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ABSTRACT: The separation of cellulose nanowhiskers (CNs) from
hydrolysis acid and the harmless disposal of the residual hydrolysis acid are
two main obstacles that hinder the large-scale production of CNs and CNs
based nanocomposites. In this work, the hydrolysis products of CNs without
further separation were used as the starting materials for preparation of a CNs
supported polypyrrole (PPy@CNs) nanohybrid. During this one-pot
synthesis process, the residual hydrolysis acid acted as a doping agent for
the synthesized PPy, endowing PPy@CNs nanohybrid with electrical
conductivity. Interestingly, the PPy@CNs nanohybrid could be easily isolated
from the polymerization products due to the decreased surface charge.
Meanwhile, the PPy@CNs nanohybrid showed good suspension stability in
alkaline natural rubber (NR) latex, which facilitated the construction of
continuous PPy@CNs conductive network in the NR matrix. This PPy@CNs
filled NR nanocomposite showed significant improvement in electrical conductivity and mechanical properties when compared
with neat PPy/NR composites, and exhibited similar performance to that of PPy@CNs-0 (CNs was isolated by dialysis and
virgin doping agent was used) filled NR nanocomposites. The straightforwardness and sustainability of this dialysis-free and in
situ doping synthesis of the PPy@CNs nanohybrid should significantly facilitate the scalable fabrication and application of CNs
based conductive nanocomposites with high performance.
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■ INTRODUCTION

Cellulose is an almost inexhaustible raw material derived from
nature with a biomass production of 1.5 × 1012 tons per
year.1−3 Cellulose nanowhiskers (CNs), which are derived from
natural cellulose fibers by controlled acid hydrolysis, have
attracted much attention because of their unique properties:4,5

enriched surface active groups, high aspect ratio and specific
surface area, good water dispersibility, strong yet lightweight,
and most importantly, environmental sustainability. Hence,
CNs are widely used in numerous applications such as polymer
reinforcement, enzyme immobilization, drug delivery, catalyst
support, etc.6−9

Acid hydrolysis of bulk cellulose to produce CNs was
developed in the 1950s,10 which is the most utilized and viable
process for producing CNs due to the controllable and
convenient treatment. During the controlled acid hydrolysis
process, the amorphous region of bulk cellulose is highly
susceptible to hydrolysis and hydrolyzed into soluble sugars
with small molecular weight, leaving the crystalline regions
intact, i.e., CNs with diameters of 5−20 nm and lengths of
around 100−400 nm. Then CNs are isolated from the waste
hydrolysate by centrifugation and dialysis to remove the soluble
sugars and residual acids. However, this dialysis process is time-
consuming (usually several days) and water-consuming.

Furthermore, the dialysis membranes are very expensive,
which drastically increases production cost. On the other
hand, the harmless disposal of the residual hydrolysis acid is
also an urgent issue to address. Hence, these drawbacks
significantly restrict the industrial-scale production and
application of CNs and CNs based nanocomposites.
In recent years, composite materials of nanocellulose and

conductive polymers, such as polypyrrole (PPy), polyaniline
(PANI), and polyrhodanine, have exhibited potential applica-
tions as energy-storage devices,11−15 biomaterials,16 conducting
films,17 and optical pH indicators.18 The poor mechanical
strength, processability and dispersibility as well as the low
special surface area of these conductive polymers could be
significantly improved by incorporation of renewable and
biodegradable nanocellulose. Furthermore, our previous work19

indicated that CNs could act as a biotemplate and direct the
growth of PANI into rod-like PANI@CNs nanohybrid with
high aspect ratio and good dispersity, which enabled the
fabrication of a 3D hierarchical multiscale conductive structure
in a natural rubber (NR) matrix. Unfortunately, the high-cost,
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time-consuming and environmentally harmful process of
producing CNs is the main barrier in the practical application
of CNs based conductive nanocomposites.
To realize the economically and ecologically feasible

approach to CNs based conductive nanohybrids, we made
the first attempt, to the best of our knowledge, to develop a
dialysis-free and in situ doping synthesis method of a CNs
supported PPy (PPy@CNs) nanohybrid, which avoided the
time-consuming and water-consuming dialysis process of CNs.
The synthesized PPy@CNs was in situ doped by the residual
hydrolysis acid during the synthesis process, giving the PPy@
CNs nanohybrid electrical conductivity. Interestingly, the
PPy@CNs nanohybrid could be easily isolated from the
polymerization products due to the decreased surface charge,
and showed excellent suspension stability in alkaline NR latex,
which facilitated the construction of continuous PPy@CNs
conductive network in NR matrix. The objective of this study is
to open up new possibilities for the sustainable, low-cost and
scalable approach to PPy@CNs conductive nanohybrid, which
would be very promising for the large scale fabrication and
application of CNs based conductive nanocomposites with high
performance.

■ MATERIALS AND METHODS
Materials. Analytical grade ferric chloride hexahydrate (FeCl3·

6H2O, ≥99%), sulfuric acid (H2SO4, 95−98%), ammonium hydroxide
(NH3·H2O, 25−28%), stearic acid (≥99.0%), OP emulsifier-10
(≥99.0%), and zinc oxide (≥98.0%) were all purchased from Chendu
Kelong Chemical Reagent Company (China) and used without further
purification. Pyrrole (≥98.0%) was purchased from Shanghai Kefeng
industrial Co., Ltd. (China). The NR latex (solid content: 58 wt %)
was provided by Chengdu Xinyuanding Co., Ltd. (China). Medical
purified cotton was obtained from Xuzhou Health Factory Co., Ltd.
(China). Vulcanization agent sulfur (≥98%) and accelerator N-
cyclohexyl-2-benzothiazolesulfenamide (CBS, active content: ≥80%)
was purchased from Weihai Tianyu New Mstar Technology Co., Ltd.
(China).
Dialysis-Free and in Situ Doping Preparation of PPy@CNs

Nanohybrid. Acid hydrolysis of bulk cellulose to produce CNs was
based on our previous studies.19 Medical purified cotton (11.5 g) was
mixed with sulfuric acid solution (200 mL, 64 wt %) and the mixture
was stirred vigorously at 45 °C for 45 min. After hydrolysis, the
hydrolysis product was immediately diluted 6.4 times to stop the
hydrolysis. The hydrolysis product was centrifuged at 4000 rpm for 5
min, and half of the supernatant hydrolysate was separated for other
use. 640 mL of deionized water was added into the hydrolysis product
to adjust the sulfuric acid concentration to 0.5 M. Then 24.1 g of
pyrrole (0.355 mol) was dissolved in the remaining hydrolysis product
(containing CNs, soluble sugars, residual acid), and the mixture was
stirred evenly in ice−water for 1 h. Whereafter, 48.4 g of FeCl3·6H2O
(0.179 mol) was added into the mixture to initiate the polymerization.
The polymerization proceeded in ice−water for 2 h. The obtained
product was filtered and washed several times with distilled water to
remove the remaining reagents. The resulted PPy@CNs nanohybrid
was diluted to 1280 mL again. The solid content of the PPy@CNs
nanohybrid suspension was measured 5 times and the mean value was
0.78 ± 0.05 wt %. The mass ratio of PPy/CNs in the PPy@CNs
nanohybrid was about 1:1 by measuring the neat CNs solid content via
dialysis.
Conventional Preparation of PPy@CNs Nanohybrid and

Neat PPy. The producing process of CNs was the same as above.
However, the hydrolysis product was centrifuged and washed with
deionized water for three times. Then the centrifuged hydrolysis
product was dialyzed with regenerated cellulose membrane (molecular
weight cut off of 8000−14 000) to remove the soluble sugar and
residual acid by replacing the dialysate repeatedly. The result was
monitored by checking the neutrality of the dialyzate, which usually

proceeded for several days. Whereafter, 62.72 g of virgin H2SO4 (0.64
mol) and 24.1 g of pyrrole (0.355 mol) were added into the CNs
suspension. After magnetic stirring in ice−water for 1 h, 48.4 g of
FeCl3·6H2O (0.179 mol) was added and the polymerization
proceeded in ice−water for 2 h. The aftertreatment was as same as
mentioned above. This traditionally synthesized dialyzed CNs
supported PPy nanohybrid doped with virgin H2SO4 is marked as
PPy@CNs-0. Neat PPy was synthesized in the absence of CNs, and all
other conditions were in accordance with the PPy@CNs-0 nano-
hybrid.

Preparation of PPy@CNs/NR Nanocomposites. In the
preparation of PPy@CNs/NR nanocomposites, the obtained PPy@
CNs nanohybrid was filtered and washed with 1 M NH3·H2O and
deionized water to dedope the doping H2SO4 in PPy@CNs
nanohybrid, which can cause the coagulation of NR latex. Then the
desired amount of PPy@CNs nanohybrids suspension was diluted to
500 mL (the pH value was adjusted to 9 with 1 M NH3·H2O) and
sonicated for 10 min to disperse the aggregation. Simultaneously, 8.6 g
of NR latex was diluted to 250 mL and stirred for a while. Then the
500 mL sonicated PPy@CNs nanohybrid suspension and 250 mL of
NR latex, as well as an aqueous suspension containing cross-linking
agent sulfur and other additives (the experimental vulcanization
formula is given in the Supporting Information), were mixed together
to form a homogeneous mixture. The final mixture was coagulated by
adding 150 mL of the waste hydrolysate containing residual H2SO4
centrifuged from the hydrolysis product. In this coagulating process,
the dedoped PPy on CNs was doped again by the residual H2SO4
simultaneously, endowing PPy@CNs nanohybrid with electrical
conductivity. After filtering, the solid mixture was soaked in renewed
distilled water to remove the residual H2SO4 and finally dried at 60 °C
for 12 h. The dried composites were cut into pieces, molded using
compression molding and vulcanized at a temperature of 150 °C and a
pressure of 10 MPa for 5 min. The PPy@CNs-0/NR and PPy/NR
composites were prepared according to the same procedure of the
aforementioned PPy@CNs/NR nanocomposites except for the use of
virgin H2SO4 as the coagulating and doping agent.

■ CHARACTERIZATION

The ζ-potential (ZP) values of CNs (0.019 wt %, pH = 6.5),
PPy@CNs nanohybrid (0.039 wt %, pH = 7.2), dedoped PPy@
CNs nanohybrid (0.039 wt %, pH = 7.4), and dedoped PPy@
CNs nanohybrid (0.039 wt %, pH = 9.6) suspensions in water
were measured using a Zetasizer nano-ZS instrument (Malvern,
UK).
Transmission electron microscopy (TEM) was performed

using a transmission electron microscope (JEOL JEM-100CX,
Japan). Diluted CNs (0.05 wt %) and PPy@CNs nanohybrid
(0.1 wt %) aqueous suspensions were sonicated for 30 min to
disperse the aggregation. The well dispersed CNs and PPy@
CNs nanohybrid suspensions were dropped on a copper grid
for 5 min, and the excess solution in the droplet was blotted
with filter paper. CNs were negatively stained with 1.5 wt %
aqueous uranyl acetate solution for imaging purposes. The
diameter of pristine CNs was measured using Image-J software,
and at least 50 particles from different TEM images were
analyzed.
For Fourier transform infrared spectroscopy (FT-IR) studies,

CNs, neat PPy, and PPy@CNs nanohybrid suspensions were
freeze-dried and then dried at 60 °C in air-circulating oven for
12 h. FT-IR analysis was conducted using a Nicolet 6700
spectrophotometer (USA). The powdered samples of CNs,
neat PPy, and PPy@CNs nanohybrid were mixed with KBr to
produce tablets for FT-IR measurement. The spectra were
recorded from 4000 to 400 cm−1 at a resolution of 2 cm−1.
For UV−vis measurement, neat PPy and PPy@CNs

nanohybrid suspensions (PPy content: 0.005 wt %, pH =
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9.6) were sonicated for 30 min to disperse the aggregation. The
well dispersed PPy and PPy@CNs nanohybrid suspension was
put into a quartz cuvette with an optical path of 1 cm. The
measurement was conducted at room temperature by Shimadzu
UVmini-1240 spectrophotometer.
An optical microscope with a digital camera (UB 200i,

Chongqing UOP Photoelectric Technology Co., Ltd. China)
was used to investigate the dispersion state and microstructures
of the neat PPy and PPy@CNs nanohybrids. The suspension
was dropped on a glass slide and covered with a coverslip. Then
the samples were dried and observed.
Preparation of drop-cast sample of PPy@CNs/NR for TEM

observation: 14.1 g of sonicated PPy@CNs nanohybrid
suspension, and 0.86 g of NR latex (58 wt %) were mixed
and diluted to 550 mL. The mixture of PPy@CNs nanohybrid
and NR latex was stirred and sonicated adequately for uniform
mixing. The mixture was put on the copper grid and the water
was evaporated. The final sample was observed using a
transmission electron microscope (JEOL JEM-100CX, Japan).
The electric conductivity of all samples was measured on

undeformed samples by a two-point measurement with a
resistance meter (UT61, Uni-Trend, China) for R ≤ 2 × 108 Ω
or using a ZC36 high resistance instrument for R > 2 × 108 Ω.
Rectangle strip samples (40 × 10 × 1 mm) or square samples
(100 × 100 × 1 mm) were used for electrical measurement.
Five specimens were measured for each sample to achieve an
average value. The measured volume resistance (Ω), Rv, was
converted to volume resistivity, ρv, according to ASTM D4496
and D257 using the formula

ρ = R
A
tv v

where A is effective area of the measuring electrode (m2) and t
is specimen thickness (m).
Mechanical properties measurement was conducted on a

versatile testing machine (ASTM D412-80) at room temper-
ature. The rectangle specimens (40 × 10 × 1 mm) were
stretched at a crosshead rate of 100 mm/min. Five specimens
were measured for each sample to achieve an average value.

■ RESULTS AND DISCUSSION

To better understand the dialysis-free and in situ doping
synthesis of the PPy@CNs nanohybrid, the entire experimental
process flow is schematically illustrated in Figure 1. Cellulose
fibers were hydrolyzed by 64 wt % H2SO4, yielding a hydrolysis
product consisting of CNs, soluble sugars, and residual acid. A
portion of hydrolysate was separated by centrifugation for other
use. The remaining hydrolysis product was used without further
separation as the starting materials for the preparation of PPy@
CNs nanohybrid, based on that the soluble sugars had no
significant effect on polymerization of pyrrole. The polymer-
ization of pyrrole was initiated with pyrrole monomer and ferric
trichloride added into the hydrolysis product, and the generated
PPy was deposited on CNs, yielding PPy@CNs nanohybrid.
Meanwhile, the synthesized PPy@CNs nanohybrid was in situ
doped by the residual hydrolysis acid, endowing the PPy@CNs
nanohybrid electrical conductivity. Then PPy@CNs nano-
hybrid could be easily separated from the polymerization
product by filtration and washing. The separated PPy@CNs
nanohybrid was dried in a drying oven at 60 °C for 12 h,
obtaining a PPy@CNs tablet with low electrical resistance
(hundreds Ω). A blue LED light was connected with the PPy@
CNs tablet using a metal line to form a conductive network.
The lighting LED is illuminated by a 9.0 V battery (Figure S1 of
the Supporting Information), indicating the desired electrical
conductivity of this synthesized PPy@CNs nanohybrid. This
facile, inexpensive, and eco-friendly approach to a PPy@CNs
nanohybrid not only avoided the time-consuming and water-
consuming dialysis process of CNs but also utilized the residual
hydrolysis acid as doping agent, which might dramatically
reduce the production cost of PPy@CNs and widely extend its
applications.
ζ-Potential (ZP) is a crucial parameter of stability for

suspension systems. For a stable suspension solely stabilized by
electrostatic repulsion, a ζ-potential of ≥+30 mV or ≤−30 mV
is necessary.20 The ζ-potential values as well as the suspension
performance of CNs and PPy@CNs nanohybrid are given in
Figure 2. In neutral conditions (pH around 7.0), the ζ-potential
of CNs was measured to be −37.3 mV, which is much higher
than that of the PPy@CNs nanohybrid (−16.7 mV). The CNs

Figure 1. Schematic illustration for the dialysis-free and in situ doping synthesis of conductive PPy@CNs nanohybrid (the inset shows a PPy@CNs
nanohybrid tablet light up an LED device).
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suspension remained stable after left standing for 3 h. This
might be attributed to the sulfate ester groups on CNs, which
could electrostatically stabilize CNs. Although, the PPy@CNs
nanohybrid suspension showed significant sedimentation
because of the coating of PPy on CNs. These indicate that
CNs exhibit better suspension stability than the PPy@CNs
nanohybrid. The excellent stability and nanometric dispersity of
CNs make them difficult to be separated from the hydrolysis
product, except for the time-consuming, water-consuming, and
costly dialysis process. However, after CNs were coated with
PPy, the PPy@CNs nanohybrid exhibited relative poor
suspension stability at a neutral or acidic condition and settled
through aggregation, which makes it easier to be separated by
filtration due to the decreased surface charge.
In addition, the suspension property of the dedoped PPy@

CNs nanohybrid with different pH values was also evaluated. In
neutral conditions (pH = 7.4), the dedoped PPy@CNs
nanohybrid exhibited a ζ-potential of −20.5 mV and settled
through aggregation. However, in alkaline conditions (pH =
9.6), the dedoped PPy@CNs nanohybrid exhibited a high ζ-
potential (−33.2 mV) and excellent stability (no noticeable
sedimentation was observed after standing for 3 h). This might
be attributed to the insertion or aggregation of OH− on the
surface of the PPy@CNs nanohybrid in alkaline conditions.
Moreover, the PPy@CNs-0 nanohybrid prepared via conven-
tional routes (CNs was isolated from hydrolysate by dialysis
and virgin doping acid was used for PPy@CNs-0 nanohybrid)
exhibited a similar suspension performance and ζ-potential
(Figure S2 of the Supporting Information) as the PPy@CNs
nanohybrid. The good suspension stability of the PPy@CNs
nanohybrid in alkaline conditions might make it very suitable
for homogeneous dispersion in alkaline NR latex and
fabrication of PPy@CNs/NR nanocomposites.
TEM observation was employed to investigate the micro-

structures of pristine CNs and the PPy@CNs nanohybrid. In
Figure 3a, needle-like CNs with a length of 132 ± 35 nm and
width of 8.2 ± 2.1 nm could be clearly observed. After the
polymerization of the pyrrole monomer, as shown in Figure 3b,
it can be found that a nodular structure of PPy was deposited
on the surface of CNs, forming a continuous nanosheath
structure with a high aspect ratio. Large scale aggregation of

PPy was not observed. This demonstrates that CNs can act as a
good template for the polymerization of a pyrrole monomer.
Moreover, the PPy@CNs-0 nanohybrid prepared via conven-
tional routes exhibited a similar morphology (Figure S3 of the
Supporting Information) as that of the PPy@CNs nanohybrid.
The hydrogen bonds between imine groups of PPy and
hydroxyl groups of CNs might serve as a traction force to assist
the growing of the continuous nanosheath of PPy on CNs and
prevented the formation of large scale PPy aggregation.21

FT-IR analysis of CNs, neat PPy, and PPy@CNs nanohybrid
was carried out to study their chemical structures. As shown in
Figure 4, CNs present characteristic bands around 3417 and

2909 cm−1, which are attributed to the OH stretching and
CH stretching in cellulose, respectively. The band at 1628
cm−1 is ascribed to the HOH bending of the absorbed
water. The three small bands around 1112 cm−1 are due to the
COC pyranose ring skeletal vibration.22 The characteristic
bands of neat PPy can also be observed clearly. The bands
around 3420 and 1544 cm−1 are responsible for the NH
stretching vibration and CC ring stretching of the quinonoid
structure in PPy. The band at 1465 cm−1 is attributed to CN
stretching vibration in the pyrrole ring. Additionally, bands at
1289, 1179, and 1042 cm−1 are ascribed to CH on-plane
vibration, and the band at 910 cm−1 is for CH out-of-plane
vibration.23 The PPy@CNs nanohybrid exhibited a similar
spectrum as that of neat PPy, but all major peaks for PPy@CNs
shifted to lower wavenumbers, suggesting the existence of the
interaction between PPy and CNs.24−26

For most intrinsic conductive polymers, the poor dispersi-
bility and processability, which are due to the agglomeration
resulting from strong intermolecular interactions (π−π

Figure 2. Digital pictures along with ζ-potential of CNs (0, pH = 6.5),
PPy@CNs (1, pH = 7.2), dedoped PPy@CNs (2, pH = 7.4), and
dedoped PPy@CNs (3, pH = 9.6) nanohybrid aqueous suspensions
before and after standing for 3 h.

Figure 3. TEM images of CNs (a, scale bar: 100 nm for low and 50
nm for high magnification) and PPy@CNs nanohybrid (b, scale bar:
200 nm for low and 100 nm for high magnification).

Figure 4. FT-IR spectra of CNs, neat PPy, and PPy@CNs nanohybrid.
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interaction, hydrogen bond, and so on), severely hinder their
practical applications. As shown in Figure 5a,c, large scale
agglomeration of PPy with dozens of micrometers could be
clearly observed in PPy aqueous suspension (pH = 9.6),
whereas the PPy@CNs nanohybrid is homogeneously dis-
persed (pH = 9.6) and no visible particles are observed (Figure
5a,d). Furthermore, the absorption peak in UV−vis spectra of
neat PPy suspension is much weaker than that of the PPy@
CNs nanohybrid (Figure 5b) at the same PPy concentration
(0.005 wt %), because PPy was poorly dispersed in water and
usually precipitated out as large aggregation. These results
confirm that the dispersibility of PPy could be significantly
improved by the incorporation of renewable and biodegradable
CNs. In addition, the PPy@CNs nanohybrid shows two
absorption bands around 342 and 723 nm in the UV−vis
spectrum. The first band around 342 nm is due to the π−π*
interband transition and the second broad band around 723 nm
is assigned to the polaron and bipolaron band transition of
PPy,27 indicating the successful synthesis of PPy on CNs. Thus,
PPy@CNs nanohybrid with a high aspect ratio was successfully
synthesized by incorporation of CNs using a dialysis-free and in
situ doping route. Compared with neat PPy, this PPy@CNs
nanohybrid exhibited a good and adjustable suspension
property, which makes it more suitable and effective to
fabricate PPy based conductive nanocomposites.
To evaluate the feasibility of this PPy@CNs nanohybrid in

construction of conductive polymer nanocomposites, we
prepared PPy@CNs/NR nanocomposite by mixing the PPy@
CNs nanohybrid and NR latex. The morphology of PPy@
CNs/NR nanocomposite was characterized by TEM observa-
tion. As shown in Figure 6, the PPy@CNs nanohybrid is
located in the interstitial space between the NR latex particles
and formed a continuous network, which benefited from the
good suspension property and high aspect ratio of the PPy@
CNs nanohybrid. This continuous network structure was

expected to realize the enhancement of electrical conductivity
as well as mechanical properties of the PPy@CNs/NR
nanocomposites. A detailed investigation and formation
mechanism of the continuous conductive network in the NR
matrix constructed by a CNs supported conductive polymer
have been reported in our previous work.19

To achieve higher conductivity at the same PPy content, we
expected that all the PPy can participate in the fabrication of a
continuously conductive network in a NR matrix. Unfortu-
nately, severe agglomeration was observed in the neat PPy
sample because of its poor suspension stability, which made it
difficult to connect with each other and form conductive
networks.19 However, a continuous network structure of PPy@
CNs nanohybrid (Figure 6) could be formed by incorporation
of CNs due to the remarkably enhanced stability in alkaline NR
latex. As a result, compared with PPy/NR, significant electrical
conductivity enhancement is observed for all PPy@CNs/NR
samples (Figure 7). For example, the electrical conductivity of

Figure 5. Digital picture (a) and UV−vis spectra (b) of neat PPy (0) and PPy@CNs nanohybrid (1) suspension; optical microscope images of neat
PPy (c, scale bar: 50 μm) and PPy@CNs nanohybrid (d, scale bar: 10 μm).

Figure 6. TEM image of PPy@CNs/NR nanocomposite prepared by
self-assembly of PPy@CNs nanohybrid and NR latex particles (scale
bar: 200 nm).
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the PPy/NR composite containing 15 phr PPy is 9.98 × 10−9

S/m, whereas for PPy@CNs/NR nanocomposites at the same
loading fraction of PPy, it reaches 1.22 × 10−3 S/m, showing a
significant enhancement of about 5 orders of magnitude. This
enhancement was benefited from the good suspension property
and high aspect ratio of the PPy@CNs nanohybrid. Besides, we
compared the electrical conductivity of the PPy@CNs/NR
nanocomposites made from this synthesized PPy@CNs
nanohybrid and PPy@CNs-0/NR nanocomposites made from
the PPy@CNs-0 nanohybrid via conventional routes (CNs was
isolated from hydrolysate by dialysis and virgin doping acid was
used for the PPy@CNs-0 nanohybrid). The results showed that

PPy@CNs/NR and PPy@CNs-0/NR nanocomposites ex-
hibited similar electrical conductivities, indicating the same
effectiveness of PPy@CNs and PPy@CNs-0 in fabrication of
conductive composites.
The size, morphology, and dispersion state of conductive

fillers have significant effects on the mechanical properties of
conductive composites. Figure 8a presents the stress−strain
curves of the PPy@CNs/NR nanocomposites with different
PPy content. An obvious strain hardening phenomenon (i.e.,
increase in tensile strength associated with increasing strain) is
observed in these stress−strain curves. This might be attributed
to that the PPy@CNs nanohybrid was expected to be
increasingly aligned along the tensile direction during sample
elongation, and thus they were able to carry a larger share of the
load exerted on the samples.28 In addition, there is a remarkable
increase in the tensile stress and Young’s modulus associated
with increasing PPy loading. However, elongation at break
reaches to the highest value with 10 phr PPy, and then
experiences a decrease with increased PPy loading, which has
been also reported by other researchers.28,29

Besides, we compared the mechanical properties of PPy/NR,
PPy@CNs/NR, and PPy@CNs-0/NR nanocomposites with
different PPy content. As shown in Figure 8b−d, almost all
PPy@CNs/NR samples exhibit higher tensile stress, Young’s
modulus, and elongation at break than that of neat PPy/NR
composites, confirming the effective enhancement of mechan-
ical properties by incorporation of renewable and biodegradable
CNs. On the other hand, the mechanical properties of PPy@
CNs/NR nanocomposites were comparable to that of PPy@
CNs-0/NR nanocomposites. This superior (straightforward,
green, cost-effective, and scalable) approach to PPy@CNs/NR

Figure 7. Electrical conductivity of PPy/NR, PPy@CNs/NR, and
PPy@CNs-0/NR nanocomposites with different PPy content.

Figure 8. Stress−strain curves of PPy@CNs/NR nanocomposites with 0, 5, 10, 15, and 20 phr PPy (a); tensile stress (b), Young’s modulus (c), and
elongation at break (d) of PPy/NR, PPy@CNs/NR, and PPy@CNs-0/NR nanocomposites with different PPy content.
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nanocomposites with nearly identical performance compared
with PPy@CNs-0/NR nanocomposites makes it more suitable
and applicable for the large scale application of CNs based
conductive nanocomposites.

■ CONCLUSIONS
In summary, we have developed a sustainable, cost-effective,
and scalable approach to prepare a PPy@CNs nanohybrid via a
dialysis-free and in situ doping strategy. Specifically, CNs were
not isolated from the hydrolysate by the water- and time-
consuming dialysis process. The hydrolysis products of CNs
were used without further separation as the starting materials
for preparation of the PPy@CNs nanohybrid. Moreover, the
synthesized PPy@CNs was in situ doped by the residual
hydrolysis acid, endowing the PPy@CNs nanohybrid electrical
conductivity. It was found that PPy was deposited on CNs as a
continuous nodular structure, forming a PPy@CNs nanohybrid
with the desired electric conductivity and adjustable dispersi-
bility. In addition, we prepared PPy@CNs/NR nanocompo-
sites, as well as neat PPy/NR and PPy@CNs-0/NR nano-
composites for comparison, by co-coagulation and hot-pressing.
The results showed that PPy@CNs/NR nanocomposites
exhibited significant improvement in electrical conductivity
and mechanical properties when compared with neat PPy/NR
composites, and exhibited similar performance compared with
PPy@CNs-0/NR nanocomposites. This work provides a new
strategy to realize the facile and environmentally friendly
production of a PPy@CNs nanohybrid, which open up new
opportunities for the large scale fabrication and application of
CNs based conductive nanocomposites with low cost and high
performance.
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