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ABSTRACT

Controlling the self-assembly(SA) of cellulose nanocrystals(CNC) and graphene-oxide(GO) sheets at
nanoscale is crucial for exploiting properties of both CNC and GO. The SA mechanism of GO, CNC and
CNC/GO in suspension is evaluated at different concentrations and mixing ratios. SAXS determine the
interparticle distance, interaction and distribution of CNC and GO to resolve the self-assembling mecha-
nism. At lower concentrations, the GO sheets are distributed randomly and separated by a large inter-
sheet distance of 83 nm with poor inter-sheet interaction. As increases the GO concentration, the
inter-sheet repulsion results in a nematic arrangement with the inter-sheet distance decreasing from
83 to 52 nm. Mixing isotropic and nematic phase of CNC with GO at different CNC/GO ratio from 2 to
50 shows transitions from isotropic, to biphasic and nematic state. In isotropic state, at low CNC/GO ratio,
the GO sheets are randomly distributed between the CNC rods which increases the CNC inter-rod dis-
tance from 22 to 51 nm. However, at higher CNC/GO ratios, steric repulsion from the large amount of
CNC forces the GO sheets to align following the direction of CNC nematic assembly. Understanding SA
mechanisms of nanostructures in CNC-GO hybrid will enable to engineer applications for sensor, elec-
tronics and diagnostics.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the recent years, graphene has received a strong and growing
interest for its superior electronic [1,2], thermal [1,2], and mechan-
ical properties [3]. It is being used in various applications of opto-
electronics [4], energy-storage [3], and sensors [5,6]. Graphene
consists of several single layers of hexatomic ring of carbon atoms
and is prepared by mechanical or chemical exfoliation and chemi-
cal vapour deposition. Of these techniques, chemical reduction of
graphene oxide (GO) is one of the most efficient and inexpensive
process to prepare graphene in large quantities [7]. However, dur-
ing the reduction of graphene oxide (GO), the individual graphene
sheets tend to stack and bound by 1 — 1 interactions [8] and weak
van der Waals forces [9]. Thus, it is required to find processes to
inhibit graphene sheets stacking during this critical GO reduction.

To promote the widespread application of graphene and to pro-
duce graphene-based macro materials, the integration of individ-
ual graphene nanosheets into ordered macroscopic materials is
crucial [10,11]. Many types of materials were intercalated between
the GO layers followed by reduction to prevent stacking of gra-
phene nanosheets or prepare stable graphene-based macro materi-
als [12]. This technique leads to graphene hybrids materials in
form of fibres [13], hydrogels [14], foams and films [15]. Among
those, carbon nanotubes (CNT) were used as intercalated layers
of GO and CNT'’s producing hybrid materials as free-standing fibres
and papers sheets [16-18]. Cellulosic nanomaterials, such as cellu-
lose nanocrystals (CNC) and cellulose nanofibers (CNF), were
investigated as spacer between graphene layers or nanosheets to
effectively reduce m-m stacking interactions [19,20]. Hybrid gra-
phene materials prepared with cellulosic nanomaterials demon-
strated superior performance compared to the graphene alone
[19,20].

Graphene oxide has useful functionalities such as hydrophilic-
ity, high surface activity and antifouling properties attributable
to its oxygen-containing groups including epoxy, hydroxyl and car-
boxyl. However, pristine GO membranes suffer from low perme-
ation flux and weak structural stability in the wet state. The
addition of CNC to GO enhances the mechanical strength of the
membranes and its permeation flux [21,22]. The controlled self-
assembly of CNC/GO in a composite induces the advantageous
properties of both CNC and GO. Both CNC and GO display liquid
crystal self-assembly ability in suspension once a threshold con-
centration has been reached; this makes CNC-GO hybrids attrac-
tive for optical and electronics applications. The chemical
reduction of CNC/GO hybrid produces electrically conductive fila-
ments with good mechanical properties [10]. The CNC/GO hybrids
can be engineered into filaments, thin films, membranes, fibres,
foam and gel form. These hybrids of improved properties are used
in different types of functional materials: biohybrid aerogels, smart
composites [47], energy storage as supercapacitor [10,23], water
purification [24], sensors [25] emulsions, and membranes [26].
The functionality and properties of CNC/GO hybrids strongly
depends on the CNC and GO nanosheets interactions and the resul-
tant self-assembly network formation by intra- and inter-
molecular hydrogen bonds. The mechanisms of self-assembly and
the type of interaction between CNC nanorods and GO sheets in
the hybrids are poorly understood; this is in good part due to the
lack of specific structural characterization required to elucidate
those.

This study aimed to determine the interparticle distance, the
interaction and distribution of CNC and GO in the suspension to
resolve the self-assembling mechanism. CNC/GO hybrids were pre-
pared by mixing their constitutive suspensions at different CNC/GO
ratio ranging from 2 to 50. Small angle X-ray scattering (SAXS) was
selected to characterize the suspensions and evaluate the CNC-GO
self-assembly mechanism using the high X-ray flux of the Aus-
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tralian synchrotron. Isotropic and anisotropic scattering is used
to characterize the orientational assembly of CNC and GO at differ-
ent concentrations and ratios. In addition, the averaged SAXS
curves are used to evaluate the morphology, changes in the inter-
particle distance, and interaction between CNC and GO in the
hybrid suspension. With increase in the CNC/GO ratio, a phase dia-
gram showing the transition from isotropic to nematic arrange-
ments is plotted. This new knowledge gained in this study can
help to further expand the applications of CNC/GO hybrids in elec-
tronics, photonic materials and optical devices.

2. Experiments
2.1. Materials

Cellulose nanocrystal (CNC) suspension of 12.6 wt% concentra-
tion was purchased from the University of Maine Process Develop-
ment Centre, USA. The available information of the CNC from the
vendor are: Fiber dimensions: 5-20 nm wide 150-200 nm long,
sulfur content of 1.1 wt%, density: 1.0 g/cm? aqueous gel. The
CNC was diluted in MilliQ water as needed. Milli-Q water has the
conductivity of 0.055 microsiemens/cm. Graphene oxide (GO)
sheets were provided by Prof. Mainak Majumder, Monash Univer-
sity, Australia. GO preparation details were given in [27]. For the
SAXS measurements 1 mm thick quartz capillaries were bought
from the Charles Supper Company, Massachusetts 01,581 USA.

2.2. CNC-GO suspension

Never-dried 12.6 wt% CNC suspension and 1 wt% GO suspension
were diluted to various concentrations by adding the required
amount of water, followed by sonication. To produce suspensions
with various CNC/GO ratios, 12.6 wt% CNC suspension and 0.9 wt
% GO suspension were mixed at the required ratio. The total vol-
ume of suspension increased when the CNC/GO ratio increased.
For example, to prepare a suspension with a CNC/GO ratio of 24,
3.58 g of GO suspension and 6.13 g of CNC suspension were mixed.
For all ratios of CNC/GO, the total volume of suspension was
ensured to be lower than 10 mL. A similar precaution was taken
while diluting the CNC and GO suspensions. Depending upon its
volume, the suspension (either CNC, GO or CNC/ GO) is sonicated
in either a 5 mL or 10 mL glass vial. Sonication is performed with
a titanium probe (Sonics Vibra-cell High-Intensity Ultrasonic Pro-
cessor, VCX 500-VCX 750) immersed in the suspension under the
following conditions: 3 sec- on and 3 sec- off for an interval of
3 min, with a total energy input of 4750 ] regardless of the sample
concentration. Ultrasonication was carried out at a minimum
energy level of 500 k]/g.L; it is higher than the optimal energy level
of 200 kJ/g.L recommended by Girard et al [46]. For example, for
the suspension having a CNC/GO ratio of 24, a total 9.71 g of CNC
and GO suspension was sonicated for 3 min with an energy input
of 4750 ]. Standard sonication energy was estimated to be
633 kJ/g.L. For the SAXS measurements, the CNC, GO, and CNC-
GO suspensions were filled in 1 mm thick quartz capillaries. The
prepared capillaries were mounted for SAXS measurements within
one hour after sonication. The complete SAXS measurements took
about 30 min. Precautions were taken to measure quickly, as the
rheology of a CNC suspension - changes drastically with time, espe-
cially after one day.

2.3. Small angle X-ray scattering (SAXS)

SAXS measurements of the composite liquid suspension were
performed at the SAXS/WAXS beamline of the Australian Syn-
chrotron, Australia [28]. SAXS measurements were made at an
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energy of 12 keV (A = 1.033 A) at 2 sample to detector distances
(7 m and 1 m) covering the q range between q = 0.001 and
0.2 A~'. The scattered X-rays from the sample were collected using
a PILATUS 1 M detector (pixel size 172 pm x 172 pm). Silver
behenate was used to calibrate the q scale. Scattering curves were
normalized to an absolute scattering cross section by the pre-
calibrated scattering curve of the glassy carbon. Final scattering
curves were extracted after the data reduction and radial averaging
was done using the beamline specific ScatterBrain software.

2.4. Atomic force microscopy (AFM)

Atomic force microscopy (AFM, JPK Nanowizard 3) was used in
alternating contact, AC mode to obtain images of CNC morphology
and particle size. CNC suspension drop was casted, and air died on
glass slide.

3. Results

Individual and combined aqueous suspensions of cellulose
nanocrystals (CNC) and graphene oxide (GO) were prepared at dif-
ferent concentrations and compositions. Both CNC and GO show
isotropic to nematic structural arrangements depending on their
concentration in the aqueous suspension [26]. Small angle X-ray
scattering (SAXS) experiments were performed to determine the
self-assembly and interactions of GO and CNC in the hybrid sus-
pensions. SAXS is a powerful non-destructive analytic method cap-
able of determining the nanostructures’ shape, size, distribution,
interactions, as well as providing information on the assembly

GO 0.2 wt%

GO 0.7 wt%
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mechanisms at the 1-100 nm length scale [29-32]. The 2D SAXS
detector images of the GO aqueous suspensions at GO concentra-
tions of 0.2 wt%, 0.7 wt% and 1.0 wt% are shown in the Fig. 1A.
The lower GO concentration (0.2 wt%) sample shows isotropic scat-
tering indicating random distribution of GO sheets in the suspen-
sion. Increasing GO concentration to 1.0 wt% results in an
anisotropic scattering, revealing the GO sheets to be arranged
and oriented in a particular direction.

Further description of the GO sheets self-assembly was
achieved by radial averaging of the SAXS images (Fig. 1B). The SAXS
curve intensity is plotted as a function of scattering vector q (A~1).
The scattering vector q is related to the scattering angle 6 and the
incident X-ray wavelength (1) by:

q = 4mnsin(0)/x (1)

The SAXS curve for the GO lower concentrations (0.1 wt% and
0.2 wt%) follows the power-law I(q) = cq ™ slope at the lower q val-
ues (q < 0.005 A~!) without any evidence of correlation peak. The
slope value of o = 2 reveals the scattering originates from a ran-
domly oriented GO sheet.

The SAXS curve for the higher concentration of GO (0.6 wt%)
shows a correlation peak at q = 0.0075 A~', indicating the self-
assembly of GO sheets in a nematic order [33]. With the further
increase in GO concentration, the correlation peak becomes shar-
per and moves towards higher q values. For the suspension at
the highest GO concentration of 1.0 wt%, the correlation peak shifts
to the higher value of q = 0.012 A~'. The clarity in the correlation
peak is visualised in the Kratky plot of the SAXS curves (I.g? vs q)
(Fig. 1C). Higher scattering intensity indicates an increase in the
volume fraction as increases the GO concentration. The sharpness
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Fig. 1. (A) SAXS scattering images of showing the different phases of graphene oxide (GO) suspensions at concentrations of 0.2 wt% (isotropic), 0.7 wt% (isotropic) and 1 wt%
(anisotropic). (B) Radial averaged SAXS intensity-q curves for GO suspensions at different concentrations ranging from 0.1 wt% up to 1 wt%. GO concentration versus inter

sheet distance in nanometres (inset). (C) Kratky plot of the SAXS curves.
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of the peak reveals a better ordering or self-assembly of the GO
sheets.

The shift of q value towards higher values indicates a decrease
in the interplanar (sheets) distance. The interplanar distance
between GO sheets is evaluated from the correlation peak position
q* by the relation:

d=2mn/q" (2)

where ‘d’ is the inter sheet distance. The evaluated ‘d’ value for the
GO concentration of 0.6 wt% is 83 + 2 nm, decreasing to 52 + 1 nm
upon increasing the GO concentration to 1 wt%. The plot of inter
sheet distance as a function of GO concentration between 0.6 and
1 wt% shows a linear relationship (Fig. 2B inset). The results indicate
that with an increase in GO concentration, the GO sheets come close
to each other in ordered nematic self-assembly.

Structure morphology and self-assembly of CNC rods in the sus-
pension is studied by SAXS and atomic force microscopy (AFM) of
the suspension air dried on a glass surface. The SAXS image of the
CNC 12 wt% suspension shows partially anisotropic scattering due
to the chiral nematic structure (inset Fig. 2A). The radial averaged
SAXS curve shows a strong correlation peak at g*= 0.028 A~! which
reveals an interrod distance of 23 + 2 nm (Fig. 2A). A CNC suspen-
sion at a lower concentration of 3 wt% shows a weak correlation
peak at the lower q value of q*=0.008 A, as shown in the SAXS
Kratky plot comparison in Fig. 2B. The correlation peak corre-
sponds to a larger inter rod distance of 70 + 2 nm. The SAXS curve
fits well with a long cylinder model (rod) of length 150 + 5 nm and
diameter of 6 + 2 nm. The rod radius distribution is shown in the
inset of the Fig. 2B which reveals an average diameter of 6 nm.
The AFM visualise the rod like morphology of the CNC with thick-
ness ranges up to 10 nm (Fig. 2C). The parameters obtained from
the AFM are in consistent with the SAXS data analysis.

The CNC-GO hybrid suspensions were prepared by mixing CNC
rods and GO sheets at different CNC/GO ratios ranging from 2 to 50.
The SAXS experiments show isotropic scattering for the CNC/GO
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ratio of 2 to 5 (Fig. 3A). Increasing the CNC/GO ratio up to 14 shows
transformation from isotropic to partially anisotropic scattering
(Fig. 3A). Fig. 3B shows SAXS curves obtained after radial averaging
of the scattering images. A correlation peak is observed in all SAXS
curves, which shifts towards higher q values with an increase in
CNC/GO ratio from 2 to 14. The clarity in the correlation peak is
seen in the Kratky plot (inset Fig. 3B). The interparticle distance
evaluated from the correlation peak at the lower CNC/GO ratio 2
is 50.7 + 0.6 nm, which reduce to 42.5 + 0.6 nm at the higher
CNC/GO ratio of 14. The scattering intensity increases with an
increase in the CNC/GO ratio, which indicates an augmentation in
the volume fraction in the suspension. The sharpness of the corre-
lation peak also increases, revealing more CNC rods with the GO
sheets are arranging in a nematic order structure.

Further information from the scattering curves is extracted by
fitting them with a form factor combined with a distribution func-
tion. The GO/CNC SAXS curves fit well with a combination of a
sheet and a long cylinder form factor with log-normal distribution
function. A structure factor is included in determining the interpar-
ticle interactions between CNC rods. The best fitting parameters
show a GO sheet thickness of 1 nm, and a CNC cylinder of 6 nm
in diameter, and a length of 150 nm. The structure factor for sus-
pensions of different CNC/GO concentrations is shown in Fig. 3C.
The structure factor peak becomes sharper and shifts towards
higher q values as increases the CNC/GO ratio. Sharpness in the
structure factor peak indicates an increase in the interrod interac-
tion while the shift of peak towards a higher q value reveals a
decrease in the interrod distance [31,34,35].

Further increase in the CNC/GO ratio from 16 to 50 reveals a
transition from semi-isotropic to the nematic phase. Fig. 4A shows
the 2D SAXS scattering images for the CNC/GO at three higher
ratios of 16, 24 and 50, which shows anisotropic scattering. The
anisotropy in the scattering reveals the orientation of the CNC
and GO nanostructures in an ordered assembly. Radial averaging
of scattering images allows choosing only lower q values for the
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Fig. 2. (A) Radial averaged SAXS curves for the 12 wt% cellulose nanocrystal (CNC) suspension. SAXS scattering image of the 12 wt% CNC (inset). Radius distribution of the
CNC rod evaluated by SAXS curve fitting of the CNC 12 wt% suspension(inset). (B) Kratky plot comparison for SAXS curve of 12 wt% and 3 wt% CNC suspensions. (C) AFM of the
pure CNC (12 wt%) dried on glass surface with the height profile ranges up to 10 nm.
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Fig. 3. (A) SAXS scattering images for the CNC-GO suspensions prepared at different ratios: 2, 3, 5, 8 and 14. (B) Radially averaged SAXS curves of the scattering images. Kratky
plot of the SAXS curves (inset). (C) Resulting structure factor evaluated by SAXS curve fitting.
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information S1. (B) Radially averaged SAXS curves of the scattering images. Kratky plot of the SAXS curves (inset). (C) Plot of inter particle distance as a function of CNC/GO
ratio from 2 to 50 mapping the isotropic, biphasic and nematic ordered states, respectively.
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analysis, due to anisotropy in the scattering. All SAXS curves in
Fig. 4B show a correlation peak which is clearly seen in the Kratky
plot (inset Fig. 4B). The correlation peak reveals the interrod dis-
tance (d) of 38.2 + 0.5 nm for the CNC/GO ratio of 16, which reduce
to 32.5 £ 0.5 nm at the highest CNC/GO ratio of 50.

A plot of the interrod distance as a function of the CNC/GO ratio
from 2 to 50 is shown in Fig. 4C. A table is provided in the support-
ing information highlighting CNC and GO concentration, CNC/GO
ratio and calculated interparticle distance (S1). Three different
regions are observed with two transition boundary lines: Region
(I) - between CNC/GO ratio 2 to 5, Region (II) -between CNC/GO
ratio of 5 and 15 and Region (III) -between CNC/GO ratio 16-50.
These transition regions indicate changes in the assembly of the
CNC rods and GO sheets in isotropic, biphasic and nematic ordered
states with respect to different CNC/GO ratios.

4. Discussion

Cellulose nanocrystals (CNC) are rod like crystalline structures
obtained from the acid hydrolysis of cellulose fibres. The large
amount of sulphate and hydroxyl groups on the CNC surface pro-
vides their high zeta potential of —30 mV to —60 mV and thus pro-
duces a stable suspension. Depending on the concentration,
structure and surface groups, the CNCs self-assemble in different
states: isotropic (at low concentration), nematic and chiral nematic
at high concentration [36]. The partially isotropic SAXS image of
the 12 wt% CNC suspension reveals the formation of a self-
assembled chiral nematic structure. SAXS curve fitting reveals
the CNC rods are 6 nm in diameter, 150 nm long and the correla-
tion peak at q = 0.028 A~' shows an interrod distance of
23 + 2 nm (Fig. 2). Suspension at a lower concentration of CNC
(3 wt%) shows isotropic CNC arrangement with large inter-rod dis-
tance of 70 + 2 nm. Similar inter CNC rod distance of 24.5 nm was
reported previously for 10 wt% CNC suspensions [37]. Incorporat-
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ing organic and inorganic nanoparticles or salts affects the interrod
distance and varies the CNC self-assembly structure [36,38,39].

Graphene oxide (GO) has a 2D sheet-like morphology of thick-
ness 0.8-1.5 nm and length ranging from 100 nm to a few
micrometres [27]. Similar to the CNC, the GO suspension has a neg-
ative surface charge and shows a transition from isotropic to
nematic self-assembly after a threshold concentration [33]. At a
lower GO concentration (up to 0.2 wt%), the GO sheets are dis-
tributed isotropic (randomly), which is observed in the isotropic
SAXS scattering images (Fig. 1A). In the radially averaged SAXS
curves, no correlation peak is observed for 0.1 wt%, while a weak
correlation peak at q*=0.002 A~! is monitored for 0.2 wt%. The cor-
relation peak reveals a large inter sheet distance of 314 + 5 nm. In
the isotropic phase, the GO sheets stay away from each other due
to electrostatic repulsion and move freely because of Brownian
motion and poor inter sheet interactions (Fig. 5A).

For suspensions at a higher GO concentration (0.6 wt%), a sharp
correlation peak in the SAXS curve at q*= 0.0076 A~ corresponding
to the shorter inter-sheet distance of 83 nm is observed. At higher
concentrations, the GO sheets come closer together, and due to
electrostatic repulsion, the GO sheets align towards a nematic
phase. The SAXS scattering image is still isotropic, revealing that
the sheets are not perfectly aligned. Thus, this concentration region
is a transition biphasic state between isotropic and nematic state.
Increasing GO concentration to 1 wt% produces anisotropic SAXS
scattering indicating orientation of GO sheets in a direction per-
pendicular to the incident X-rays direction (Fig. 5B). As the number
of sheets per volume increases, the GO sheets come closer and the
extensive inter-sheet repulsive force assemble them in a nematic
arrangement (Fig. 5B). The inter sheet distance reduces to 52 nm
as reflected in the SAXS correlation peak shift to q*=0.012 A=,

CNC and GO suspensions are mixed at different CNC/GO ratios
ranging from 2 to 50. At a lower ratio of 2 to 5, the isotopic phase
of CNC and the nematic phase of GO produce isotropic SAXS scat-
tering confirming the random orientation of CNC and GO. However,

(D) Region -l (E) Region |

aw

CNC/GO:50

T . T ¥ T L4 T

0 10 20 30 40 50

Fig. 5. Schematic of the GO and GO/CNC self-assembly in suspensions of different concentrations. (A) lsotropicGN@ém dﬂgﬁohene oxide at the lower concentration. (B)
Nematic arrangements of graphene oxide at the higher concentration. (C) Self-assembly at the lower CNC/GO ratio. (D) Self-assembly at the intermediate CNC/GO ratio (E)
Self-assembly at higher nematic CNC/GO ratio arranging CNC and GO in nematic phase.
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a correlation peak at q = 0.012 A~! in the SAXS curve (ratio 2)
shows the inter CNC rod distance of 50.7 nm (Fig. 3B) which is
more than twice that of pure CNC interrod distance (23 nm). In
the CNC-GO suspension, the GO sheets penetrate between the
CNC rods and by electrostatic repulsion, the GO inhibit the align-
ment in nematic structures. Thus, GO sheets intercalated between
the CNC rods increase the inter-rod distance (Fig. 5C).

Increasing the CNC/GO ratio from 2 to 5, shifts the SAXS corre-
lation peak towards higher q with increase in sharpness confirming
an increase in the assembly of nanostructures. Increasing the CNC
amount enhances the repulsive forces in the system which con-
straints the GO sheets to align in the direction of the CNC rod ori-
entation. This brings the CNC rods close to each other as signified
by the reduction in the inter-rod distance decreasing from 51 nm
to 46 nm. The ratio between 2 and 5 is an isotropic state with a
transition towards biphasic state occurs at 5 (Fig. 5D).

Increasing the CNC/GO ratio of the suspension (>5) continues the
biphasic state up to a ratio of 14 at which the inter rod distance lin-
early declines from 46 nm to 38 nm. The partially anisotropic SAXS
scattering reveals the CNC and GO are partially oriented in the
nematic structure (Fig. 3A). In this region, an increase in the CNC
amount further forces the GO sheets to align in the direction paral-
lel to the rod assembly and reduces the inter-rod distance. How-
ever, the CNC and GO sheets are still partially aligned (Fig. 5D). A
transition occurs at the CNC/GO ratio between 14 and 16 where
the inter-rod distance decreases from 42 nm to 38 nm.

Upon increasing the CNC/GO ratio from 16 to 50, the inter-rod
distance linearly decreases from 38 to 32 nm. In this region, the
SAXS scattering is anisotropic confirming the complete orientation
in the nematic state assembly. In this state, the CNC rod overcome
the disruptive effect of the GO sheets, and the large amount of CNC
rods organises into the nematic phase. The CNC rods exert repul-
sive force on the GO sheets to align in parallel to the nematic direc-
tion of the CNC assembly (Fig. 5E). The phase for suspensions at
CNC/GO ratio ranging between 16 and 50 is completely nematic.
Similar alignment of gold nanorods along the axis of CNC was
reported previously [36]. A plot of interparticle distance as a func-
tion of CNC/GO ratio maps the three different regions of isotropic,
transition and nematic states. Thus, depending on the CNC/GO
ratio the assembly of CNC and GO changes from isotropic to tran-
sition to the nematic phase.

The self-assembly of nanostructures at the nanoscale depends
on different factors such as nanostructure geometry, surface chem-
istry, and different covalent and non-covalent interacting forces;
van der Waals, hydrogen bonding, n-m and electrostatic interac-
tions [40]. The dominating attractive forces lead to particle aggre-
gation. Providing the necessary repulsive force (electrostatic)
hinders the aggregation and self-assemble particles at a finite sep-
aration. In the current study, both CNC and GO are negatively
charged providing a sufficient counter balance to the attractive
force, which brings the rods or sheets to a specific interparticle dis-
tance [41]. However, the characteristic of nematic assembly of both
CNC and GO self-assemble the rod and sheets in a particular direc-
tion. These findings provide the opportunity of using CNC as a
spacer between GO sheets to hinder the m-rt stacking of the gra-
phene sheets during the reduction process of GO [42]. The con-
trolled self-assembly of nanocellulose/GO suspensions or the
reduced nanocellulose-graphene composite allows producing light
weight flexible electronics [43], super capacitor [44] and EMI
shielding materials [45].

5. Conclusion

The self-assembly mechanism of negatively charged cellulose
nanocrystal (CNC) and graphene oxide (GO) aqueous suspensions
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is studied by SAXS at different CNC/GO concentrations and ratios
ranging between 2 and 50 in a suspension. Individually, both GO
sheets and CNC rods at low concentration are randomly oriented
with a large inter sheet or rod distance as measured by isotropic
SAXS scattering. However, once a threshold concentration has been
reached, increasing concentration reveals that the GO sheets (or
CNC rods) come closer to each other with a decrease in inter-
particle distance measured. However, after a threshold concentra-
tion, the inter sheet or rod repulsion allows the CNC or GO
nanoparticles to arrange into the nematic structures. The CNC
was mixed with the nematic GO at different weight ratios ranging
from 2 to 50. At the lower CNC/GO ratio of 2, the CNC rods disrupt
the nematic assembly of the GO suspension. The CNC rods are par-
tially aligned between the GO sheets and the inter rod distance
increases to 51 nm. However, increasing further the CNC/GO ratio
from 2 to 15 decreases the inter distance to 51 to 42 nm. The
higher amount of CNC rods aligns the GO sheets in a partially ori-
ented state. At the CNC/GO ratio 16, there is a sharp decrease in the
-inter-rod distance to 38 nm, which is the beginning threshold of
the nematic phase. Further increase in ratio from 16 to 50 leads
to a linear decrease in the interrod distance to 32 nm. The anisotro-
pic SAXS images reveal the transition from a random distribution
to a nematic arrangement. The results disclose that at the lower
CNC/GO ratio, multiple GO sheets are intercalated between the
CNC rods. Increasing the CNC amount aligns the GO sheets along
the direction of the CNC rods assembly. This knowledge gained
provides a new perspective in engineering CNC/GO hybrids into
advanced technologies for sensors, bio-diagnostics and electronics
applications.
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