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er-assisted dispersion of cellulose
nanocrystals@polyaniline in water and its
conductive films†

Shiqi Wang,c Chun Wei,*abc Yongyang Gong,abc Jian Lv,abc Chuanbai Yuabc

and Jinhong Yu*ad

Dispersion is crucial for many applications of nanostructured materials. In this work, a facile and efficient

method for dispersion of cellulose nanocrystals@polyaniline (CNCs@PANI) nanocomposites in an

aqueous solution is reported by using cellulose nanofibers (CNFs) as a dispersant. CNCs@PANI was

prepared for the experiment by using CNCs as a template and controlling the reactions to obtain fiber-

like nanocomposites. Then, the nanocomposite was dispersed in water with the CNFs by means of

mechanical shearing. The centrifugal and storage stabilities of the nanocomposite were measured, as

well as the zeta potential. The results showed that the CNFs had special dispersion assisting effects for

dedoped CNCs@PANI. The CNCs@PANI dispersion showed good centrifugal and storage stability, and

a zeta potential of �30.7 mV was recorded with the addition of 10 wt% CNFs. This CNCs@PANI

dispersion was cast to obtain a conductive film, which had tensile strength and electrical conductivity of

26.7 MPa and 104.7 S m�1, respectively.
1. Introduction

Recently, polyaniline (PANI) has received a high amount of
attention from the nanoscience and nanotechnology elds. This
is because PANI exhibits superior chemical sensing capabilities,
a unique photothermal effect, thermoelectric effect and stem
cell differentiation promoting effect, catalytic activity, and high
electrochemical performance.1–8 However, PANI nanomaterials
tend to aggregate and precipitate in water. Additionally, the
application of PANI nanomaterials has been restricted by its
poor ability to be processed and relatively poor mechanical
properties. Therefore, nding a facile, efficient, and controlled
method to disperse PANI nanomaterials is a highly desirable
undertaking. Currently, there are a number of studies that have
focused on the dispersion of PANI nanomaterials. Methods for
dispersing PANI nanomaterials have included controlling the
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reaction, controlling the pH of dispersion,1 doping it with
phosphate ester,9,10 adding ionic liquid based polymer electro-
lytes,11 and adding poly(sodium 4-styrenesulfonate).12 Li1 and
co-author found in their research that PANI nanobers are
stable in water when the pH balance is controlled without the
need for any chemical modication or steric stabilizers. The
optimal pH level for stabilizing the colloid was found to be
around 2.6. The formation of electrostatic repulsive forces
between nanobers through acid doping enabled the long-term
stability of the colloids. This dispersion, however, is considered
unstable when the pH is over 7 or lower than 1.5. In another
study, Zhang9 and co-worker began preparation of aqueous
conducting polyaniline nanobers by using acidic phosphate
ester, which contained hydrophilic ethylene glycol segment as
a dopant.

Cellulose and its derivatives have been use to stabilize PANI.13

Meanwhile carbon nanotubes (CNT)14–18 and graphene19,20 were
also used to be stabilizer due to their special assisted dispersion
effect. Shi et al.13 used cellulose to assist the solute and stabilize
PANI in NaOH/urea solution, which resulted in excellent
mechanical properties and conductive PANI-based lms. They
discovered that in the mixture solution, water-soluble cellulose
inclusion complexes were entangled with PANI through
hydrogen bonds between the –NH and –OH groups. This formed
supramolecular structure, which led to the dissolution of PANI in
the aqueous solution. Nobutsugu Minami et al.16 found sodium
carboxymethyl cellulose to be an excellent dispersant for single-
wall carbon nanotubes (SWCNT). Later, Christophe Olivier15

and his colleagues achieved preparation of luminescent SWCNT
This journal is © The Royal Society of Chemistry 2016
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lms by using a layering assemblymethod with water as the base.
When this method was conducted in water by the cellulose
nanocrystals (CNCs), it was found to assist in dispersion. They
hypothesized that the reason for this is that the graphitic surface
of the SWCNT is hydrophobic, and interactions between the
SWCNT surface and the hydrophobic surface of CNCs are likely
to occur during assisted dispersion of SWCNT. Mahiar M.
Hamedi et al.14 are credited with discovering similar assisted
dispersion effects during their studies. They used CNFs to obtain
high-quality dispersions of SWCNT in water. They were also able
to prepare high strength, conductive bers.

The goal of this paper is to investigate the possible use of
cellulose nanobers (CNFs) as dispersants to disperse and
stabilize cellulose nanocrystals@polyaniline (CNCs@PANI),
which will result in the preparation of high strength and
conductive lms. It is potential applied to conductive ink,
sensors, exible supercapacitor, biomedicine, etc.

2. Experimental
2.1. Materials

Sisal pulp was prepared using the kra pulping method.
Analytical grade sulfuric acid, hydrochloric acid, aniline,
ammonium persulfate, sodium hydroxide, sodium chloro-
acetate and polyvinyl alcohol (PVA-124) were purchased from
the Xilong Chemical Co., Ltd. (China) and used without further
purication. The high-speed mixer (JK-818II, 2200W) used
during the experiment was purchased from Guangdong Zhenju
Electrical Appliance Co., Ltd. (China).

2.2. Preparation of CNCs

The dried sisal pulp (20.0 g) was dispersed into a 160 ml sulfuric
acid solution (60 wt%) and subsequently placed in an ice water
bath for 30 min. Then, this suspension was kept at 50 �C for 1 h
to allow sisal pulp hydrolysis. The suspension was subsequently
diluted with 160 ml deionized water and ltered to remove
a large portion of the free acid. 750 ml of deionized water was
then added to form a suspension. The concoction was
neutralized with a sodium hydroxide solution. Aer high speed
stirring and shearing with a high-speed mixer (JK-818) for 4
min, a translucent dispersion was formed. Then, the mix was
placed in a centrifuge at 12 000 rpm for 8 min to obtain
dispersed CNCs. The dispersions were then placed into a plastic
bottle and stored in a freezer until they were completely frozen.
Aerwards, they were completely thawed at room temperature,
ltered, and washed with deionized water to remove free ions.
The CNCs suspension (4.18 wt%) was obtained aer high speed
stirring and shearing with a high-speed mixer for 2 min.

2.3. Preparation of CNFs

24.0 g of dried sisal pulp was soaked in 72 ml of 7.7 wt% sodium
hydroxide aqueous solution at room temperature for 30 min.
Then, 480 ml of anhydrous ethanol and 7.4 g of sodium chloro-
acetate were added to the reaction, which was then kept at 71 �C
for 4 h. Then, the mixture was ltered and washed with deionized
water to remove free reagents from the dispersion. Deionized
This journal is © The Royal Society of Chemistry 2016
water was then added to form a suspension with 0.6–1 wt%. The
suspension was then placed in a high speed mixer where it
underwent stirring and shearing for 10 min, aer which a trans-
parent gel-like dispersion was formed. Finally, the dispersion was
placed in a centrifuge as 12 000 rpm for 8min, resulting in a CNFs
suspension (0.1 wt%). The obtained CNFs with –COOH group
were sodium salt form CNF–COO�Na+ and used in this paper.

2.4. Preparation of CNC@PANI nanocomposites

In this experiment, 15.3 g CNCs (4.18 wt%) was added to 100 ml
of deionized water and vigorously stirred to form a light-blue
suspension. Then, 1.55 ml of aniline and 93 ml of HCl solu-
tion (1.3 M) were added. The mixture was then stirred and
cooled to 5 �C. Aerwards, 30 ml of an ammonium persulfate
solution (containing 0.38 g APS) was gradually added to the
liquid over a time frame of 6 h. The resulting product was
ltered and washed with distilled water to remove any by-
products and remaining reagents. This process was followed
by a thorough washing with 1 M NaOH and distilled water
to dedope the CNC@PANI nanocomposites and denoted as
C@P-1. The molar mass of the aniline and APS were simulta-
neously increased to secure CNC@PANI nanocomposites and
denoted as C@P-X.

2.5. Preparation of CNC@PANI/CNF nanocomposites and
lms

During a traditional preparation of CNC@PANI/CNF nano-
composites, the CNC@PANI (10.4 wt%) and CNF (0.6 wt%) are
mixed with 200 ml water, then stirred by a high-speed mixer for
5 min to obtain a uniform dispersion. In this experiment, the
obtained nanocomposites were secured in a centrifuge at 12 000
rpm for 5 min. At the preparation of the conductive lms, 10
wt% PVA was added to improve the lm performance, and
CNC@PANI/CNF/PVA composites were marked with their
mass ratio of CNC@PANI over CNF as 9/81, 27/63, 45/45 and
81/9, respectively. Thin lms were prepared by casting the
CNC@PANI/CNF/PVA dispersions onto glass substrates, which
resulted in homogeneous lms aer they were allowed to dry at
50 �C for 6 h. Then, the subjects were doped with HCl (1 M) and
allowed to dry at room temperature in order to obtain conduc-
tive lms. CNF/PVA (10 wt% PVA content) lms were prepared
at the same conditions for the purpose of comparison. A work-
ow chart showing the interaction between CNF and
CNC@PANI is shown in Fig. 1. The digital photograph of raw
materials and product is displayed in Fig. S1.†

2.6. Characterization

Fourier transform infrared spectra (FT-IR) was recorded using
Nicolet 470 spectrophotometer at a resolution of 4 cm�1 over
the range of 4000–500 cm�1, and all samples were carried out
aer strict drying. Transmission electronmicroscopy (TEM) was
recorded using a JEOL JEM-2100F microscope operating at 200
kV. Drops of ca. 0.001 wt% CNCs and CNFs suspensions were
deposited onto glow-discharged carbon-coated transmission
electron microscopy grids. These were negatively stained with 2
wt% uranyl acetate. The length and width of the CNCs were
RSC Adv., 2016, 6, 10168–10174 | 10169
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Fig. 1 Scheme of interaction between CNF and CNC@PANI.

Fig. 2 FTIR spectra of CNC, CNF–COO�Na+ and CNF–COOH.
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measured using the images generated by the nano measurer
soware. Atomic force microscopy (AFM) observations were
performed using an NT-MDT Ntegra Prima SPM instrument.
Small drops of ca. 0.001 wt% CNC suspensions were deposited
onto fresh mica akes. They were then rapidly vacuum-dried at
50 �C. Topography images were taken and recorded in the
tapping mode. The zeta potential of the suspensions were
measured used a Malvern Zetasizer Nano ZS90 instrument with
solid content of 0.5 mg ml�1 at 25 �C and pH ¼ 7.0. The
refractive index of the CNC@PANI and CNFs were set as 1.51
and 1.48, respectively. Three different measurements were
made during the process. These measurements were averaged
in order to nd the most reliable results possible.

The four probe method was applied to measure the electro-
conductivity of CNC@PANI lms. The samples were prepared
using an infrared testing pelletizer at 12 MPa. The electro-
conductivity of the composite lms was measured using the
two-probe method on a model 4200 multimeter/switch system
(Keithley), a process that was slightly modied from previous
research.21,22 The samples were cut into strips (5.93 mm width).
The electro-conductivity was measured three separate times at
different locations throughout the surface of the material. The
electro-conductivity (S m�1) of the lms was calculated
according to eqn (1):21,22

s ¼ 1/r ¼ L/(Rdh) (1)

In the above equation, r is resistivity in ohmmeters (Um), R
is the measured resistance of a lm (U), d is the width of lm
strips (m), h is the lm thickness (m), and L is the distance
between the two parallel electrodes (m). Aer conducting the
measurements, the average of all six results was deemed the
official report.

The dynamic mechanical analysis (DMA) was operated using
the controlled force mode to obtain the static stress–strain
curves (5 N min�1, 25 �C).23,24 The specimens were 20 � 5.93 �
0.01 mm. Five specimens were tested and studied.
Fig. 3 TEM images of CNC (a) and CNF (b). The inset picture is the
CNC and CNF dispersion in water (the concentration is 1.0 and
0.6 wt%, respectively) and taken through polarizing.
3. Results and discussion
3.1. Properties and structure of CNCs and CNFs

The FTIR spectra of CNCs and CNFs are displayed in Fig. 2.
For CNF–COO�Na+, a strong absorption peak at 1596 cm�1
10170 | RSC Adv., 2016, 6, 10168–10174
was observed. This peak is likely due to the varying vibration
of the –COO�Na+ group found among the CNF's. Aer the
sample was acidied, the absorption peak at 1596 cm�1 dis-
appeared and converted into 1726 cm�1 (see the FTIR spectra
of CNF–COOH), which was attributed to the vibration of the
–COOH. These results indicate that the sodium chloroacetate
graed onto the cellulose by Williamson ether synthesis.
CNCs and CNFs presented characteristic absorption bands
around 3345 and 2900 cm�1, which can be attributed to the
O–H stretching and C–H stretching which is common in
cellulose.

A TEM study was conducted to review the morphology of
CNCs and CNFs, as shown in Fig. 3. The images of CNCs and
CNFs are shown in Fig. 3(a and b), respectively. The length (L)
and thickness (D) were measured by analysing TEM images
through the statistics of 200 bers and showed in Fig. S2.† As
seen in Fig. 3(a) and S2(a),† CNCs is generally rod-shaped, with
a lengths range from 50 to 550 nm with a mean of hLi ¼ 117.23
This journal is © The Royal Society of Chemistry 2016
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nm, and its diameters range from 4 to 17 nm with a mean of hDi
¼ 9.51 nm. The aspect ratio dened as CNC length over diam-
eter, L/D, is shown in Fig. S2(c),† with a mean of hL/Di ¼ 18.1.
The shape of the CNFs was shown to be similar to that of
nanober, while its diameter was smaller than CNC with
a mean of hDi ¼ 6.43 nm. The inset picture of Fig. 3(a and b)
shows that CNCs and CNFs have self-assembly and chiral
nematic natures. This is due to their rod-like shape, which lends
itself to spontaneous ordering and nematic phase transition.25

In order to truly understand the total diameter of CNCs and
CNFs, AFM measurements were performed on all of our test
subjects. These results can be found in Fig. 4. The results
show that the diameters of CNCs and CNFs with a mean of hDi
¼ 5.04 nm and 2.87 nm, respectively. This value was smaller
than statistic from TEM images is due to the different
characterization.
3.2. Characterization of CNC@PANI nanowires

The concentrations of the reactants were tightly controlled in
order dictate the rate of reaction and acquire high quality
CNC@PANI nanowires. SEM images of CNC@PANI nano-
composites are displayed in Fig. 5. Fig. 5(a) schematically
illustrates the typical PANI shell on the CNC. The SEM image of
Fig. 4 AFM images of (a) CNC and (d) CNF. (b) and (e) are height
profiles corresponding to (a) and (d), respectively. Histograms of
measured values for (c) CNC and (f) CNF diameter.

This journal is © The Royal Society of Chemistry 2016
the CNC@PANI nanocomposites reveal that the PANI uniformly
coated the CNCs when the concentration of aniline and
ammonium persulfate was 0.07 mol L�1, and its diameter was
about 65.4 � 17.4 nm. As the levels of aniline and ammonium
persulfate were further increased, PANI gathered together to
form bulk PANI particles, as can be observed in Fig. 5(b–f).

To study the formation mechanism of CNC@PANI, FTIR and
UV-vis testing of CNC@PANI was performed. The results are
shown in Fig. 6. In Fig. 6(a), the absorption peak of 2897 and
1056 cm�1 is attributed to the vibration of –CH– and C–O–C in
CNC. In Fig. 6(b), it was found that the absorption peak of 3444,
3398 and 3233 cm�1 is attributed to the N–H stretching vibra-
tion of the –NH– and –NH2 group of the dedoped PANI.
However, for CNC@PANI, the absorption peak shied to 3334
and 3268 cm�1. This indicted the hydrogen bond interaction
occurs between the PANI and the CNCs, and moves frequencies
towards lower frequencies.13,26 The UV-vis spectra in Fig. 6(c)
show that the dedoped PANI had two absorption peaks at 342
Fig. 5 (a) The schematic view of CNC@PANI in (b). FESEM image of
CNC@PANI nanocomposites with different concentration of aniline
and APS: (b) 0.07, (c) 0.28, (d) 0.42, (e) 0.49, (f) 0.56 mol L�1.

Fig. 6 FTIR spectra (a) and 3100–3600 cm�1 (b) in (a), UV-vis spectra
(c) of dedoped PANI and CNC@PANI; (d) conductivity of CNC@PANI
nanocomposites.

RSC Adv., 2016, 6, 10168–10174 | 10171
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and 663 nm, which can be explained by the p–p* transition of
the benzenoid rings and n–p* transition of the quinonoid rings,
respectively.9,27 However, the p–p* and n–p* transition bands
of CNC@PANI blue-shied to 327 and 592 nm, respectively.
This might be due to the interaction that arises from the
hydrogen bonding between PANI and CNCs.26 This demon-
strates that PANI polymerizes and self-assembles on CNCs
through hydrogen bond interaction.

As shown in Fig. 6(d), it is apparent that the conductivity of
CNC@PANI nanocomposites is dependent on the concentration
of aniline and ammonium persulfate in the compound. The
conductivity of the CNC@PANI nanocomposites increased as
the concentration of the reactants was increased. Themaximum
value of CNC@PANI nanocomposite observed during our tests
was 166.7 S m�1, which was recorded by C@P-7.
3.3. The assisted dispersion effect of cellulose nanober

To understand the assisted dispersion effects pertinent to
CNFs, tests on the stability of centrifuging and storage as well as
the zeta potential were performed, as shown in Fig. 7. Fig. 7(a)
shows the C@P-7/CNF dispersion aer storing a different
period of time with solid content of 0.5 mg ml�1 at pH 7.5 and
25 �C. The C@P-7 precipitation in storage for a day proved that
it had poor stability of storage. At the same time, the cen-
trifugate of C@P-7 (without CNF) was transparent which
showed that it has poor centrifugal stability shown in Fig. 7(b).
Moreover, the zeta potential of C@P-7 in water was �21.6 � 0.7
mV. This further indicates the poor colloidal stability of C@P-7
(see in Fig. 7(c)).

When 10 wt% or more CNFs were added, the dispersion
became more stable for storage, and the centrifugate was found
to be black (see in Fig. 7(a and b)), indicates that the CNF has
some sort of special assisted dispersion effect. The C@P-7/CNF
dispersion which content 10 wt% of CNF is precipitation in
storage for two mouth (Fig. 7 bottom), show some deposit in
the bottom of the bottle. As show in Fig. 7(b), it is notice that
some separation takes place aer centrifugation although
Fig. 7 (a) Images for the different C@P-7/CNF suspensions prepared
according to the content in CNFs. Top: after 1 day, middle: after 1
month, bottom: after 2 months; (b) suspensions after centrifugation
for 10 min at 12 000 rpm; (c) their zeta potential results.

10172 | RSC Adv., 2016, 6, 10168–10174
centrifugate was black. For the content 10 wt% of CNFs, the
separation takes place is the most serious. This due to some
part of C@P-7 is aggregation serious, and they lack of CNFs to
disperse it. So, it cannot resist the centrifugal force and
precipitation aer centrifugation. For the content 90 wt% of
CNFs, there is happening some separation. This due to the
precipitation part of CNF/C@P-7 aggregates is too heavy and
hard to disperse. So, it cannot resist the centrifugal force and
precipitated under centrifuging. However, the C@P-7 and CNF
maintained their weight ratio, as the CNF are adsorbed and
entangled with C@P-7, and they precipitated together. This
interaction effect will be discussed below.

Generally, the dividing line between stable and unstable
suspensions is taken at either +30 or�30mV. Particles with zeta
potentials more positive than +30 mV or more negative than
�30 mV are considered stable. For CNC@PANI/CNF nano-
composites, the zeta potentials of the nanocomposites were
below �30 mV (see in Fig. 7(c)), indicating that they have good
colloid stability. And its zeta potential value decreased with the
addition of CNFs. The zeta potential of the all sample with 30
wt% or more CNF is below �40 mV, which shows its long-term
stability (over two months as shown in Fig. 7(a)).

The above FT-IR experiment indicates the form of hydrogen
bond interaction between the PANI and the CNCs. The CNF
have the –OH groups on their surface as same as CNC, the CNF
can form hydrogen bond interaction with PANI also. So, the
CNF can absorb on CNC@PANI nanocomposites. On other
hand, the CNFs have large L/D ratio, and its amorphous regions
between crystalline regions in CNF are mechanically weaker. So,
it is easy to entangle and kinks with CNC@PANI when they
interaction.14 The TEM images of CNC@PANI/CNF nano-
composites are shown in Fig. 8. Without CNFs, as shown in
Fig. 8(a), the CNC@PANI agglomerated together. However, with
the increase of CNFs, the aggregation of CNC@PANI reduced
(see in Fig. 8(b and c)). Fig. 8(b and c) show that the CNFs were
adsorbed on CNC@PANI, and entangled and kinked to form
a net shape. The nanocomposite with the content of 10 wt% of
CNFs, show that the CNC@PANI agglomerated (see in Fig. 8(d)).
It is due to the low content of CNF and cannot disperse
Fig. 8 TEM of CNC@PANI/CNF nanocomposites with the different
content of CNFs: (a) 0, (b) 90, (c) 70, (d) 10 wt%.

This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/C5RA19346J


Fig. 10 The digital photograph of conductive CNC@PANI/CNF/PVA
nanocomposites as conductor to driver a LED. The number is different
mass ratio of CNC@PANI over CNF. (a) Without (b) 81/9, (c) 63/27, (d)
45/45, (e) 27/63, (f) 9/81.
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CNC@PANI enough. To summarize, the CNF can dispersed
CNC@PANI is attributed to the CNF adsorbed on CNC@PANI by
hydrogen bond interaction, and it can entangle and kinks with
CNC@PANI by its exible mechanical properties. Therefore, the
formed electrostatic repulsion and steric hindrance between
CNF/CNC@PANI nano aggregates by –COOH on CNFs, resulting
in the dispersion of CNC@PANI.

3.4. Property of CNC@PANI/CNF/PVA conductively lms

During the experiment, it was discovered that the CNC@PANI/
CNF nanocomposites with high content of CNC@PANI were
extremely brittle, and had poor resistance to tearing, they could
not be peeled easily off of the glass substrate. In order to
improve the mechanical and lm forming properties of
CNC@PANI/CNF nanocomposites, a 10 wt% of PVA was added.
The photographical, mechanical properties and conductively of
CNC@PANI/CNF/PVA nanocomposites lms with different
mass ratio of CNC@PANI over CNF are displayed in Fig. 9. In
these results, it can be seen that the CNF/PVA nanocomposite
lm (is CNC@PANI/CNF ¼ 0/90 in Fig. 9) was transparent and
had good tensile strength (157.2 � 14.3 MPa). As show in
Fig. 9(a–c), the addition of CNC@PANI caused the light trans-
mittance of the lm to become poor, and the tensile strength,
elongation at break and toughness to gradually decrease. The
tensile strength of nanocomposite with CNC@PANI/CNF¼ 81/9
was recorded as 26.7 � 3.8 MPa. It was also relativity brittle,
which can be attributed to the poor interaction between the
CNC@PANI particles. However, the conductivity of the nano-
composites increased with the addition of CNC@PANI. This is
because the conductive path and cross-sectional area of the
conductive portion of nanocomposites increased with the
increase of CNC@PANI. As shown in Fig. 10, the digital
photograph of conductive CNC@PANI/CNF/PVA nano-
composites as conductor to driver a LED show the conductivity
Fig. 9 Result of CNC@PANI/CNF/PVA nanocomposites with different
mass ratio of CNC@PANI over CNF: (a) digital photograph, (b) stress–
strain curve, (c) tensile strength and toughness, (d) conductivity.

This journal is © The Royal Society of Chemistry 2016
of lms decrease with reduce the content of CNC@PANI. To
summarize, it was indicate that we can control the tensile
strength, toughness and conductivity of the nanocomposites by
adjusting the proportion of CNC@PANI and CNF. The
conductive lms are promising applied electromagnetic
shielding, exible supercapacitor, etc.
4. Conclusions

In this study, the CNC@PANI was prepared under controlled
reaction conditions. It was then dispersed and stabilized into an
aqueous solution by using CNFs as a dispersant. The dispersion
mechanism of CNFs is due to the formation of hydrogen bond
interactions with CNC@PANI, resulting in CNFs adsorption on
CNC@PANI. On the other hand, CNF can entangle and kinks
with CNC@PANI. Then, they form an electrostatic repulsion
and steric hindrance, which resulted in the dispersion of
CNC@PANI. This indicates that CNFs are an efficient and
environmentally-friendly dispersant. More importantly, the
CNCs@PANI dispersion was cast to obtain the conductive lm,
which possess excellent electrical conductivity of 104.7 S m�1.
The ndings of this study support the idea that CNFs can be
applied to increase the stability of nanomaterials.
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