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eBeijing Engineering Research Center of C

Materials Science and Engineering, Beij

Zhongguancun Street, Haidian District, Beij

† Electronic supplementary informa
10.1039/d0ta04406g

Cite this: J. Mater. Chem. A, 2020, 8,
17608

Received 26th April 2020
Accepted 22nd July 2020

DOI: 10.1039/d0ta04406g

rsc.li/materials-a

17608 | J. Mater. Chem. A, 2020, 8,
ment effects in 2D cellulose
nanofibril–graphene oxide (CNF–GO)
nanocomposites due to GO-induced CNF ordering†

Hanieh Mianehrow, a Giada Lo Re, ab Federico Carosio, c Alberto Fina, c

Per Tomas Larsson,ad Pan Chen ae and Lars A. Berglund *a

Nanocomposites from native cellulose with low 2D nanoplatelet content are of interest as sustainable

materials combining functional and structural performance. Cellulose nanofibril–graphene oxide (CNF–

GO) nanocomposite films are prepared by a physical mixing–drying method, with a focus on low GO

content, the use of very large GO platelets (2–45 mm) and nanostructural characterization using

synchrotron X-ray source for WAXS and SAXS. These nanocomposites can be used as transparent

coatings, strong films or membranes, as gas barriers or in laminated form. CNF nanofibrils with random

in-plane orientation, form a continuous non-porous matrix with GO platelets oriented in-plane. GO

reinforcement mechanisms in CNF are investigated, and relationships between nanostructure and

suspension rheology, mechanical properties, optical transmittance and oxygen barrier properties are

investigated as a function of GO content. A much higher modulus reinforcement efficiency is observed

than in previous polymer–GO studies. The absolute values for modulus and ultimate strength are as high

as 17 GPa and 250 MPa at a GO content as small as 0.07 vol%. The remarkable reinforcement efficiency

is due to improved organization of the CNF matrix; and this GO-induced mechanism is of general

interest for nanostructural tailoring of CNF-2D nanoplatelet composites.
Introduction

Polymer nanocomposites based on graphene1–3 or other two-
dimensional platelets4 are of great interest, since they can
combine load-bearing structural aspects with functionalities
required in energy storage,5–8 sensors,9,10 photovoltaics,11,12

organic electronics,13,14 biomedical devices15,16 etc., but also in
membranes,17,18 lms19,20 and coatings.21,22 The polymer matrix
facilitates processing and shaping; it imparts complex combi-
nations of exibility, modulus, strength and toughness, and can
provide improved chemical stability and gas barrier proper-
ties.23–25 In order to realize the in-plane mechanical property
potential of coatings and lms, nanoplatelets need to be
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oriented in-plane and well dispersed in the matrix. The need for
sustainable materials26 adds another criterion to the already
challenging design considerations for 2D nanocomposites.

Cellulose nanobrils (CNF) are sustainable alternatives to
other polymers27,28 and can form a continuous nanocomposite
matrix, e.g. with clay nanoplatelet reinforcements.29,30 Wood
from forests in Sweden is sustainable in the sense that the
annual harvest is lower than the annual growth.31 Furthermore,
the delignied wood cellulose bers are classied as sustain-
able, since modern processes generate more energy than
needed for chemical wood cellulose ber production.32 Oxidized
CNF33 or native CNF rich in hemicellulose34,35 require very little
energy for mechanical disintegration from wood cellulose
bers, and the latter CNF-type can be disintegrated without any
extra chemical treatment.

In terms of polymer matrix properties, CNF oriented
randomly in-plane can offer higher Young's modulus than other
polymers (E ¼ 15–20 GPa (ref. 36) is possible, compared with E
¼ 3–4 GPa for isotropic glassy polymers), and improved stress
transfer to 2D platelets so that the tensile strength of the
nanocomposite is improved. Typical wood CNF bril diameters
are 4–10 nm, and lengths 0.7–2 mm. The effective axial modulus
of the CNF bril is at least 90 GPa,37 the strength is 1.6–3 GPa.38

CNF brils can be colloidally stable,39 and random in-plane
oriented CNF lms of 10–100 mm can be readily prepared by
ltering and drying in a paper-like process.29 Aer drying, the
This journal is © The Royal Society of Chemistry 2020
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CNF–CNF bril interaction is very strong due to the mecha-
nisms responsible for paper properties.40 An important appli-
cation of CNF lms, is as strong gas barrier layers and coatings
replacing synthetic polymers,41 and the present CNF nano-
composites could improve the performance of lms used in
these applications.

CNF hydrocolloids can be readily mixed with e.g. 2D clay
platelets29,30 or graphene oxide;42 so that upon drying, polymer
nanocomposites are formed with nanoplatelets dispersed in
a CNF matrix. The interest in polymer nanocomposite from 2D
sheets or platelets such as clay,43 graphene/graphene oxide,1

MXene,44 boron nitride45 and dichalcogenides such as molyb-
denum disulde46 is the unique combination of stiffness and
strength with specic functionalities. The term platelet is
preferred to “sheet”, since theoretical models for mechanical
properties use “platelet”.47 In lms or coatings, it is essential to
have platelet orientation parallel to the surface, since this
improves in-plane mechanical,48,49 thermal,50,51 electrical48,52

and gas barrier53–55 (out-of-plane) properties. Although layer-by-
layer assembly techniques (LBL) can be used to make strong
polymer–clay platelet nanocomposite lms,56 processing is slow
and a lm-thickness of 4.9 mm may require 200 double layers
(deposition cycles).

In previous LbL-studies, CNF is combined with reduced GO
(RGO), requiring up to 40 deposition cycles.57 Films showed
high anisotropic thermal conductivity, but tensile strength was
only 107 MPa. Liu et al.58 made bilayer membranes based on GO
and CNF for dye removal from water. The Young's modulus was
limited to 4.1 GPa at 4 wt% GO. Ren et al.59 combined LBL and
hot pressing to make CNF–GO nanocomposites for low oxygen
permeability. By adding 5 wt% GO, they reported a modulus
limited to 4.6 GPa. In the present study, a faster ltration
approach resembling paper-making is preferred as a processing
method, and the lm thickness can reach 60 mm.29 It is critical
to be able to control preparation conditions and nanostructural
details, since measured nanocomposite properties are typically
lower than theoretical predictions.

The present study is focused on sustainable, stiff and strong
nanocomposites based on graphene oxide. So far, there are very
few experimental studies where polymeric-GO composites really
show high absolute values for modulus and strength,60 although
the theoretical reinforcement efficiency is high. The Young's
modulus is estimated to be 200–250 GPa.1 GO shows hydro-
colloidal stability,61 and the functional groups on the GO
surface can contribute to improved interface interactions.
Polymer nanocomposites can have excellent gas barrier prop-
erties62 due to the GO platelet geometry. Applications include
packaging,63 humidity sensors,64 coatings for corrosion protec-
tion,65 materials for metal ion adsorption66 and water
purication.58,67

2D platelets in the form of montmorillonite clay (MTM)
were rst combined with CNF as a matrix in two studies,29,30

with focus on high MTM content. A detailed study of nano-
structural effects (orientation, platelet aggregation, nano-
porosity) on mechanical properties in CNF–MTM was recently
published.68 Boron nitride platelets were also combined with
CNF, to enhance thermal conductivity.50,69,70 For
This journal is © The Royal Society of Chemistry 2020
nanocomposites based on cellulosic polymers and GO, the
data for mechanical properties are oen low, and much lower
than theoretical predictions from composite micro-
mechanics. This is true for solvent cast methyl cellulose–GO71

and dissolved and regenerated cellulose–GO.62,72 In a recent
study on bacterial cellulose nanobrils/GO, the mechanical
property goal was to create a nanocomposite supercapacitor,
which could be deformed to small radius of curvature without
fracture.73

Young's modulus correlates strongly with structural details
of a nanocomposite, and is well suited for structure–property
studies. It is measured at small deformation, and there are no
irreversible changes to the nanostructure, such as plastic
yielding or microcracking. High modulus nanocomposites
related to CNF–GO are typically either based on chemically
reduced GO (RGO) or graphene. Yang et al.74 used fairly high
RGO contents in CNF–RGO (5–50 wt%), since they investi-
gated electromagnetic shielding and thermal conductivity
effects. The reported modulus was below 10 GPa. Luong
et al.42 reported fairly low modulus (6.4 GPa) at an RGO
content of 0.3 wt% in surface-modied CNF, but the strength
was improved by RGO. Electrical conductivity was also high
due to the graphene-like RGO structure. Laaksonen et al.75

investigated sophisticated interface effects in CNF–graphene.
The reinforcement efficiency was high and the highest re-
ported modulus was 20 GPa at 1.25 wt% graphene. Note that
graphene is expected to have much higher modulus (1 TPa
(ref. 76)) than GO. Dang et al.77 At 1 wt% reinforcement, the
CNF/GO showed a modulus of E ¼ 4.5 GPa and for graphene-
like CNF–RGO data showed E ¼ 9.4 GPa. Variations in re-
ported literature data are discussed in the ESI.† The low
mechanical properties reported in many studies, must be due
to poor organization of the CNF phase, since the present neat
CNF lm has a modulus of 13.5 GPa and an ultimate strength
of 210 MPa. Factors such as strong in-plane CNF orientation
and reduced void content may have been neglected in
a substantial number of previous studies. In the present CNF–
GO study of nanocomposite lms, focus is on low GO content
and the use of very large GO platelets (2–45 mm), combined
with nanostructural characterization using a synchrotron X-
ray source for WAXS and SAXS studies. The objective is to
better understand GO reinforcement mechanisms in CNF,
and to clarify relationships between nanostructure and
suspension rheology, mechanical properties, optical trans-
mittance and gas barrier properties. One motivation is that
nanocomposites based on polymers and 2D platelets still
show properties much inferior to theoretical predictions,
possibly because of problems associated with nanostructural
control. We report a much higher modulus reinforcement
effect than in any other previous CNF–GO or CNF–graphene
study. The absolute values for modulus and ultimate strength
are as high as 17.3 GPa and 250 MPa at a GO content as small
as 0.07 vol%. The remarkable reinforcement efficiency is due
to a mechanism not previously discussed or explored, and this
opens possibilities for nanostructural tailoring and an
increased property range for CNF–GO, and other CNF-2D
nanoplatelet materials.
J. Mater. Chem. A, 2020, 8, 17608–17620 | 17609
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Results and discussion
Characterization of GO platelets

Large GO platelets should provide efficient reinforcement for
in-plane oriented polymer or CNF matrix composites, due to
the high aspect ratio.78 During tensile deformation, stress is
transferred from the matrix to the platelet. For well-
distributed platelets, high aspect ratio then means that the
reinforcement effect should approach the effect from contin-
uous ribbons of innite length. For this reason, large GO
platelets are synthesized, based on a large initial graphite ake
grade and avoiding sonication. The detailed AFM images and
lateral size distribution of GO platelets are presented in
Fig. S1.† A wrinkled surface structure is observed, which is
typical for solution-processed GO.79 The lateral size of
synthesized GO platelets is mainly in the range 2–45 mm,
although some are smaller than 2 mm (Fig. S1c†). Smaller size
platelets are formed by GO cracking during the oxidation
process.80 The thickness of GO platelets was measured by AFM,
and the large majority showed a sheet height of 1.2 nm. This
indicates that a large majority of GO platelets are mono-
layers.81,82 The high aspect ratio is promising with respect to
expected reinforcement effects. Size distribution data and
height proles were collected from different samples to ensure
they are representative for the whole system.

Raman spectroscopy (Fig. S2†) of GO shows the typical extent
of defects expected for oxidized graphene.83,84 The degree of
oxidation is important, and the carbon to oxygen ratio was 2.27
(Fig. S3†), as determined by XPS. IR spectroscopy (Fig. S4 and
Table S1†) conrm the presence of oxygen functionalities such
as carboxyl, hydroxyl and carbonyl groups resulting from the GO
preparation process.85 Thermal gravimetry data are presented in
Fig. S5.†
Colloidal stability

Both TEMPO–CNF and GO are negatively charged, due to the
presence of carboxyl groups. The present TEMPO–CNF is from
wood and shows a diameter of 2–4 nm and lengths of 0.2–1 mm
(Fig. S6†), with a total charge density as high as 1600 meq g�1.
Consequently, electrostatic repulsion occurs between CNF and
GO and results in a stable CNF and GO suspension mixture in
water (Fig. S7†). This is critical in order to successfully prepare
nanocomposites with well-dispersed GO platelets.

The Beer–Lambert law for optical transmittance of non-
scattering material can be used to further investigate the
dispersion state and stability of the colloidal suspensions. If
increased concentration does not lead to sedimentation or
nanoparticle aggregation, a linear relationship is expected
between the concentration of the suspension and its UV-VIS
absorption.86,87 GO shows a peak at 235 nm in UV-VIS, there-
fore it is possible to track its aggregation using UV-VIS spec-
troscopy. A suspension of CNF–GO (50 : 50), was diluted and GO
absorption at 235 nm was recorded at different concentrations.
Fig. 1b shows that the suspension of CNF–GO follows the pre-
dicted linear Beer–Lambert trend (eqn (1) and (2)),88 in support
of well-dispersed GO platelets in the colloid.
17610 | J. Mater. Chem. A, 2020, 8, 17608–17620
A ¼ �log(I/I0) ¼ 3cl (1)

T ¼ I/I0 ¼ e�3cl (2)

where A ¼ absorbance, I0 ¼ intensity of the incident light, I ¼
intensity of transmitted light, T ¼ I/I0 ¼ transmittance, 3 ¼
absorption coefficient, c ¼ concentration of the absorbing
species and l ¼ length of the beam in absorbing medium. Since
the CNF–GO (50 : 50) suspension is colloidally stable, other
suspensions with lower GO contents, used for composite
preparation should be colloidally stable as well.
Optical transmittance

TEMPO oxidized CNF has a diameter of 2–4 nm and corre-
sponding thin nanopaper lms with random-in-the-plane CNF
orientation have been reported to show high optical trans-
mittance and low haze, meaning low fraction of transmitted
light scattered at wide angles.89 Images of the TEMPO–CNF
nanopaper and CNF–GO nanopaper lms are presented in
Fig. 1c. The light absorbance of GO substantially reduces optical
transmittance.90 The quantication of changes in optical
transmittance of CNF–GO with GO content is presented in
Fig. 1d. The addition of 0.07 vol% GO only reduces the optical
transmittance from 94% for neat CNF to 90% (at 550 nm). Since
this amount of added GO is very low, the transmittance is high
and lms may have potential as transparent coatings in pack-
aging.41 The optical transmittance decreases with increased GO
content and is 23% for CNF–GO nanopaper with 2.7 vol% GO
(CNF–GO 2.7). Haze values vary from 4.5% for neat CNF to 6.5%
for CNF–GO 2.7. These data show that GO has very little inu-
ence on the light scattering of nanocomposite lms. The optical
transmittance of CNF–GO lms at 550 nm decreases exponen-
tially with higher GO content by adding more GO (Fig. S8†)
which is in agreement with the Beer–Lambert model (eqn (2)).
The absorption coefficient (3) of CNF–GO lms is calculated to
be 160 cm�1 by tting the model to experimental data (Fig. S8†).
Since the absorption coefficient is known, the optical trans-
mittance of CNF–GO lms at other GO contents can be
predicted.
Rheology of CNF–GO gels

The degree of GO dispersion in high concentration colloidal
CNF–GO gels is used to estimate “miscibility” of CNF and GO.
Aggregation in the colloidal state is detrimental to mechanical
reinforcement effects and optical transmittance in solid nano-
composite lms, since aggregates will persist during solidi-
cation and reduce the nanoparticle dispersion state. The
rheological shear behavior was therefore investigated for CNF
and CNF–GO gels. The nanoparticle concentration was constant
in the hydrocolloidal gels (0.6 wt% solid), and the relative CNF–
GO composition of solid phase was the same as in as-prepared
CNF–GO nanopaper lms (0, 0.07, 0.3, 0.7, 1.3 and 2.7 vol% of
GO).

In Fig. 2, all CNF–GO suspensions show higher complex
viscosity than neat CNF (Fig. 2a). GO addition strongly increases
complex viscosity and storage modulus for CNF–GO gels at
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Sketch of CNF–GO nanopaper preparation (a). UV-VIS spectra of CNF–GO suspension at different concentrations (inset: absorbance of
the suspension at 235 nm as a function of concentration) (b). Digital images of CNF–GO nanopaper films of about 14 mm thickness, with different
GO content (vol%) (c). Optical transmittance as a function of wavelength (measured by integrating sphere) (d).

Fig. 2 Frequency sweep results of complex viscosity during dynamic
experiments (a) and shear storage modulus (b) of CNF and CNF–GO
colloidal gels as a function of GO content. The solid content of the
colloid is the same for all compositions at 0.7 wt%, and the fraction of
GO in the solid is 0.07–1.3 vol%, which is the same composition as in
the CNF–GO films.
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small strain, due to the large aspect ratio of GO platelets.
Interestingly, this effect is the largest at the lowest GO content
(GO ¼ 0. 07 vol%), see Fig. 2, indicating that the dispersion of
GO is much better at lower contents. At higher GO content,
complex viscosity and, in particular, storage modulus are
decreased, due to aggregation of GO platelets. This effect is
more pronounced for storage modulus at higher frequencies
This journal is © The Royal Society of Chemistry 2020
(Fig. 2b). An important reason for aggregation is the very large
aspect ratio of the present GO platelets. For geometrical
reasons, even at low concentration, they cannot be randomly
distributed in space without interacting with each other. As
a clarication, a colloid with well-dispersed particles would
have shown continuous increase in complex viscosity and
storage modulus with particle content.

All CNF–GO gel compositions showed shear-thinning
behavior in terms of complex viscosity, with a similar slope of
u > 0.628 rad s�1 (f > 0.1). This is consistent with the theoreti-
cally expected behavior of rod-like bril suspensions.91,92 The
geometry of the CNF nanobrils and their exibility results in
progressive partial orientation and disentanglement of brils
under shear, so that viscosity decreases with increasing shear
rates (proportional to the frequency f).93 GOmay also contribute
to shear-thinning by reorientation in the ow eld. Based on
rheological results in Fig. 2, CNF–GO 0.07 shows the best
dispersion state of the GO. The effect on storage modulus G0 at
10 Hz is the strongest, and this experiment is thus highly
sensitive to aggregation effects.

Mechanical properties of CNF–GO nanopaper lms

The mechanical properties of the CNF–GO nanopaper are pre-
sented in Fig. 3 and Table 1. An unexpectedly strong rein-
forcement effect from GO addition is observed for mechanical
properties at a GO content of only 0.07 vol% (0.1 wt%). The
stress–strain curve shows strongly increased yield stress at only
0.07 vol% GO and steeper strain hardening beyond the yield
point. The ultimate strength is increased but the increase in
Young's modulus is remarkable, see Fig. 3b. The modulus of
CNF–GO 0.07 reaches a value as high as 17.5 GPa, whereas the
neat CNF reference material has a modulus of 13.5 GPa. The
modulus increase is strongest for the 0.07 vol% GO composi-
tion. When the GO content is increasedmore than 4 times (from
0.07 vol% to 0.3 vol%), the increase in modulus is only from
J. Mater. Chem. A, 2020, 8, 17608–17620 | 17611
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Fig. 3 Representative stress–strain curves of CNF–GO nanopaper films (a) Young's modulus (b) and ultimate strength (c) as a function of GO
content. (d) Shows experimental Young's modulus of CNF–GO films versusGO content. Predictedmodulus data are calculated from eqn (3) (rule
of mixtures) assuming three different and very high values for GOmodulus, the CNF phase is assumed to have amodulus E2¼ 13.5 GPa, based on
the present experimental data for CNF films.
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17.3 to 18.9 GPa. It means the reinforcement efficiency is lower
for the 0.3 vol% composition. At a GO content of 0.3 vol%, the
ultimate strength is lower than for 0.07 vol% GO (Fig. 3c). This
suggests signicant GO aggregation at higher GO content, as
supported by the rheology results. Strain to failure is also
reduced as the GO content is increased.

Previous mechanical property data for comparable nano-
composites are presented in Table 2. The present data with only
0.1 wt% (0.07 vol%) of GO represent by far the strongest rein-
forcement effect, since properties are comparable with CNF/
graphene nanocomposites of 1.2 wt% graphene content.75

Since graphene has much higher elastic modulus than GO, it is
possible that graphene aggregation reduces properties in ref.
94. The ultimate strength for the 0.07 vol% composition is
increased from 210 MPa for neat CNF to reach 250 MPa, which
is signicantly higher than for a previous CNF/GO study (1–
10 wt% GO),77 but slightly lower than for CNF/graphene.42,75 The
Table 1 Summary of mechanical properties of CNF–GO films, convers
porous films, see ESI

Sample
Volume fraction
of GO (%) Density (g cm�3)

Young's modulus
(EC) (GPa)

Y
(
(

CNF 0 1.5 � 0.1 13.5 � 0.7
CNF–GO 0.1% 0.07 1.5 � 0.1 17.3 � 0.8 1
CNF–GO 0.5% 0.3 1.5 � 0.1 18.9 � 0.9 1
CNF–GO 1% 0.7 1.6 � 0.1 19.7 � 0.9 1
CNF–GO 2% 1.3 1.6 � 0.1 21.0 � 1.0 1
CNF–GO 4% 2.7 1.6 � 0.1 21.5 � 1.0 1

17612 | J. Mater. Chem. A, 2020, 8, 17608–17620
best strength values for CNF/graphene are reported in ref. 94.
The present observation of strong reinforcement effects at very
low GO content requires further analysis, in particular with
respect to the mechanism behind the strongly enhanced
Young's modulus. It is apparent that a large majority of previous
studies have not paid sufficient attention to the structural
organization of the CNF matrix, so that modulus data for
nanocomposites are even below 10 GPa, see Table 2. The table is
discussed in detail in the ESI.†

In order to clarify the CNF–GO Young's modulus reinforce-
ment mechanism, the rule of mixtures (eqn (3)) for in-plane
oriented platelets of high aspect ratio in continuous matrix is
used47 and compared with data in Table 1.

EC ¼ E1V1 þ E2V2 þ V1V2E1E2ðn1 � n2Þ2
E1V1ð1� n12Þ þ E2V2ð1� n22Þ (3)
ion from weight fraction to volume fraction is made assuming non-

ield strength
sy)
MPa) Ultimate strength ðs*CÞ (MPa) Strain to failure ð3*CÞ (%)

93.3 � 5.2 210.1 � 10.5 5.2 � 0.3
27.8 � 4.7 250.3 � 12.5 4.8 � 0.2
41.8 � 4.5 243.5 � 12.1 3.3 � 0.2
52.5 � 3.7 218.6 � 10.9 2.3 � 0.1
69.8 � 2.0 185.1 � 9.2 1.6 � 0.1
65.8 � 2.3 176.9 � 8.8 1.3 � 0.1

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison between the mechanical properties of the present CNF–GO nanocomposite and literature dataa

Sample
Platelet
content (wt%)

Matrix Composite

Preparation
method Year

Young's
modulus (GPa)

Ultimate strength
(MPa)

Young's
modulus (GPa)

Ultimate
strength
(MPa)

CNF–GNS–P 1.25 �9.0 �110 20.2 278 Vacuum ltration 2011 (ref. 75)
0.5 18.0 220

ACNF–RGO 0.3 5.4 202 6.4 232 Vacuum ltration 2011 (ref. 42)
1 7.1 232
5 7.1 273

CNF–GNS 0.62 11.2 �290 12.0 260 Vacuum ltration 2012 (ref. 94)
1.25 16.9 351

CNF–RGO 153 — 136 LBL (20 bilayers) 2013 (ref. 95)
CNF–GO 4.4 3.8 92.9 4.6 140.9 Vacuum ltration 2015 (ref. 96)

8.45 4.8 73.3
CNF-GO 1 5.3 172 4.5 201 Vacuum ltration 2015 (ref. 77)
CNF-RGO 1 9.4 192
CNF–NGO 3 1.5 59.8 2.9 81.5 Solvent casting 2016 (ref. 97)
TCNF–NGO 3 3.4 88
CNF–RGO–
PCDO

95 — 200 — 314.6 Solvent casting 2016 (ref. 98)

CNF–RGO 30 — 117 — 90 Vacuum ltration 2016 (ref. 99)
TCNF–RGO 20 6.3 189.4 7.04 98.1 Vacuum ltration 2017 (ref. 74)

50 7.7 67.7
CNF–RGO 10 — 142 — 107.0 LBL (40 bilayers) 2017 (ref. 57)
CNF–GNS 30 6.04 181.3 7.4 140.3 Vacuum ltration 2017 (ref. 100)
CNF–GNS 10 5.9 94.52 6.2 116.8 Vacuum ltration 2017 (ref. 101)
CNF–GO 5 0.08 29.1 4.5 62.3 LBL (10 bilayers) 2019 (ref. 59)
TCNF–GO 4 �3.0 50.2 4.1 80.0 LBL (a bilayer) 2019 (ref. 58)
CNF–GNS 10 — 81.9 — 89.9 Vacuum ltration 2020 (ref. 102)
CNF–GNS–PDA 102.8
Present study 0.1 13.5 210 17.3 250.3 Vacuum ltration

a GNS ¼ graphene nanosheets, P ¼ a genetically modied protein, ACNF ¼ amine-modied CNF, NGO ¼ ammonia-functionalized GO, PCDO ¼
10,12-pentacosadiyn1-ol (cross-linking agent), PDA ¼ polydopamine.
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E1 and E2 are dened as Young's modulus of CNF and GO
respectively, V1 and V2 are their volume fractions and n1 and n2

are Poisson's ratio of each of them. By consideration of litera-
ture data for Poisson's ratio for CNF103 and for GO,104 the last
term of eqn (3) becomes negligible.

Comparison between EC values predicted based on Young's
modulus of CNF network (13.5 GPa) and several values for
Young's modulus of GO are presented in Fig. 3d. Three different
values are used for the modulus of GO (200, 400 and 700 GPa)
based on data in the literature.105–107 Predicted EC is much lower
than experimental data for the three lowest weight fractions of
GO. Even when EGO is assumed to be 700 GPa, the experimental
data are much higher than predictions. Since the model is
based on an assumption of perfect adhesion between the rein-
forcing platelet and the CNF “matrix”, interfacial adhesion
effects cannot explain the strong reinforcement results in
Fig. 3d for the lowest GO content.

One hypothesis is that in CNF–GO nanocomposites, the
effective Young's modulus of the CNF matrix is higher than the
measured 13.5 GPa due to lower stress relaxation effects from
the presence of GO platelets. During a quasi-static tensile test of
the present materials, there may be stress-relaxation effects
which reduce the short-term Young's modulus. Stress relaxation
This journal is © The Royal Society of Chemistry 2020
tests were therefore performed and CNF nanopaper data are
presented in Fig. S9.† The time scale to obtain small strain
modulus data is less than 10 seconds, and during that time the
data for neat CNF nanopaper in Fig. S9† show that stress
relaxation effects are negligible and cannot explain the rein-
forcement effect in Fig. 3. In order to exclude this possibility,
stress relaxation was also characterized for the CNF–GO
composites, and effects are very weak, see Fig. S9.†

Counter ions can have strong effect on stress–strain curves of
CNF nanopaper.108 To investigate if the counter ions in the
initial suspension of GO could explain the strong reinforcement
effect, XPS of GO was performed (Fig. S3†). Results showed that
the amount of residual counterions in the GO suspension, aer
washing, was very small. Effects from variations in the amount
of counterions are therefore expected to be negligible.

The remaining hypothesis is that ordering of the CNF matrix
is improved by the presence of GO platelets. The effective matrix
modulus in Fig. 3b is then improved in the composite,
compared with the modulus for the neat CNF nanopaper. In the
famous study by Toyota researchers,109 PA6–nanoclay compos-
ites were prepared by injection molding. The mechanical
property improvement compared with neat PA6 was dramatic.
One important reason was that PA6 properties were better in the
J. Mater. Chem. A, 2020, 8, 17608–17620 | 17613
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composite than in neat PA6, because of strong PA6 molecular
orientation effect and higher crystallinity. Similar matrix effects
have been discussed for polylactide–cellulose110 nano-
composites, and cellulose triacetate–cellulose
nanocomposites.111

Zhao et al.112 reported that casting and slow solidication of
CNF nanopaper lms resulted in much better mechanical
properties than for ltered nanopapers. The reason was that
slow nanopaper formation promoted nematically ordered
domains of CNF brils. Based on this observation, the strong
reinforcement effect in CNF–GO nanopaper might be related to
higher degree of ordering in the CNF network in the presence of
GO. To investigate this hypothesis, morphological analysis was
carried out followed by small angle scattering measurements to
obtain nanoscale level data on supramolecular ordering.

The cross-sections of neat CNF and CNF–GO 0.07 nanopaper
lms aer tensile tests (fracture surfaces) are presented in
Fig. 4a, b, e and f. Both samples appear homogeneous and no
large GO aggregates are apparent, in support of rheology data.
Smaller aggregates of GO are expected to be thin, and not
observable at the scale of magnication in Fig. 4; and the
problem has been discussed previously.96 The nanostructure of
CNF–GO 0.07, however, shows brous structures on a larger
scale in comparison with neat CNF nanopaper. Fibrillar struc-
tures simply have larger diameter in the CNF–GO 0.07
composition.

Nanostructural changes in CNF–GO nanopaper were inves-
tigated by Small Angle X-ray Scattering (SAXS) and Wide Angle
X-ray Scattering (WAXS) techniques, where the X-ray beam was
parallel or perpendicular to the lm plane. When the beam is
perpendicular to the lm plane (Fig. S10†), no preferred
orientation is observed for the nanopaper and CNFs show
random orientation in the lm plane. For the CNF–GO 0.07
Fig. 4 FE-SEM images of fractured cross-sections of CNF (a and b) after
andWAXS (d) diffraction patterns are presented, where the X-ray beam is p
and f) and corresponding SAXS (g) andWAXS data (h). Note that the plane
e, f.

17614 | J. Mater. Chem. A, 2020, 8, 17608–17620
nanopaper, the intensity is much stronger than for the neat CNF
lm, in the equatorial direction. This is in qualitative support of
a stronger in-plane orientation of CNF in the CNF–GO 0.07
nanopaper.

More details are revealed based on SAXS patterns (Fig. 4c and
g), where a narrow streak is apparent, a consequence of strong
CNF orientation in the direction parallel to the lm surface. The
WAXS gives information about the orientation at the scale of
crystal lattice (length scale up to about 1 nm), whereas SAXS is
probing larger length scales (ranging from a few nm to several
hundred nm depending on the selected q range). The azimuthal
distribution extracted from SAXS and WAXS data (Fig. 5) is used
to quantify the orientation of CNFs in the presence of GO at
different length scales. The degree of orientation (P) and Her-
man's orientation factor (f) are calculated and shown in Table 3
(see ESI† for calculation procedure). Results show that by add-
ing GO to CNF, even as little as 0.07 vol%, the degree of in-plane
orientation of CNF increases strongly from 0.82 to 0. 92 at q ¼
0.6–0.9 nm�1 and from 0.76 to 0.86 at q ¼ 1–2 nm�1 and from
0.79 to 0.82 at q¼ 15–18 nm�1. In the q¼ 15–18 nm�1 range, the
accuracy of orientation data is lowered, since the number of
pixels for WAXS detection is limited. However, a comparison
can be made between CNF lms with and without GO. The data
show that the orientation of CNF phase is increased in the
presence of GO at multiple length scales (from 0.4 to 60 nm).
The effective Young's modulus of the continuous CNF matrix
phase in the composite is then increased compared with neat
CNF lm data. This observation is critical for explanation of the
strong reinforcement effect.

In Fig. 6, SAXS data are plotted for CNF–GO 0.07 and the
references neat CNF and neat GO lms, where the X-ray beam is
perpendicular to the lm plane. In the low q-range (0.1–0.3
nm�1) the CNF sample shows a higher intensity than the CNF–
tensile tests with two different magnifications. Corresponding SAXS (c)
arallel to the film plane. FE-SEM images of CNF–GO0.07 nanopaper (e
parallel to the surface is parallel to diagonal direction of the films in a, b,

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Azimuthal angle distribution of CNF and CNF–GO 0.07 at three different q ranges. (a) q¼ 0.6–0.9 nm�1, (b) q¼ 1–2 nm�1 and (c) q¼ 15–
18 nm�1.

Fig. 6 Small angle X-ray scattering profiles (intensity (arbitrary units)
versus scattering vector q (q¼ (2p/d))) of CNF, CNF–GO0.07 vol% and
GO nanopaper films, where the X-ray beam is perpendicular to the film
plane.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

4:
06

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
GO 0.07 composite. The interpretation is that this is not an
effect from GO itself since the intensity does not scale with GO
content. Compared with the CNF sample, the CNF–GO 0.07
sample gives a larger intensity over the q-range 0.4 to 0.1 nm�1.
This is interpreted as a larger abundance of electron density
periodicities in the CNF–GO 0.07 sample. This can be due to
increased in-plane ordering, as observed in the scattering
measurements performed with the beam parallel to the lm
plane. At a q-value of 0.1 nm�1 which corresponds to 60 nm in
length scale (d ¼ 2p/q), the intensity gain is about 70% for the
nanocomposite. This correlates with the larger scale brillar
structures observed for CNF–GO 0.07 in Fig. 4e and f. The SAXS
signal from the GO shows a broad shoulder at about 1 nm�1,
corresponding to a d-value of about 6 nm. This can be explained
by multi-layer stacks of GO. No such shoulder is present for the
CNF–GO 0.07 sample, where the GO dispersion state is much
better. The addition of GO to CNF results in formation of larger
CNF entities, and improved in-plane CNF orientation.

In search for the origin of the larger brous structures in
CNF–GO 0.07 nanopaper (see Fig. 4), the colloidal suspension of
CNF–GO was freeze-dried and examined by FE-SEM. This may
provide information on how CNFs and GO platelets were orga-
nized prior to ltration and de-watering. Fig. 7a and b shows
long, thick CNF bundles with diameters as large as 6.9 mm.
Since the TEMPO–CNF diameter is only 2–4 nm, the large GO
surface seems to promote the formation of thick, aligned CNF
bundles, although care needs to be. Exercised in interpretation
of freeze-dried structures.113 GO may promote formation of
Table 3 CNF orientation in neat CNF and CNF–GO 0.07 nanopaper film

Sample
Full width at half
maximum (FWHM)

q ¼ 0.6–0.9 nm�1

Neat CNF 25.2 � 0.1
CNF–GO 0.07 14.2 � 0.2

q ¼ 1–2 nm�1

Neat CNF 43.2 � 0.1
CNF-GO 0.07 24.2 � 0.1

q ¼ 15–18 nm�1

Neat CNF 36.4 � 0.1
CNF–GO 0.07 31.5 � 0.1

This journal is © The Royal Society of Chemistry 2020
thick CNF bundles, present as larger diameter CNF structures in
the CNF–GO 0.07 micrographs in Fig. 4. A schematic sketch of
how such an assembly process may take place is presented in
Fig. 7c. Liquid ow during de-watering of the ltered gel may
also promote local orientation and assembly of CNF brils.

Barrier properties

To further examine effects from GO content and differences in
CNF organization, oxygen barrier properties were evaluated
s at three different q ranges

Degree of orientation
(P)

Herman's orientation
factor (f)

0.82 � 0.01 0.91 � 0.01
0.92 � 0.02 0.93 � 0.01

0.76 � 0.01 0.86 � 0.01
0.86 � 0.01 0.91 � 0.01

0.79 � 0.01 0.89 � 0.01
0.82 � 0.01 0.90 � 0.01

J. Mater. Chem. A, 2020, 8, 17608–17620 | 17615
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Fig. 7 FE-SEM images of freeze-dried CNF–GO 0.07 (a and b) and representation of suggested mechanism for assembly of CNF bundles on GO
surface (c).
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under humid conditions. This is important in packaging
applications, where eco-friendly CNF lms can function as
barrier layers.41 The oxygen barrier properties of CNF lms are
known to be very good under ambient conditions.114 The oxygen
permeability can even be below the detection limit for many
instruments. In environments with a relative humidity signi-
cantly above 50% the situation is different, even for CNF
composites with clay platelets. CNF brils adsorb moisture so
that the lm swells in the thickness direction and oxygen
permeability is increased.30,55 In the present study, oxygen
permeability tests were performed at 90% R.H. Since swelling
and shrinkage due to changes in relative humidity are not
necessarily reversible, the test was repeated using the same
sample. This makes it possible to evaluate practically important
reductions in barrier properties due to swelling and reorgani-
zation of the nanobril network. Table 4 reports the results.

During the rst test, all CNF and nanocomposite lms show
permeability values in the 0.4–0.5 cm3 mm m�2 day�1 atm�1

range. These values are in the same range as data for polylactide
Table 4 Oxygen barrier properties of CNF–GO and pure CNF films at 90
test, the specimens were dried to below 10% RH and then again expose
mental error is �5%

Sample
Permeability rst
test [cm3 mm m�2 day�1 a

CNF 0.43
CNF–GO 0.07 0.40
CNF–GO 0.3 0.47
CNF–GO 0.7 0.40

17616 | J. Mater. Chem. A, 2020, 8, 17608–17620
(PLA) coated by clay/polymer Layer-by-Layer (LbL) lms, or
commercial petroleum-based polymer laminates for gas
barriers (e.g. PET/PVDC/PE).115,116 In Table 4, the oxygen
permeability of the neat CNF lm increased dramatically (14
times) aer drying and re-exposure to 90% RH. The reason is
changes in lm structure, such as increased nanoporosity, so
that lm swelling is increased during the second exposure to
90% RH. One may note that the absolute oxygen permeability
value for the neat CNF lm is about 70% of the value reported in
ref. 112 for a ltered, neat TEMPO CNF lm.

CNF–GO nanocomposite lms show completely different
behavior than neat CNF lms. The original barrier properties
are preserved even aer the second test, which means that GO
has a stabilizing effect on the CNF network. For the higher GO
contents (0.3 and 0.7 vol%) the permeability is even decreased
aer a drying and moisturizing cycle. The ordering of CNF in
the presence of GO, as demonstrated by SAXS analysis and FE-
SEM images, appears to prevent detrimental CNF rearrange-
ment during humidity changes. This stabilization effect is
% RH and room temperature 23 �C. Between the first and the second
d to 90% RH until steady state conditions were obtained. The experi-

tm�1]
Permeability second
test [cm3 mm m�2 day�1 atm�1]

6.5
0.51
0.25
0.27

This journal is © The Royal Society of Chemistry 2020
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important in applications of CNF/GO lms and coatings, where
RH is likely to vary during service. Furthermore, the possibility
to use a single layer bio-based barrier lm with improved
moisture cycling resistance is attractive for replacement of
multi-layer barriers.63

The reported barrier properties are superior to those re-
ported for CNF/clay lms, where exfoliated and oriented silicate
platelets provide favorable barrier properties in humid condi-
tions. The problem with such nanocomposites is that the
oxygen barrier properties are not sufficient at low clay content.
At high clay content, the optical transmittance, toughness, and
strength of the lm can be compromised.30,117 In the present
case, CNF–GO nanocomposites with only 0.07–0.3 vol% of GO
show excellent barrier properties and humidity cycling endur-
ance with preserved or improved mechanical properties. The
GO platelet component in CNF–GO lms shows high rein-
forcement efficiency and also efficiency in maintaining barrier
properties during moisture cycling enhancement. Chemical
crosslinking of CNF brils may further improve moisture
stability,118 but would compromise recycling potential.

Conclusions

Nanostructured biocomposites, based on low content of in-
plane oriented GO platelets of large size (2–40 mm “diameter”)
in a matrix of random-in-plane CNF brils, were investigated.
Despite very low GO content (0.07 vol%), the absolute
mechanical properties were very high as exemplied by E ¼
17 GPa, yield strength 128 MPa and an ultimate strength of
250 MPa. This is much higher than reported for GO composites
with isotropic polymer matrices, and one reason is the favorable
properties of the CNF matrix due to in-plane orientation of stiff
and strong CNF nanobrils. Since the GO content is low, the
CNF/GO nanocomposites also show high optical transmittance.

Interestingly, the modulus of the CNF lm increased from
13.5 to 17.3 GPa by addition of a “homeopathic” amount of only
0.07 vol% GO; this effect cannot be explained by composite
micromechanics theory for platelet reinforcement, since the GO
content is simply too low. The main reason is in-plane CNF
ordering and formation of CNF bundles in the presence of large
size GO platelets. This increases the effective modulus of the
CNF matrix in the composite, compared with the modulus for
the neat CNF lm, which is used in the theoretical prediction.
Not only is the in-plane orientation increased due to the GO
platelets, the GO also promotes the formation of thicker, more
straight and oriented bundles of CNF. This explanation is
supported by several sets of data: FE-SEM, SAXS, and WAXS. In
addition, the GO induced nanostructural ordering of the CNF
matrix contributed to strongly improved oxygen barrier prop-
erties at 90% relative humidity. The detrimental effect of
repeated drying–moisturizing cycles was also strongly reduced
in CNF–GO already at 0.07 vol% of GO, with stronger
improvement at higher GO contents; and this effect is related to
the unique CNF organization and morphology.

The ordering effect on a TEMPO–CNF matrix from large GO
platelets is important since strong effects are obtained at very
small GO content, so that the optical transmittance remains
This journal is © The Royal Society of Chemistry 2020
high. Modulus reinforcement effects are superior to those re-
ported for graphene-like reduced GO (RGO), despite lower GO
platelet modulus, possibly because the present GO is better
dispersed. The processing concept is eco-friendly and compet-
itive with solvent-based or melt processing methods for
petroleum-based polymer systems, since a hydrocolloidal
mixture of CNF and GO is rapidly ltered and dried to form
tough lms. The high optical transmittance means that CNF/
GO can be used as a bio-based transparent coating with excel-
lent mechanical and gas barrier properties.
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