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ABSTRACT: The development of next generation of flexible electronic devices requires new materials to replace the glass as
transparent windows. Here, flexible, transparent, and very strong cross-linked celluloses have been prepared by cross-linking free
cellulose chains with epichlorohydrin (ECH) in its aqueous solution. Atomic force microscopy (AFM), light transmittance,
differential thermogravimetric (DTG) thermal analyses, and tensile tests revealed that the as-prepared films are a thickness of
about 10 μm with highly optical transparency and mechanical strength. The film also showed a low coefficient of thermal
expansion (CTE) of about 6.9 ppm/K, which is superior to that of glass. Then the as-prepared cellulose film was combined with
a dried foam ultrathin film of reduced graphene oxide to prepare a new, flexible, transparent, very strong, and electrically
conductive thin film.
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■ INTRODUCTION

Optically transparent substrates such as glass are widely utilized
in the flat-panel display (FPD) devices.1 However, glass is
fragile, and it is difficult to prepare large or foldable display.
Polymeric materials have been paid much attention for possibly
replacing glass because of their processing and foldable
properties.2,3 However, most of the reported polymers have
large coefficients of thermal expansion (CTE) of about 50−200
ppm/K, while it is only about 9 ppm/K for glass.4 There is
usually thermal damage of functional materials deposited on
them during fabrication or application. Therefore, it is still a
challenging and attractive topic to develop new polymeric
composites with both optical transparency and low CTE.5

Recently, cellulose-based optically transparent materials have
been developed.4,6−11As the major component of plant
biomass, cellulose usually forms nanofibers with diameters of
15−20 nm with a complex hydrogen bonding system. It is well
known that cellulose nanofibers have a CTE of 0.1 ppm/K and
an estimated strength of 2−3 GPa.12,13 Cellulose nanofibers are
virtually free from light scattering, which makes it possible to
prepare optically transparent films or papers.14 Bacterial
cellulose (BC) is the major resource of cellulose that has

been widely used to prepare optically transparent composites
after different modifications.6−8,15 However, cellulose nano-
fibers were used directly in all of the studies, and their
crystalline structures were reserved in the final products, which
make the products anisotropic at the microscale and maybe
harmful for refined display. In addition, it is difficult to prepare
very thin films of cellulose nanofibers in the size of
micrometers, and the decrease in the thickness of the film is
helpful to develop ingenious devices.2 Among the reported
methods, hot-press and polishing are usually required to make
the film compact and more optically transparent, and special
devices are required as reported.4

Recently, some reports have been published on the
preparation of cellulose-based films in the thickness of
millimeters by regeneration or blending with other polymers
for better mechanical properties.16−18 However, less attention
had been paid to the preparation of isotropic thin films of
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cellulose in the thickness of micrometers with highly optical
transparency, high mechanical properties, and low CTE.
Here, we developed a method to prepare isotropic cellulose

thin film with a thickness of about 10 μm with highly optical
transparency, high mechanical properties, hydrophobicity, and
low CTE by cross-linking of the dissolved cellulose with
epichlorohydrin (ECH) in its aqueous solution. The mixture of
aqueous solution of sodium hydroxide and urea was chosen as
the solvent for cellulose in this study.16 Then, the as-prepared
cellulose film was covered by the ultrathin film of graphene
oxide, and after reduction, it should result in a combined
graphene/cellulose thin film, which has the potential to be used
as a transparent and electrically conductive film.

■ EXPERIMENTAL SECTION
Materials. Microcrystalline cellulose powder (Mw = 1.08 × 105 g/

mol by an Ubbelohde viscometer using DMAc/LiCl as solvent) was
purchased from Shanghai Hengxin Chemical Reagent Co. Ltd. Sodium
hydroxide, urea, and epichlorohydrin were all analytical grade, and
trimethylamine was used as a 33% aqueous solution; all purchased
from Sinopharm Chemical Reagent Co. Ltd. Deionized water with a
resistivity of 18 MΩ cm was produced by Milli-Q (Millipore, U.S.A.)
and was used for solution preparation. Graphite powder (natural
briquetting grade, about 100 mesh, 99.9995% (metals basis)) was
purchased from Alfa Aesar. Analytical grade Vitamin C, KMnO4, 98%
H2SO4, 30% H2O2 aqueous solution, and acrylic acid were purchased
from Shanghai Chemical Reagents Company and were used directly
without further purification.
Preparation of Cross-Linked Cellulose Thin Film in Aqueous

Solution. A total of 4.5 g of NaOH, 3.0 g of urea, and 67.5 g of
deionized water were added into a flask, and a mixture was obtained
under stirring. Then, the mixture was pre-cooled at 4 °C for 2h, and
2.25−3.75 g of microcrystalline cellulose was added under stirring. The
as-formed suspension was cooled at −20 °C for 12 h, and then it was
thawed under strong stir at room temperature. At the end, the
homogeneous cellulose solutions with concentration of 3−5 wt %
were obtained.16 Next, 0.4−1.6 mL epichlorohydrin (ECH) was added
into the 25 mL cellulose solutions under stirring to obtain a
homogeneous solution, and then the solution was put into a Petri dish
to form a liquid layer at the bottom. After it was heated at 80 °C for 3
h, a solid film was formed. The film was then washed with 5% acetic
acid aqueous solution and deionized water and was dried at 40 °C in
an oven. A control cellulose film without cross-linking was also
prepared by a similar process. Table 1 is a summary the preparation of
the thin films.

Preparation of Graphene Oxide (GO). GO is prepared from
natural graphite by the well-known Hummers and Offema method.19

The obtained powder was redispersed into water and was treated by
mild ultrasound for 15 min. A homogeneous suspension is collected
after filtering the trace black residues. GO powder was obtained after
freezing and drying of the suspension.
Preparation of Centimeter-Sized Ultrathin Dried Foam Film

of GO. The preparation of centimeter-sized ultrathin dried foam film
of GO was carried out according to our recently reported method.20 In
brief, aqueous solutions of GO in different concentrations (4.0 mg/
mL) were first prepared by dispersing GO in deionized water under
mild ultrasound for 15 min, and then a small quantity of surfactant,

such as CTAB (0.02 mg/mL), was added. Then a ring of Ag wire was
vertically dipped into the solution and gently lifted out. A small
volume of aqueous solution of GO was captured by the template
during the process, and the liquid film was then allowed to dry in air.

Combination of Cellulose and GO Films and the Reduction
for Cellulose/Reduced Graphene Oxide (rGO) Film. A circular
dried GO ultrathin film was transferred onto the surface of an as-
prepared cross-linked cellulose film blown by nitrogen gas, and then it
was reduced by a concentrated ethanol solution of HI (30 v %) for 6 h
at room temperature followed by an ethanol wash; the process was
repeated twice in order to increase the reducing degree.

Characterization. Light transparencies of the films were measured
using an SP-721E UV−vis spectrophotometer (Shanghai Spectrum
Instruments Co. Ltd., China). DTG curves were obtained by a
Shimadzu TGA-50 thermogravimetric instrument, and the temper-
ature range employed is 30−700 °C with a heating rate of 10 °C/min.
The surface structures of the composites were measured using atomic
force microscopy (AFM, Nanoscope III A, DI). AFM images were
captured in the contact mode by a Si3N4 tip (DI). The scan rates were
in between 1.0 and 2.4 Hz. The tensile strength (σB) and elongation at
break (εB) of the composites were measured on a universal tensile
tester (TS7104, Shenzhen SANS Test machine, China) according to
ISO527-3:1995 at a speed of 5.0 mm/min. The specimens were in a
rectangular shape with a dimension of 10 mm × 40 mm. The length
between two grips was set as 10 mm. Each testing was repeated on five
specimens, and the mean values as well as standard deviations were
reported. The CTEs of the cellulose films were measured using a
thermomechanical analyzer (TMA-SS6100, Seiko Instruments). For
the electrical conductivity measurement, the combined cellulose/rGO
film was patterned with 100 nm gold contacts through a shadow mask,
and then the sheet resistance was measured using a semiconductor
parametric analyzer (Keithley 2420, Keithley Instruments Inc.,
Cleveland, OH).21

■ RESULTS AND DISCUSSION

Figure 1 shows the photographs of the as-prepared cellulose
thin films using different concentrations of cellulose aqueous
solution and cross-linker. Cross-linking degrees were controlled
by the content of the cross-linker ECH (Table 1). Clearly, all
three samples show highly optical transparency, and the words
on the paper behind the film can be distinguished clearly. AFM
measurements showed that the as-prepared cross-linked
cellulose films are flat, with roughness (RMS) of 4.70, 3.75,
and 7.25 nm, indicating the homogemeous dispersant of
cellulose chains in the cross-linked network. In addition, it
seems that there exists an optimal ratio of ECH to cellulose for
an homogeneous cross-linking. As a control, a no cross-linked
cellulose film was prepared by regenerating the cellulose in a
acidic aqueous solution. Figure 2 show its typical AFM images
in both height and phase signals. Clearly, the film is more
coarse than that of the cross-linked film, indicating the
recrystallization of cellulose chains is not homogeneous in
large range.
Figure 3 shows the light transparences of the three films. The

values of all the films reaches up to 84.4%, and it is up 90.7%
for Sample C. The microstructures of the films measured by
AFM (Figure 1c,d) also showed that all the films are dense, and
no typical cellulose nanofibers could be observed. It reveals that
cellulose has been well dissolved and cross-linked, which results
in the highly optical transparency. The result also reveals that
the low concentration of cellulose solution favors the high light
transparency.
TGA and DGA curves of the cross-linked cellulose thin film

(Sample B) were shown in Figure 4. As a control, both the
TGA and DHA curves of the regenerated cellulose film
prepared by 5 wt % cellulose solution without cross-linker are

Table 1. Preparation of Cross-Linked and Regenerated
Cellulose Thin Films

samples A B C
regenerated
cellulose film

concentration of cellulose
solution (wt %)

3.0 4.0 5.0 5.0

cross-linker ECHa (mL) 1.6 0.7 0.4 0
aIn 25 mL of cellulose solution.
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also shown. The results reveal that the thermal stability of the
film increases after cross-linking. The decomposition temper-
ature of the cross-linked film is about 345 °C, while it is 304 °C
for the regenerated cellulose film, and the cross-linked cellulose

thin film is much thermal-stable than that of the regenerated
film. The result is positive for its potential application in
electronic devices.
Figure 5 shows the X-ray diffraction profiles of the cellulose,

regenerated cellulose, and cross-linked cellulose thin films. For
cellulose, the pattern exhibits the typical diffraction peaks at
14.8°, 16.2°, 22.7°, and 34.3°, which belong to the crystalline
structure of cellulose I.16 For the regenerated cellulose film, the
XRD pattern demonstrates the two typical diffractions at 2θ =
19.7° and 21.9°, which correspond to the crystalline structure
of cellulose II.16 However, for the cross-linked cellulose thin
film (sample A and B), the intensity of the diffractions are very
weak, indicating damage of the crystalline structure of cellulose
during the dissolving and cross-linking process. But for sample
C, which was prepared with the 5 wt % aqueous solution of
cellulose with 1.6% ECH, the typical diffractions for the
crystalline structure of cellulose II appears again, indicating part
of the cellulose was not cross-linked; they were regenerated
during the film formation.
Figure 6 shows the FT-IR spectra of regenerated cellulose

film and cross-linked cellulose films. In comparison to pure
cellulose, the peaks at about 1230 cm−1 could be attributed to
the vibration of the C−N bond in the cross-linking network,
and the new peak appearing at 2880 cm−1 corresponds to the
CH2N vibration.22 Clearly, the more cross-linker that was used,
the stronger the signal appeared, indicating a high degree of
cross-linking. The degree of cross-linking of sample A is much
higher than that of the other two samples.
Figure 7 shows the typical stress−strain (σ vs ε) curves for

the regenerated and cross-linked cellulose thin films. Compared
with the regenerated cellulose thin film, the tensile strengths at
break of the cross-linked cellulose thin films (samples B and C)
increase hugely, indicating that cross-linking can effectively
change the mechanical strength of the thin film, and the σmax

values increased sharply from 50.6 to 336.1 MPa (sample B)
and 375.6 MPa (sample C). The elongation at break (εB) also

Figure 1. Photographs and AFM images of the cellulose cross-linked thin films prepared by different concentrations of cellulose aqueous solution
and cross-linker ECH. Sample A (a,b) cellulose: 3.0 wt %, ECH: 6.4 v/v %. Sample B (c, d) cellulose: 4.0 wt %, ECH: 2.8 v/v %. Sample C (e,f)
cellulose: 5.0 wt %, ECH: 1.6 v/v %.

Figure 2. Typical AFM height (a) and phase (b) images of no cross-
linked regenerated cellulose film.

Figure 3. Light transparency of the cross-linked cellulose thin films.
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changes slight from 7.14% to 11.55% (sample B) and 15.97%
(sample C). However, for sample A, the tensile strength at
break is smaller than that of the regenerated cellulose thin film,
while it shows a high elongation at break of 89.8%, indicating
that the cross-linked cellulose thin film prepared by the low
concentration of cellulose solution (3 wt %) makes the film
more soft though it has a high degree of cross-linking. The
Young’s modulus of the regenerated and cross-linked cellulose
thin films are also shown as an inset in Figure 7. For the cross-
linked cellulose thin films, the Young’s modulus values are 0.45,
4.9, and 6.6 GPa for sample A, sample B, and sample C,

respectively, while it is 0.77 GPa for the regenerated cellulose
thin film.
The cross-linking of cellulose should make the cellulose

chains interact with each other through the cross-linker to form
a network and restrict the thermal expansion of the cellulose
chains. It has been reported that the CTE of the cellulose
matrix regenerated from its LiCl/DMAc solution is about 14
ppm/K.13 Here, the CTE of sample B is about 6.9 ppm/K, and
the value is superior to that of glass and other reported
polymers. So, it is possible to use the as-prepared film instead of
glass as an optically transparent layer for OLEDs. The as-
prepared film is isotropic. Figure 8 shows its polarized optical
microscopy (POM) image, and no typical texture of the
cellulose crystalline appears, indicating the homogeneous
distribution of cellulose molecules inside the film. However,
the anisotropic phase can be found after the film was elongated
and broken at the edge (Figure 8b), indicating that the cellulose
chains could be rearranged and form the cellulose alignment
driven by external force. The cross-linked cellulose thin film
becomes much hydrophobic than that of the regenerated
cellulose thin film, and the contact angles for sample A, sample
B, sample C, and the regenerated cellulose thin film are 91.3°,
75.5°, 74.4°, and 17.3°, respectively.
Indium tin oxide (ITO) and fluorine tin oxide (FTO) have

been widely applied in optoelectronic devices due to their high
electrical conductivity and transparency. However, some
disadvantages appear, such as the (i) increasing cost and
limited storage of indium on earth, (ii) complicated processing,
(iii) sensitivity to acid and basic environments, (iv) brittle
nature, which limits its application in flexible devices, and (v)
limited transparency in the near-infrared region. Recently, many
efforts have been made to search for new electrode materials to
replace of ITO and FTO with good stability, high electrical
conductivity, and transparency. For example, metal grids,23

metallic nanowires,24 and carbon nanotubes (CNT)25 have
been developed. Recently, Cui et al. reported the preparation of
conductive cellulose film by coating conducting materials
(CNT or ITO) onto the surface of nanocellulose paper.26

However, it is still necessary to find novel materials for the
target.
Graphene is a potential material to replace indium tin oxide

(ITO) or fluorine tin oxide (FTO) due to its remarkabe
electronic properties for transparent electrode materials.27 It
has been reported that the transparency of mechanically
exfoliated graphene is 97.7%, and for graphene synthesized by
chemical vapor deposition, (CVD) it is 97.4%.28,29 New
methods had been developed for the preparation of graphene

Figure 4. (a) TGA and (b) DGA curves of the regenerated and cross-linked (sample B) cellulose thin films.

Figure 5. X-ray diffraction profiles of the cellulose, regenerated
cellulose, and cross-linked cellulose thin films (samples A, B, and C).

Figure 6. FT-IR spectra of cellulose and cross-linked cellulose thin
films (samples A, B, C).
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film with high electrical conductivity and transparency,
especially at a large scale, such as Langmuir−Blodgett (LB),30
vacuum filtration,31 evaporation-induced self-assembly,32 spray
coating,33 spin coating,21 and bubble deposition34 methods.
Recently, we reported a novel and simple method to fabricate
centimeter-sized dried foam thin films of reduced graphene
oxide via drying the relative foam liquid film supported by a
rigid frame following a reduction.20 The maximum transparency
is 75.8%, while the minimum sheet resistance Rs is 920 Ω/m,
indicating that they are the potential materials to replace ITO
or FTO in optoelectrical devices. For flexible devices, the
combination of the rGO ultrathin film with a transparent
polymer support is required, especially for low CTE polymers.
As our previous report, dried foam film of GO can be easily

prepared.20 The as-formed GO ultrathin films can be

transferred to different kinds of substrates, such as flexible
polymers. Here, a circular dried GO ultrathin film was
transferred onto the surface of a cross-linked cellulose film,
and then it was reduced by concentrated HI ethanol solution.
Figure 9a shows the macroscopic image of the sample, which
remains highly transparent (65%), and it makes a potential
ultrathin film for flexible electronics. The electrical conductiv-
ities of the flexible combined cellulose/rGO thin films were
measured by a two-point-probe method and the Rs is 980 Ω/m,
and it still remains to be 1.02 kΩ/m after repeated bending for
100 times, indicating that the bending process exhibits less
effect on its microstructure. Figure 9b shows the SEM sectional
image of the combined thin film, and both the cellulose and
rGO films are incorporated closely. The thickness of the
covered rGO layer is about 14 nm.

■ CONCLUSIONS

In summary, a new method was reported to prepare cross-
linked cellulose thin films with highly optical transparency, high
mechanical strength, hydrophobicity, isotropy, and low CTE.
After it was combined with a dried foam ultrathin film of
graphene oxide following a chemical reduction, a flexible,
transparent, very strong, and electrically conductive cellulose/
rGO thin film was prepared. The as-prepared film is a potential
material for the next generations of electronic devices.

Figure 7. (a) Stress−strain curve of the regenerated and cross-linked cellulose thin films (samples A, B, C) and the Young’s modulus of the thin films
(b).

Figure 8. POM images of cross-linked cellulose film (sample C)
before (a) and after it was stretched and broken (edge).

Figure 9. Photograph (a) and SEM (b) images of the as-formed cross-linked cellulose/rGO combined thin film. Inset shows the thickness of the
covered rGO ultrathin film.
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