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ABSTRACT

Electroconductive composites of graphene and cellulose nanocrystals (CNC) were prepared by direct exfo-
liation of natural flake graphite in CNC suspensions. Using the scalable high-shear exfoliation method, we
show that the environmentally friendly CNC is an excellent graphene stabilizer as we prepared aqueous
graphene-CNC dispersions with a high concentration (4.0 mg ml-') and yield (4.0%) after only 2 h exfo-
liation time. With this fast and facile method, we exfoliated graphite using CNC with different amounts
of negatively charged sulfate ester groups. We found that the graphene concentration is proportional to
zeta potential of the CNC suspension suggesting that electrostatic repulsion plays a key role in graphene
stabilization. Albeit the insulating nature of CNC, the spray-coated composite films were electrically con-
ductive with conductivity up to 280 S m~!, depending on the CNC amount. Cyclic voltammetry measure-
ments showed a reversible redox response for the Fe(CN)s>/4~ couple proving that the electron transfer
was efficient in the composite film. Furthermore, biocompatibility studies with photosynthetic microor-
ganisms revealed no toxic effects as the cells maintained their photosynthetic performance and growth
when placed in direct contact with the composite. The cytocompatibility, electroactivity and good water-

stability make the composite film a promising anode for bioelectrochemical applications.

© 2022 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Due to its many exceptional properties, graphene has become
one of the most studied nanomaterials. Graphene can be produced
by a variety of different techniques such as micromechanical
cleavage (also known as the Scotch-tape method) [1], chemi-
cal vapor deposition [2,3], and liquid-phase exfoliation (LPE) of
graphite [4-6]. The LPE methods have raised a special interest
since in contrast to dispersions of graphene oxide (GO) and re-
duced graphene oxide (rGO) [7-9], they produce dispersions of
defect-free and unoxidized mono- and few-layer graphene [5,6,10]
which can be introduced into various processes such as blending,
casting or functionalization. For example, processing from liquids
enables the formation of thin or free-standing films, mixing with
other nanomaterials to form composites and insertion into poly-
mer matrices [4]. The LPE method involves exfoliating pristine
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powdered graphite directly in a liquid (e.g., organic solvents
[5,11,12], surfactant solutions [13-15], polymers [16], ionic liquids
[17]) by various sonication [5,11,18] and shear exfoliation tech-
niques such as high-shear mixing [6,10], wet ball milling [19,20],
microfluidization [21] and homogenization [22,23]. Electrochemi-
cal exfoliation, where graphene is dispersed in various electrolyte
solutions could also be regarded as an LPE technique [24]. Among
the different LPE techniques, high-shear exfoliation has shown po-
tential for scalability [6,25]. In addition, it is a user-friendly, simple
and cost-effective method, which can produce dispersions contain-
ing a high concentration of high-quality monolayer and few-layer
graphene. These qualities enable the utilization of graphene as a
low-cost electrode material in energy storage applications [26],
supercapacitors [27], solar cells [28] and sensors [29].
Nanocellulose is extracted from natural biopolymer cellulose,
which is a biodegradable and nontoxic material readily available
from renewable sources. The abundance of cellulose sources (e.g.,
plant, algae, tunicate and bacteria) makes cellulose the most
frequently occurring natural polymer on the Earth. Cellulose
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nanomaterials have many interesting characteristics such as low
density, high surface area and good mechanical properties. One im-
portant property of nanocellulose is that it can be made colloidally
stable in aqueous solutions for a wide range of salt concentra-
tions and pH [30]. Previously, it has been shown that cellulose
nanocrystals (CNC) [31] and other cellulosic nanomaterials, such
as cellulose nanofibrils [32,33] and micro-nanofibrillated cellulose
[33] can stabilize hydrophobic graphene in aqueous medium. In
order for this stabilization to be possible, an attractive interac-
tion must exist between nanocellulose and graphene particles.
Since nanocellulose contains both hydrophilic -OH groups and
hydrophobic ~-CH moieties, it has an amphiphilic nature. The am-
phiphilic nature of cellulose allows it to function as a dispersant.
While the graphene-nanocellulose interaction is not fully under-
stood, it has been suggested that there is a hydrophobic interaction
between graphene and the hydrophobic part of nanocellulose [32].
Furthermore, in case of cellulose nanocrystals, the electrostatic
repulsive forces between the sulfate ester groups in CNC may also
play a significant role in graphene stabilization [31]. The sulfate
ester groups originate from the CNC preparation process where
the cellulose fibers are extracted by sulfuric acid hydrolysis.

The specific surface chemistry of nanocellulose makes it ideal
for composite formation. Composites of graphene and nanocellu-
lose have been noticed to have increased mechanical performance
[32,34,35] and possess electrical conductivity [31,35] which en-
ables applications for example in electromagnetic shielding [35].
Composites of nanocellulose and graphene-based materials have
also been used as electrode materials in flexible supercapacitors
[36], strain sensors [37] and humidity sensors [38,39] whereas
graphene quantum dots have been used in bio-sensing applications
[40]. Indeed, composite systems of graphene-based materials and
cellulose nanomaterials are one of the emerging fields in the in-
dustrial transition to more sustainable materials since combining
renewable polymers with graphene is beneficial for a variety of
applications from environmental and economical point of view. In
some cases, graphene could also replace commonly used rare and
expensive heavy metals (e.g., Ga, Pt, In) in many electronic applica-
tions [41]. However, the wide-scale applications of graphene have
still been hindered by low production rates and energy consum-
ing methodologies. We also find that the use of harsh chemicals
and complicated and time-consuming production methods are not
in agreement with the much-needed industrial transition to more
sustainable materials. Therefore, one of the main aims with this
paper is to show that natural flake graphite can be quickly exfo-
liated to few-layer graphene in the presence of CNC with a sim-
ple and scalable method based on high-shear exfoliation resulting
in dispersions with high electrical conductivity, concentration, and
yield.

In addition, the biocompatibility of graphene-based materials is
of increasing importance since they have recently raised interest in
biological and biomedical applications [42,43]. The biocompatibil-
ity of a material is affected by its physical-chemical properties such
as surface chemistry, particle size and surface charge [44]. These
are not only dependent on the raw materials used but also on the
production methods. In case of nanocellulose and graphene-based
materials, the production methodologies vary, which leads to dif-
ferent surface chemistries and physical-chemical properties of the
composite. This also explains why previous results regarding the
biocompatibility of graphene-based materials have been inconclu-
sive and contradictory [43].

Here, we show that a composite of graphene and CNC can be
prepared by directly exfoliating graphite in a suspension of CNC
using the scalable high-shear exfoliation method. This is a simple,
fast and environmentally friendly method to fabricate composites
since no extra chemicals or processing steps are needed. Further-
more, the composite source materials graphite [45] and cellulose
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are relatively low-cost and abundant making the composite even
more compatible with the environmental (and ecological) require-
ments. In this paper, we show that using CNC as graphene stabi-
lizer is beneficial not only for ecological and economic reasons but
also for high efficiency and productivity. By optimizing the pro-
cessing parameters, we were able to produce few-layer graphene
dispersions with high concentration and yield. We also show that
the surface charge of CNC plays a major role in stabilization as we
exfoliated graphite in CNC suspensions with different amounts of
negatively charged sulfate ester groups. The high graphene con-
centration increases the applicability of the dispersions and eas-
ily facilitates their further processing into spray-coated films. Since
the electrical conductivity of the composite is of importance in
electrochemical applications, we investigated the conductivity of
the composite films with different concentration ratios of graphene
and electrically insulating CNC. We show that the composite film
can act as an excellent electron transfer layer as we investigated
the electroactivity and the electrochemical stability of the compos-
ite film with cyclic voltammetry. Finally, as a proof-of-concept for
using these films as electrode material in biophotovoltaic devices
with photosynthetic microorganisms, we confirmed that the films
are biocompatible with these cells.

2. Experimental
2.1. Materials

Natural flake graphite (d < 125 pm) from Haapamdki, Finland
was used in this work. The graphite ore was enriched in an in-
house process to a concentrate containing 99.3 4+ 0.5% (m/m) car-
bon [46].

Three CNC suspensions were prepared from cellulose micro-
crystals (CMC) by sulfuric acid (64% v/v) hydrolysis using different
acid hydrolysis times. In brief, 5 g CMC was added into sulfuric
acid with a solid-liquid ratio of 1 g/10 ml. The mixtures were fur-
ther hydrolyzed at 45 °C with a mechanical stirring of 150 rpm
for 1.0, 1.5 and 2.0 h (hereafter denoted CNC(1.0 h), CNC(1.5 h)
and CNC(2.0 h)). Then, the reaction was quenched by diluting
the mixture 10-fold with deionized (DI) water and centrifuged 3
times (3200 rpm, 15 min) to remove the residual acid. After that,
the solid residue was collected and dialyzed with DI water for
at least 7 days until the conductivity of the DI water was lower
than 1.2 pS cm~! and the pH was above 6. Then, the suspension
was further homogenized with a high-pressure homogenizer (ATS-
AH100D, ATS Engineering Inc., China) at 1100 bar for 20 min in
order to obtain the CNC suspension.

Deionized MilliQ water (resistivity 18 M-.cm) was used
throughout this work.

2.2. Preparation of graphene-CNC dispersions

High-shear exfoliation was performed using a POLYTRON® im-
mersion disperser (Kinematica AG, Switzerland) with a rotor-stator
combination. A PT 10-35 GT drive unit was coupled with a PT-
DA 20 dispersing aggregate with a rotor diameter of 15.0 mm and
a rotor-stator gap of 0.30 mm. In a typical experiment, 10.0 ml
of CNC suspension was first combined with a known amount of
graphite (+ 0.5 mg accuracy). For the preparation of highly con-
centrated dispersions, the mixing time (t) was 2 h, rotor speed (N)
22 000 rpm, initial graphite concentration (C(i)) 100 mg ml~! (+
0.05 mg ml~1)) and the starting graphite-to-CNC concentration ra-
tio was either 30:1 or 50:1. A temperature regulation system with
a MGW Lauda MT bath circulator and Hetofrig (Heto, Birkerod,
Danmark) water bath cooler was applied to maintain a constant
temperature of 15.0 °C (+ 0.4 °C). After exfoliation, the resultant
graphene-CNC dispersions were left standing overnight and on the
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next day, the dispersions were centrifuged for 1 h to separate and
remove any unexfoliated graphite. A Hermle Z 200 laboratory cen-
trifuge with a rotor speed of 1500 rpm corresponding to a relative
centrifugal force (RCF) of 270 G was used for this purpose.

UV-vis spectra were recorded with a Shimadzu UV-2501 PC
spectrophotometer to determine the concentration of the resul-
tant dispersions. The concentration (C) was calculated according to
Beer-Lambert’s law, A (absorbance) = ¢bC (b = path length) using
the absorbance value at 660 nm. The value of the extinction coeffi-
cient, &, was previously determined to be 6600 ml mg~! m~! [46],
which is the same value as two other independent research groups
have obtained [13,47].

2.3. Characterization

2.3.1. Zeta potential

The zeta potential of CNC suspensions was analyzed with a Ze-
tasizer Nano ZS instrument (Malvern Instruments Ltd., UK). The
suspensions were diluted to a concentration of 0.1% (m/m) prior to
the analysis. The samples were tested at room temperature with
pH = 6-7. The reported results are an average of three measure-
ments.

2.3.2. Atomic force microscopy

Atomic force microscopy (AFM) was used for studying the mor-
phology of the samples prepared by immersing silanized silicon
wafer plates in diluted graphene-CNC dispersions (C ~ 0.1 mg/ml)
for 15 min followed by rinsing with water to remove any weakly
attached particles. The wafers were silanized according to a previ-
ously reported procedure [40]. The positively charged silane moi-
eties enable the attachment of the negatively charged CNC par-
ticles. AFM images were captured with an NTEGRA PRIMA (NT-
MDT, Moscow, Russia) AFM instrument. 5.0 pm x 5.0 pm images
(1024 x 1024 pixels) were captured in tapping mode under am-
bient conditions (T = 22 + 1 °C, RH% = 58.5 + 1.5) using silicon
cantilevers with a nominal tip radius of curvature of 8 nm (Model:
HQ:NSC18 | Al BS) and with a scanning rate of 0.98 - 1.30 Hz. The
SPIP™ image analysis software (Image Metrology, Lyngby, Den-
mark) was used for image post-processing and particle size deter-
mination (Particle&Pore Analysis program).

2.3.3. Raman spectroscopy

Raman spectra were recorded with a Renishaw Ramascope
imaging microscope (with the WireTM v1.3 Raman software). The
spectra were recorded using an Ar-ion laser with an excitation
wavelength of 514 nm and a laser power of 20 mW in the
wavenumber region from 4000 to 500 cm~!. The spectrometer was
calibrated against a Si standard (520 cm~!). The Raman spectra
were collected directly from the graphite flakes without any pre-
treatment. For the measurement of the dispersions, ca 10 ul of
liquid was deposited on a glass plate after which it was dried in
an oven at 60 °C for about 15 min. At least 5 spectra of each sam-
ple were recorded.

2.3.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the samples was per-
formed with an STA 449F1 Jupiter® (Netzsch) instrument. The
analysis was conducted using nitrogen gas with a flow rate of
60 ml min~! in an oxygen-free environment up to 900 °C with
a heating rate of 10 K min~!. The dispersions were oven-dried at
60 °C overnight prior to the analysis.

2.4. Film preparation and characterization

A standard airbrush pen was used to manually spray-coat the
dispersions on thin glass substrates. Spray coating was performed
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on a heating plate with an electronic contact thermometer (IKA
ETS-D5), which maintained a temperature between 60 and 70 °C
to speed up the evaporation of water from the dispersions. The
prepared films were ca 1 — 2 pm thick as measured with AFM. The
film thickness was calculated based on three 100 x 100 um AFM
images (512 x 512 pixels).

2.4.1. Scanning electron microscopy

The morphologies of the graphene-CNC composite films were
studied by scanning electron microscopy (SEM) using a LEO Gemini
1520 instrument with a Thermo Scientific Ultra Dry Silicon Drift
Detector (SDD).

2.4.2. X-ray diffraction (XRD)

The XRD patterns for graphite, CNC and the composite films
were obtained with an X-ray diffractometer (D8 DISCOVER, Bruker,
Germany) using a Cu Ko radiation at 40 kV and 40 mA. Data was
collected in the range of 260 = 10-45° using a step size of 0.04° for
50 s per step. The XRD patterns were recorded from the graphite
powder sample, the as-prepared composite films and CNC drop-
cast on a glass substrate at a grazing incidence angle of 1°

2.4.3. Electrical conductivity

The electrical conductivity of the films was determined using
the four-probe technique in a linear configuration with a tip spac-
ing of 1.82 mm. A bias current of 1 mA was applied over the films
with a Keithley 2400 SourceMeter® until a stable and reproducible
voltage was obtained. The measurements were conducted under
ambient conditions (T = 21.0 °C and RH% = 54.2). The film con-
ductivities were calculated using correction factors for finite size
[48].

2.4.4. Cyclic voltammetry

The graphene-CNC films on glassy carbon electrodes and on
non-conductive glass substrates were electrochemically character-
ized with cyclic voltammetry in a three-electrode electrochemi-
cal cell using a Pt wire as a counter electrode. The area of the
characterized electrodes was A = 0.50 cm?. A single junction
Ag/AgCl (3 M KCl) was used as the reference electrode. The cyclic
voltammograms were recorded with an Autolab PGSTAT30 poten-
tiostat using a Nova 2.1.3 software. The potential was cycled be-
tween -0.1 V and 0.6 V in 0.5 mM K3Fe(CN)g (Fluka) and 0.5 mM
K4Fe(CN)g (Fluka) with 1.0 M KNO3 (Fluka) as a supporting elec-
trolyte using scan rates of 5, 10, 20, 50 and 100 mV s~!. Five po-
tential cycles were recorded for scan rates 20 - 100 mV s~! and
2 cycles for 5 and 10 mV s~ of which the last cycle is shown in
the figures discussing the results of the CV measurements. Prior to
all measurements, the electrolyte solution was purged with N, gas
for at least 15 min, and during the measurements, N, was passed
over the surface of the solution. To study the degradation in elec-
troactivity, the composite film was cycled in the presence of the
Fe(CN)g34~ redox couple for 200 times (v = 20 mV s~1) in the
potential interval given above.

2.5. Cytocompatibility with photosynthetic microorganisms

A model green alga, Chlamydomonas reinhardtii wild-type strain
CC124 (hereafter Chlamydomonas), was cultivated in standard Tris-
acetate phosphate (TAP) medium (pH 7) [49] under continuous
white light illumination of 50 wmol photons m~2 s~! photo-
synthetically active radiation (PAR) at 25 °C under agitation on
a rotary shaker (120 rpm) at atmospheric CO, levels. A model
cyanobacterium, Synechocystis sp. PCC 6803 (hereafter Synechocys-
tis), was cultured in Blue Green (BG-11) medium (pH 7.5) [50] un-
der continuous white light illumination of 35 pmol photons m—2
s~1 PAR at 30 °C under agitation on a rotary shaker (120 rpm) at
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atmospheric CO, levels. The cell culture growth was assessed by
measuring the attenuance or optical density at 750 nm (OD7s5q)
using a UV-1800 Spectrophotometer (Shimadzu). Cells were col-
lected at OD759 = 1.0 and subjected to the cytocompatibility tests
via measuring the photosynthetic activity (effective photosynthetic
yield and photosynthetic net O, evolution) and cell growth when
exposed to the film materials. The Chlorophyll a (Chl a) con-
tent of the Synechocystis cells was determined by measuring the
absorbance at 665 nm from the pigment (extracted with 90%
methanol). The Chl a content was calculated using the equation Chl
a (ng ml=1) = 12.7 x Abs at 665 nm [51]. The Chl a and b content
of the Chlamydomonas cells were determined from the pigment ex-
tracted with 95% ethanol.

For the cytocompatibility photosynthesis measurements, 3 ml
of the cell suspension (OD759 = 1.0) was drop-cast onto the inves-
tigated films placed in a Petri dish. Two types of composite films
were investigated, and their starting graphite-to-CNC concentration
ratio was either 30:1 or 50:1. In addition, a graphene film prepared
by exfoliating graphite in a sodium cholate (SC) solution was in-
vestigated. A control experiment with cells drop-cast directly onto
a Petri dish was also performed. The cells were incubated with
the films for 80 h after which the photosynthetic activity of the
cells was measured. During the incubation period, cell drying was
avoided with an addition of 500-750 wl of the respective growth
medium every 24 h. The effective photosynthetic yield of photo-
system II, Y(II), was determined by measuring room temperature
Chl fluorescence of the cells on the films using a pulse-amplitude
modulation fluorimeter (PAM-2000, Walz, Germany). Prior to the
measurements, the cells were dark-adapted for 10 min. Then the
cells were illuminated with actinic light from above that was the
same as during cultivation. Additional white light-saturating pulses
(4000 pmol photons m~2 s~1, 0.8 ms) were used to measure F'm,
the maximum fluorescence under actinic light. Y(II) was calcu-
lated as (FFm-Fs)] F'm, where Fs is the steady-state fluorescence
under actinic light [52,53]. The photosynthetic net O, produc-
tion of the cells was measured with a Clark-type electrode and
chamber (Hansatech Instruments Ltd., UK.). 1 ml of cell suspen-
sion was used for the measurements of the O,-evolving activity
without centrifugation. Then, the samples were dark-adapted for
1-2 min. The O, production was initiated by 1000 pmol pho-
tons m~2 s—! white light using a Fiber-Lite DC-950 light source.
The rate of O, production was calculated using the Hansatech
software.

The cell growth when exposed to the film materials was mea-
sured on solid medium (spot test) and in liquid medium (growth
curve). For the spot test, cells with a total Chl content of 5 nmol
were mixed with particles extracted from graphene and graphene-
CNC dispersions containing either 1 mg or 10 ug graphene in a
total volume of 1 ml of the respective growth medium. The cul-
tures were incubated for 24 h or 80 h under continuous white
light illumination of 50 wmol photons m=2 s~! at 30 °C with ag-
itation (120 rpm) at atmospheric CO, levels. Cells incubated in
growth medium with no dispersion particles was used as the con-
trol. After incubation, the cells were resuspended in fresh BG11 at
OD759 = 0.5. Aliquots (10 wl) of three serial dilutions (1x, 10—3
and 10-6) were spotted onto agar plates of the respective growth
medium and incubated under 50 pmol photons m~2 s=1 at 30 °C
for 7 days. Photographs were taken of the plates and growth ob-
served to assess the cytotoxicity of the film materials. The exper-
iment was performed in triplicate. For the growth curve, cells at
a starting OD759 = 0.1 were mixed with the dispersion particles
containing 10 pg of graphene in a total volume of 25 ml of the
respective growth medium and incubated under 50 pmol photons
m~2 s~1 at 30 °C with agitation (120 rpm) for 7 days. The ODys
was measured each day until the cultures progressed well past sta-
tionary phase (OD759 ~ 1.5).
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3. Results and discussion
3.1. Preparation and characterization of graphene-CNC dispersions

In order to optimize the exfoliation process in CNC to produce
as highly concentrated dispersions as possible, graphite exfolia-
tion was carried out using different rotor speed, N, initial graphite
concentration, ((i), time, t and CNC concentration. We found that
the graphene concentration increases as a function of N (up to
24 000 rpm), ((i), t (up to t = 120 min) and CNC concentra-
tion (Fig. 1). The decline in graphene concentrations after N = 24
000 rpm and t = 120 min might be due to degradation of CNC
caused by high-energy exfoliation conditions (Fig. 1A and C). Pre-
viously, Malho et al. observed that sonication energies higher than
6 kJ led to lower tensile strength and modulus values of cellu-
lose nanofibrils (CNF) [32]. As can be seen in Fig. 1D, the graphene
concentration increases with increasing CNC concentration and de-
creasing graphite-to-CNC concentration ratio (hereafter, graphite-
to-CNC ratio) t for both initial graphite concentrations (C(i) = 50
and 75 mg ml~!, t=15 min), as expected. We used different C(i)
in order to investigate if the stabilization is more dependent on
solely the CNC concentration or on the ratio between graphite and
CNC concentrations. Although the increase in the graphene concen-
tration levels out towards higher CNC concentrations, there seems
to be no specific CNC concentration or concentration ratio where
a maximum graphene concentration is reached in contrary to our
previous results using sodium cholate (SC) as dispersant [46]. With
SC-stabilized graphene, there was a clear maximum SC concen-
tration after which the graphene concentration started to decline.
This was explained by the micelle depletion mechanism of surfac-
tants, which does not apply to CNC since it does not have the abil-
ity to form micelles. Thus, there are differences in the stabilization
mechanisms. Nonetheless, the ability of CNC to stabilize graphene
is linked to its amphiphilic nature.

In order to gain more understanding about the stabilization
mechanism and interaction between graphene and CNC, graphite
was exfoliated in CNC suspensions, which were prepared with dif-
ferent acid hydrolysis times of 1.0 h, 1.5 h and 2.0 h. As expected,
the measured zeta potential value of the CNC suspensions corre-
lates with the duration of sulfuric acid hydrolysis as can be seen in
the inset of Fig. 2. During sulfuric acid hydrolysis, sulfuric acid re-
acts with the surface hydroxyl groups of CNC creating anionic sul-
fate ester groups (-0SO3;~), which induce a negative surface charge
on the CNC rods [54-57]. The duration of acid hydrolysis affects
the amount of the negatively charged sulfate ester groups and a
more negative surface charge is exhibited as lower zeta potential
values [55,57-59]. Indeed, the zeta potential was almost twice as
low for the CNC(2.0 h) sample than for the CNC(1.0 h) sample.
However, the difference in zeta potential after 1.5 h and 2.0 h acid
hydrolysis was relatively small. Under the reaction conditions used
for the sulfuric acid hydrolysis, the oxidation reaction to the hy-
droxyls on cellulose surface might have reached near a saturation.
As can be seen in Fig. 2, the concentration of the exfoliated sheets
was almost proportional to the value of zeta potential as the low-
est zeta potential value gives the highest graphene concentration.
The graphene concentration was ca 32% higher after t = 2 h using
CNC(2.0 h) compared to CNC(1.0 h). This indicates that the negative
surface charge of CNC plays a significant role in the stabilization of
graphene.

Since CNC is electrically insulating, a lower dispersant con-
centration would increase the conductivity of the films even if
a higher graphene concentration could be achieved by increasing
the CNC concentration. Therefore, there is a balance to be found
between maximizing the graphene concentration with the help
of CNC and the electrical conductivity of the composite. In order
to do this, we exfoliated graphite by using CNC(1.0 h) for 2 h
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Fig. 2. Graphene concentration as a function of zeta potential using N = 22
000 rpm, C(i) = 100 mg mI~!, t = 2 h and 50:1 graphite-to-CNC ratio. The re-
sults are an average of three experiments. The value in parenthesis is the duration
of sulfuric acid hydrolysis of CNC. The zeta potential as a function of sulfuric acid
hydrolysis time is shown in the inset.

(C(i) = 100 mg ml~') using four different graphite-to-CNC ratios
from 100:1 to 30:1 (the composite films prepared from these dis-
persions are discussed in Section 3.2). As can be seen in Fig. 3
(and Table 1, Section 3.2), the graphene concentrations are 4.0 and
2.4 mg ml~! using 30:1 and 50:1 graphite-to-CNC ratios, respec-
tively. With higher graphite-to-CNC ratios (75:1 and 100:1), the
resulting graphene concentrations are under 0.05 mg ml~!, which
is lower than after t = 15 min using the same concentration ra-
tios (Fig. 1D) and no films could be prepared from these disper-
sions. Furthermore, the dispersions were not stable, and they floc-
culated within a few days after preparation. It seems that with
these concentration ratios, there is not enough CNC to stabilize
graphene and that there is a threshold ratio between 75:1 and
50:1 where the stabilization starts to be effective when a longer
mixing time is used. Nevertheless, the concentrations (and yields)
reported here are high, up to 4.0 mg ml~! using 30:1 graphite-to-
CNC ratio. In our previous work using SC surfactant solution as dis-
persing medium, we reported 3.0 mg ml~! using the same method
as reported here (t = 2 h and C(i) = 100 mg ml~1). The concen-
tration that we reported was the highest achieved using environ-
mentally friendly aqueous based dispersing agents with the shear
mixing method [46]. This result show that CNC is a very good
graphene stabilizer. In addition, the concentrations achieved in this
study are higher than previously reported when nanocellulose was
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The average graphene concentrations and film conductivities with t = 2 h, C(i) = 100 mg ml~! and N = 22 000 rpm using CNC(1.0 h). The concentration is an average of
three exfoliations and the dispersions were combined after exfoliation. The film thickness and the conductivity results are an average of three films.

Starting graphite-to-CNC Starting CNC conc. Graphene conc.

Graphene yield

Graphene amount Average film Conductivity

conc. ratio (mg ml-1) (mg ml-1) (%) from TGA (% m/m) thickness (nm) (Sm1)
50:1 2.0 24+ 0.1 2.4 Ca 74 1010 =+ 40 280 + 30
30:1 3.3 40+ 04 4.0 Ca 60 1600 + 300 108 + 33
454 71 T T T v ™ graphitic material [54]. After exfoliation, the spectrum resembles
404 ] C(i) =100 mg/ml { ] typical few-layer graphene as the 2D band has downshifted to
J a lower wavenumber and it has become more symmetric com-
f 3.5 30:1 ] pared to the starting material indicating that the number of lay-
= 3_0: 1 ers has decreased [60-62]. The 2D band of graphene with five or
o)) 50:1 more layers is very similar to that of graphite [61-63]. The 2D
g 2.5+ i 7 bands of CNC-stabilized graphene and graphite have clearly differ-
T 20- i ent shapes indicating that after exfoliation, the dispersion mostly
c 1 1 contains graphene with less than five layers.
_OC" 1.5 = P The D/G intensity ratio had increased after exfoliation. The de-
% 4 ! fects associated with the D band can be edges including grain
5,015 . boundaries and flake edges or topological (basal plane) defects
5’ 0.10 ] in the sheet [64]. With liquid-phase exfoliated graphene, the in-
75:1 creased D band intensity has generally been attributed to the for-
0.0541100:1 = . mation of new edges as the flake size is decreased during exfo-
0.00 T | l . l ' . liation [10,25]. The decrease in the lateral particle size was also
' 10 15 20 25 3.0 35 confirmed by AFM results (see below). In addition, the D/D’ inten-

c(CNC) (mg ml™")

Fig. 3. Graphene concentration as a function of CNC concentration with
C(i) = 100 mg ml~', N = 22 000 rpm and t = 2 h using CNC(1.0 h). Graphite-
to-CNC ratio is shown for each data point. The results are an average of three mea-
surements, except with 75:1 and 100:1 where n = 1 and 2, respectively.
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Fig. 4. Raman spectra of graphite (d < 125 pm) and few-layer graphene exfoliated
from it in a suspension of CNCs (50:1 graphite-to-CNC ratio) with t = 2 h. The
results are an average of five spectra normalized to the G band intensity.

used as a dispersing medium [31,39] showing the effectiveness of
the applied shear exfoliation method.

To find evidence of exfoliation, we analyzed a highly concen-
trated graphene dispersion (50:1 graphite-to-CNC ratio, t = 2 h)
with Raman spectroscopy and AFM. Fig. 4 shows the averaged Ra-
man spectra of the starting graphite and the graphene-CNC com-
posite. The Raman spectrum of pristine graphite shows promi-
nent G (1575 cm~!) and 2D (2721 cm~!) bands and a less in-
tensive defect induced D band (1355 cm™!), all characteristic for

sity ratio (4.4 £ 0.3) also indicates that the defects are of edge type
since boundary and edge defects give rise to D/D’ ~ 3.5 - 4.5 [6,65].
Since the D/D’ intensity ratio is within the margins for boundary
type defects, it can be stated that no defects other than new edges
were probably formed during the CNC-stabilized shear exfoliation
process.

Figs. 5 and 6 show AFM images of graphene-CNC dispersions
which were prepared with 30:1 and 50:1 graphite-to-CNC ra-
tios, respectively. The AFM samples were prepared by dipping a
silanized Si wafer into the diluted graphene-CNC dispersion as de-
scribed in the experimental section. In both figures, thin flake-like
particles with sharp edges can be observed, representing the ex-
foliated graphene sheets. These exfoliated sheets have varying lat-
eral dimensions ranging from tens of nanometers to ca 1 pum. We
performed a detailed statistical analysis on the 50:1 sample using
three AFM images, which showed that the majority of the exfoli-
ated sheets were relatively small, under 100 nm in length (Fig. 7A).
The thickness of the exfoliated sheets was also estimated with
AFM, bearing in mind that the measured height of the particles
is larger than the theoretical thickness of graphene layers since
the dispersant adsorbed on graphene also contributes to the mea-
sured height [1,6,46]. The statistical analysis showed that the ap-
parent thickness of ca 47% of the sheets was under 3 nm (Fig. 7B),
which corresponds to maximum 5 layers of graphene [1]. This re-
sult is in agreement with Raman analysis and confirms the pres-
ence of few-layer graphene. In addition to the exfoliated sheets,
some rod-like particles were also present in the AFM images (in-
dicated with black arrows in Fig. 5A), which could be identified
to represent CNC since they resemble the CNC nanorods in the
reference pure CNC sample being shown in the inset of Fig. 5A.
These 20-30 nm wide nanorods have varying lengths from ca 100
to 600 nm and heights from ca 1 to 5 nm. Some spherical par-
ticles with ca 20-30 nm diameter can also be identified. Some
of these CNC particles are dispersed among the graphene sheets
and some are in contact with the exfoliated graphene sheets as
can be seen in both topographical (Figs. 5 and 6A) and phase con-
trast images (Figs. 5 and 6B). The rod-like CNC particles have a
slightly darker phase contrast compared with the graphene par-
ticles, which arises from a material contrast between CNC and
graphene based on their characteristic viscoelastic properties [66].
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Fig. 5. A 2.5 x 2.5 pm top-view topographical AFM image (A) and its phase contrast image (B) of few-layer graphene exfoliated (t = 2 h) in a CNC suspension (30:1 graphite-
to-CNC ratio) and deposited on a silanized Si wafer. A 5.0 x 5.0 um top-view topographical AFM image of pure CNC(1.0 h) used in the exfoliation is shown in the inset. Some
typical exfoliated sheets are circled and typical CNC nanorods are indicated with black arrows.

Fig. 6C represents an enlargement of a 0.8 x 1.0 um area of the
phase image where, based on the material-specific phase contrast,
a CNC nanorod can be resolved on the surface of the few-layer
graphene sheet. The line profile graph (Fig. 6D) along the line in-
dicated in Fig. 6C confirms that there is a difference in phase shift
of approximately 2.0° arising from the compositional contrast be-
tween CNC and graphene. Besides compositional (material) con-
trast there is a topographical contrast arising from increased tip-
sample contact area at structural grain boundaries, appearing as
edge effects in the phase contrast image, i.e. a sharp dip and peak
on either side of the rod in the line profile [66]. These artifacts
can be omitted, leaving the material contrast between the CNC
rod and the underlying graphene flake. The height of 5 nm and
width of ca 30 nm of the rod particle from the corresponding topo-
graph (Fig. 6A) confirms that the particle represents a CNC particle
(c.f. the inset of Fig. 5A). The CNC nanorods are more abundant in
the 30:1 sample (Fig. 5) than in the 50:1 sample (Fig. 6) showing
that the smaller graphite-to-CNC ratio (30:1 vs. 50:1) also yields a
larger amount of CNC in the dispersion. This is in agreement with
the TGA results (see Table 1).

3.2. Characterization of the graphene-CNC composite films

Finally, we prepared composite films from the highly concen-
trated few-layer graphene dispersions (C = 2.4 and 4.0 mg ml~1)
by spray-coating on thin glass substrates. The electrical conduc-
tivity of the films prepared from dispersions with 50:1 and 30:1
starting graphite-to-CNC ratios (hereafter 50:1 and 30:1 films)
were 280 S m~! and 108 S m~!, respectively (Table 1). The film
with the higher conductivity contained more graphene and con-
sequently less CNC compared to the film with the lower electri-
cal conductivity. The graphene contents of the 50:1 and 30:1 films
were 74 and 60% (m/m) (estimated with TGA), respectively, which
gave 2.6 times higher conductivity to the 50:1 film. That is, the
starting graphite-to-CNC ratio and the consequent CNC amount in
the films have a significant effect on the conductivity. Due to the
insulating nature of nanocellulose, it has been challenging to pre-
pare composites with a high conductivity. The previously reported
values for composites of nanocellulose and graphene-based mate-

rials vary from non-conductive [32] to ca 5000 S/m which was
achieved by layer-by-layer assembly of rGO and CNC [67]. Typi-
cally, values under 100 S/m have been reported [30,33,39,68-70].
To this end, the electrical conductivities of 108 and 280 S m~! are
among the highest reported.

The surface morphology of the films also affects their conduc-
tivity. The SEM images of the film surfaces (Fig. 8) show that it is
composed of graphene flakes with a varying length from <100 nm
to several hundreds of nanometers (in agreement with the AFM re-
sults, Fig. 6 and 7) with some visible junctions between the flakes.
The porosity (the size and number of inter-flake junctions) of a
graphene nanosheet network has been linked with its conductivity
[71,72] since the inter-flake junctions decrease the electron mobil-
ity in the film and thereby increase the resistance in the system.
Based on the SEM images, no clear differences in the morpholo-
gies of 50:1 and 30:1 films can be distinguished indicating that
the CNC amount in the film is the main cause for the different
film conductivities.

Fig. 9 shows the XRD patterns of the graphite starting material,
pure CNC and 30:1 and 50:1 composite films. The neat CNC drop-
cast on a glass substrate shows peaks at 2 8 = 14.9°, 16.4°, 22.6°
and 34.4° corresponding to the crystalline planes of (1-10), (110),
(200) and (004), respectively, which are characteristic of cellulose
[ allomorph structure [73-75]. The crystallinity of the as-prepared
CNC is 78.0% as calculated with the Segal’s method [76]. Graphite
and the composite films show a prominent peak at 2 6 = 26.5°
which corresponds to the (002) crystalline plane of graphite and
a layer-to-layer d-spacing of 0.3358 nm. However, the (002) peaks
of the composite films are broader and more asymmetric towards
lower angles compared to graphite. This indicates that graphite has
successfully been exfoliated to few-layer graphene. In addition, the
characteristic CNC peaks are also present in the XRD pattern of
the composite films. The (200) diffraction peak, which is related
to the thickness of the molecular sheets in the stacking direction
of the a-axis of the cellulose unit cell [77] is the clearest cellulose
peak in the composite films. It is also more prominent for the 30:1
composite film, which contains more CNC than the 50:1 composite
film. The other CNC peaks in the composite films can be discerned
at higher magnifications.
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Fig. 6. A 5.0 x 5.0 pm top-view topographical AFM image (A), a phase contrast image of the same area (B) and an enlargement of 0.8 x 1.0 um area (C) of the phase contrast
image of few-layer graphene exfoliated (t = 2 h) in a CNC suspension (50:1 graphite-to-CNC ratio) and then deposited on a silanized Si wafer. Also included is a line profile

(D) along the line indicated in the phase contrast image (C).

The electrochemical properties of the 50:1 graphene-CNC films
on a glassy carbon (GC) electrode and on a non-conductive glass
substrate were characterized by cyclic voltammetry (CV). Fig. 10A
shows the cyclic voltammograms of the 50:1 graphene-CNC film
on a commercial GC electrode in comparison to a bare GC elec-
trode in an aqueous solution consisting of 0.5 mM K;Fe(CN)g and
0.5 mM K4Fe(CN)g with 1.0 M KNO3 as the background electrolyte.
The same GC electrode was used for both measurements. Well-
defined reduction and oxidation peaks of the Fe(CN)g37/4~ redox
couple are observed for both electrodes whereas the redox peaks
are absent in the pure KNO;3 solution where only the background
current can be seen (i.e., the capacitive charging current due to the
double layer formation). The relatively high capacitive current of

the graphene-CNC film indicates that the surface and most likely
also the bulk of the composite film are porous resulting in a much
higher active surface area compared to the flat and smooth GC
surface. The redox response of the graphene-CNC film indicates
also that the electrically insulating CNC does not hinder the elec-
tron transfer through the composite film and that the graphene-
CNC network offers continuous electron transfer pathways, which
is in good accordance with the electrical conductivity measure-
ments showing that the composite films are electrically conduct-
ing. In addition, the redox potentials of the graphene-CNC film on
non-conductive glass (Figs. 10B and 11) are practically the same
as for the GC electrode indicating that the GC substrate does not
contribute to the observed current of the graphene-CNC film. The
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Fig. 7. A statistic histogram representing the flake length (A) and apparent thickness (B) distribution of the exfoliated sheets dispersed in CNC based on the combined data

from three AFM images of the same sample.

Fig. 8. Top-view high magnification (25000x) SEM images of spray-coated 30:1 (on the left) and 50:1 (on the right) graphene-CNC composite films.
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Fig. 9. Normalized XRD patterns of graphite (d < 125 pm) and CNC starting mate-
rials and graphene-CNC composite films with 50:1 and 30:1 graphite-to-CNC ratios.

differences in the current densities in Fig. 10A (GC substrate) and
Fig. 11A (non-conductive glass substrate) are due to differences in
the graphene-CNC film thickness.

The degradation of the electroactivity of the composite film on
the non-conductive glass substrate in contact with water was stud-
ied by continuous potential cycling for 4 h. As can be seen in

Table 2

The anodic (Ep.) and cathodic (Epc) peak potentials, and the peak sep-
aration (AE,) for the graphene-CNC film (50:1) on GC electrode and
for bare GC electrode measured in 1.0 mM Fe(CN)g3/4~ (see Fig. 8A);

v=50mVs
Electrode Epa (V) Epc (V) AE, (V)
Graphene-CNC 0.305 0.213 0.092
GC 0.300 0.222 0.078

Fig. 10B, the redox response is unchanged over the entire measure-
ment indicating a high stability of the electrochemical response.
It can be speculated that the reason for the very good water-
stability of the composite film is the relatively low amount of CNC
in the film matrix acting as a binder keeping the more hydrophobic
graphene sheets together. The hydrophobicity of graphene prevents
the solubilization of the composite films in the aqueous solution
during the time scale of the stability measurement (4 h).

Table 2 shows the anodic (Epa) and cathodic (Ep) redox peak
potentials and peak separation (AEp) of the 50:1 film on GC
electrode and bare GC electrode measured at 50 mV s~! in the
Fe(CN)g34~ redox solution. The peak separation is only some-
what larger for the 50:1 film (0.092 V) than for the GC electrode
(0.078 V) indicating that the redox reaction has almost the same
reversibility on the bare GC electrode surface and on the graphene-
CNC film. Additionally, the CVs in Fig. 11 show that the reversibility
of the Fe(CN)g3-/4~ redox couple is very good even at higher scan
rates for the 50:1 film electrode (on non-conductive glass sub-
strate). The peak separation increases from 65 mV, which is very
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Fig. 10. Cyclic voltammograms of the graphene-CNC film (50:1) on GC electrode and of bare GC electrode in 0.5 mM KsFe(CN)g and 0.5 mM K4Fe(CN)s with 1.0 M KNOs as
the background electrolyte, and in pure 1.0 M KNOs; vF = 50 mV s — ! (A). Cyclic voltammograms of the 50:1 film on non-conductive glass substrate in 0.5 mM K3Fe(CN)g,

0.5 mM K4Fe(CN)s and 1.0 M KNOs; 200 potential cycles, t =4 h,v=20mV s ~ ! (B).

06 T T T T T T T T
. A
q
S 0.4- g
(&]
<
£ 0.2 .
= ]
2 0.0- / 7
@ )
8 1
T 021 ﬁ/:;v s
S
5 —10mvs"’
O 044 20mV st |
—50mVs’
100 mVs™
_06 T T T T T T T T
02 01 00 01 02 03 04 05 06 07

Potential (V)

0.15 T T T T T

0.10 4

£ 0.051

o
o
o
1
1

-0.05

Peak current ( mA)

Cathodic
-0.10 4

-0.15

4
Scan rate

6
1/2(

mV s

8
-1 )1/2

Fig. 11. Cyclic voltammograms of the graphene-CNC film (50:1) in 0.5 mM Fe(CN)s3~, 0.5 mM Fe(CN)¢* and 1.0 M KNO; measured with different scan rates from 5 to
100 mV s — ! (A) and the anodic and the cathodic peak currents as a function of the square roots of the scan rates (B).

close to the theoretically expected peak separation of 59.2 mV for
a one electron process at 25 °C, to only 116 mV when the scan rate
is increased from 5 to 50 mV s~1, showing that the electron trans-
fer is efficient in the bulk and on the surface of the composite film.
In addition, the linear dependence of the anodic and cathodic peak
currents vs. the square root of the scan rate reveals that the redox
reaction is diffusion controlled (Fig. 11B), although the scan rate of
5 mV s~! deviates slightly from the linearity.

3.3. Biocompatibility of the graphene-CNC composite films

The biocompatibility of the 50:1 and 30:1 graphene-CNC
composite films with prokaryotic (Synechocystis) and eukary-
otic (Chlamydomonas) photosynthetic microorganisms was evalu-
ated. In addition, a few-layer graphene film prepared by exfo-
liating graphite in SC solution with no CNC was investigated.
The biocompatibility was evaluated on two fronts: photosyn-
thetic activity and cell growth. Schematic presentations of the
studied cells and biocompatibility measurements are shown in
Fig. 12.

To measure the photosynthetic activity, a thin layer of the cells
was applied on the films allowing a direct contact of the material
with the cells. The photosynthetic performance of the cells inter-

10

acting with the films was evaluated as the change in the effec-
tive yield of photosystem II, Y(II) and relative photosynthetic net
0, evolution values (for more details, see the experimental sec-
tion). These values are common indicators of photosynthetic ac-
tivity and are sensitive to environmental stress [78]. Both Chlamy-
domonas and Synechocystis cell layers on the films exhibited simi-
lar Y(II) parameters (Fig. 12B) and photosynthetic O, evolving ac-
tivity (Fig. 12C) as control cells that were not exposed to the
films and no significant difference between the film types was
observed. Therefore, the films maintain the photosynthetic activ-
ity of the microbes, making them suitable as bio-anodes for bio-
photovoltaic devices where current is harvested from photosyn-
thetic electron transfer chain [79]. To measure the effect on cell
growth, the cells were exposed to graphene-CNC and few-layer
graphene dispersion particles in their liquid growth medium and
their subsequent growth on either solid or liquid medium was
measured. Both Chlamydomonas and Synechocystis cells exhibited
similar growth on solid medium after exposure to dispersion par-
ticles for up to 80 h compared to control cells that were not ex-
posed (Fig. 12D). Similarly, both Chlamydomonas and Synechocys-
tis cultures grew in liquid medium containing dispersion particles
(Fig. 12D). The results obtained here indicate that the few-layer
graphene and graphene-CNC composite films prepared by exfoli-
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Fig. 12. (A) Schematic representations of cells of the model alga Chlamydomonas reinhardtii and model cyanobacterium Synechocystis sp. PCC 6803. The inset represents
a photosystem II (PSII) complex (a photocatalyst for water oxidation and generation of electrons) embedded in the photosynthetic membrane. The biological components
assayed for biocompatibility are labelled B-D. (B) The effective yield of photosystem II, Y(II) and (C) photosynthetic net O, evolution activity of cells on the 50:1 and 30:1
graphene-CNC films and graphene exfoliated in SC (graphene) after 80 h of incubation. The control cells were incubated on a petri dish with no film exposure. Error bars
correspond to the means of standard error values derived from two independent biological replicates. Each biological replicate represents 1-3 independent measurements.
(D-I) A photograph of cells after 7 days of incubation on solid medium (agar plate) after 80 h exposure to graphene and graphene-CNC dispersion particles. The photograph
is representative of three biological replicates. (D-1I) The optical density (OD7sq) of cells grown in liquid medium mixed with dispersion particles measured each day up to 7
days.

ating graphite in liquid phase exhibit good biocompatibility and 4. Conclusions

no cytotoxicity toward model eukaryotic and prokaryotic photosyn-

thetic microorganisms upon prolonged incubation (80 h), making A fast, facile, low-cost and environmentally benign one-step
them useful for long-term bioelectrochemical applications where process for the preparation of graphene-CNC composite disper-
photosynthetic microorganisms are employed as living biocatalysts sions was achieved by exfoliating natural flake graphite directly
[79,80]. in CNC suspensions. Graphite was exfoliated in CNC suspensions

n
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with different amounts of sulfate ester groups, and we have
shown that the electrostatic repulsion provided by these negatively
charged surface groups had a significant effect on the concentra-
tion of graphene dispersions. With the optimized shear exfoliation
method, highly concentrated defect-free few-layer graphene dis-
persions were prepared only after 2 h exfoliation. The graphene
concentration increased with increasing CNC concentration, and
we were able to prepare dispersions with few-layer graphene as
high as 4.0 mg/ml showing that CNC is an excellent graphene sta-
bilizer. The higher initial CNC concentration had a significant effect
on the conductivity of the spray-coated graphene-CNC composite
films as the conductivity decreased from 280 S m~! (50:1) to 108
S m~! (30:1). Furthermore, the 50:1 film acted as an efficient elec-
tron transfer layer as the Fe(CN)g374~ redox reaction occurred re-
versibly on its surface. The biocompatibility of the graphene-CNC
films towards photosynthetic microorganisms is promising espe-
cially for electrical energy generation in photovoltaic applications,
such as biophotovoltaic devices. In combination with good water-
stability, the composite films may be useful also in small scale en-
ergy storage applications, like flexible batteries and supercapaci-
tors.
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