch map of the hydrogel network.
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methods to prepare multicomponent CHs are electrochemi-
cal polymerization and chemical oxidation polymerization;
the latter usually includes one-step facile strategy and two-
step sequential preparation method. The one-step facile
strategy refers to the cross-linked hydrogels obtained by
the chemical reaction of CPs and hydrophilic polymer mix-
ture. PPY has poor water solubility, but the PPY/agarose CH
can get by this route when PPY is added to aqueous solution
of agarose and cupric chloride is added to the solution to
oxidize PPY [47, 48]. The two-step sequential preparation
method is more complex; the extra step is the monomers
of CPs which permeate into hydrophilic polymer hydrogels.
The preparation of PPY conductive hydrogel can also use
the two-step method, incorporation of pyrrole monomer
and silver nanoparticles first, and then oxidation of pyrrole
with ferric ion, and it is surprising to find that the final
CHs are beneficial to thermostability, uniform mesh struc-
ture, and mechanical property (storage modulus 10 kPa)
[49]. Generally, because a one-step facile strategy has the
advantages of simple operation, energy saving, and environ-
mental protection while the two-step sequential preparation
method needs the step of incorporation because the final
hydrogels are not uniform, the former will be the main
research direction of the CH preparation in the future.

2.2. Injectable Hydrogels. Injectable hydrogels are character-
ized by an intrinsic fluidity and can be applied by an injection
method. In response to external stimuli (e.g., temperature or
pH changes), injectable hydrogels exhibit sol-gel phase tran-
sitions [50]. Moreover, compared with conventional hydro-
gels, injectable hydrogels are more effective for minimally
invasive applications. This not only expands the scope of its
application in the biomedical field but also improves the
comfort satisfaction of patients and reduces the cost of appli-
cation to a certain extent [51, 52]. Based on the methods
used for development, injectable hydrogels can be divided
into two categories: light irradiation hydrogels and self-
assembling hydrogels [53, 54]. Light irradiation hydrogels
involve the formation of irreversible covalent bonds through
the application of visible or ultraviolet light radiation, while
self-assembling hydrogels are formed spontaneously or after
directional initiation [52, 55].

Many injectable hydrogels with different properties have
been prepared using the above two gelation methods. Inject-
able hydrogels made of dextran methacrylate (DEX-MA) and
scleroglucan (Scl) can be formed by UV irradiation using a
photoinitiator, and the resulting gels reportedly exhibited
adequate mechanical properties, suitable for biomedical
applications [56]. Novel injectable photochemical hydrogels
are composed of gellan gum methacrylate (GG-MA) and
polyethylene glycol dimethacrylate (PEG-DMA) and have
also been synthesized by irradiation with a UV lamp for
30min [57], and the resulting hydrogels exhibited better
mechanical properties than those composed of GG-MA
alone. Interestingly, the strength is significantly enhanced by
the concentration and the molecular weight of PEG-DMA
used to construct the new network [57]. The methods of
self-assembling hydrogels include enzyme-induced gelation,
chemical cross-linking with complementary groups, and ionic

interactions. The injectable porous hydrogels have been
widely used in biomedical applications due to their excellent
permeability and ease of integration into sites of surgical
intervention. For example, Yom-Tov et al. developed a
method that enables the in situ formation of pores with tai-
lored porosity and pore size, by encapsulating oil droplets in
the hydrogel using an emulsion templating technique and
then leaching the droplets out of the gel to create the porous
structures [58]. The oil-to-water ratios and the surfactant con-
centrations were adjusted to vary pore size and porosity, and
this method produced bioactive hydrogels exhibiting good
mechanical strength, water absorbency, and diffusive proper-
ties, useful for biomedical applications [58].

2.3. Double Network Hydrogels. Double network (DN)
hydrogels comprise two interpenetrating polymer networks;
one of which is a highly cross-linked rigid polymer network,
while the other is a lightly cross-linked flexible polymer net-
work [59]. While this structure is connected through physical
entanglement, no chemical cross-linking occurs between
these two mutually independent cross-linked networks [60].
Hydrogels exhibit a certain viscous flow due to the loose
cross-linking of the second network, which can effectively
absorb the fracture energy through the network deformation
and/or the slippage of physical entanglements along the poly-
mer chain. This prevents cracks from propagating across the
structure, so DN hydrogels have good mechanical strength
[61]. In addition to greater mechanical strength, DN hydro-
gels have several other advantages over hydrogels with a
single network structure, such as the degree of cross-linking
is easier to control and increased drug loading capacity [62].

Early DN hydrogels were mainly composed of covalent
bonds, but when covalent networks are destroyed by stress,
hydrogels become increasingly elastic and will permanently
lose their energy dissipation mechanisms [63]. In recent
years, a series of DN hydrogels have been developed that
introduce noncovalent (e.g., ions or hydrogen bonds) “sacri-
fice units” [64, 65] that exhibit high strength and durability
[66, 67]. The noncovalent interactions are often dynamic
and reversible. When they are introduced into the hydrogels,
the noncovalent “sacrifice units” may be destroyed from
energy dissipation due to stress [68], then reunited to rebuild
the network structure once the stressor has been removed,
thus restoring the original strength and toughness of the
gel [65]. For example, a novel double network hydrogel
(IPN hydrogels) was fabricated by combining cellulose and
poly(N-isopropyl acrylamide), in which cellulose hydrogels
were employed as the first network (Figure 2(a)), while the
second network was comprised of monomeric N-isopropyla-
crylamide, N,N′-methylene bis-acrylamide as a cross-linker,
and ammonium persulfate as an initiator (Figure 2(b)) [69].
The two networks were subsequently integrated through a
polymerization reaction at 35°C (Figure 2(c)), and the result-
ing DN hydrogel exhibited uniform porous structure, while
its mechanical and swelling properties were strongly depen-
dent on the weight ratio of two networks [69]. In a different
study, an extremely stretchable and tough hydrogel was
synthesized by mixing ionically cross-linked alginate and
covalently cross-linked polyacrylamide [70]. The alginate
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chain was comprised of mannuronic acid (M unit) and
guluronic acid (G unit) connected by glycosidic linkages. In
an aqueous solution, the G blocks were able to chelate diva-
lent cations (e.g., Ca2+) to form ionic cross-links. These initial
Ca2+-cross-linked alginate hydrogels exhibited limited
stretching capabilities and could rupture when stretched
beyond 1.2 times its original length. However, subsequent
research reported that in situ polymerization combining the
Ca2+-cross-linked alginate hydrogel skeleton with an acryl-
amide monomer to form an interpenetrating network struc-
ture greatly improved the tensile toughness and strength of
hydrogels, thus increasing its tensile breaking length up to
23 times the original length [70].

2.4. Responsive Hydrogels. Hydrogels with responsive per-
formance have a broad range of potential applications in
biological tissue engineering, including drug delivery and
controlled release, artificial muscles, sensors, and enzyme
catalysis [71–73]. When environmental changes (e.g., exter-
nal temperature, pH, light, electric field, and salinity) occur,
hydrogels can shrink or swell as needed due to the introduc-
tion of hydrogen bonds, ions, complexation, electrostatic
interactions, and other noncovalent interactions [74]. These
responsive “smart” or intelligent hydrogels were first devel-
oped by Katchalsky in 1949, by copolymerizing methacrylic
acid with a low percentage of divinyl benzene, producing a
gel capable of absorbing hundreds of times its own weight
of water at higher pH values, then gradually shrinking
with decreasing pH [75]. Significant progress has been
made since then, and currently, responsive hydrogels can be
classified (Table 1) based on responses to different stimuli
as being temperature-sensitive, pH-sensitive, light-sensitive,
or electricity-sensitive [76, 77].

The most common intelligent hydrogels are temperature-
sensitive, particularly those comprised of N-isopropyl
acrylamide [78], where interactions between hydrophilic
amide groups and hydrophobic isopropyl groups can pro-
duce structural changes in the hydrogel [79]. A novel poly-
mer network was obtained by the introduction of the

extracellular glucan salecan into a poly(N-isopropylacryla-
mide) (PNIPAm) network, resulting in a thermosensitive
hydrogel possessing good mechanical properties and high
water absorption at room temperature [80]. Moreover,
the salecan/PNIPAm hydrogels were nontoxic and exhibited
good biocompatibility, making them suitable for biomedical
applications [80]. N,N-Diethylacrylamide has also been
found to exhibit temperature sensitivity [81]. Hoffman
has synthesized a series of thermo- and pH-sensitive
poly(vinyl alcohol)/poly(N,N-diethylacrylamide-co-itaconic
acid) (PVA/P(DEA-co-IA)) semi-interpenetrating polymer
network (semi-IPN) hydrogels by radical polymerization
and semi-IPN technology [1]. The obtained semi-IPN
hydrogels possessed unconventional thermosensitive proper-
ties, such as faster deswelling rates and slower swelling rates
in response to an alternation of temperature, and outstand-
ing mutative values in response to pH value change [1].

Smart hydrogels capable of responding to pH changes
have also been developed by incorporating ionizable acidic
or basic groups (e.g., carboxyl, sulfonic acid, or amino
groups) in the preparation process [82–84]. Dissociation or
association of these groups is affected by the pH value, which
can alter either the internal network structure of the hydro-
gels or the affinity/hydrophobicity of the molecular chains,
thereby altering the water absorption capacity of the gel
[85]. A novel pH-sensitive hydrogel with excellent mechani-
cal strength was prepared using oligomonomers of poly(eth-
ylene glycol) methyl ether methacrylate (PEGMA) and
poly(acrylic acid) (PAA) [86]. When immersed in solutions
with a pH below ∼4, the hydrogels exhibited a low swelling
ratio with a compression strength of ∼8MPa, while in solu-
tions with a pH > 4, the hydrogels were transparent and
exhibited a high swelling ratio with a compression strength
of ∼1MPa. The robust nature of these hydrogels over a wide
pH range may be useful for applications such as artificial
muscles and controlled release devices.

Moreover, dual or multiple smart hydrogels may be
prepared by combining two or more responsive hydrogel
types using interpenetrating network connection or a graft

(a) (b) (c)

Figure 2: Schematic illustration of the fabrication process of IPN hydrogels.

Table 1: Stimulating and responsive factors of smart hydrogels.

Type Stimulating factors Responsive group or substance

Temperature-sensitive Temperature N-Isopropylacrylamide

pH-sensitive pH -COOH, -HSO3, -NH2

Light-sensitive Light Cinnamoyl-, azobenzene, O-nitrobenzyl alcohol

Electricity-sensitive Electricity Carbonyl-, nitro-, alkyl group
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copolymerization method, among other approaches. For
example, a new kind of multiple stimulus-responsive orga-
nic/inorganic hybrid hydrogel was successfully fabricated
by combining a dual stimuli-responsive poly(2-(2-methox-
yethoxy)ethyl methacrylate-co-oligo(ethylene glycol)metha-
crylate-co-acrylic acid) (PMOA) hydrogel with magnetic
attapulgite/Fe3O4 (AT-Fe3O4) nanoparticles [87]. The result-
ing AT-Fe3O4/PMOA hydrogels presented temperature/pH
sensitivity, good mechanical properties, and magnetic func-
tionality, allowing them to continue to swell under an alter-
nating magnetic field following equilibrium swelling in
deionized water [87].

2.5. Nanocomposite Hydrogels. The nanoscale dispersion of
different materials in the polymeric matrix form nanocom-
posite hydrogels, with particle sizes ranging from 1 to
1000 nm, and the molecular chain structure consists of
branched polymers and cross-linked network polymers [21].
This uniform dispersion of inorganic components can greatly
improve the strength of hydrogels [19]. Nanocomposite hydro-
gels are also known as hybrid hydrogels, which are formed by
physical or chemical covalent cross-linking of the polymer net-
work with raw material particles, including carbon-based
nanoparticles, polymeric nanoparticles, inorganic/ceramic
nanoparticles, or metal/metal oxides [19, 21, 88–90].

Yadollahi et al. reported the synthesis of carboxymethyl
cellulose/ZnO nanocomposite hydrogels by in situ formation
of ZnO nanoparticles within swollen carboxymethyl cellulose
hydrogels [91]. The resulting nanocomposite hydrogels
exhibited both pH- and salt-sensitive swelling behaviors. In
addition, they exhibited increased swelling in different
aqueous solutions compared with neat hydrogels. The pres-
ence of the inorganic salt can weaken hydrogen bonding
between the polymer chains and water, resulting in a localized
dehydration of the polyphosphate ester and thus increasing
aggregation. Based on this approach, a novel biodegradable
nanoscopic hydrogel was synthesized by photocross-linking
salt-induced polymer assemblies [92]. This method was based
on the integration of block copolymers containing polypho-
sphoester (poly(ethyl ethylene phosphate) (PEEP)), which
could undergo a salt-induced hydrophobic-to-hydrophilic
transition. A triblock copolymer of poly(ethylene glycol)
(PEG) combined with PEEP was synthesized, and its end
groups were then functionalized with acryloyl chloride to pro-
duce an acrylate block copolymer (Acr-PEEP-PEG-PEEP-
Acr). Subsequently, a diblock copolymer of PEG and PEEP

(Acr-PEEP-PEG-Lac) containing heteroacrylate and lactosyl
end functional groups was also synthesized to incorporate tar-
geting moieties into the nanogel. These block copolymers
were found to be soluble in water but self-assembled into
core-shell structural nanoparticles following the addition of
salt. The resulting nanoparticles could become totally hydro-
philic after UV cross-linking to anchor the structure and dial-
ysis to remove salt, generating nanogel particles with an inner
reservoir for water-soluble drugs. This synthesis method is
both facile and biocompatible, which couldwaive the inconve-
nient purification requirements typically required following
nanogel generation [92].

2.6. Sliding Hydrogels. Sliding hydrogels contain topologically
interlocked noncovalent cross-links that can slide along a
threaded polymer backbone [93]. A novel sliding hydrogel,
pseudopolyrotaxanes of monothiolated beta-cyclodextrin
threaded on poly(allyl glycidyl ether)-block-poly(ethylene
glycol)-block-poly(allyl glycidyl ether), was previously pre-
pared in water by sonication and subsequently photocross-
linked by UV irradiation, resulting in a sliding hydrogel with
elasticity comparable to other hydrogels, increased stretch-
ability, and tunable degradability under acidic conditions
[16]. The benefit of these hydrogels lies in their more stable
mechanical properties, as common hydrogels exhibit greater
volatility under a smaller strain range. Research suggests that
the mechanical strength of sliding hydrogels can adapt to the
strength of mammal skin, blood vessels, and tissues; there-
fore, the sliding hydrogels could be used as a substitute for
a variety of biological materials. Additionally, the stimulation
sensitivity of sliding hydrogels may be improved by modify-
ing cyclodextrin rings with the addition of sensitive groups
[94, 95]. For example, a novel photosensitive sliding hydrogel
was prepared by adding azobenzene units to the mobile
α-cyclodextrin units of a poly(ethylene oxide)-based poly-
rotaxane and its photoresponsive behavior was attributed
to the dynamic nature of the cross-linkers [96].

In summary, there are three primary factors that deter-
mine the performance of sliding hydrogels: the number of
rings on each polymer chain, cross-linking density, and swell-
ing properties of the hydrogels in solvents [97]. In conven-
tional gels, the chain length between cross-linking points is
uneven and the shorter chains may break more readily due
to unequal chain tension under external force (Figure 3(a)).
Conversely, in sliding gels, the chain length between cross-
linking points is relatively uniform due to free slide of

(a) General chemistry hydrogel (b) Sliding hydrogel

Figure 3: General chemistry hydrogel and sliding hydrogel.
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cross-linked rings under external force, so these hydrogels
exhibit higher mechanical strength than conventional gels
(Figure 3(b)).

2.7. Other Novel Hydrogels. In addition to the five biomedical
hydrogels cited above, research has led to the development
of a number of other novel hydrogels, including DNA-
enabled hydrogels, and magnetic hyaluronate hydrogels
[98, 99]. DNA-enabled hydrogels have been synthesized
through the reaction of dibenzocyclooctyne-functionalized
multiarm poly(ethylene glycol) with azide-functionalized
single-stranded DNA in aqueous solutions by copper-free
click chemistry (Figure 4) [98]. Besides, the hydrogel con-
tained with the adipose-derived stem cells has been reported
that can augment diabetic wound healing [100]. These gels
can be degraded by nucleases and may be modified for
use in a variety of applications, such as drug delivery and
wound healing systems. These research efforts will continue
to drive the development of novel hydrogels with increased
sensitivity to the area of changing environmental condi-
tions, improving strength, elasticity, and capability of novel
hydrogels; all of which can further enhance their critical
roles in biomedicine.

3. Applications of Hydrogels

3.1. Applications in Drug Delivery Systems. In recent years,
drug delivery systems capable of controlled dosage delivery
for extended periods in the affected area have been vigorously
developed all over the world [101]. An effective drug delivery
system has three critical requirements of the structure: a
region for drug storage, a controlled release rate, and a release
drive [102]. Hydrogels exhibit these three functions. More-
over, hydrogels can mask the bitter taste and odor of
pharmaceuticals. Thus, hydrogels have a great potential for
application via oral, nasal, buccal, rectal, vaginal, eye, injec-
tion, and other administration routes. When the hydrogel is
injected or transplanted into an organism, it can maintain

the effective and controlled release of an embedded drug into
body fluids [103]. The therapeutic effects of many lipophilic
drugs are limited due to a variety of problems including poor
solubility, poor dispersion, lack of uniformity, poor dissolu-
tion, low bioavailability, and lack of in vivo stability. How-
ever, when these drugs are uploaded to a hydrogel system,
the above defects can be improved to some extent, resulting
in solubilization, sustained release or controlled release
effects, and enhanced stability and bioactivity. Conversely,
small molecule drugs that are highly soluble exhibit more
advantages, including improved absorption and high bio-
availability, but these properties are incompatible with sus-
tained drug delivery effects. To exploit these more desirable
properties, a novel interpenetrating polymer network was
synthesized through the modification of silicone elastomers
with a poly(2-hydroxyethyl methacrylate) (PHEMA)-based
hydrogel characterized by a surface-connected hydrophilic
carrier network inside the silicone [104]. These structures
were then loaded with the antibiotic ciprofloxacin, and the
resulting drug release inhibited bacterial growth when placed
on agar, suggesting that these hydrogels have potential for
future applications in drug-releasing medical devices [104].
Additionally, floating hydrogels synthesized from kappa
carrageenan containing either CaCO3 or NaHCO3 as pore
forming agents have been evaluated with amoxicillin trihy-
drate as a model drug [105]. The hydrogels incorporating
CaCO3 exhibited higher drug entrapment efficiency and lon-
ger sustained drug release than NaHCO3, indicating that
CaCO3 is a viable pore-forming agent for the development
of an effective floating drug delivery system [105]. Interest-
ingly, because of the distinctive conductivity of the conduct-
ing hydrogel, they are also electrostimulated drug release
devices and these devices have great advantages in low-
voltage drive and high load capacity [106]. Based on the con-
ductive polymer poly(3-methoxydiphenylamine) and pectin
hydrogels, Mongkolkitikul et al. synthesize a drug delivery
system to transport ibuprofen. And the study showed that
under applied electric potential, the diffusion coefficient of a

DNA
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Add with nuclease-free
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Figure 4: Hydrogel network formation via copper-free click chemistry, followed by hydrogel swelling when immersed in nuclease-free buffer
or biodegradation when incubated in the presence of nucleases.
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drug is much higher than those without electric potential due
to the mesh size expansion [107].

Hydrogels can also be used as a carrier for biological mac-
romolecular drugs, mainly due to the controlled release
behavior of protein drugs in polymer systems. For example,
hydrophilic and hydrolytically degradable poly(ethylene
glycol) (PEG) hydrogels were prepared via Michael-type
addition, which were employed for sustained delivery of a
monoclonal antibody against the protective antigen of
anthrax. Burst release of the antibody from the matrix was
avoided due to the PEG-induced precipitation. These hydro-
gels were able to release active antibodies in a controlled
manner, for up to 56 days in vitro, by varying the polymer
architectures and molecular weights of the precursors. Anal-
yses of the secondary and tertiary protein structures and the
in vitro activity of the released antibody indicated that the
encapsulation and release of the drug did not affect the pro-
tein conformation or functionality, which suggested that this
is a promising approach for developing PEG-based carriers
capable of sustained release of therapeutic antibodies against
toxins in various applications [108]. Similarly, novel disc-
shaped hydrogel nanoparticles have been prepared by
fragmentation of stearoyl macrogol-32 glycerides (Gelucire
50/13) hydrogels, and the resulting nanoparticles exhibited
good physical stability due to their outer coating of PEG
[109]. Moreover, these nanoparticles exhibited good loading
capacity for hydrophilic macromolecules (such as lysozyme)
mainly via surface adsorption, indicating their potential as
effective nanocarriers for drug delivery (Figure 5).

In addition, several studies have reported the use of
hydrogels as carriers for polysaccharide substances and
genes. A novel high-strength photosensitive hydrogel was
formed by the photoinitiated copolymerization of hydro-
philic hydrogen bonding monomer (acrylamide (AAm)),
hydrophobic hydrogen bonding monomer (2-vinyl-4,6-
diamino-1,3,5-triazine (VDT)), and a spiropyran-containing
monomer, in the presence of the cross-linker poly(ethylene
glycol) diacrylate. Reverse gene transfection was then success-
fully accomplished by anchoring the PVDT/pDNA complex
nanoparticles on the gel surface through hydrogen bonding
between diaminotriazine motifs prior to cell seeding [110].
Interestingly, the gene transfection level could be further
increased by fibronectinmodification combined with the sup-
plementation of PVDT/pDNA complex nanoparticles after
the first cycle of reverse gene transfection (i.e., sandwich gene
transfection) [110].

3.2. Applications in Wound Dressings. Hydrogel materials
have been used directly in contact with human tissues,
absorbing exudate to form a gel, which effectively prevents
the loss of body fluids and is not subject to adhesion on the
wound after absorption of exudate [111]. Hydrogels can also
deliver oxygen to the wound to accelerate the growth of epi-
thelial cells and proliferation of new capillaries [112, 113]
and can protect the wound from bacterial violations, inhibit-
ing bacterial growth and thus promoting wound healing in
general [114]. There is an unmet clinical need for wound
dressings, and currently, hydrogel materials for wound dress-
ings have entered the commercial market. These hydrogel

materials can be made of spray, emulsion, or paste, with
embedded anti-inflammatory drugs that can be slowly
released through the gel to the injured area, which can accel-
erate wound healing. A class of “smart” peptide hydrogels
was prepared by self-assembling of ultrashort aliphatic pep-
tides into helical fibers, and these nanofibrous hydrogels
reportedly accelerated wound closure in a rat model for par-
tial thickness burns [115]. The regenerative properties could
be further enhanced by incorporation of bioactive moieties
such as growth factors and cytokines. Singh et al. reported
the development of a novel hydrogel combining silver nano-
particles and polyvinyl pyrrolidone (PVP) blended with car-
rageenan via gamma irradiation, which could be used as
wound dressings to control infection and facilitate the heal-
ing process for burns and other skin injuries [116].

3.3. Applications in Biosensors. The biosensor is a fast, accu-
rate, and real-time detection means. Biomolecules generally
are fixed either on the surface or the interior of hydrogels,
connecting to the physical elements of the biosensors. The
hydrogel film is the hub connecting the biomolecules and
physical components. Hydrogels prepared for sensors are
typically comprised of alginate, alginic acid in complex with
chitosan, acrylamide, or N-isopropyl acrylamide [117–121].
A nonenzymatic electrochemical H2O2 sensor was prepared
by in situ fabrication of biocompatible chitosan hydrogels
containing a specific recognition molecule for H2O2, and this
sensor exhibited a fast amperometric response to H2O2
within 7 s. The remarkable analytical performance of the
nonenzymatic electrochemical sensor represents a promising
model for durable monitoring of H2O2 in rat brain microdia-
lysates, which will improve our ability to understand the bio-
logical effects of H2O2 on pathological and physiological
processes [122]. Similarly, Devadhasan and Kim introduced
a new method to quantify various pH solutions with a com-
plementary metal oxide semiconductor image sensor, which
produced high-accuracy analyses based on pH measurement
[123]. In this approach, a thin film was fabricated by merging
a pH indicator with the hydrogel matrix and the modified gel
exhibited color change development across the full spectrum
of pH (pH1–14).The complementary metal oxide semicon-
ductor image sensor then absorbed the color intensity of
the hydrogel film, and the hue value was converted into dig-
ital data with the help of an analog-to-digital converter to
determine the pH ranges of solutions [123]. This gel may be
useful for in situ pH sensing in the presence of toxic
chemicals and chemical vapors.

3.4. Applications in Contact Lenses. Contact lenses are del-
icate ophthalmic medical tools for correcting vision or
changing eye color for aesthetic effects, and their perme-
ability and biocompatibility are key properties to be con-
sidered during design. Hydrogel contact lenses must be
comfortable to wear, have good oxygen permeability, and
potentially have the capacity to assist in the treatment of
eye diseases, which is the reason why hydrogels represent
important manufacturing materials for contact lenses [124].
The majority of soft contact lenses are comprised of poly(2-
hydroxyethyl methacrylate) hydrogels cross-linked with
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ethylene glycol dimethacrylate or silicone [125]. Poly(2-
hydroxyethyl methacrylate) hydrogels have several advan-
tages: relatively high water content, thermal and chemical
stability, tunable mechanical properties, and oxygen perme-
ability, which are very important for safe daily wear [126].
Poly(2-hydroxyethyl methacrylate) (p(HEMA)) soft contact
lenses have been prepared by thermal or photopolymeriza-
tion of HEMA solutions containing ethylene glycol dimetha-
crylate as the cross-linker and different proportions of
N-vinyl-2-pyrrolidone or methacrylic acid as comonomers
[127]. The drug loading capacity and release properties of
p(HEMA)-based soft contact lenses were improved based
on the optimization of the hydrogel composition and micro-
structural modifications using water during the polymeriza-
tion process [127].

3.5. Applications in Tissue Engineering. The objective of
tissue engineering research and development is to produce
biological alternatives to restore, maintain, or improve the
morphology and function of damaged tissues and organs,
thereby achieving reconstruction by applying principles and
methods from both cell biology and engineering [128]. Tis-
sue engineering has also been defined as “regenerative medi-
cine.” Specifically, donor cells, after amplification in vitro, are
seeded for growth onto a biodegradable three-dimensional
scaffold. The resulting complex can then be implanted into
the body or at targeted sites, where the implanted cells
continue to proliferate and secrete an extracellular matrix
[129]. As the scaffold degrades, new tissues or organs will
form bearing the same shape and function as the damaged
tissues or organs. Tissue engineering represents an extraordi-
narily important, emerging area of research with enormous
scientific value and broad application prospects and will be
a major focus of life science researches in the 21st century.

Organ transplantation will be replaced by the development
and manufacturing of synthetic tissues and organs. One of
the key technologies of tissue engineering is the preparation
of a biocompatible and biodegradable cell scaffold, and
hydrogels represent a large class of materials that can func-
tion as tissue engineering scaffolds [130]. Hydrogels are a
type of three-dimensional scaffolds with chemical or physical
cross-linking structures, which can absorb and retain large
amounts of water, yet remain insoluble in water. Hydrogels
have been widely used as scaffold materials in tissue engi-
neering for several reasons. First, hydrogels are soft and flex-
ible, similar to soft tissues in vivo. Second, hydrogels in the
liquid state can be implanted in the body by injection, where
they can quickly fill tissue defects by forming irregular
nonflowing semisolids [52]. This method is simple and also
circumvents risks associated with trauma, infection, and scar
formation by surgical implantation. Third, the three-
dimensional network structure of a hydrogel is similar to a
natural extracellular matrix, which will eventually promote
cell engraftment, adhesion, and growth by adjusting the
porosity and pore size and increasing the internal surface
area [131]. Fourth, hydrogels are rich in water (up to 99%),
which is beneficial for the transportation of oxygen, nutri-
ents, and cellular metabolites, in addition to reducing friction
and mechanical stimulation of the surrounding tissues. Addi-
tionally, the inclusion of cells prior to gelation results in a
more uniform distribution of cells throughout the scaffold,
thus increasing plating efficiency [132].

A variety of potential medical hydrogels have been inves-
tigated in recent years, such as poly(lactic-co-glycolic acid)
scaffolds and polylactic acid scaffolds combined with osteo-
blasts in bone tissue engineering, filamentous collagen mate-
rials in neural tissue engineering, and cellulose acetate
scaffolds combined with chondrocytes in cartilage tissue

Add Lysozyme solution with
gelucire under heating

2-3 min
vigorous
agitation 

Add Milli-Q water to
the gel

(1) Vigorous agitation
(2) High-pressure
homogenisation

Disk-shaped gel
nanoparticles

Figure 5: Schematic illustration of the fabrication process of lysozyme-loaded disc-shaped gel nanoparticles.
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engineering [133–135]. Vo et al. reported the osteogenic
potential of injectable, dual thermally and chemically gelable
composite hydrogels for mesenchymal stem cell delivery
in vitro and in vivo [136]. A novel composite hydrogel con-
taining copolymer macromers of N-isopropylacrylamide
was prepared by the incorporation of gelatin microparticles
as enzymatically digestible porogens and sites for cellular
attachment. Results indicated that these injectable, dual-
gelling cell-laden composite hydrogels could facilitate bone
ingrowth and integration, ensuring further research for
bone tissue engineering [136]. Also, a novel injectable
hydrogel based on a glycopolypeptide was prepared by an
enzymatic cross-linking reaction in the presence of horse-
radish peroxidase and hydrogen peroxide, in which the
glycopolypeptide was synthesized through conjugation of
poly(γ-propargyl-L-glutamate) with azido-modified man-
nose and 3-(4-hydroxyphenyl) propanamide via click
chemistry [137]. The resulting hydrogels displayed good
cytocompatibility in vitro and were rapidly formed in situ
after subcutaneous injection into rats, exhibiting acceptable
biocompatibility desirable biodegradation in vivo. Interest-
ingly, the glycopolypeptide hydrogels containing chondro-
cytes in the subcutaneous model of nude mice were
observed to maintain the chondrocyte phenotype and pro-
duce the cartilaginous specific matrix, indicating that the
biomimetic glycopolypeptide-based hydrogels represent
potential three-dimensional scaffolds for cartilage tissue
engineering [137]. Due to additional benefit in electrical
conductivity, conductive hydrogels play the tremendous role
in tissue engineering. Homogenously electrical double net-
work based on conducting polymer poly(3-thiophene acetic
acid) (PTAA) has been reported to be used in myocardial
tissue engineering. It can support BADSC adhesion, and
reduce inflammation in vivo, and the PTAA in this hydrogel
can significantly enhance the differentiation potency of
BADSCs to cardiomyocytes, increase the expression of
myocardial specific proteins cTnT and α-actinin, promote
intercellular communication ability, and increase the expres-
sion of connexin 43. More importantly, electrical stimula-
tion can enhance the effect of PTAA [138].

4. Conclusions and Future Perspectives

Hydrogels are new functional polymer materials experienc-
ing rapid development. New biomedical hydrogels have been
observed to exhibit improved degradation and mechanical
properties, thereby overcoming deficiencies found in tradi-
tional hydrogels and expanding the potential roles of hydro-
gels in the field of biomedical applications. However, for
applications based on particular tissues or organs, much
research remains to develop hydrogels capable of functioning
as replacements for real tissues. Future studies into biomedi-
cal hydrogels will be needed to address the following: (i) the
swelling rate of hydrogels should be controlled while improv-
ing their mechanical properties, meeting the size require-
ments of tissues and organs; (ii) their biocompatibility
should be enhanced to achieve simulation of the extracellular
matrix structure and functions; (iii) the degradation rate of
hydrogels should be controllable, conforming to tissue-

specific mechanical properties and regeneration needs; and
(iv) hydrogels should be combined with other materials to
achieve the complex structural and functional components
necessary to act as replacements for specific organs. In
summary, while technical problems associated with the syn-
thesis and application of hydrogel materials remain to be
resolved, it is clear that continuing research will eventually
overcome these problems, leading to a revolutionary new
model for bioengineering and advances in tissue replace-
ment and regeneration.
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Polyimide- (PI-) based nanocomposites containing the 4,4′-diaminodiphenyl ether- (ODA-) modified multiwalled carbon
nanotube (MWCNT) filler were successfully prepared. The PI/MWCNTs-ODA composite films exhibit high thermal
conductivity and excellent mechanical property. The optimal value of thermal conductivity of the PI/MWCNTs-ODA
composite film is 0.4397W/mK with 3wt.% filler loading, increased by 221.89% in comparison with that of the pure PI film. In
addition, the tensile strength of the PI/MWCNTs-ODA composite film is 141.48MPa with 3wt.% filler loading, increased by
20.74% in comparison with that of the pure PI film. This work develops a new strategy to achieve a good balance between the
high thermal conductivity and excellent mechanical properties of polyimide composite films by using functionalized carbon
nanotubes as an effective thermal conductive filler.

1. Introduction

Polyimide (PI) has been demonstrated one of the most
important high-performance engineering plastics for its
excellent mechanical property [1–3], thermal stability [4],
and chemical resistance [5] because of its rigid-rod chemical
structures, showing appealing potential in the area of elec-
tronic applications, membrane, insulating materials, and
aerospace industry [6–10]. However, the very low thermal
conductivity (0.1W/mK) of PI can hardly meet the thermal
requirements of electronic products, which limits its appli-
cation in advanced microelectronics and aerospace applica-
tions. In order to facilitate the heat dissipation, it is necessary
to further improve the thermal conductivity of PI. Therefore,
improving the thermal conductivity of PI to endow it with bet-
ter comprehensive performance has become a research focus.
Introducing functional groups or elements into themain chain

is an effective way to improve the performance of PI by length-
ening the molecular chain and reducing the interaction
between molecular chains. In addition, adding high thermal
conductive fillers is another facile method to promote the
thermal performance of PI [11–17].

Various inorganic fillers owning high thermal conduc-
tivity have been added into the PI matrix by in situ poly-
merization to improve the overall performance of PI,
including carbon black [18, 19], alumina (Al2O3) [20, 21],
aluminum nitride (AlN) [22, 23], silica (SiO2) [24, 25],
titanium dioxide (TiO2) [26], silicon carbide (SiC) [27, 28],
silicon nitride (Si3N4) [29, 30], boron nitride (BN) [31, 32],
and zinc oxide (ZnO) [33, 34]. Compared with the
abovementioned inorganic fillers, carbon nanotubes (CNTs)
possess high electrical conductivity (105 S·cm-1) and thermal
conductivity (3500W/mK) and extremely high Young
modulus (0.9 TPa) and tensile strength (150GPa), as well as
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excellent optical properties [35]. So, CNTs are considered to
be the most optimal candidate as ideal enhancing fillers in
high tensile, light weight polymer nanocomposites [36–41].
Although CNTs have many merits, there are two major dis-
advantages that limit their reinforcing efficiency: (1) the
bad dispersion of nanoparticles in the polymer matrix and
(2) the weak interfacial interaction between nanoparticles
and polymer matrix [42–44].

Hence, increasing the dispersion of carbon nanotube
nanoparticles in the polymer matrix and enhancing the inter-
facial interaction between nanoparticles and polymer matrix
are critical troubles to make carbon nanotubes fully exert
their potential to enhance the performance of the polymer
matrix. Wang et al. [45] investigated graphene oxide@carbon
nanotube- (GO/CNT-) reinforced PI; by the crosslinking
between the amide bonds, the dispersibility of the nano-
particles in the polyimide matrix can be improved and
the interfacial interaction between the nanoparticles and
the PI matrix can be improved. Li et al. [46] reported that
multiwalled carbon nanotubes (MWCNTs) were revised
by polyacrylic acid, polyacrylamide, or poly(hydroxyethyl
methylacrylate) which is used in the field of biomineraliza-
tion. The polymer chains were deposited on the MWCNTs
by photoinitiated polymerization of the monomers. Chen
et al. [47] investigated the amine-treated MWCNTs/epoxy
composites in which amine-treated MWCNTs were used
as curing agents and are covalently grafted into the epoxy
matrix. The tensile strength and impact strength of the
composites increase with the content of MWCNTs, and
the most significant improvement of the tensile strength
is obtained with the addition of 1.5wt.% amine-treated
MWCNTs; the thermal stability of the nanocomposites also
distinctly improves. In addition, different amine-treated
graphenes, including ethylenediamine, diethylenetriamine,
and p-phenylenediamine (EG, DG, and PG, respectively),
were employed in synthesizing different contents of PI
composites by in situ polymerization [48].

In this work, we prepared carboxylated carbon nanotubes;
then, the carboxyl treated MWCNTs (MWCNTs-COOH)
were reacted with 4,4′-diaminodiphenyl ether (ODA) to
obtain the amino carbon nanotubes (MWCNTs-ODA), which
is used to synthesize PI composites by in situ polymerization.
The PI composite films prepared by this method can improve
the compatibility of CNTs with the PI matrix. The mechani-
cal and thermal properties of PI/MWCNTs-ODA nanocom-
posite films were studied, while varying different contents in
the MWCNTs-ODA.

2. Experimental

2.1. Materials. Multiwalled carbon nanotubes (MWCNTs)
were obtained from Chengdu Organic Chemicals Co. Ltd.,
Chinese Academy of Sciences (China), with the length of
10-30 μm; the outer diameter is 10-20 nm and a purity of
>98%. Pyromellitic dianhydride (PMDA) (purity: >98.5%)
and 4,4′-diaminodiphenyl ether (ODA) (purity: >98.0%)
were purchased from Sinopharm Chemical Reagent Co.
Ltd., China. N,N-Dimethylacetamide (DMAc) (purity:
>99.5%), N,N-dimethylformamide (DMF) (purity: >99.5%),

and ethanol (purity: >99.7%) were purchased from Fuyu
Fine Chemical Co. Ltd. (Tianjin, China). N,N′-Dicyclo-
hexylcarbodiimide (DCC) (purity: >99.0%) as a dehydrant
and 4-dimethylaminopyridine (DMAP) (purity: >99.0%) as
catalysts were purchased from Aladdin Industrial Corpora-
tion (Shanghai, China).

2.2. Synthesis of Amino-Functionalized MWCNTs. In a typi-
cal process of MWCNTs-COOH, 2 g pristine MWCNTs
were mixed with 150ml acid mixture of concentrated
H2SO4 and concentrated HNO3 (volume ratio was 3 : 1).
The mixture was treated with ultrasound for 1 hour at ambi-
ent temperature (KH-600 KDE, 600W, 40 kHz) and dis-
persed evenly. The mixture was then poured into a 250ml
three-neck glass flask, followed by mechanical stirring under
70°C, oil bath for 24 hours. After that, the mixture was
diluted with deionized water and precipitated and the super-
natant was poured out, diluted, and precipitated multiple
times. After centrifugation (TG-16, 8000 rpm, 10min), we
poured off the supernatant and then washed the remain-
ing material with DMF until the pH is 7. Finally, the
MWCNTs-COOH was obtained by overnight drying in a
vacuum for 60°C.

Amino functional groups are grafted onto carboxylated
carbon nanotube. In typical experiments, 0.2 g of MWCNTs-
COOH, 20ml of DMF, 2 g of ODA, 1 g of DCC, and 0.6 g of
DMAP were mixed. Then, the mixed liquor was put into tri-
necked flask and magnetically stirred for 4 days at 100°C oil
bath. After that, it was centrifuged (8000 rpm, 10min) and
washed with ethanol and the treated substance was put into
a vacuum oven for 60°C (DZF-6020, 450W, 50Hz) to dry
overnight to get MWCNTs-ODA. The specific synthesis pro-
cess is shown in Scheme 1.

2.3. Preparation of WMCNTs-ODA/PI Nanocomposite Films.
The preparation process of the PI/MWCNTs-ODA compos-
ite films includes the synthesis of PAA and preparation of PI.
First, 2.2737 g (11.36mmol) ODA was added in DMAc in a
100ml trinecked flask, followed by stirring vigorously at
room temperature for 30 minutes. Afterwards, 2.5263 g
(11.58mmol) PMDA (the molar ratio of PMDA and ODA
was 1.02 : 1) was added in batches for six times, keeping the
reaction temperature unchanged. After adding all PMDA,
the mixture is kept in ice bath (temperature controlled at
2°C-10°C) for 1 hour. At the same time, 18.5ml DMAc
and a certain amount of prepared MWCNTs-ODA were
mixed in the beaker, ultrasonic treatment for 1 hour at
room temperature was done for even dispersion, and then
MWCNTs-ODA/DMAc mixture was added to the reaction
mixture in the ice bath. After the ice bath, the preparation
of polyimide precursor polyamic acid (PAA)/MWCNTs-
ODA mixture was casted on a clean glass substrate and the
thickness was controlled within 1mm, which was then put
into the vacuum oven for 0.5 hour. The mixture underwent
a series of thermal treatments afterwards; i.e., it was heated
at 30°C for 1 hour, 50°C for 3 hours, 100°C for 1 hour,
200°C for 3 hours, and 250°C for 3 hours to complete the
thermal imidization. WMCNTs-ODA/PI was prepared by
natural cooling at room temperature. The solid content of
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the composite films was set at 8wt.%, and the content of
MWCNTs-ODA was set at 0wt.%, 1wt.%, 1.5wt.%, 2wt.%,
2.5wt.%, 3wt.%, and 4wt.%, respectively. The specific syn-
thesis process is shown in Scheme 2.

2.4. Characterization. XRD (X-ray diffraction) patterns of the
samples were analyzed by D8 ADVANCE (Bruker Ltd.,
Germany), employing Cu radiation (λ = 1 5418Å). The
scanning was performed from 5°-85° at room temperature.
FTIR (Fourier Transform infrared spectroscopy) of the sam-
ples was recorded by TENSOR II (Bruker Ltd., Germany),
scanning from 500 to 4000 cm-1. TEM (transmission electron
microscopy) of the samples was analyzed by JEOL JEM-2100
(Japan Electron Optics Laboratory Co. Ltd., Japan). Before
the characterizations, the powder samples were dispersed in
ethanol and ultrasound was performed for 30-60minutes.

TGA (thermal gravimetric analyses) were conducted on a
DSC/TGA Discovery SDT 650 (TA, America) instrument
from room temperature to 800°C with a heating rate of
10°C/min in the nitrogen environment. XPS (X-ray photo-
electron spectroscopy) of the samples was recorded by
ESCALAB 250XI (Thermo Fisher Scientific). Tensile samples
were measured by CMT5105 (MTS Corporation, America).
The stretching velocity is 500mm/min, and the sample size
is 150mm × 10mm × 0 1mm. SEM (scanning electron
microscopy) of the samples was analyzed by Hitachi S-4800
(Hitachi, Japan). The thermal conductivity (λ) of the sample
(20mm × 20mm × 0 1mm) was measured by the TPS 2200
Hot Disk instrument (AB Corporation, Sweden). We place
the sample between two parallel sensors (3.2mm diameter),
add 0.6W power heat pulse with the duration of 20 s, and
then record the corresponding thermal conductivity. The

H2N

O

NH2

N

N

N

N

+
4,4‘-diaminodiphenyl ether

Dicyclohexylcarbodiimide (DCC)

Add

MWCNTs-COOH

HOOC

COOH

100°C oil bath

Magnetic stirring

Centrifugation and washing

MWCNTs-ODA

DMF
Mixture Dry

4-Dimethylaminopyridine (DMAP)

H2N O CONH

+

C

CONH O NH2

Scheme 1: The preparation process of MWCNTs-ODA.

MWCNTs

Heat flow

MWCNTs-COOH
MWCNTs-ODA

MWCNTs
PAA

PI/MWCNTs-ODA

DMAC

PMDA

ODA
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optical transmittance of composite films was examined by
the UV-3600 spectrophotometer (Shimadzu Corporation,
Japan); the wavelength range is 200-800 nm.

3. Results and Discussion

3.1. Structure and Performance of MWCNTs, MWCNTs-
COOH, and MWCNTs-ODA. The XRD patterns of pure
MWCNTs, MWCNTs-COOH, and MWCNTs-ODA are
shown in Figure 1(a); it can be seen that the XRD patterns of
the pure carbon nanotubes and the modified carbon nano-
tubes are similar, indicating that the functionalized carbon
nanotubes still have the same tubular structure compared with
the original carbon nanotubes and the lattice spacing remains
unchanged. The pure carbon nanotubes shows strong diffrac-
tion peaks at 2θ = 26°, 42°, and 77°. The functionalized carbon
nanotubes have diffraction peaks at corresponding positions.

The FTIR spectra of pure MWCNTs, MWCNTs-COOH,
and MWCNTs-ODA are shown in Figure 1(b); the original
carbon nanotubes have no obvious characteristic absorp-
tion peaks. In contrast, the MWCNTs-COOH exhibited
stretching vibration absorption of C=O and C-O bonds at
1718cm-1 and 1120 cm-1 and a characteristic peak of the
O-H bond of the carboxyl group appeared at 3422cm-1.
It indicated that the carboxylic acid group was successfully
grafted in the surface of the MWCNTs. Due to the forma-

tion of the amide bond, a stretching vibration peak of the
C=O bond appeared at 1627 cm-1; the characteristic peak
at 1318cm-1 is due to the formation of the C-N bond in
the amino functional group; the characteristic peak at
1495 cm-1 is formed by the C=C bond in the benzene ring;
the characteristic peak at 1215 cm-1 is formed by the C-O
bond in the aromatic ether; and the characteristic peak at
3443 cm-1 is due to the N-H bond in the amino functional
group. These results suggested that the amino group in the
ODA has been successfully grafted onto the CNTs.

The TEM images of pure MWCNTs, MWCNTs-COOH,
and MWCNTs-ODA are shown in Figures 1(d)–1(f); the
pure CNTs show an obvious agglomeration, and the pipe
wall is smooth, with a large aspect ratio and poor dispersion.
After introducing the functional group, the aspect ratio of
MWCNTs becomes smaller and the dispersion is more uni-
form, but the tube wall of the CNTs becomes rough. Com-
pared with MWCNTs-COOH, the MWCNTs-ODA have a
smaller aspect ratio, a rougher surface, and a significantly
improved dispersibility.

The TGA of pure MWCNTs, modified MWCNTs-
COOH, and modified MWCNTs-ODA are shown in
Figure 1(c); thermogravimetric analysis of functionalized
CNTs can provide more detailed information about the ther-
mal stability and surface functionalization. The weight of
pure CNTs at 800°C is 98.40%, because the CNTs themselves
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have excellent thermal stability and high temperature resis-
tance, and the weight loss of 1.6% may be due to structural
defects of the CNTs themselves. In contrast, carboxylated
and aminated CNTs exhibit significant decomposition at
lower temperatures. The carboxylated CNTs have a signifi-
cant weight loss step at 220°C-290°C due to the degradation
of carboxyl and hydroxyl groups in MWCNTs-COOH, and
the carboxylated CNTs have a residual amount of 57.72% at
800°C. The aminated CNTs have a weight loss of approxi-
mately 34.13% in the range of 100°C-700°C; this is mainly
due to the thermal decomposition of ODA grafted onto the
CNTs. This further demonstrates that ODA is successfully
grafted onto the surface of CNTs. In addition, we found that
the aminated CNTs have a residual content of 64.07% at
800°C compared to carboxylated CNTs, with higher residuals
due to the absence of hydroxyl groups in MWCNTs-ODA,
and the benzene ring contained in ODA in MWCNTs-
ODA has a stable structure. In other words, replacement of
unstable hydroxyl groups in MWCNTs-COOH with more
stable ODA groups, MWCNTs-ODA, possesses enhanced
thermal stability.

X-ray photoelectron spectroscopy (XPS) analysis was
performed to detect the group distribution of the MWCNTs
and functionalized MWCNTs. The XPS of pure MWCNTs,
modified MWCNTs-COOH, and modified MWCNTs-
ODA is shown in Figure 2; the C 1s prominent peak of
MWCNTs appeared at 284.8 eV in the test results [49, 50].
Compared with MWCNTs, the O 1s prominent peaks of
MWCNTs-COOH and the N 1s prominent peaks of
MWCNTs-ODA appeared at 532.6 eV and 399.5 eV, respec-
tively, indicating the presence of O and N atoms in the
sample. Among them, MWCNTs-COOH has significantly
enhanced O 1s peak intensity compared with MWCNTs.
MWCNTs-ODA has new N 1s peaks compared with
MWCNTs and MWCNTs-COOH. This all indicates the suc-
cessful modification of MWCNTs.

The dispersion of DMAc solvent, pure MWCNTs,
MWCNTs-COOH, andMWCNTs-ODA is allowed standing
for 0 h, 2 h, 4 h, and 8h, respectively, as shown in Figure 3;

we can find that the pure MWCNTs/DMAc mixture
showed obvious deposition after standing for 2 h, while the
MWCNTs-COOH/DMAc mixture and the MWCNTs-
ODA/DMAc mixture dispersed well after standing for 2 h,
and there was no obvious deposition appeared. After stand-
ing for 4 h and 8h, the deposition of pure MWCNTs/DMAc
mixture became more obvious. The MWCNTs-COOH/D-
MAc mixture showed deposition after standing for 8 h, while
the MWCNTs-ODA/DMAc mixture maintained a very good
dispersion. The reason is that after the functionalization of
carbon nanotubes, the surface energy can be effectively
reduced and the effect of aminated MWCNTs is better, so
the dispersibility with organic solvents is better.

3.2. Structural Characterization of the PI and MWCNTs-
ODA/PI Composite Films. In order to study the structural
characteristics of the pure PI and MWCNTs-ODA/PI
composite films, XRD was performed; the result is shown
in Figure 4(a). From previous tests, we can know the
XRD pattern that the diffraction peak of carbon nanotubes
at 2θ=26° is most obvious, while the diffraction peak of PI
and MWCNTs-ODA is the same, indicating that the struc-
tures of PI chains and MWCNTs do not affect each other.
In addition, MWCNTs-ODA has a large lattice spacing, so
MWCNTs-ODA has good dispersibility and chemical com-
patibility in the PI matrix. From the XRD pattern, we found
that the XRD of pure PI and MWCNTs-ODA/PI composite
films is similar, mainly for two reasons. First, the monomers
for synthesizing PI are ODA (diamine) and PMDA (dianhy-
dride). The pure carbon nanotubes are also modified by
ODA, so the pure PI and PI composite films contain the same
monomer, which is not much different in the XRD pattern.
Second, the MWCNTs-ODA content is very small and the
performance in XRD is not obvious.

The FTIR was used to detect the chemical bond of
the composites [51, 52]. The FTIR spectra of pure PI
and MWCNTs-ODA/PI composite films are shown in
Figure 4(b); in the FTIR images of pure PI and PI composite
films, the characteristic absorption peaks of imide groups
appeared at 1778 cm-1 and 1707 cm-1, the characteristic peaks
of C-N bonds appeared at 1363 cm-1, and the characteristic
peaks of C=O bonds appeared at 722 cm-1. It indicated that
PI imidization was fully completed. Due to the low content
of MWCNTs-ODA in the PI matrix, many functional groups
on the surface of MWCNTs-ODA could not be clearly
observed in the FTIR results.

3.3. Thermal Properties of the PI and MWCNTs-ODA/PI
Composite Films. Thermal stability is an important factor
for the application of PI-based composites in high tempera-
ture environments [53, 54]. The thermal stability of the films
was measured by a TG test under nitrogen atmosphere. The
TGA of pure PI and MWCNTs-ODA/PI composite films
are shown in Figure 5(a); compared with the work of
Kalchounaki et al. [55], the composite film prepared by this
work has better thermal stability. The weight loss of the pure
PI film at 500°C was 2.1121%, and the residual at 800°C was
55.9794%. It can be seen that the weight loss of the pure PI
film and PI/MWCNTs-ODA composite films at 500°C and
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Figure 2: XPS spectrum of MWCNTs, MWCNTs-COOH, and
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800°C is not much difference. There are two reasons for
this phenomenon: first, only a small amount of aminated
carbon nanotubes are added to the PI matrix, so there is
no obvious difference in TGA curves; and second, although
carbon nanotubes have significant weight loss between
100°C and 700°C after amino functionalization, due to good
chemical compatibility and strong interaction between the
aminated carbon tubes and the polyimide matrix, when the
MWCNTs-ODA content is 3%, the weight loss at 500°C is

1.9077%, When the MWCNTs-ODA content is 3%, the
weight loss at 500°C is 1.9077%. The corresponding data of
thermal properties are summarized in Table 1.

The thermal conductivity curves of pure PI and
MWCNTs-ODA/PI composite films are shown in
Figure 5(b); compared with the work of Yan et al. [7], the
composite film prepared by this work has better thermal
conductivity. When the MWCNTs-ODA content increases
from 0wt.% to 4wt.%, the thermal conductivity of the PI
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composite film increases with the increase of the MWCNTs-
ODA content. Compared with pure PI (0.1366W/mK),
when the WMCNTs-ODA content is 3wt.%, the thermal
conductivity is 0.4397W/mK. Its thermal conductivity is
increased by 221.89%, because when the content of
MWCNTs-ODA is low, the CNTs cannot form intercon-
nected heat conduction channels and the carbon nanotubes
appear in an isolated state in the PI matrix, which is like an
“island-ocean” relationship, so the thermal conductivity is
not obviously improved. When the content of carbon nano-
tubes is increased to 3wt.%, the thermal conductivity is sig-
nificantly improved, which is attributed to the fact that the
MWCNTs-ODA nanofiller is connected to each other to
form a heat conduction channel. The corresponding data of
thermal conductivity are summarized in Table 2.

3.4. Mechanical Properties of MWCNTs-ODA/PI Composite
Films. The tensile strength of pure PI and MWCNTs-
ODA/PI composite films is shown in Figure 6(a); compared
with the work of Yan et al. [7], the composite film prepared
by this work has better mechanical properties. It can be seen
that the tensile strength of the pure PI film is 117.18MPa.
When the MWCNTs-ODA content increased from 0wt.%
to 3wt.%, the tensile strength of the PI composite films
significantly increased, and when the MWCNTs-ODA con-
tent was 3wt.%, the tensile strength reached to 141.48MPa,
compared with pure PI increased by 20.74%. On the one
hand, because the MWCNTs-ODA content is below 3wt.%,
the 3D network structure of MWCNTs cross-linking pro-
vides the intermolecular bonding force between PI and
MWCNTs-ODA. When the composite film is subjected to
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Figure 5: (a) TGA and (b) thermal conductivity curves of pure PI and MWCNTs-ODA/PI composite films.

Table 1: Thermal properties of pure PI and MWCNTs-ODA/PI composite films.

Sample Thickness (mm) T5% (°C) T10% (°C) Rw (%) References

Pure PI 0.090 553 571 55.9794

This work

PI-1% 0.073 548 569 57.7443

PI-1.5% 0.043 554 574 56.8719

PI-2% 0.075 553 574 55.5747

PI-2.5% 0.049 561 576 58.1314

PI-3% 0.079 553 573 57.9916

PI-4% 0.087 546 567 58.2038

L-GI/MWCNT/PI 5% — 162 189 46.0000 Kalchounaki et al. [55]

T5% and T10%: temperature at 5% or 10% weight loss; Rw : residual weight at 800
°C.

Table 2: Mechanical properties and thermal conductivity of pure PI and MWCNTs-ODA/PI composite films.

Sample Pure PI PI-1% PI-1.5% PI-2% PI-2.5% PI-3% PI-4% MWCNT/PI BN-c-MWCNT/PI

Tensile strength (MPa) 117.2 126.5 138.4 137.1 140.3 141.5 83.2 135.6 131.9

Thermal conductivity (W/mK) 0.11 0.19 0.17 0.21 0.28 0.44 0.63 0.24 0.38

References This work Yan et al. [7]

The MWCNT and BN-c-MWCNT contents in the reference are both 3 wt.%.
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external tensile force, the strong chemical bond between the
MWCNTs-ODA and the PI chain can effectively transfer
the stress of the PI chain to the surface of the MWCNTs-
ODA and thus has excellent mechanical properties. More-

over, due to the good interaction and chemical compatibility
between the aminated CNTs and PI matrix, the adhesion
between them is obviously enhanced and the mechanical
property is improved. However, when the MWCNTs-ODA
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Figure 6: (a) Tensile strength curves of PI composite films and (b–h) SEM images of pure PI and MWCNTs-ODA/PI composite films with
the MWCNTs-ODA content of 0 wt.%, 1 wt.%, 1.5 wt.%, 2wt.%, 2.5 wt.%, 3wt.%, and 4wt.%, respectively.
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content increased from 3wt.% to 4wt.%, the tensile strength
of the PI composite film decreased significantly, because the
additional amount of MWCNTs-ODA reaches the mechani-
cal percolation threshold, and when the MWCNTs-ODA
content is lower than this value, the MWCNTs-ODA nano-
filler can be well dispersed in the PI matrix and the loading
of the composite film can be increased to make the machine
works. The performance is significantly improved, and when
the MWCNTs-ODA content is higher than this value, the
MWCNTs-ODA nanofiller is stacked in the PI matrix, which
impairs the improvement of mechanical property. The corre-
sponding data of mechanical properties are summarized in
Table 2.

The fracture surface of the tensile test was observed by
SEM, and the SEM images of pure PI and 1wt.%, 1.5wt.%,
2wt.%, 2.5wt.%, 3wt.%, and 4wt.% MWCNTs-ODA/PI
composite films are shown in Figures 6(b)–6(h), respectively;
when the MWCNTs-ODA content is increased from 0wt.%
to 3wt.%, it can be seen from the SEM image that the cross
section of the MWCNTs-ODA/PI composite film has obvi-
ous break marks and the composite film is ductile fracture.
At this time, the tensile strength of the MWCNTs-ODA/PI
composite film increases with the increase of the MWCNTs-
ODA content. In addition, when the content of MWCNTs-
ODA is 3wt.%, compared with pure PI, the cross section
surface of the PI composite film is rough and there is
obvious fracture surface in the enlarged view, due to the
excellent interfacial adhesion and well compatibility between
the PI matrix and the MWCNTs-ODA nanofiller; it is
advantageous to transfer the tensile pressure from the
polymer matrix to the MWCNTs-ODA nanofiller. When
the MWCNTs-ODA content was increased from 3wt.% to
4wt.%, it can be seen from the SEM image that the cross
section became significantly rougher and the MWCNTs-
ODA/PI composite film was brittle fracture. Correspond-
ingly, the tensile strength of the MWCNTs-ODA/PI com-
posite film showed a significant decrease. Therefore, we
conclude that the strong interaction between the nanofiller
and the PI matrix makes the MWCNTs-ODA have good
dispersibility and this is an important reason for the enhance-
ment of mechanical properties of MWCNTs-ODA/PI nano-
composite films.

3.5. Optical Properties of MWCNTs-ODA/PI Composite
Films. The optical properties of MWCNTs-ODA/PI compos-
ite films are shown in Figure 7; it shows the optical transmis-
sion of the MWCNTs-ODA/PI composite films with a
thickness of 43-90 μm in the range of 200-800 nm. The test
was carried out with reference to a pure PI film. Due to the
introduction of MWCNTs-ODA, the transmittance of com-
posite films decreased from 92.172% (PI-1.5%) to 63.164%
(PI-4%), and with the increase of the MWCNTs-ODA con-
tent, the color of the films became significantly deeper. The
addition of MWCNTs-ODA has a significant effect on the
optical properties of MWCNTs-ODA/PI composite films.
When the content of MWCNTs-ODA is small, the difference
in transmittance of the composite film is not obvious,
because the MWCNTs-ODA content is extremely small,
resulting in little change in light transmittance.

4. Conclusions

In summary, the XRD, FTIR, and XPS tests of MWCNT and
MWCNTs-ODA demonstrated that the amino group was
successfully grafted on CNTs without destroying the chemi-
cal structure of CNTs. The SEM, XRD, and FTIR tests of
MWCNTs-ODA/PI composite films confirmed that the
addition of MWCNTs-ODA did not destroy the structure
and properties of the PI matrix and there was a strong inter-
action between MWCNTs-ODA and PI matrix and good
chemical compatibility between MWCNTs-ODA and PI
matrix. Through TGA data of pure PI and MWCNTs-
ODA/PI composite films, we found that the addition of
MWCNTs-ODA has little effect on the thermal stability of
the PI matrix and the composite films has excellent thermal
stability, which will not have significant weight loss before
500°C. Through the tensile test of the MWCNTs-ODA/PI
composite film, we found that when the MWCNTs-ODA
content is 3wt.%, the tensile strength of the PI composite
film is 141.48MPa, which is 20.74% higher than that of
the pure PI film. Through the thermal conductivity test
of MWCNTs-ODA/PI composite films, we found that when
the content of MWCNTs-ODA is 3wt.%, the thermal con-
ductivity of the PI composite film is 0.4397W/mK, which
is 221.89% higher than that of the pure PI film. Therefore,
when the MWCNTs-ODA content is 3wt.%, the MWCNTs-
ODA/PI composite film has the best comprehensive per-
formance, has excellent thermal conductivity and thermal
stability, and might be further used as a potential heat dis-
sipation material in the field of microelectronics and flex-
ible circuit boards. In addition, we also found that as the
MWCNTs-ODA content increases, the light transmittance
is significantly reduced.

Data Availability

The data used to support the findings of this study are
included within the article.
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