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Abstract

Graphene and cellulose possess a multitude of unique and useful properties for
applications in electronics, sensors and composites which has led to significant scientific
interest over the past 5-10 years. Despite this interest, there has been no experimental
work investigating the interface or stress transfer efficiency between these materials,
which limits future developments in this field. With the aim of investigating this interface,
we have created a model bilayer composite, consisting of a tunicate derived cellulose
nanocrystal (T-CNC) film and a monolayer of graphene produced by chemical vapour
deposition. Raman spectroscopy has been used to monitor the four-point bending of this
model bilayer composite. Shifts in the position of Raman bands, unique for both the
cellulose and graphene components of this model composite, are recorded. Using a novel
analysis of these Raman band shifts, we have formed an expression which deconvolutes
the total stress transfer efficiency of the model system. Using this deconvolution, a stress
transfer efficiency of 66% has been derived at the cellulose/graphene interface. In

addition, splitting of the graphene Raman G band has allowed calculation of the shear
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strain in the graphene, which is assumed to be equal to that at the cellulose-graphene
interface. The individual T-CNCs in the reference samples showed location dependent
preferential orientations. The film was found to be stiffer when the T-CNCs were oriented
parallel to the loading axis. It was intended that the varying stiffness of the cellulose film
could be used to analyse the effects of underlying film stiffness on stress transfer
efficiency, but conclusions from this test were limited. The detailed interface analysis
presented here will help to inform design in future cellulose/graphene devices.

Keywords: A: Nanocomposites, B: Interfacial Strength, D: Raman Spectroscopy.

1. Introduction

Cellulose nanocrystals (CNCs) and graphene have been used together in the fields of
functional materials and composite science for the past 5-10 years. Individually they
possess desirable properties; graphene boasts high electrical and thermal conductivity in
a two dimensional, atomically thin sheet [1,2]. Cellulose is electrically insulating; is a
potential biodegradable, renewable, and cheap replacement of oil-based polymers; and
can form high aspect ratio, one dimensional nanomaterials [3]. The materials also have
several complementary material properties. Both can form flexible films [4], are highly
transparent [5], are conformal, have desirable mechanical properties such as high
Young’s modulus and tensile strengths [6,7], and both are now widely available
commercially. Cellulose nanocrystals and graphene have been used to create various
composites, including transparent, flexible conductive films, [8,9] flexible transparent
films for solar cells [5], flexible supercapacitors [10], organic chemical sensors [11], and

aerogels [12].



Despite the number of reported composites containing both cellulose and graphene, there
has been no experimental determinations of the interfacial bonding and stress transfer
efficiency between the two materials. In this work we aim to quantify the stress transfer
efficiency of a cellulose/graphene interface. As both graphene and cellulose nanocrystals
are too small to test using conventional mechanical testing techniques, micro Raman
spectroscopy has been employed. This approach also allows a quantification of the stress-
transfer efficiency between the two phases as well as giving information about locally
varying mechanical properties.

Raman spectroscopy is a powerful, non-destructive method of studying molecular
deformation of polymers [13] and carbonaceous materials [14,15]. The technique was
first established for monocrystalline polydiacetylene, where, upon application of a tensile
load, the Raman bands associated with the C=C and C=C bonds decreased in frequency
[16]. This discovery has been further developed, and similar stress dependent Raman
band shifts have been discovered in other crystalline materials, including cellulose [7]
and graphene [17].

In this paper, we use Raman spectroscopy to monitor the shifts in position of
characteristic bands during the four-point bending of a bilayer composite, comprising of
tunicate derived cellulose nanocrystals (T-CNCs) and monolayer graphene. Both
graphene and T-CNC films have high optical transparency. This allows the Raman
excitation laser to be focused at the interface of the two materials, allowing a

quantification of the stress-transfer efficiency between the two phases.



2. Experimental

2.1 Materials

The cellulose source was 750 g of Ascidiella aspersa tunicates, purchased from Loch
Fyne Seafarms. Monolayer chemical vapour deposition (CVVD) graphene on copper foil
was bought from www.graphene-supermarket.com. Two-part epoxy resin substrates were
made from Araldite 5052 and Aradur 5052, purchased from Mouldlife. To monitor strain,
CEA-06-240UZ-120 Vishay linear strain gauges were used.

2.2 Preparation of Tunicate Cellulose Nanocrystals

A detailed protocol for the preparation of T-CNCs can be found in Ref. [18], which is
adapted from Refs. [19,20].

2.3 Electron Microscopy of T-CNCs

T-CNCs were imaged using a 120 kV JEOL JEM 1400 transmission electron microscope
(TEM) by depositing a droplet of a 0.02 wt.% aqueous suspension onto a holey carbon
copper TEM grid. The T-CNCs were negatively stained with uranyl acetate and imaged.
TEM images and their analysis can be found in Supplementary Information (8S1).

2.4 Characterisation of graphene

The graphene was transferred onto a silicon substrate and characterised using Raman
spectroscopy, according to the methodology in ref. [21] (see Supplementary Information,
§S2).

2.5 Production of Model Composites

Four types of sample were created (Figure 1a); a T-CNC reference (T-CNC), a graphene
reference (G), and two bilayers, one bilayer where the graphene is deposited first with the

cellulose deposited on top (G/T-CNC) and one bilayer where the T-CNC is deposited first



with the graphene deposited on top (T-CNC/G). Three of each of the different sample

types were created, totalling 12 samples.
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Figure 1 — Schematic of (a) the four different sample types, showing i) tunicate cellulose
nanocrystal (T-CNC) reference, ii) graphene (G) monolayer reference iii) T-CNC/G
bilayer iv) G/T-CNC bilayer. (b) Plan view of T-CNC film drying in a magnetic field.

Arrows indicate field direction. (c) Four-point bending test. Images not to scale.

Epoxy resin substrates were created from a 50:19 weight ratio of Araldite 5052 to
Aradur 5052. The substrates were cut into 70 x 22 x 3 mm beams using a laser cutter.
Strain gauges were attached to the underside of these beams. Compressive strains on the
underside of the substrate were equated to tensile strain on the top side. The T-CNC ref.
sample was created by depositing 0.1 mL of 1.8 wt.% aqueous solution of T-CNCs onto
the substrates. The solution was spread out to form a circular droplet of 1 cm in diameter.
The substrate and droplet were placed in a vacuum of 750 mBar below atmospheric

pressure for 8 hrs, with a permanent magnet (0.6 T) on either side of substrate (Figure



1b). In preliminary testing, the use of magnets appeared to improve the formation and
consistency of oriented T-CNC films. The precise mechanism underlying this behaviour
has not been investigated here but similar work involving magnetic orientation of CNCs
can be found elsewhere [22,23]. The vacuum was used to speed up the drying process.

Graphene reference samples (G ref.) were prepared by transferring the CVD graphene
onto a substrate, following the transfer methodology used in ref. [21]. Bilayer samples
were created by following the same deposition methods described previously. For the T-
CNC/G bilayer sample, the cellulose was deposited first and graphene second and vice
versa for the G/T-CNC bilayer. In each of the bilayers the top layer was deposited in such
away that it only contacted the bottom layer and did not contact the epoxy resin substrate.
This ensured that the top material in the bilayer only experienced stress transfer between
the graphene and the layer of cellulose and was not ‘pinned’ by an interaction with the
epoxy resin substrate.

It was found that for all the G/T-CNC samples, the T-CNC film spontaneously started
to debond from the graphene shortly after the sample was removed from the vacuum
chamber. These samples were deemed unusable in the four-point bending tests, as the
films had completely separated before any load could be applied. The implications of this
observation are discussed later.

2.6 Raman Spectroscopy
Raman spectroscopy was performed on a RM1000 Renishaw Raman spectrometer, using
a 785 nm laser focussed through a 50x objective lens onto the sample surface. Before

testing, the spectrometer was calibrated using a silicon standard.



2.6.1 Angle Dependent Polarised Raman Spectroscopy
Polarised Raman spectroscopy was used to determine the orientation of the T-CNC film.
The incident light was polarised parallel to the front edge of the microscope stage and the
backscattered light was passed through an analyser oriented in the same direction,
commonly referred to as a vertical-vertical (VV) polarisation setup. The epoxy resin
substrates were initially oriented so that their long edge was parallel to the loading
direction. Raman spectra were obtained using four accumulations with an exposure time
of 20 s per accumulation. The orientation of the model composites was rotated between
0° and 360° in increments of 10°, taking Raman spectra at each interval. A recognisable
visual marker on the T-CNC film was used to scan the exact same position each time.
2.6.2 Micromechanics of Model Composites Under Four-Point Bending
Four-point bending tests were performed on the three sample types while being monitored
using the Raman spectrometer (Figure 1c). Samples were deformed in a cycle (load,
unload, second load) between 0 and 0.5% strain. Raman spectra were taken at 0.025%
intervals of strain during this cycle. Three spectroscopic areas of interest were scanned,;
1040-1140 cm?, 1540-1640 cm™, and 25002660 cm* which incorporate the cellulose
band initially located at ~1095 cm™ band, the graphene G band and 2D band respectively.
For the T-CNC ref. samples the laser was used at maximum power (100%). The laser
power was reduced (to 33%) for the G ref. and T-CNC/G bilayer samples to avoid beam
damage and heating effects. Samples were exposed for the same time-period as for the
orientation studies. Where a Raman band exhibited a poor signal to noise ratio, the
number of accumulations for that region was doubled, but the sampling interval was
reduced to every 0.04% strain increment. This increased scan quality but reduced the

number of data acquired.



Two polarisation conditions were used; namely VVV and vertical-horizontal (VH). The
VV polarisation condition has already been described. The VH condition is identical, but
with the addition of a half waveplate being placed ahead of the analyser. A visual marker
on the surface of the samples was used to locate the exact same position for each scan.
This visual marker was either; in the region above the centre of the T-CNC film, where
the T-CNCs are later demonstrated to be mainly parallel to the loading axis; or in the
region to the right of the centre of the T-CNC film, where the T-CNCs are demonstrated
to mainly perpendicular to the loading axis (see Figure 2c); herein these regions will be
labelled parallel and perpendicular respectively. The graphene showed no preferential
orientation, so the initial scan location was arbitrarily chosen; regardless, the exact
position of this initial scan was used for the remainder of the test.

2.6.3 Raman Spectra Peak Fitting

A detailed analysis of the fitting of the Raman bands can be found in Supplementary
Information (8S3). It is important to note that the graphene G band has been extracted
from degenerate epoxy resin peaks.

2.6.4 Raman Drift Correction

The peak positions of the Raman band initially located at ~1095 cm™ have been adjusted
to account for drift in the experiments. A detailed explanation of the drift and how it has

been corrected can be found in Supplementary Information (8S4).

2.6.5 Determining Hydrostatic and Shear Strain In Graphene Using Vector Map
Analysis
Shifts in the position of the graphene G and 2D bands can either be the result of changes

in doping or in strain. Lee et al. developed a method for separating strain and charge



doping effects in graphene [17] which was later improved by Mueller et al. [24]. This
method has been employed here; see Supplementary Information (8S5) for a brief
overview of the topic. Specific adaptations have been made to the original methodology
which are detailed in Supplementary Information (8S6); the validity of these adaptations
iIs also discussed there.
3. Results and discussion
3.1 T-CNC Characterisation
Data from the angular dependent polarised Raman spectroscopy test are shown in Figure
2.Data have been fitted with the equation
I =A;cos*(8+ @)+ A,cos*(0+90°+ @)+ C (1)
where I is the normalised Raman intensity, 6 is the film orientation angle, and A, 4,, @,
and C are fitting parameters. Similar polarised Raman spectroscopy experiments have
been performed on flax fibres [25] and the equation used to fit those data was of the form
I =A;cos*(8+¢)+C )

In equation (2), a large ratio between A, : C indicated a high degree of fibre orientation, a
low ratio indicated random orientation, and an angle ¢ indicated the direction of
orientation. In the present work, a smaller secondary cosine function (perpendicular to
the primary cosine function) is present. This secondary function has appeared in other
published work [25,26], but its origin has not been explained. It may be related to the
tendency of T-CNCs to form chiral nematic structures, although more work is needed to
confirm this.

Figure 2a and 2d show that the orientation of the fibres is location dependent. Based
on the primary cosine function, the data indicates that the T-CNCs in the region above

the centre of the model composites are oriented preferentially parallel to the loading axis.



In the region right of the centre of the composite they are oriented preferentially

perpendicular to the loading axis.
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Figure 2 — (a) Normalised intensity of the Raman band located at ~1095 cm* as a function
of sample orientation. Data were collected in the parallel region of the sample. (b)
Summary of the fitting parameters A1, Az, ¢, and C. (c) Schematic of the cellulose film

highlighting the scanned regions. (d) Same as ‘(a)’ but for the perpendicular region.

3.2 Raman Monitored Four-Point Bending Test

Figure 3 (a-d) shows Raman spectra for each of the tested samples. Both the band located
at ~1095 cm™ and the 2D band, in Figure 3b and 3d respectively, are well-resolved, and
do not have any degenerate peaks. Upon application of tensile deformation, both these
bands shift to a lower wavenumber position as indicated in Figure 3e and 3g.
Unfortunately, the G band has degenerate bands with the epoxy resin, as shown in Figure

3c. Despite this, the data processing, which extracts the G band from the combined peaks,

10




produces a well-resolved Raman band. This band also shifts with applied deformation

(Figure 3f).
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Figure 3 — (a) Full Raman spectra (at 0% strain) of the epoxy resin substrate, tunicate
cellulose nanocrystal (T-CNC) reference, graphene (G) reference and T-CNC/G bilayer.
The same data is shown on rescaled axes highlighting the three characteristic Raman
bands of interest (b) cellulose located at ~1095 cm™, (c) graphene G, (d) graphene 2D.
A comparison of T-CNC/G Raman spectra at 0 % and 0.5% strain for the (e) band initially

located at ~1095 cm?, (f) extracted G band, and (g) 2D band.
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The following section analyses the how characteristic Raman bands change with
respect to applied load. The notation ‘w;;’ refers to the peak position of a Raman band,
where the subscript indicates which band is of interest; ‘“T-CNC’ for the cellulose 1095
cm? band, or ‘G’ or ‘2D’ for the graphene G and 2D bands respectively (see
Supplementary information 8S3 and 8S5 for why @ is averaged). The notation ‘gfy’
refers to strain. This can refer to either the input strain (the value read from the strain
gauge — the controlled variable) or the measured strain in the graphene (calculated using

the vector map analysis); these use the subscripts ‘In’ and ‘Mea’ respectively. Finally,

(1 .«

measured strain always uses a superscript ‘g,,,’;

H’ for hydrostatic strain, or ‘t’ for
shear strain.

Figure 4a shows how w_qyc changes with respect to &;,,. For both the T-CNC and T-
CNC/G samples, dwt_cnc/dery is constant and has recoverable linear deformation. This
is consistent with loading a sample in the elastic region of the stress strain curve. For the
T-CNC samples, average dwr_cnc/de, = —1.90 & 0.48 cm™ %2, In a similar test using
a T-CNC sheet embedded in epoxy resin, Sturcova et al. measured dwr_cnc/de, =
—2.4+0.2cm? %, As their shift rate was measured in a fully encased system rather
than as simply supported system (as in the present approach), it is reasonable to expect a
reduction in stress transfer efficiency and hence a reduction in shift rate with respect to
strain.

Figure 4b plots i1, against &,,,. Similarly, Figure 4c plots £}, against g;,; in both
cases there is a recoverable linear relationship between the two. Data in Figure 4c has a

much larger standard deviation because ¢j,., is entirely calculated using the extracted G

band, which has considerable variation (likely due to the extraction process).
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Figure 4 — (a) Position of the Raman band initially located at ~1095 cm™ (wy_cyc) With
respect to strain (g;,,), for a representative T-CNC and T-CNC/G sample (parallel region;
VV polarisation). Measured (b) hydrostatic (¢i.,) and (c) shear (g},,,) strain against g,
for representative G and T-CNC/G samples. Each datum is an average of the load, unload

and second load. Error bars are standard deviations from the mean.

For all cellulose films the relationship between &, and wr_cnc IS linear. Figure 5a
shows a bar chart summarising these gradients (dwr_cnc/der,) for different samples,
scan locations and polarisation configurations. Likewise, for the graphene, in all samples
there is a linear relationship between both; &, and &fi.,, and &, and &.,. These
gradients, defl../de, and defe./den, are plotted in Figure 5b and Figure 5c
respectively, where different samples and scanned regions are compared. In Figure 5a,
5b, and 5c, it should be noted that the bar heights only consider the respective gradients
and do not show the initial conditions (they do not show initial values of w_cnc Eitea

or e4e5), OF Which there are differences; see Figure 4b, in which the ef} ., values at &, =

0% are drastically different for the G and T-CNC/G samples. This is not represented in

Figure 5b. Additionally, in Figure 5b and 5c, the error bars only represent the standard

13



deviation of defl.,/de;, and defy,,/dey, for the three samples. They do not consider the

error in the wg or w,p data, where some data sets, particularly the extracted G band data,

have a large spread.
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Figure 5 — (a) Cellulose Raman band shift rates for different sample types in different

scan locations; Comparison of (b) the change in measured hydrostatic strain in graphene

as a function of input strain (deff.,/de;,), and (c) the change in measured shear strain

in graphene as a function of input strain (def;.,/dem), for different sample types in

different scan locations. For all graphs, the bar heights show the average values of the

first load, unload and second load for three individual samples (totalling 9 linear fits);

error bars represent standard deviations from the mean (n = 3). Square brackets indicate

which data have been statistically compared using a two-tailed independent t-test, with

their calculated p-values given.

Figure 5a, 5b, and 5¢ show two statistically strong trends and one weak trend. There

is a strong trend in in Figure 5b, the average dell../de, in the parallel T-CNC/G data is

smaller than for the G reference. Additionally, in Figure 5a, the value of dwt_cnc/dérm
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is larger for the T-CNC/G samples than for the T-CNC references. Finally, there is a weak
trend in Figure 5a, where the T-CNC reference exhibits a greater value of dwt_cnc/déerm
in the parallel region than for the perpendicular region.

The differences in defl.,/de;, can be explained by stress transfer efficiencies. In the
T-CNC/G model system, load is applied to the epoxy resin substrate and stress is
transferred through various material interfaces to the graphene on the top layer. At various
points, there will be losses in this system, where stress is not transferred between phases,
or is lost through some other mechanism. We can quantify these losses using stress
transfer efficiencies.

Equation (3) is an expression for the total stress transfer efficiency (ntota1), Which can
describe the bilayer model when tested in the parallel region. It has been deconvoluted
into three stress transfer efficiency components (nyrinkies: Mr—cne @Nd Ninterface)- These
efficiency components are cumulative according to the equation:

NTotal = NMwrinkles X NT—cNC X Nnterface 3
Notal CaN be determined from Figure 5b, using defl../de;, for the parallel region.
defl,./de, is effectively a measure of stress transfer, as it represents the proportion of
the input strain which can be measured as hydrostatic strain in the graphene; namely 29%.

The first stress transfer efficiency component is the result of wrinkles in the graphene
(Mwrinkles)- Raman studies, which use characteristic band shift rates to determine
graphene stiffness, have shown that the stiffness of CVVD graphene is greatly reduced in
comparison to pristine mechanically exfoliated graphene [27]. The reduction in stiffness
was attributed to wrinkles in the CVD graphene structure. Upon application of a tensile
load, these wrinkles would move and unfold. This deformation of the wrinkles would not

be detected using the Raman spectroscopic approach, as it does not directly deform the
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carbon-carbon bonds. Nwrinkes Can be quantified using defi.,/dep, for the G Ref.
samples, where, if we assume that all losses are due to wrinkles in the graphene, we find
an efficiency of 56%.

There will also be losses at the epoxy/cellulose interface (nt_cnc)- In the T-CNC
samples, dwr_cnc/der, for the parallel VV test can be compared to work by Sturcova et
al., who tested T-CNCs fully embedded in epoxy resin. The shift rate in the fully
embedded system was -2.4 cm™ %, compared to -1.90 cm™ %7 in this work (Figure 5a).
Taking the fully embedded system as a benchmark, the stress transfer efficiency of the
epoxy/cellulose interface in the present work is 79%. The loss in efficiency can be
explained by a reduction in contact area; the T-CNC film is a network of fibres with a
rough surface, which is in contact with a smooth, flat substrate. Inevitably the contact
area is reduced compared to cellulose fully embedded in epoxy resin.

The final stress transfer efficiency component is due to the losses at the
cellulose/graphene interface (Mipterface)- DetErmining nynterrace 1S the objective of this
research. We have already determined nocar (29%), Dwrinkies (56%) and nr_cnc (79%).
If we assume that all remaining losses in this model system are a result of the
cellulose/graphene interface, then using Equation (3), we find a stress transfer efficiency
at this interface of 66%.

So far, only the parallel region data have been considered. A network of one-
dimensional fibres tends to be stiffer when the fibres are aligned parallel to the loading
axis. The T-CNCs show location dependent orientations, both parallel and perpendicular
to the loading axis. Figure 5a shows a weak trend in the T-CNC reference data, where the
parallel region exhibits a greater value of dwr_cnc/déer, than the perpendicular region.

This confirms that the T-CNC film is stiffer where the fibres are aligned parallel to the
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loading axis. It was intended that by performing tests in both parallel and perpendicular
regions we could compare the effects of underlying film stiffness on the efficiency of
stress transfer; however, in the bilayer sample, there is no statistically significant
difference between the stiffnesses of the parallel and perpendicular regions of the T-CNC
film. This results in approximately the same del}.,/de;, for the parallel and perpendicular
regions (Figure 5b); this comparison would be closer in size, but one sample has skewed
the perpendicular data upwards. Any further analysis of the parallel and perpendicular
regions is limited.

In Figure 5a, there is a strong trend, where dwr_cnc/dery, is larger for the T-CNC/G
data than the corresponding T-CNC data. A possible explanation for the difference is the
amount of water absorbed in the T-CNC film. Previous research has shown that the act
of wetting a CNC film reduced shift rates of the cellulose Raman band (1095 cm™) from
—0.5 cm™/% to ~ 0 cm™1/% [28]. In the present work, the final stage of the T-CNC sample
preparation is 8 hours in a vacuum. In the T-CNC/G samples, the final stage is the wet
transfer of graphene, where the recently transferred, wet CNC/graphene/PMMA structure
is placed in a vacuum for 2 hours, before gentle heating in acetone to remove the PMMA
layer. In both situations after the samples have been thoroughly dried in a vacuum, they
are left exposed to the atmosphere. In the T-CNC samples the cellulose is completely
exposed, but in the T-CNC/G samples the graphene acts as an impermeable barrier to
gas/liquids [29]. If the T-CNC samples absorb a small amount of water from the
atmosphere, then this might reduce dwy_cnc/der, in comparison to the protected T-CNC
film in the T-CNC/G samples.

Finally, Figure 5¢c compares measured shear strain in the graphene. Unfortunately,

there is no statistically significant trends in this data, which is due to very large standard
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deviations and a small sample size. The exceptionally long time it takes to complete a full
cycle of testing for a single sample prevents larger sample sizes using this methodology.
An alternative method would be to assume that the changes in Raman bands between 0%
strain and 0.5% strain are always linear (in the present work, all samples have shown
linear changes. One would then be able to perform a Raman map at 0% strain, and then
perform a map of the same area at 0.5% strain. Pointwise pairing of the data at 0% strain
and 0.5% strain would provide all the necessary information needed for interface analysis,
whilst drastically increasing the sample size.

4. Conclusions

Using Raman spectroscopy, we have quantified a stress transfer efficiency of 66% at the
interface of a tunicate cellulose nanocrystal film and a graphene monolayer. Additionally,
we have performed this test with the tunicate cellulose nanocrystals oriented both parallel
and perpendicular to the loading axis. Although the T-CNC films in the reference showed
location dependent stiffnesses, in the bilayer, this variation disappeared. This limited
analysis of these regions. Observed differences in the cellulose Raman band shift rates,
between sample types, may arise from the preparation methods used and the presence of
moisture.
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