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ABSTRACT 

 

It has been a constant challenge to develop more sustainable and better-performing 

supercapacitors that meet the large-scale demands of hybrid electric vehicles, wearable 

microelectronics, and grid storage in the future. They require green, facile, and efficient 

production methods to realise their prospective applications. In this work, graphene-

nanocellulose crystals (G-CNC) composites were evaluated as electrode active materials for 

symmetric, electrochemical double-layer capacitors (EDLCs). The G-CNC electrodes were 

fabricated through manual spray-coating of the composites, prepared by a green and facile high-

shear, liquid-phase exfoliation of natural graphite flakes. The obtained G-CNC composites of 

high graphene (>7 mg·mL-1) and CNC (11-32 % w/w) concentrations were identified to 

significantly reduce the composite’s electronic conductivity, along with presence of partially 

exfoliated graphite in several dispersions. The G-CNC electrodes display decent energy storage 

capabilities, with an average specific capacitance of up to ~40 F·g-1 in aqueous electrolyte 

solution (1.0 M NaClO4). The 2D stacking arrangement of the graphene flakes in the G-CNC 

electrodes was determined to impede ion transport needed for double-layer capacitance 

formation. Low energy efficiencies (<75 %) were obtained for these electrodes, which suggests 

that modifications in the G-CNC material, the electrode preparation, or the EDLC component 

materials are still needed for a better understanding of the G-CNC’s full “capacity” as a 

promising material for energy storage applications. 
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1. INTRODUCTION 

 

Today’s society and recent geopolitical events have prompted the acceleration of the transition 

to renewable energy technologies (energy security, climate commitments, and industrial 

policy). One of the key considerations in this discussion is to develop green and efficient energy 

storage/conversion systems. Some of these existing technologies would require larger 

production volumes with sustainable manufacturing practices and supply chains. Therefore, 

demands for improvement in these aspects are needed to reduce economic losses. 

 

Sticking with sustainability aspects, the goal of integrating current, sustainable manufacturing 

practices to develop energy storage devices is a high focus. Currently, 85 % of Finland’s 

renewable energy resources are derived from biomass (IEA Bioenergy 2021) and the aim is to 

increase their utilisation to achieve the 2030 energy and climate targets [1]. To achieve these 

targets, it is pragmatic to consider minimising the use of non-renewable raw materials such as 

precious metals and minerals [2]. Utilisation of carbon-based materials as alternative to some 

of the critical raw materials can permit cheaper production costs and wider availability whilst 

being equally functional. This is because of their high tunability and electrochemical stability 

[3, 4]. Moreover, some of these materials can be derived from biomasses, thereby promoting 

sustainable production. Such raw materials, like graphite and cellulose, are widely abundant, 

easily processed, and hugely able to provide desirable functionalities such as greater surface 

area and mechanical durability upon application. 

 

One of the key energy storage devices greatly utilising carbon-based materials are 

supercapacitors (SCs). They are currently used in electric and (mild) hybrid vehicles, public 

transport vehicles (buses, trams, trains), consumer electronics, power tools, Internet of things 

(IoT) devices, and energy management systems, with the latter in its use as an intermediate 

power buffer in conditions of power peaks in energy demand [5, 6]. They are of particular 

interest because of their functional properties like high power capability, excellent cyclability, 

and fast response. Particularly in e-mobility applications, SCs tend as well to be smaller, lighter, 

and more flexible than batteries. On the other hand, batteries have significantly higher energy 

density and lower self-discharge. The gaps of one device are supplemented by the other, and 
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the challenge is in bridging their capabilities together to obtain a hybrid system that contains 

high energy and releases it at high rates which can last for longer periods. 

 

All things considered, this research aims to explore the capability of graphene-cellulose 

nanocrystals (G-CNC) composite as an electrode material for electrochemical double-layer 

capacitors (EDLCs). Specifically, the research aims to (1) prepare electrodes based on the G-

CNC composite, (2) evaluate the surface and electrical properties of the G-CNC; and (3) 

determine its overall energy storage capacity, accounting for the magnitude of energy stored 

and the speed of charging and discharging.  

 

It is expected that the G-CNC composite will have a well-developed, hierarchical structure with 

a high active surface area, which is crucial for the EDLC performance. This study tackles the 

challenges of efficient material preparation and performance improvement, necessary in 

upscaling of “greener” production methods for EDLCs. 



3 

2. THEORY 

 

2.1 Supercapacitors 

 

Supercapacitors (SCs) are devices which allow electrical energy storage by means of charge 

separation between two conductors, separated by a dielectric material. This definition is 

comparable to that of a conventional, electrostatic capacitor. However, in the case of SCs, the 

electrode material and the dielectric are different and are made up of two, high-surface area 

electrodes separated by a porous dielectric to allow movement of electrolyte ions between the 

two sides. (Figure 1). 

 

Classification of SCs can be subdivided into three (3) groups: (1) electrochemical double-layer 

capacitors (EDLCs), (2) pseudo-capacitors, and (3) hybrid supercapacitors. EDLCs are the most 

common SCs which rely on the conventional electrostatic charge-discharge mechanism 

wherein there is a reversible adsorption of the electrolyte ions on the electrode material’s 

surface. Pseudocapacitors rely on both capacitive and fast, Faradaic, redox processes at the 

Figure 1. Schematic illustration of an electrical double-layer capacitor (EDLC), one type of 

supercapacitor (SC). 
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electrode surface; and hybrid supercapacitors are asymmetric SCs that have a battery-like 

(Faradaic) electrode on one side and a capacitive electrode on the other. The contribution of 

Faradaic processes increases the specific capacitance in SCs but runs at an expense of device 

stability and cost. 

The main principle of charge separation in EDLCs is based on electrical double-layer 

capacitance. The electrode-electrolyte interface is charged, with the electrolyte ions 

counterbalancing the excess charges present in the electrode as a function of distance from the 

electrode. This space forms the so-called electrical double-layer (Figure 2), where the electrode 

surface consists of adsorbed ions (in the inner Helmholtz plane, IHP), then there are solvated 

ions near the electrode surface (comprising the outer Helmholtz plane, OHP), and diffused ions 

of greater mobility. The charge separation is therefore achieved by usable work (or transferrable 

energy) in the form of current flow. In comparison to conventional capacitors, in SCs’ a larger 

electrode surface area enables greater charge separation and energy storage, as it permits more 

sites for electrical double layer formation and lesser distance between the electrodes [5, 7, 8]. 

 

Figure 2. Model illustration of the electrical double layer formation on one side of a symmetric, 

EDLC electrode. 
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As with all capacitors, the amount of charge stored (Q, Coulombs) at a given cell potential (∆V, 

V) is determined by the material’s capacitance (C, F) (Equation 1): 

 

 
𝐶 =

𝑄

∆𝑉
 ( 1 ) 

 

A greater capacitance would then translate to greater amount of energy stored, expressed by the 

cell’s energy density (E, W-h kg-1) (Equation 2): 

 

 
𝐸 =

1

2𝑚
𝐶(∆𝑉)2 

( 2 ) 

 

Wherein m is the mass of the active material.  

 

As supercapacitors are used to provide significant amount of power to energy-dependent 

systems, the power density (P, W-kg-1) is also considered: 

 

𝑃 =
∆𝑉𝐼

𝑚
=

1

4𝑚
·

(∆𝑉)2

𝑅𝐸𝑆𝑅
 

( 3 ) 

 

Wherein I is the applied current (in Amperes, A) and 𝑅𝐸𝑆𝑅 is the equivalent series resistance, 

attributable to the cell assembly, the EDLC material components, and the set-up’s electrical 

components. As a non-ideal capacitor, it is expected that it loses some of its energy and power 

during charge and discharge cycles because of the series resistance, and it typically manifests 

in the EDLC system as dissipated heat [9]. Moreover, EDLC systems tend to have a 

spontaneous loss in its capacity from its charged state (a.k.a. “self-discharge”) at open circuit 

due to likely ohmic leakages, parasitic Faradaic reactions, or charge redistributions [10–12]. 
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When comparing EDLCs against secondary (rechargeable) batteries, the former only relies on 

the physical charge separation for energy storage, which means that they do not exhibit Faradaic 

chemical reactions. The capacitance of EDLCs is, in principle, easier to determine because the 

state of charge is proportional to that of the voltage window. This generally gives EDLCs the 

following advantages: higher charge-discharge rates, longer cycle life, minimal thermal 

runaway, and cheaper average cost per cycle [13]. On the other hand, EDLCs have a lower cell 

potential, high self-discharge rate, poor voltage regulation, and high initial production costs per 

stored energy. Perhaps their most notable disadvantage is the lower energy density, best 

illustrated by the Ragone plot (Figure 3). Despite this setback, SCs, in general, are still useful 

devices for applications that would require short charging/discharging as well as the fast 

response for fluctuating currents. 

 

 

Figure 3. Ragone Plot for various energy storage and conversion devices. 

 

The key components of supercapacitors include the following: (1) electrode material, (2) 

electrolyte, (3) separator, and (4) current collector. The electrode material is probably the most 

popular research interest in the field of SCs. That is because of the wide scope permitted for 

optimisation based on properties such as active surface area, material porosity, electrical and 

thermal conductivities, physicochemical stability, and processability. The most common 
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electrode materials are carbon-based due to their high surface area, low raw material cost, and 

cheap production [14–17].  These carbon materials can exist in various forms (e.g. activated 

microporous carbon, mesoporous carbon, carbon nanotubes, graphene), in which their electron 

configurations dictate their physical structure, chemical interactions created, and electronic 

properties [18, 19]. 

 

The electrolyte in EDLCs serves to provide mass transport of ions across the electrodes and 

provides the charge balance in the electric double layer that translates to stored energy. The 

electrolyte has an essential role in improving the energy and power density in EDLCs by 

enhancing the operating cell potential (∆V), as shown to be exponentially dependent on cell 

potential (Equations 2.3). The electrolyte’s interaction with the electrode material is also crucial 

for achieving maximal specific capacitance by choosing complementary ion that matches that 

of the electrode material’s porosity parameters. Moreover, the stability of both the electrode 

material and the electrolyte must be considered, especially at higher operating potentials.  

 

Aqueous electrolytes tend to have greater ionic conductivities and lower costs but suffer at the 

expense of limited operational temperature range (below water’s boiling point and above its 

freezing point) and thermodynamic cell potential (~1.23 V). On the other hand, organic 

electrolytes are more commonly used due to their wider potential windows (up to 3.0 V) despite 

being more expensive and demanding to remove moisture and oxygen. Ionic liquids are also an 

alternative with stability (thermal, chemical, and electrochemical) as their main advantage, but 

the high cost and the low ionic conductivity provides a major drawback [15, 20, 21]. 

 

As electronic insulator, the separator acts as a barrier between the two EDLC electrodes to 

prevent their physical contact from short-circuiting the device whilst permitting electrolyte ion 

permeability. Thus, it should possess good wettability with the electrolyte as well as mechanical 

stability for easier processability and lower failure. They must also be chemically stable against 

possible side reactions with the electrolyte and electrochemically inert at the EDLC’s operating 

cell potential. Different separator materials can be used, polyvinylidene difluoride (PVDF), 

polytetrafluoroethylene (PTFE), glass fibre, ceramics, and cellulose. PVDF and PTFE 

separators are used in activated carbon-based EDLCs, but cellulose is more commonly used on 
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large-scale due to its cheaper cost and good overall performance [15, 22]. In some cases, solid 

electrolytes and/or the electrode material substrate can serve as the separator material per se 

[23, 24]. 

Current collectors are one of the major EDLC components which constitutes ~15-20 % of the 

overall cell weight in SCs, in general. They are responsible for the current transfer from the 

EDLC cell’s external source during charging and provides the stored energy to an EDLC-

powered device upon discharge [25]. They can also act as the supporting substrate for electrode 

material loading, which emphasises its importance in an EDLC’s capacity, rate capability, and 

long-term stability [26]. From a practical standpoint, current collectors should be made from a 

low-density, highly conductive material that is also cheap, stable, and processable [22]. 

Research in EDLCs typically use metal-based current collectors (e.g., aluminium, gold, or 

stainless steel (SS)) since they are mechanically stable and highly conductive. In the industry 

scale, aluminium is more commonly used as gold and stainless steel are expensive and highly 

dense, [22, 26]. Carbon-based current collectors can serve as an alternative due to their 

flexibility and lower interfacial resistance between them and the active electrode material [26]. 

Some examples include carbon fibre [27], graphite foil [28], carbon paper [29], conducting 

polymers [30, 31], carbon nanotubes [30, 32], and graphene derivatives [31–33], with the last 

three mentioned employing printing technologies for better immobilisation. 

 

2.2 Graphene 

 

As a diverse material, graphene has been one of the most promising materials to have been 

discovered. Having it to be pre-existent and conceived by scientists for decades, its isolation as 

a single, two-dimensional material only occurred when Andre Geim and Konstantin Novoselov 

used micromechanical cleavage or the “scotch-tape” technique on graphite flakes in 2004. 

During that time, they have characterised a single-atom-thick graphene layer (Figure 4) via an 

optical microscope. Graphene’s discovery has led to further studies on 2D crystals and carbon 

nanostructures [16]. 
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Figure 4. Molecular structure of single-layer graphene, showing its honeycomb-like lattice 

structure with sites for electron mobility via its pi-conjugation network. 

 

Graphene has a hexagonal, honeycomb-like network of carbon atoms. Its lattice structure is 

stable as each carbon atom is sp2-hybridised with one free p-orbital electron, responsible for 

creating π-bonds or mobile electrons that can move around the network. This translates to an 

electronic band structure that allows semi-metallic characteristics, confirmed by tight binding 

theory or ab initio calculations. Moreover, the electronic properties of graphene are dependent 

on the number of layers and their stacking order, existing in single-, double-, or few-layer forms 

[16]. For this reason, graphene has provided a wide range of electronic and energy applications 

[16, 34, 35]. 

 

One of the significant challenges of utilising graphene in energy storage devices in general is 

its industrial up-scalability. The widespread usage of graphene-based materials would require 

an efficient lab-to-industry scaling and lower costs. Currently, some of the most used 

production methods are oxidation of graphite and subsequent exfoliation to form graphene 

oxide (GO) [36] and chemical vapour deposition (CVD) [37]. Both methods pose scalability 

challenges as the former requires usage of harmful chemical agents and extensive processing 

steps, while the latter involves high temperature conditions and lower overall yields [38–40]. A 

potential long-term alternative for these methods is liquid-phase exfoliation (LPE), wherein the 

graphite precursor is introduced to a stable, liquid exfoliation medium wherein physical 

transformation of graphite to graphene produces defect-free and fewer layers of graphene sheets 

for a claim of shorter processing, milder conditions, and cheaper cost [40–43]. 
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Several LPE methods have been developed, involving different exfoliation media (e.g., aqueous 

and organic solvents, ionic liquids, and polymer-based/surfactant solutions) and different 

exfoliation techniques (e.g. sonication [41, 44], jet cavitation [45], high-shear mixing [40, 41], 

[46–48], wet ball milling [49–51], and microfluidisation [46]). Among these techniques, the 

high-shear mixing could offer a significant benefit of better preparation efficiency by obtaining 

higher graphene concentrations at lower energy consumption [52]. This typically involves the 

use of devices that can deliver controllable, high-shear forces wherein its magnitude should be 

sufficient to overcome the surface energies of the material for exfoliation [47, 48]. These 

devices include flow reactors [53, 54], rotor-stator mixers [40, 55, 56], and rotating-blade 

mixers [57–59]. Along with the choice of device set-up, the choice of exfoliation media and the 

exfoliation time are critical parameters that determine the yield of graphene sheets [47, 52]. 

 

In EDLCs, graphene has commonly been used as an electrode material due to its high electrical 

conductivity, surface area, and stability. It relies on the principle of the electrolyte ion 

adsorption on the surface of the graphene sheets, forming the electrical double layer. The 

cheapest, most widely developed preparation method of graphene for EDLCs is the acid 

oxidation of graphite, followed by chemical reduction to form reduced graphene oxide (rGO) 

[16, 60]. As the interlayer charge transfer through the graphene sheets translates to longer ion 

diffusion paths, proposed alternative methods have also been made to improve its efficiency. 

These include surface activation (chemical and electrochemical) [61, 62], heteroatom doping 

(N-, P-, or B-doping) [63–66], and self-assembly (hydrogel and aerogel) methods [64, 67].  
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2.3 Nanocellulose 

 

Nanocellulose-based materials are becoming increasingly popular in the research field. Its 

precursor, cellulose, is one of the most abundant raw materials on Earth, with an estimate annual 

production of 1010 to 1011 tons [68]. Structure-wise, cellulose is composed of β (1,4)-D-

glucopyranosyl (glucose) repeating units which are interlinked, forming elementary fibrils. 

These fibrils, when bundled, form the cellulose fibres that can be extracted from lignocellulosic 

sources like wood, agricultural residues, bacteria, or algae. Cellulose is a hydrophilic, water-

insoluble, easily functionalised, chiral, and infusible polymer [69]. Moreover, cellulosic 

polymers possess different domains of varying crystallinity, depending on several factors such 

as degree of polymerisation, chain length, material origin, and extraction procedure. Crystalline 

cellulose is more resistant to functionalisation or degradation from processing treatments, 

whereas amorphous cellulose is more reaction-sensitive and less dense in its physical structure 

[70]. 

 

In its nanoscale, nanocellulose has the advantages of being more biocompatible, biodegradable, 

amphiphilic, chemically reactive for functionalisation, and mechanically durable, as well as 

having a higher surface area and being less toxic than its bulk precursor [71–73]. These benefits 

which can be tuned allow for extensive applications such as biomedicine, additive 

manufacturing, energy storage, etc. In general, nanocellulose can be classified as (1) cellulose-

microstructured materials (cellulose microcrystals, cellulose microfibrils) or (2) cellulose 

nanofibers  (cellulose nanofibrils) and (3) cellulose nanocrystals (bacterial cellulose), all of 

which are prepared mainly by first extracting the pure cellulose (partial/total elimination of 

extractives, hemicelluloses, and lignin), followed by conversion of cellulose to nanocellulose 

(e.g. acid hydrolysis, ball milling, chemical oxidation) [70, 74, 75]. 
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Figure 5. Sample illustration of the molecular structure of cellulose nanocrystals, along with 

the role of their hydroxyl groups in functionalisation showing the functionalisation of CNCs 

with sulphuric acid (H2SO4). 

 

Cellulose nanocrystals (CNCs) are rod-like, semi-crystalline nanoparticles with a length of 100 

– 6000 nm, a width of 4-70 nm, and a crystallinity index of 54-88 % (Figure 5) [76]. The most 

common way of producing CNCs is by acid hydrolysis with sulfuric acid, in which it eliminates 

the amorphous cellulose domains, and the disordered chain dislocations are prone to hydrolytic 

cleavage due to thermodynamic favourability of steric hindrance and kinetic factors. This in 

turn leaves the shorter, ordered CNC chains which are subject to post-treatment (drying, 

neutralisation, purification, dialysis, etc.) to recover the CNCs in their purest form. They now 

have the hydroxyl groups as the primary reactivity sites with a high surface area-to-volume 

ratio that can be chemically modified to add surface charges which distribute the nanocrystals 

and enhance their compatibility in composites. The effects of surface charge can also manifest 

in the CNC’s physical properties such as viscosity of CNC aqueous suspensions wherein lower 

surface charge density translates into more viscous suspensions [77]. 
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In terms of energy storage, utilising nanocellulose can address the key challenges of achieving 

high energy and power density in the devices, as well as rendering their processing to be more 

readily up-scalable thanks to its abundance, low cost, and favourable mechanical properties 

[72]. It has been studied for its use as electrode materials [78–81], current collectors [82], and 

separators [83]. As electrode material components in batteries and supercapacitors, 

nanocellulose provides a wider surface area and greater porosity on the thin films by creating 

conductive 3D networks with electroactive materials [72, 84]. In addition, its light weight 

makes it an attractive substrate for flexible electronic devices as it can cater large volumetric 

expansions to improve the cycling stability [85].  

 

2.4 Material Characterisation Techniques 

 

2.4.1 UV-Visible Spectroscopy 

 

UV-Visible Spectroscopy (or simply, “UV-Vis”) is a widely used instrumental technique for 

qualitative and quantitative determination of molecular species that aids in the investigation of 

electronic properties of molecules and the monitoring of chemical reactions. Its principle is 

based on a molecule’s ability to absorb light, either in the ultraviolet and/or visible wavelength 

range, by which its electrons get excited from their ground state to higher energy states. The 

amount of light absorbed depends on the incident photon energy at a given wavelength and the 

energy difference between the molecule’s electronic states. [86–88] 

 

This technique uses a spectrophotometer that measures the light intensity before and after 

passing through the sample. The sample is usually placed in a cuvette where a beam of light, 

corresponding to a specific wavelength or a range of wavelengths, passes through it. The 

attenuated light intensity is then detected and measured as a function of wavelength. This 

measurement is displayed as a spectrum consisting of peaks and troughs that is characteristic to 

that of the sample's composition. For quantification, UV-Visible spectroscopy is commonly 

employed to determine an analyte concentration by comparing the sample’s absorption 

spectrum to that of an analyte’s reference spectrum. The amount of analyte in the sample is 

proportional to the amount of light it absorbs and is described by the Beer-Lambert’s Law 

(Equation 4): 
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𝐴 =  𝜀𝑏𝑐 (44) 

Wherein A is the absorbance of the sample, ε is the molar absorptivity of the analyte, b is the 

cell path length, and c is the analyte concentration [88]. 

 

2.4.2 Raman Spectroscopy 

 

Raman Spectroscopy is another instrumental technique that is commonly used for elucidating 

molecular structures and chemical compositions. It relies on the principle of inelastic (or 

“Raman”) scattering of light wherein a shift in energy occurs for a fraction of the incident 

photons that interact with the sample. These energy shifts correspond to the different vibrational 

transitions in the molecules present in the sample and can shift towards a higher energy state 

(as “Stokes Raman shift”) or a lower energy state (as “Anti-Stokes Raman shift”) upon photon 

scattering [88, 89]. 

 

A Raman spectrum is collected by passing a monochromatic light source, such as a laser of 

given wavelength, to a sample. The intensity of scattered light is then detected and plotted as a 

function of the energy shift, usually expressed in wavenumbers (in cm-1). The observed peaks 

in a Raman spectrum would correspond to different vibrational modes that are characteristic to 

the molecules present in the sample. 

 

In terms of energy storage research, Raman spectroscopy is a useful tool for characterizing 

electrode materials and electrochemical processes in different systems such as batteries and 

SCs. It provides information on the structural properties of electrode materials such as their 

degree of crystallinity, the present phases, and the material’s defects or impurities. Moreover, 

electrochemical processes occurring at the electrode-electrolyte interface which can lead to 

phase transitions and degradation (of the electrodes and/or the electrolyte) can also be analysed. 

Overall, this supplemental information provides a better understanding of the energy storage 

system, allowing guidance to its current state of use and for improvements in the material 

preparation and device design [89].  
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2.4.3 Four-Point Probe Technique 

 

The four-point probe is the most common technique employed for measuring the sheet 

resistivity or resistance of thin, semi-/conducting films as it provides fast and accurate 

measurements. In this technique, a set of four contact probes are equidistant to each other and 

arranged in a straight line (Figure 6). Current is passed through the two, outer probes, while the 

potential is measured across the two, inner probes. This separate I-V probe configuration 

permits minimal contact resistance due to potential drop at the contact points.  

 

 

Figure 6. A simple illustration of the four-point probe electrical conductivity measurement 

technique. The variable current is applied on the two outer probes (blue) and the corresponding 

potential is measured from the two inner probes (red). 
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The average sheet resistivity of a thin film is based on Ohm’s law (Equation 5) and is given by 

Equation 6: 

  

𝑉 =  𝐼 · 𝑅 ( 55 ) 

  

𝜌 =
𝜋

ln(2)
· 𝑡 · (

𝑉

𝐼
) 

 

( 6 ) 

 

Wherein ρ is the sheet resistivity (Ω·cm), t is the film thickness (cm), I is the applied current 

(A), and V is the measured voltage (V). It should be noted that Equation 6 is only valid for very 

thin films, meaning that their thickness is less than 40 % of the probe spacing (s in Figure 6), 

and the film width (w) is at least four times more than the spacing distance from the 

measurement point [90, 91]. Otherwise, thicker samples with a more finite width are calculated 

using the equation below: 

  

𝜌 =
𝜋

ln(2)
· 𝑡 · (

𝑉

𝐼
) · 𝑓1𝑓2  

(77 ) 

 

Wherein f1 and f2 are the finite thickness and width correction factors, respectively. From here, 

the electrical conductivity can be calculated as the reciprocal of the electrical resistivity value 

(expressed in S·cm-1). 

 

2.5 Electrochemical Characterisation Techniques 

 

2.5.1 Cyclic Voltammetry 

 

Cyclic voltammetry (CV) is a textbook technique in electrochemistry that is based on varying 

the applied potential in a linear sweep over time at a fixed scan rate. The applied potential 

produces an output current which varies over a specified range, and repeated cycles of the 

voltage sweep are performed to determine the effects of electrochemical reversibility. The 

output current in an ideal capacitor is directly proportional to the applied voltage (Equation 8): 
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𝐼 (𝑡) =

𝑑𝑄

𝑑𝑡
= 𝐶

𝑑𝑉

𝑑𝑡
= 𝐶𝑘 

 

( 8 ) 

The average specific capacitance of a single electrode can be calculated from the CV data based 

on the area under the CV curve (ACV), the scan rate (k), and the total active material mass (mtotal). 

 

 
𝐶𝑠 =  

4𝐴𝐶𝑉

∆𝑉 ∗ 𝑘 ∗ 𝑚𝑡𝑜𝑡𝑎𝑙
=

4𝐼

𝑘 ∗ 𝑚𝑡𝑜𝑡𝑎𝑙
 

 

( 9 ) 

 

Together, these relations translate to independence of scan rate with the determined capacitance 

that is also constant with the cell potential. But as EDLCs are mostly non-ideal, variations in 

the specific capacitance occur due to slow, Faradaic kinetics (for pseudocapacitors and hybrid 

capacitors, better expressed in terms of “capacity”) and/or transmission line behaviour due the 

electrodes’ porosity (Figure 5a, b) [13]. Analysing batteries with CV meanwhile provides a 

more apparent redox (Faradaic) response (Figure 5c).  

 

 

Figure 7. Schematic cyclic voltammogram profiles showing the output behaviour for various 

energy storage electrode materials, including (a, red) EDLCs, (b, green) pseudocapacitors, and 

(c, blue) batteries. The solid lines correspond to charging cycle whereas the dashed lines 

correspond to discharging cycle. 

 

Profile-wise, EDLCs have an ideal rectangular response (Figure 7a), however, deviations from 

these curves are usually attributable to resistive elements from the experimental set-up [8, 92]. 

Aside from the specific capacitance, CV can also provide other essential information, such as 

the operational potential window and an estimate of the EDLC’s cycle life [13, 15, 93]. 
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2.5.2 Electrochemical Impedance Spectroscopy 

 

Electrochemical Impedance Spectroscopy (EIS) is useful for evaluating the processes occurring 

in one’s electrochemical system under near-equilibrium conditions. These include mass 

transfer, diffusion, reaction kinetics, corrosion, etc. These processes can be expressed as 

elements of an equivalent, electrical circuit (e.g., resistor, capacitor, inductor, etc.). Moreover, 

combining these circuit elements is numerically expressed in terms of its impedance (𝑍𝜔) 

against current flow that is dependent on a specific frequency (Equation 10). Thus, EIS utilises 

a small magnitude of sinusoidal (AC) perturbation of defined frequency, and its corresponding 

output response is measured for each frequency over a defined range (~10-4 to 106 Hz). [94, 95] 

 

 
𝑍𝜔 =

𝑉𝜔

𝐼𝜔
 

( 10 ) 

 

The applied, sinusoidal perturbation is expressed as time-dependent, wavefunction that 

accounts for its amplitude (V0) and the angular frequency (ω). Graphically, the perturbation is 

visualised as a rotating vector (X), wherein the vector length corresponds to the amplitude while 

the direction corresponds to the phase value. The same principle also applies to the output 

response that is out of phase with the perturbation. The difference in the input and output 

signal’s phase value is called phase angle (𝜙, Figure 8). [15, 95] 

 𝑋(𝑡) = 𝑋0 sin(𝜔𝑡) ( 11 ) 

 𝑋(𝑡) = 𝑋0 sin( 𝜔𝑡 +  𝜙) 
( 12 ) 
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Figure 8. Phasor diagram illustrating the phase shift (ϕ) due to difference in angular 

frequencies and magnitude of rotating vectors for both alternating potential V(t) and current 

I(t). 

 

The two rotational vectors at a corresponding frequency can be expressed as a complex number, 

consisting of real (Z’) and imaginary (Z”) parts. The phase angle can also be derived from both 

parts: 

 

 𝑍 (𝜔) = 𝑍′(𝜔) + 𝑗𝑍" (𝜔) ( 13 ) 

 
𝜙 (𝜔) = tan−1

|𝑍′(𝜔)|

|𝑍′′(𝜔)|
 ( 14 ) 

 

An electrochemical system can be modelled based on equivalent circuit elements (Table 1), but 

some systems may require additional, more complex elements. In most cases, the resistor and 

capacitor elements are modelled in series and/or parallel with each other, especially in the low-

frequency region in which capacitive processes dominate. With EDLCs, the typical model used 

is a simplified Randles circuit (Figure 9). [7, 95] 
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Table 1. Basic electrical circuit elements conventionally used in EIS. 

Element |Z| Z’ Z” 𝝓 

Resistor 

 

R R 0 0 

Capacitor 

 

1

𝜔𝐶
 0 

1

𝑗𝜔𝐶
 -90° 

Inductor 

 

𝜔𝐿 0 𝜔𝐿 90° 

 

 

 

Figure 9. Randles equivalent circuit model for illustrating the processes present in an 

electrochemical system. 

 

The Randles model circuit elements include the equivalent series resistance (ESR), leakage 

resistance (Rleakage), and ideal double-layer capacitance (Cideal). The leakage resistance can be 

further specified, accounting for charge-transfer resistance (Rct) and Warburg impedance (Zw) 

for diffusion-related processes [8, 94, 95]. These elements are best illustrated using a Nyquist 

plot (Figure 10): 

ESR 

Cdl 

Rct Zw 
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Figure 10. Nyquist plot representation for various energy storage materials, showing different 

Randles circuit elements modelled present for each device (red – EDLC, green – 

pseudocapacitor, blue – battery). Note that effect of charge transfer resistance is also present 

in batteries. The Warburg impedance can be extrapolated from the 45° region of the green and 

blue plots. 

 

2.5.3 Galvanostatic Charge-Discharge 

 

Galvanostatic Charge-Discharge (GCD), also known as the constant current method, is a 

technique that is commonly employed and generally accepted in both academia and industry 

for analysing battery and supercapacitor performance as it accurately depicts how the applied 

load is typically used in commercial applications [96, 97]. This involves application of constant 

current input to one’s cell (two- or three-electrode system) during charging and discharging. 

This in turn provides a voltage output as a function of time, performed for several cycles to also 

determine the rate capability of the system. For calculating the (averaged) specific capacitance 

of a single electrode, the slope of the discharge curve (expressed now as discharge capacitance) 

is taken and is governed by the equation below: 

 

 
𝐶𝑠 =

4𝐼

𝑚𝑡𝑜𝑡𝑎𝑙
×

∆𝑡

∆𝑉
 

( 15 ) 
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Where I is the applied, constant current, mtotal is the total active material mass of the two 

electrodes, and 
∆𝑡

∆𝑉
 is the discharge curve slope. It is important to note that the GCD profile 

indicates the charging and discharging efficiency. This means that it also tells us the magnitude 

of the factors affecting the efficiency, such as equivalent series resistance and faradaic 

contributions, if present (Figure 9). 

 

 

Figure 11. Schematic galvanostatic charge-discharge profiles showing the output behaviour for 

various energy storage electrode materials, including (a, red) EDLCs, (b, green) 

pseudocapacitors, and (c, blue) batteries. The solid lines correspond to charging cycle whereas 

the dashed lines correspond to discharging cycle. 

 

The device efficiency is usually expressed in terms of Coulombic efficiency (ηc, Equation 16): 

 

 
ηC =

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑐𝑦𝑐𝑙𝑒 𝑛

𝑡𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑐𝑦𝑐𝑙𝑒 𝑛
 

 

( 16 ) 

Where both the time t for charge and discharge are of the same cycle n. This in turn assumes an 

ideal, linear response for charging and discharging, which is often not the case and leads to 

overestimation of the device performance. Therefore, a better parameter to use is energy 

efficiency (ηE, Equation 17): 

 

ηE =
𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑐𝑦𝑐𝑙𝑒 𝑛

𝐸𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑐𝑦𝑐𝑙𝑒 𝑛
=  

∫ 𝑉(𝑡) 𝑑𝑡
𝑡(𝑉min)

𝑡(𝑉max)

∫ 𝑉(𝑡) 𝑑𝑡
𝑡(𝑉max)

𝑡(𝑉min)

 

 

( 17 ) 
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Wherein it is expressed as a ratio of discharging (𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑐𝑦𝑐𝑙𝑒 𝑛) and charging 

(𝐸𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑐𝑦𝑐𝑙𝑒 𝑛) energies which is obtained by integrating the area under the charge and 

discharge curves. This would consider the non-idealities of the EDLC [8, 98]. 
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3. METHODOLOGY 

 

The work is divided into four parts: (1) Preparation of graphene-CNC (G-CNC) dispersion, (2) 

Preparation of G-CNC electrodes, (3) Physico-chemical characterisation, and (4) 

Electrochemical characterisation of electrode materials. 

 

3.1 Preparation of G-CNC Dispersion 

 

The procedure used in this work is in accordance with the preparation of Lund, et al. [55]. 

Natural flake graphite (Alfa Aesar, ~325 mesh, 99.8 %) was exfoliated directly in a 

suspension of cellulose nanocrystals to form a composite of graphene and CNC. Graphite 

flakes were “added” to the suspension of cellulose nanocrystals (produced at ÅAU, 

Laboratory of Natural Materials Technology) in various graphite-to-CNC weight ratios, 

with a graphite concentration of 100.0 mg/mL of the dispersion. The mixture underwent 

high-shear exfoliation using POLYTRON® immersion disperser with a PT 10-35 GT drive 

unit 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. The exfoliation was set at 22000 rpm for 3 h in a water bath 

cooler (Hetofrig, Denmark) with a water bath circulator (MGW Lauda MT) that maintained 

a constant temperature of 18.0°C (±0.5°C).  

 

The exfoliated dispersion was then allowed to stand overnight prior to removal of 

unexfoliated, graphite residue via two-cycle centrifugation (Hermle Labortechnik Z36HK) 

at a rotor speed of 270 × g for 0.5 h. Graphene concentration was determined by UV-

Visible spectroscopy (Shimadzu UV-2501 PC) at the absorption wavelength maximum of 

660 nm. The molar absorptivity value (ε) used for the analysis was 65.90 mL·mg-1·cm-1, 

as previously determined [55, 99, 100]. 

 

3.2 Preparation of G-CNC Electrodes 

 

The G-CNC dispersions were applied onto graphite foils (SGL Carbon Foil® SIGRAFLEX 

F, 200 mm x 270 mm x 0.25 mm) via spray-coating. The graphite foils were washed with 

N-Methyl pyrrolidone and acetone, then plasma-cleaned (Harrick PDC-002 Expanded 

Plasma Cleaner) prior to the spray-coating. The foils were then placed on a heating plate, 
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regulated at 100 °C. A standard airbrush pen was used, with an applied coating volume per 

unit area of 2.00 mL/6.25 cm2 during the heating. Spray-coated foils were then punched 

into electrodes with an area of 0.75 cm2 and 2.0 cm2 for electrochemical measurements 

(Section 3.4). To determine the active material mass, the electrodes were weighed after 

punching. Average weight was taken on uncoated, punched electrodes (n = 10) to 

determine the substrate mass of similar areas. 

 

3.3 Physico-chemical Characterisation 

 

3.3.1 Raman Spectroscopy 

 

To confirm the formation of the dispersed graphene sheets, different batches of the 

G-CNC dispersion were measured via Raman spectroscopy. About 10 µL of each 

dispersion was drop-casted onto a glass slide. These slides were oven-dried at 60 °C 

for 15 minutes and cooled afterwards for the sample analysis. Raman spectra were 

recorded using an Ar-ion laser with an excitation wavelength of 514 nm and a laser 

power of 25 mW in the 3500 to 500 cm-1 wavenumber range (Renishaw Ramascope 

imaging microscope with WireTM v1.3 Raman software). The spectrometer was 

calibrated with a 520 cm-1 Si standard as reference sample. Three (3) spectra were 

recorded of each dispersion. For comparison, Raman spectra were also taken of the 

graphite flakes applied on stainless steel substrate, without any pre- treatment. 

 

3.3.2 Thermogravimetric Analysis 

 

The relative amounts of the graphene and the CNC in the dispersions were 

determined through thermogravimetric analysis (TGA). The G-CNC dispersions 

were oven-dried at 60 °C overnight for the sample preparation. TGA was performed 

under an oxygen-free environment at a heating rate of 10 K·min-1 up to 900 °C, with 

N2 flow of 60 mL·min-1 (SDT Q600 apparatus from TA Instruments (New Castle, 

DE, USA).).  Two replicates of 10 mg sample amounts were used for each G-CNC 

batch analysed. 
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3.3.3 Scanning Electron Microscopy and Elemental Analysis 

 

The surface morphologies of the G-CNC composite electrodes were evaluated with 

a scanning electron microscope (SEM). For the graphite foil substrate, the top surface 

was characterized using a LEO Gemini 1520 instrument (Zeiss), equipped with an 

Ultra Dry Silicon Drift Detector (SDD, Thermo Scientific) at Åbo Akademi. This 

SEM instrument model is integrated with an energy-dispersive X-ray (EDX) 

Spectrometer. 

 

Additional sample preparation for the G-CNC electrodes were done using focused 

ion beam milling (Hitachi ArBlade IM5000 CTC) at an accelerating voltage of 5.5 

kV and an extraction voltage of 1.5 kV. Representative samples were cut with a razor 

blade and the top surface was attached to a glass cover slip with carbon cement (Leit-

C, Plano GmbH). The cover slip was attached to the cross-section holder with the 

same cement, with the ion beam cut starting from the backside of the sample. This 

backside was covered with a tungsten carbide mask. 

 

The G-CNC electrodes’ surface and cross-sectional morphologies were evaluated 

using an Apreo S field-emission scanning electron microscope (Thermo Scientific), 

equipped with an Everhart-Thornley detector (ETD) for sample topography and three 

in-lens detectors (T1-T3) for elemental contrast. EDX data was taken using an 

integrated UltimMax 100 Energy-dispersive X-ray spectrometer (Oxford 

Instruments). SEM-EDX characterisation of the G-CNC electrodes were conducted 

at the Industrial Physics Laboratory of University of Turku. 

 

 

3.3.4 Electrical Conductivity 

 

The four-point probe method was then used to determine the electrical conductivity 

of the G-CNC films on the thin glass substrates. Different batches of the G-CNC 

dispersion were spray-coated onto thin glass substrates of various coating volumes 

(0.10, 0.25, and 0.50 mL) per coating area of 6.25 cm2. The set-up consists of probes 

that have a linear configuration with 1.82 mm tip spacing. Various bias currents 

(10.000 µA – 2.0000 mA) were applied using a Keithley 2400 SourceMeter where 
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the output voltage was stable and reproducible. The film conductivities were 

calculated using correction factors for finite size when the thickness of the films was 

known [94]. The film thickness was estimated with atomic force microscopy (AFM).  

 

Samples for AFM measurements were obtained from the four-point probe samples. 

The films were carefully scratched with a surgical knife for acquiring their 

corresponding line profiles. AFM images were taken with an NTEGRA PRIMA (NT-

MDT, Moscow, Russia) instrument at tapping mode under ambient conditions, using 

silicon cantilevers with a nominal curvature tip radius of 8 nm (Model: HQ:NSC18 / 

AI BS) at a scan rate of 0.98 – 1.30 Hz. Image dimensions were 100 µm * 100 µm 

(256 * 256 pixels), and the film thickness was calculated as an average of the height 

data from the line profile images at ten (10) different lines of the scanned image.  

 

 

3.4 Electrochemical Characterisation 

 

3.4.1 Three-electrode system 

 

Three-electrode measurements were carried out with a potentiostat/galvanostat 

(Gamry Instruments Reference 620) with the coated G-CNC electrodes (1.5 cm x 0.5 

cm) as the working electrode. An Ag/AgCl single-junction electrode (Redoxme AB, 

Sweden) and a carbon rod wrapped with carbon cloth were used as the reference and 

counter electrodes, respectively (Figure 12, left). Cyclic voltammetry (CV) 

experiments were conducted in aqueous 1.0 M NaClO4 electrolyte solution  within a 

potential range of -0.6 V to +1.0 V for twenty (20) cycles at 50 mV·s-1 scan rate. 

 

3.4.2 Two-electrode system 

 

Two-electrode measurements were carried out with a potentiostat/galvanostat 

(Gamry Instruments Reference 620) analyser using a two-electrode test cell system 

(HS Test Cell, Hohsen Corporation and Åbo Akademi University). The test cell 

contains two 2.0 cm2 G-CNC electrodes filled with ~3.5 mL 1.0 M NaClO4 

electrolyte solution, with a 0.5 mm thick cellulose-based filter paper (Sartorius) as a 

separator between the G-CNC working electrodes. 
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Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and 

galvanostatic charge-discharge (GCD) experiments were performed with the two-

electrode set-up (Figure 12, right). CV scans were performed for twenty (20) cycles 

at different scan rates (2, 10, 50, and 250 mV·s-1). EIS measurements were recorded 

at a frequency range of 10 mHz to 500 kHz with an applied AC potential of 10 mV 

and a DC potential fixed at 0.0 V. GCD experiments were conducted at different 

constant current densities (0.1, 0.5, and 1.0 A·g-1) in the same potential windows as 

in the CV. 

 

Figure 12. Experimental assemblies used for (a) three-electrode and (b) two-

electrode electrochemical characterisations. 
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4. RESULTS AND DISCUSSION 

 

4.1 Preparation of Graphene-CNC Composite 

The high-shear exfoliation of graphite flakes with cellulose nanocrystals (CNC) as a 

stabilising agent can provide an up-scalable and greener approach for preparing few-layer 

graphene sheets [52, 53, 55]. The CNCs contain the hydrophobic -CH backbone which 

attracts the hydrophobic graphene, while its negatively charged sulphate ester (-OSO3
-) 

groups provides the surface charges needed for their electrostatic repulsion, allowing them 

to disperse the graphene sheets in aqueous media.  For this research, it was imperative to 

maximise the amount of graphene present in the dispersion. 

 

Table 2. Calculated graphene concentrations obtained after high-shear exfoliation of 

graphite in CNC aqueous suspension. 

G-CNC 

Batch 

Initial CNC 

Conc. (mg·mL-1) 

Initial 

Graphite:CNC Ratio 

(w/w) 

Graphene Conc.  

(mg·mL-1) 

1, 4 6.71 50:1 0.054 

3 6.71 40:1 0.056 

6 1.9 52.6:1 0.070 

7 11.6 50:1 0.011 

8 - 9 11.6 8.6:1 (undiluted) 10.8 

10 11.6 25:1 0.71 

11 11.6 15:1 11.2 

12 11.6 8.6:1 (undiluted) 14.4 

15 11.6 20:1 1.1 

*16 11.6 15:1 13.3 

*19 11.6 15:1 6.1 

20 - 21 11.6 15:1 0.071 

22 - 30 12.5 15:1 0.83 

31 12.5 15:1 (pH adjusted to 

7.0) 

10.9 

32 12.5 8:1 (undiluted) 14.0 

*Combination of multiple dispersion batches (n = 2; Batches 13+14 = 16 and 17+18 = 19); G-CNC 

Batches 2 and 5 were discontinued due to low graphene concentrations upon visual examination; G-

CNC batches with similar initial precursor ratios are averaged for reporting purposes. These batches 

were not combined to make a high-volume dispersion. Text in orange correspond to the batches that 

have been used for further characterisations due to higher dispersion volumes collected. 
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Graphene-CNC dispersions were prepared using different graphite-to-CNC ratios (Table 2) 

to determine the optimal composition for the EDLC application. These ratios aim to 

maximise the dispersion of the graphene sheets with an optimal amount of CNC [59]. The 

graphene concentrations are estimated by UV-Vis Spectroscopy. The UV-Vis spectra of the 

G-CNC dispersions shown in Figure 13 were studied at two regions – the absorbance at λ = 

660 nm for maximal absorbance at minimal interference and the absorption band at λmax = 

~260 nm corresponding to the π-plasmon resonance peak caused by the delocalisation of 

graphene’s π – electrons [101, 102].  

 

The graphene concentration changes with the mass ratio of the precursor materials, with the 

mass ratio of 15:1 w/w Graphite:CNC being most suitable by attaining concentrations above 

4.0 mg·mL-1. Preparation using the previously optimised 50:1 graphite-to-CNC mass ratio 

by Lund et al. [56] produced low concentrations with unstable dispersions, in our case (Table 

2).  It is suspected that there are potential variations in the CNC stock suspension, 

specifically with the microcrystalline cellulose source. In initial G-CNC batches (1-6) CNC 

suspensions which were deemed unstable due to presence of aggregates in the suspension 

were used. In succeeding batches freshly prepared (<6 months from usage) CNC suspensions 

were used. 

 

 

Figure 13. UV-Visible spectra for selected batches of the G-CNC dispersion, 

corresponding to different preparations and obtained graphene concentrations. 
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Even with the newer CNC suspension, a low graphene concentration was still obtained with 

the 50:1 initial mass ratio. It was also suspected that the relatively acidic pH (pH 3.0 – 4.0) 

of the stock CNC suspension had an impact on the surface charges needed to disperse the 

graphene sheets. Previous literature suggests that the CNC suspensions are maintained at pH 

above 6 [56]. For comparison, a different G-CNC batch was prepared where the pH of the 

CNC suspension was adjusted to neutral pH (Batch 31). This has originated from a different 

stock CNC suspension (12.5 mg·mL-1) due to insufficient amount of CNC suspension left 

from the previous suspension used (11.6 mg·mL-1). Moreover, all G-CNC batches yielded 

dispersion volumes of just about 50 % of the initial preparation volume before exfoliation. 

This is partly due to water evaporation during the mixing as well as a significant amount of 

trapped water in the unexfoliated graphene sheets. 

 

What is also worth noting is that there are large differences in the graphene concentrations 

having a similar graphite-to-CNC mass ratio of 15:1. This is attributable to variations in the 

preparation step, such as the collection of the G-CNC dispersion during the centrifugation 

step as well as defects in the rotor during the high-shear exfoliation. It is also possible that 

some partially exfoliated graphite was collected in the dispersions. These differences were 

visually apparent during the electrode preparation (Section 3.2), as well as the yielded 

dispersion volumes. This was the case with the G-CNC Batch 16 having a thicker dispersion 

consistency than with G-CNC Batch 19. 

 

Despite these instances, it was shown that the G-CNC dispersion using undiluted CNC 

suspension (1.16 wt. %, 8.6:1 w/w) had exfoliated the highest amount of graphene as there 

is more CNC available for stabilisation of the graphene sheets. Using undiluted CNC 

suspensions is expected to decrease the electrical conductivity of the dispersion due to the 

CNC’s insulating nature. In addition to practical considerations of CNC consumption, it was 

still preferable to proceed with the G-CNC batches prepared using dilute CNC 

concentrations. 
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4.2 Physico-chemical Characterisation 

 

As potential EDLC electrode materials, the G-CNC composite must exhibit sufficient 

surface area, porosity, and electrical conductivity. This is to increase the active sites for the 

electrical double layer formation within a material of low resistance. Thus, it is necessary to 

investigate the material’s intrinsic properties as well as the EDLC electrode’s microstructure 

and surface morphology. 

 

4.2.1 Evaluation of Quality of Exfoliated Graphene Sheets 

 

Characterisation of the G-CNC composite through Raman spectroscopy provides detailed 

information regarding the structure of the composite and the effectiveness of the exfoliation 

of the graphene sheets. Figure 14 illustrates the differences in the characteristic Raman bands 

of the graphitic structures for various G-CNC batches used. The most important features of 

the Raman spectrum for graphite are the G band (~1580 cm-1) and the 2D (or G’) band 

(~2720 cm-1). The G band is characteristic to the in-plane vibrations of the sp2-hybridised 

carbon atoms in the individual graphene layers, while the 2D band is an overtone of the D 

band (~1350 cm-1) that corresponds to graphene’s honeycomb ring breathing modes and are 

activated by structural defects (e.g., vacancies, sp3-hybridised carbon, flake edges). This D 

band is more intense as the flake size of the graphene layers decreases. [103–106] 

 

 

Figure 14. Representative Raman spectra for different batches of the G-CNC dispersions 

compared with the spectrum of the graphite flake (<45 µm) precursor. Results are normalised 

to the 2D band intensity. 
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The G band’s position heavily depends on the number of graphene layers and to some extent, 

on their crystallinity. In the prepared G-CNC’s, the Raman shift of the G band position from 

graphite towards higher wavenumbers indicates the decrease in the number of graphene 

layers and a less amorphous microstructure [103, 105]. The observed shift was rather small 

(+ 4 cm-1) for the three G-CNC batches tested.  

 

A more reliable indication of the presence of few-layer graphene in the G-CNC is the 

downshift and the smoothening of the shouldered, 2D band of bulk graphite [56]. A narrow, 

symmetrical 2D band (~2700 cm-1) is characteristic to single-layer graphene. While all the 

G-CNC dispersions had more symmetrical 2D bands, the downshift was more evident only 

for the G-CNC Batch 31. The downshifting was quantified by estimating the convoluted 

peak area ratios within the 2D signal (2D2/2D1) shown in Table 3, wherein the ratio was 

notably lower for G-CNC batch 31 than for the other G-CNC batches. This signifies that 

there is more of the few-layer graphene present in Batch 31 than the other batches. In 

addition, intensity ratios of the G and 2D band show the increase in intensity of the 2D band, 

characteristic to exfoliated graphene [107, 108]. Determining the exact number of layers is 

out of scope of this study but previous studies have demonstrated that the 2D band of graphite 

and of few-layer graphene with five to ten layers or more are almost indistinguishable and 

difficult to interpret [107, 109]. 

 

Table 3. Comparison of intensity and area ratios of different Raman bands for different 

batches of the G-CNC composite. 

G-CNC 

Batch 

Graphene Conc.  

(mg·mL-1) 

2D2/2D1 

Area Ratio* 

G/2D2 Intensity 

Ratio 

D/G Intensity 

Ratio 

Graphite - 1.5 2.0 0.1 

16 13.3 0.8 1.7 0.3 

19 6.1 0.8 1.7 0.3 

31 10.9 0.6 1.8 0.3 

 *2D2 – band at ~2720 cm-1; 2D1 – band at ~2680 cm-1 

 The ratios are mean values from three different spectra. 

 

 



34 

The D/G intensity ratio is also another useful indicator of the graphene exfoliation quality. 

Relative from graphite’s ratio (ID/IG ~ 0.07), those of that for the three G-CNC batches (ID/IG 

~ 0.3) are significantly higher because of the number of the edge defects introduced by the 

liquid-phase exfoliation with the decrease in flake size [55–57]. The absence of additional 

defect types can be confirmed by the D/D’ intensity ratio wherein the three G-CNC samples 

have approximately similar values (2.0 – 2.1 vs. 1.1 for graphite). Higher ratios were 

obtained for defects such as sp3-type and on-site vacancies by previous studies [56], 

suggesting that the high-shear exfoliation have introduced mainly boundary-like defects in 

the graphene sheets. 

 

4.2.2 Estimation of Relative Amount of Graphene and CNC 

 

Thermogravimetric analysis of various G-CNC batches was conducted to get a rough 

estimate of the relative amounts of graphene and CNC in the obtained dispersions. As it was 

observed that there were variations in the graphene concentrations at similar precursor mass 

ratios, TGA would be able to roughly quantify these variations. The used graphite flakes and 

stock CNC suspensions were used as reference for the thermal profiles of G-CNC (Figure 

15). 

 

 

Figure 15. TGA thermograms taken from the graphite (in purple) and pure CNC (in orange) 

reference samples. 
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As an initial note, it is consistent in all the TGA profiles that the weight loss of foreign 

volatile components and moisture was observed at around 100 °C. The graphite precursor 

had minimal decomposition (1.7 %) with an almost linear weight loss profile. On the other 

hand, the pure CNC had a more pronounced profile, with two regions of major weight loss 

– (1) a ~30 % loss from 130 °C to 250 °C and (2) a ~35 % loss from 300 °C to 500 °C 

corresponding to the CNC’s low-molecular weight and amorphous components [110, 111]. 

These weight losses were apparent in the three G-CNC batches tested (Batches 16, 19 and 

31) along with a batch using the undiluted CNC suspension (Batch 12). Their respective 

profiles are presented in Figure 16. 

 

 

Figure 16. TGA thermograms for various batches of dried G-CNC dispersions. All batches 

(except Batch 12 in green) have similar starting mass ratios of graphite and CNC (15:1). 

The thermograms are taken as the average of two replicate measurements. 

 

The proportionality of the CNC amounts in the G-CNC can be deduced from the magnitude 

of the weight losses. Figure 16 shows that G-CNC Batch 31 had the largest (relative) amount 

of CNC by having the largest total weight loss of ~26 %. This would correspond to a 68 % 

graphene composition in the dispersion. The determined relative compositions for each G-

CNC batch are presented in Table 4. It is worth noting that the %wt. of graphene obtained 

for the G-CNC batches 19 and 31 are roughly comparable to those obtained by Lund, et al. 

at 60-70 % using more diluted CNC suspensions [56]. 
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Table 4. Calculated average, relative amounts of graphene and CNC in their respective 

dispersion batches obtained from TGA analysis. 

G-CNC Batch %Weight 

loss (total) 

% CNC  

(w/w) 

%Graphene 

(w/w) 

G:CNC Ratio 

(w/w) 

12 (undiluted) 13.4 15.4 84.6 5.5:1 

16 9.6 10.6 89.4 8.5:1 

19 20.8 24.8 75.2 3.0:1 

31 26.3 31.9 68.1 2.1:1 

 

It was assumed beforehand that the undiluted G-CNC dispersion would have the highest 

amount of CNC recovered, but this was not the observed case. Moreover, the obtained 

relative amounts of graphene do not clearly coincide with the determined concentrations 

measured by UV-Visible spectroscopy. It is possible that the previously mentioned 

variations in the preparation conditions have impacted the exfoliation efficiency of the 

graphene sheets. It is also suspected that the relatively higher amount of CNC in the starting 

composition of the CNC and graphite mixture the Batch 12 dispersion because of the use of 

undiluted CNC suspension would have functioned as a binder and has bound the 

unexfoliated graphite during the high-shear mixing and was lost during the centrifugation 

step. Overall, the estimates of the graphene and CNC relative amounts have coincided well 

with the obtained surface morphologies on the electrodes (Next section). 
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4.2.3 Surface Morphology and Elemental Composition 

 

Top-view SEM images of the different batches of the G-CNC composite permits 

visualisation of the EDLC electrode surface (Figure 17). The graphite foil substrate has a 

rather flat, non-porous surface (Figure 17a) due to graphite’s compact structure. However, 

the surface morphologies of the electrodes with the G-CNC layer on top of the graphite foil 

were different, corresponding to the varying graphene concentrations measured by TGA. G-

CNC Batch 16 which had a significantly higher graphene concentration according to UV-

vis and TGA analysis have a grain-like, porous morphology with 3D aggregates on the 

surface (Figure 17b). This is suspected to be partially exfoliated graphite flakes that are 

densely bound by the CNCs, forming irregular, spherical microstructures. It should be noted 

that the porosity of these electrode batches does not necessarily translate to the efficiency of 

the double layer formation, as these illustrations are on the micro-scale of its elucidation. 

The degree of partial exfoliation is consistent with the TGA rough estimates and the Raman 

profiles, as the electrode prepared with G-CNC Batch 31 had a smoother surface and less 

aggregated material (Figure 17d). These differences were also evident upon visual 

examination of the electrodes, as the less concentrated G-CNC dispersions had a smoother 

surface and a pronounced luster on the graphite foil substrate (See Appendix B). 
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Figure 17. Low-magnification SEM images (top-view, 254×) corresponding to the surfaces of (a) the graphite foil 

substrate, (b) G-CNC Batch 16, (c) Batch 19, and (d) Batch 31. 

(a) (b) 

(d) (c) 
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Figure 18. High-magnification SEM images (top-view, 25400×) corresponding to the surfaces of (a) the graphite foil 

substrate, (b) G-CNC Batch 16, (c) Batch 19, and (d) Batch 31. Image (a) was taken only at 500× magnification.

(a) (b) 

(c) (d) 
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A closer look at the electrode surface morphologies reveals a sheet-like nature of graphene 

as the active material (Figure 18). The graphene flakes are of varying length from hundreds 

of nm to 1 μm. These large flakes can pose an issue towards the ion accessibility for charge 

storage [34, 60]. The wide range of sheet dimensions of graphene highlights the limitations 

in controlling the sheet size with the liquid-phase exfoliation process [52].  There also exists 

a risk of re-stacking of the graphene sheets, which is why an intricate balance of graphene 

and CNC amount is necessary for the long-term stability of the composite. To this date, there 

are no detailed studies regarding the long-term stability of G-CNC films. 

 

The high-magnification SEM images (Figure 19) also display to some extent the cellulose 

nanocrystals as rod-like crystals with size less than 1 µm. It is expected that the visible 

crystals are minimal and that the actual crystals on the surface would be better characterised 

with other imaging techniques (e.g., Transmission Electron Microscopy). In addition, the 

CNCs are expected to intercalate between the graphene layers to keep them separated.  

 

Cross-sectional SEM images illustrate the thicknesses of the G-CNC layers on the graphite 

foil to range from 5 to 80 µm (Figure 20). This thickness range is comparable to reported 

film thicknesses for EDLC electrodes [96, 112]. The thickest film was observed with the G-

CNC Batch 16 (80 µm, see Appendix C) due to its 3D porous structure and high graphene 

concentration, whereas G-CNC Batches 19 (5 µm) and 31 (10 µm) had thinner and denser 

cross-sectional areas. Batch 31 had a 2D stacking orientation of the graphene sheets with 

fewer 3D defects. The film thicknesses relative to each G-CNC electrode vary throughout 

the electrode’s area as a cause of manual variations in the G-CNC film application. The 

cross-section image in Figure 20c shows that the thinnest G-CNC film from Batch 19 had 

better contact with the graphite foil substrate compared to the other films. A good contact is 

essential to minimize the EDLC series resistance.  
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Figure 19. Cross-sectional SEM images (4233×) corresponding to (a) the graphite foil substrate, (b) G-CNC Batches 

16, (c) Batch 19, and (d) Batch 31. 

(a) (b) 

(c) (d) 
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Elemental analysis of the G-CNC electrode’s surface with EDX provides information 

regarding the G-CNC film purity (Appendix C). Elemental oxygen was the second most 

abundant element in the composite which can be linked to the nanocellulose hydroxyl 

groups. Carbon-to-oxygen ratios of G-CNC electrode surfaces were also determined from 

the EDX data (21.7 – Batch 16, 12.5 – Batch 19, 16.4 – Batch 31). When compared to the 

TGA results (Section 4.2.2), there is a discrepancy between the carbon:oxygen ratios and the 

amount of CNC obtained in the dispersion, particularly with Batches 19 and 31. However, 

such discrepancy remains to be determined if they are significant. Moreover, surface 

elemental composition does not entirely represent the G-CNC composition in the electrodes. 

The obtained ratios, however, can be linked to the obtained graphene concentrations via UV-

Vis. 

 

Traces of Si, Fe, Al, and other inorganic elements were also detected in all the films which 

appear as irregular particles (<1 µm) in the SEM images (represented in Figure 20). These 

impurities are suspected to originate from the high-shear exfoliation procedure or from the 

source of the natural graphite flakes as these particles were only observed on the G-CNC 

layer of the electrodes. 

 

 

Figure 20. A representative, cross-sectional SEM image for visualisation of metal impurities 

in the G-CNC Batch 31 composite. Regions with some present impurities are encircled in 

red. 
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4.2.4 Determination of Electrical Conductivity 

 

One of the important considerations for electrode materials for EDLCs is the material’s 

electrical conductivity as this helps to provide the device with greater charge-discharge 

efficiency and power density [22]. The four-point probe technique is a typical tool for such 

kind of assessment. The electrical conductivity estimates for G-CNC films made by the 

different G-CNC dispersion batches are presented in Table 5: 

 

Table 5. Electrical conductivity estimates of different G-CNC composite batches along 

with their corresponding film thicknesses, obtained via AFM. 

G-CNC 

Batch 

Initial 

graphite-to-

CNC ratio 

(w/w) 

Graphene 

Concentration 

(mg·mL-1) 

Film Thickness 

(nm)* 

Electrical 

Conductivity  

(S·cm-1)** 

12 8.6:1 (undil.) 14.4 1140  10.1 

16 15:1 13.3 1743  5.3 

19 15:1 6.1 ─ 1.9 

31 15:1 10.8 ─ 1.8 

*Film thickness was estimated from AFM line profiles that have points which are less than 5 µm; 

these are likely underestimated values.  

 **As there were no good representative AFM images, the electrical conductivities were calculated 

on the assumption of uniform thickness at the AFM thickness limit of 5 µm; for comparison of 

between-batch variations only. N = 2 for the four-point probe measurements. 

 

AFM was used to evaluate the G-CNC microstructure as well as to estimate the thickness of 

the G-CNC films on a glass substrate. The film thickness assessment was used for calculation 

of the electrical conductivity. However, AFM images acquired for the G-CNC batches have 

irregularities in the surface topography. These correspond to G-CNC film thicknesses greater 

than 5.0 µm, which is the AFM set-up’s tolerance limit. It was difficult to estimate the film 

thicknesses from all G-CNC batches tested due to this reason, even at smaller spray-coating 

volumes (~0.05 mL per 6.25 cm2). Therefore, it was not possible to acquire a reliable result 

for the electrical conductivity. Rough estimates of the parameter were still given under the 

assumption of uniform thickness, nonetheless (See Table 5 sidenote).  
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The obtained electrical conductivity estimates for all batches suggest that the G-CNC 

composites are conductive, despite the insulating nature of CNCs. The higher electrical 

conductivity of Batch 12 can be linked with the high graphene concentration, but the 

anomaly itself might reside on the reliability of the film thickness measurements. Even so, 

these results indicate that the films are sufficiently conductive to be applied as an electrode 

material in EDLCs and should only be taken as rough estimates. Furthermore, four-point 

probe measurements can also incur errors of up to 20 % when surrounded by a highly 

conductive material [90]. 

 

4.3 Electrochemical Properties of the G-CNC composites 

 

The energy storage performance and electrochemical behaviour of the G-CNC dispersions 

as EDLC electrode materials were determined as the physico-chemical characterisations 

established, to some extent, the suitability of the G-CNC composite as an active material in 

EDLCs. The electrochemical performance of the electrodes made of G-CNC batches 16, 19, 

and 31 was studied.  

 

4.3.1 Cyclic Voltammetry 

 

Electrochemical characterisation via CV permits visualisation of the electrochemical 

processes present in the EDLC cell, with the assumption of no Faradaic processes taking 

place in the system. To fundamentally characterise the properties on a single, G-CNC 

electrode, the three-electrode set-up was used. The electrode mass loadings in these 

experiments ranged from 1.9 to 7.1 mg·cm-2. Figure 21 illustrates the CV profile of the 

graphite foil substrate, compared to that of the G-CNC film (Batch 19) on graphite foil used 

as the working electrode. 
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Figure 21. Comparative three-electrode CV profiles illustrating the effect of the G-CNC 

mass loading increase to the current density. The CV scans were performed at 50 mV·s-1 

within a potential window of 1.2 V (vs. Ag/AgCl) for G-CNC Batch 19 electrodes. 

 

The CV exhibits an almost rectangular profile, even at the wide potential window used (1.5 

V). However, there is a steeper current increase at around +0.8 V vs. Ag/AgCl reference. 

This suggests that irreversible, electrochemical side reactions start to take place from that 

point and at higher voltage. It should be noted that this also occurred in the graphite foil 

substrate, eliminating the cause of G-CNC side reactions. Thus, the assignable cause was the 

water-splitting reaction in the electrolyte, which should theoretically occur at ~1.02 V vs. 

Ag/AgCl (1.23 V vs. normal hydrogen electrode). With those considerations, it can be 

established that the safe operational potential window for the G-CNC electrodes is 1.2 V. 

 

Figure 21 also shows that the capacitive current due to the substrate has a significant 

contribution to the total current, when compared to that with the G-CNC layer. This indicates 

that the G-CNC composite had small impact on the double-layer capacitance. This effect is 

similar with G-CNC Batch 16, which generally had higher mass loadings (~2.4 – 2.7 mg·cm-

2) for the same amount of coating volume on the substrate. The coating volume was limited 

by the yields obtained from the G-CNC preparation and the poor reproducibility of the 

preparation procedure in respect to the graphene and CNC relative concentrations. A G-CNC 

mass loading of 1.4 mg increases the current density by ~16 % with respect to pure graphite 

foil. Furthermore, a 36% increase in the initial mass load (T3 vs. T1) translates to current 
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increase by ~8% (estimated from the CV curve areas in Figure 21). The added current, 

however, reaches a limit where more G-CNC load does not significantly improve the current 

(+0.4% total current with T2 vs T3). This trend was later observed as well during the two-

electrode experiments. 

 

What was also noticeable in the CVs measured with the three-electrode set-up is the 

appearance of small, broad peaks at ~+0.2 V (oxidation) and ~-0.2 V (reduction) versus 

Ag/AgCl, particularly in Batch 16 (Figure 22). It is suspected that this is pseudocapacitive 

behaviour from the reaction of the perchlorate electrolyte with the CNCs. Previous studies 

have shown that sulfonic groups are prone to redox activity around the same potential range 

[118] and that the oxidation of hydroxyl groups in cellulose is possible in presence of 

perhalates, cleaving the anhydroglucose units and the sulphate half-ester groups, thereby 

decreasing the CNC’s crystallinity [22, 112, 113]. However, this “pseudocapacitive” 

behaviour faded over increased number of cycles. These broad peaks were not apparent in 

G-CNC Batch 19 having a lower percentage of CNC in comparison to graphene. 

 

 

Figure 22. Three-electrode CV profiles of G-CNC Batch 16 electrodes exhibiting 

pseudocapacitive behaviour through the presence of broad, redox peaks at +/- 0.2 V (vs. 

Ag/AgCl). The CV scans were performed at 50 mV·s-1. 
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Overall, the three-electrode CV experiments suggest that the G-CNC as an electrode material 

can sustain aqueous electrolyte-based EDLC systems of up to 1.2 V with some limitations. 

The surface functional groups on CNC may introduce irreversible reactions during initial 

charge-discharge cycles, depending on the amount of CNC present at the surface as well as 

the choice of electrolyte solution. Moreover, the increase in the G-CNC mass loading does 

not significantly increase the specific capacitance of a single electrode (Figure 21). This may 

be attributed to the relatively low mass loading of G-CNC or to the poor porosity of the 

graphene sheets on the electrode.   

 

CV experiments with the two-electrode set-up were carried out for performance verification. 

Three (3) different batches (Batches 16, 19, and 31) of G-CNC have been used as electrode 

active materials and were considered for this analysis. The other batches have been used for 

electrochemical set-up optimisation or have been mixed to create a batch of higher volume. 

It must be said from here on that only one replicate of G-CNC Batch 19 using the all-stainless 

steel, two-electrode test cell was carried out due to limited availability of the G-CNC batch. 

For the purpose of having replicate measurements, one replicate from the previously tested, 

Al-SS test cell was used with slightly less (3 mL) amount of electrolyte to eliminate Al 

surface passivation effects.  

 

Representative CVs of the experiments are provided in Figure 23, and it can be seen in Figure 

23a and 23b that the current increases with increasing scan rate due to the greater ion flux 

towards the electrode surface. The effect is that smoother CV profiles are evident at higher 

scan rates, but at the expense of increased overall resistance. The increased resistance is 

shown as upward drifting of the current and the more pronounced curving of the CV profile 

for each cycle. 
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Figure 23. Representative two-electrode CV curves for G-CNC electrodes at (a, b) varying 

scan rates using G-CNC Batch 19 and its comparison against other G-CNC batches (c, d) 

as a function of current and specific capacitance. The plots are expressed as average of two 

replicates for each G-CNC batch, except for Batch 31. 

 

Figure 23c illustrates the contribution of the G-CNC to the total current generated, as well 

as its effect due to differences in the graphene concentration. Here it is shown that the total 

current increases with the increase in graphene concentration. In this case, Batch 16 

exhibited the highest current which can be assigned to its higher concentration of graphene 

and its relatively more porous, 3D structure compared to Batches 19 and 31. There is no 

clear impact of adjusting the pH of the CNC suspension for Batch 31 on the electrochemical 

performance, suggesting that the pH change would only have an indirect impact on the 

charge storage by changing the graphene concentration.  

 

Profile-wise, Batches 19 and 31 exhibited a near-rectangular profile that closely resembles 

that of an ideal EDLC (Figure 23d). Batch 16 exhibited small Faradaic peaks observed at 

~0.88 V (oxidation) and ~0.44 V (reduction). This suggests that there could be a 
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pseudocapacitive contribution from the nanocellulose present at the electrode surface. This 

can originate from the redox reaction of the hydroxyl groups on nanocellulose which have 

been previously shown to exhibit such phenomenon in the three-electrode experiments. It is 

likely that the number of Faradaic reaction sites are less apparent on the two other batches 

(Batch 19 and 31), with Batch 31 exhibiting irreversible, Faradaic reductions in the initial 

twenty (20) cycles. 

 

The average specific capacitance of an EDLC electrode is highly dependent on the mass of 

the active material. It should be noted that the variations in the mass loadings are not 

regulated and depend on the graphene concentrations and the manual application of the 

spray-coating process. In the case of the graphene-CNC electrodes, a limit in the amount of 

charge that can be stored is apparent with the increase in the mass loading. This is shown in 

Figure 23d with Batch 31 giving the higher Cs value of ~45 F·g-1 at ~2 mg G-CNC load 

compared to ~9.0 F·g-1 at ~13.7 mg G-CNC load. Higher G-CNC loadings obtained for the 

other batches have significantly decreased the Cs values down to <10 F·g-1 at 2 mV·s-1 scan 

rate. The scan rate dependence of Cs would even exacerbate the Cs down to < 1 F·g-1 for 250 

mV·s-1 CV scans (Figure 24). 

 

 

Figure 24. Capacitance retention curves for different batches of G-CNC electrodes as a 

function of CV scan rate. The calculated capacitance values are taken as average of two 

replicates, except for G-CNC Batch 31. 
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Several causes can be assigned for these results, one being the morphology of the G-CNC 

which is not porous enough for the ions to pass through, thus fewer sites for electrical double-

layer formation. The G-CNC structure contains flat and dense graphene sheets which, when 

bound by CNC, lessen the available double-layer sites, and resemble that of re-stacked 

graphene sheets. This was also verified by the cross-sectional SEM images. Another reason 

is the low amount of G-CNC on the graphite foil (in Batch 31) which might have led to an 

overestimated Cs due to heightened mass measurement uncertainties. In addition, the large 

variations in the GF substrate weight (RSD = 4.4%) also puts into question the estimated 

active material weights. It has been recommended in practical applications that the active 

material mass loading should be sufficiently high to increase energy density [22, 112], with 

even a recommendation of orders around at least 10 mg [100] or between 1 to 10 mg·cm-2 

[114].  

 

Finally, the significant scan rate dependence of Cs can be attributed to the contributions from 

the graphite foil substrate on the electrode’s overall capacitance. As demonstrated by the 

three-electrode experiments, the graphite foil contributes largely to the total current, 

depending on the G-CNC mass loading. On the other hand, directly subtracting the amount 

of charge stored by the graphite foil substrate from the total charge obtained would lead to 

underestimations of the determined Cs. 

 

4.3.2 Galvanostatic Charge-Discharge 

 

The prepared G-CNC dispersions of the three different batches were characterised with 

twenty (20) cycles of GCD at three different current densities (0.1, 0.5, and 1.0 A·g-1). The 

calculated specific (discharge) capacitances are calculated from the last charge-discharge 

cycle. In all batches, the GCD triangular profile was consistent from the second cycle 

onwards, suggesting its good cyclability. However, the profiles in general, vary between the 

three batches (Figure 25). 
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Figure 25. Galvanostatic charge-discharge cycles at three current densities, (a) i = 0.1 A·g-

1, (b) i = 0.5 A·g-1, and (c) i = 1.0 A·g-1 for three batches of G-CNC composite electrodes 

with their corresponding mass loadings. The 20th cycle was used for each run in this 

illustration. 

 

What is worth noting between the batches are the differences in the symmetry of the charge-

discharge profiles. The three batches, to some extent, exhibit an asymmetric profile which 

becomes more apparent from 0.5 A·g-1 where the iR drop becomes larger. These 

asymmetries would correspond to pseudocapacitive contributions from the electrode surface 

redox reactions brought by the CNCs. The large iR drop can be attributed to the internal 

resistance from the electrode-electrolyte interface wherein the electrolyte ion transport is 

dependent on the electrode’s surface uniformity and wettability [115, 116]. It might also be 

that the overall conductivity of the electrode layer is compromised due to the surface 

irregularities on its surface. These effects were evident with the GCD profile of Batch 31 

electrodes having the smallest iR drop since its surface in the macroscopic scale was more 

uniform than in the other batches (SEM images on Figure 17), and that the lower G-CNC 

load is expected to have better wettability to aid faster ion transport.  
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Figure 26. Capacitance retention (left) and energy density (right) plots as a function of 

current density for various G-CNC electrodes with their corresponding mass loadings. 

 

In terms of specific capacitance, it is understandable that its value decreases at increasing 

current density as there is more significant contribution of the ohmic polarisation and smaller 

accessible capacity (charge stored) at higher discharge rates. The rate of decrease of the 

specific capacitance and energy density becomes more significant from 0.1 to 0.5 A·g-1 

(Figure 26). The obtained Cs values are comparable to those obtained with the two-electrode 

CV analysis, with the G-CNC Batch 31 at a lower mass loading of ~1 mg·cm-2 having a 

significantly higher capacitance of ~37 F·g-1 than the other G-CNC electrodes. These 

differences between the G-CNC batches were also observed in their respective power 

densities (Table 6). The power density calculations are reliable in magnitude under the 

assumption of zero (or minimal) iR drop. 

  

Table 6. Calculated power densities of a single electrode for different G-CNC electrode 

batches tested with GCD in two-electrode set-up. 

G-CNC Electrode 

Batch 

P  

(kW·kg-1) 

16 8.0 

19 25.0 

31_2.7 mg 86.2 

31_13.7 mg 16.4 

*RESR ~0.8 Ω for all electrodes, value obtained from EIS testing. 
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Determining the energy efficiency of an EDLC electrode allows us to determine if the charge 

and discharge mechanisms occur at the same rate. For the prepared G-CNC electrodes, 

energy efficiencies of less than 75 % at 0.1 A·g-1 are achieved (Figure 27). Likewise with 

the CV results, the increase in the mass loading decreases the energy efficiency. However, 

G-CNC Batch 16 electrodes had considerably greater efficiencies than Batch 19 electrode 

and 31 electrodes with a higher mass loading. 

 

These obtained energy efficiencies are relatively low when compared to previously reported 

papers on graphene-based EDLC electrode materials [46, 63–66, 114, 117, 118]. From these 

results, one can see that the energy storage inefficiencies are greatly influenced by the G-

CNC’s intrinsic properties.  

 

 

Figure 27. The energy efficiency plot against current density for different batches of G-CNC 

electrodes and their corresponding mass loadings. All batches tested for GCD are included 

in this figure for better comparison. 
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4.3.3 Electrochemical Impedance Spectroscopy 

 

The modelling of the electrochemical system is characterised by EIS. Experimental Nyquist 

plots were obtained from a single, two-electrode cell set-up at fixed cell potential of 0.0 V 

at 10 mV AC perturbation. EIS was performed at different stages of the electrochemical 

measurements – (1) before initial charging-discharging with CV (at near-equilibrium), (2) 

after CV run, and (3) after GCD run [Overall scheme: EIS -> CV -> EIS -> GCD -> EIS]. 

This was made in order to be able to monitor any significant changes to the electrode 

material’s stability after applying high-magnitude perturbations. 

 

   

Figure 28. Nyquist plots at different stages of the electrochemical measurements for (a) the 

graphite foil substrate and (b) with the added G-CNC composite Batch 16 (for 

representation). The inset shows a close-up image of the high-frequency impedance values 

and their corresponding Kramers-Kronig (KK) fits. The last data point corresponds to AC 

frequency of 0.1 Hz. 

 

Figure 28 illustrates the differences on the impedance profile with the addition of the G-

CNC composite. In general, the system impedance had reduced upon the applying charge-

discharge potential/currents to the cell, with minimal differences after running both the CV 

and the GCD. This indicates that the G-CNC electrodes are sufficiently conditioned for the 

regulated passage of ions through the G-CNC microstructure. This was also evident on the 

larger deviations with the Kramers-Kronig (KK) fitting at the low-frequency regions. 

 

When it comes to elucidating electrochemical processes, the total internal resistance (ESR) 
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CNC composite. This is important as the ESR should be as low as possible as this affects the 

distribution of the stored energy and thereby affects the energy efficiency and the power 

performance [8, 119]. The G-CNC composite addition had increased the system ESR by 20 

% due to the added physical barrier by the G-CNC. This, however, is compensated by a 

lower overall impedance with the G-CNC by more than 50 %. 

 

Both the GF substrate and the G-CNC electrodes exhibit semi-infinite diffusion-impedance, 

as shown by the 45° line towards lower AC frequencies. What is noticeable upon the addition 

of the different batches of G-CNC is the semi-circle formation in the intermediate frequency 

region which would correspond to charge transfer resistance (Rct) from the G-CNC surface 

redox reactions. This is consistent with the observation from the CV experiments wherein 

small, Faradaic peaks were observed.  

 

The semi-circle formation can also be attributed to the interfacial contact resistance between 

the graphite foil and the G-CNC composite. The contact resistance could arise from the 

surface passivation on the GF current collector which limits the ohmic coupling with the G-

CNC. However, this phenomenon can only be confirmed by applying various DC potentials 

to the test cell, which has not been performed in this study. A constant magnitude of the 

semi-circle radius at various DC potentials would indicate that it is due to contact resistance, 

rather than an actual charge transfer process [8]. This contact resistance could then be 

minimised by ensuring a more uniform electrode surface and a thinner substrate/current 

collector. In this study, one should also consider the surface uniformity of the separators 

used, as the cellulose filter papers used had creases, per commercial specifications.  

 

Another region to consider is the <90 line of semi-infinite length observed from the f = 5-8 

Hz which is a profile that is typical to ideal double-layer capacitance. This can be designated 

as a constant phase element (CPE) in the system where the phase angle is frequency-

dependent in the measurements and represents the non-ideal behaviour in an electrochemical 

system element to be independent of the frequency [94]. This occurs because of multiple 

factors such as the CPE behaviour inherent from the graphite foil itself (Figure 28a) or the 

inhomogeneity of the electrode surface due to the surface roughness and the degree of 
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crystallinity of the composite. Typically, rougher electrode surfaces deviate more from the 

ideal capacitive behaviour as it involves uneven current density distributions which limits 

the effective local solution resistance at the surfaces [120, 121]. The exact source(s) of the 

CPE in the case of the G-CNC electrodes is/are unknown and is outside of the research scope 

of this study. 

 

 

Figure 29. Experimental Nyquist plots for G-CNC electrodes from the different batches 

tested with an all-SS, two-electrode test cell. Measurements were obtained after GCD run. 

The inset shows a close-up image of the high-frequency impedance values and their 

corresponding fits. The last data point corresponds to AC frequency of 0.1 Hz. 

 

Along with the approximately similar ESR values, the charge transfer (Faradaic) resistance 

contribution for one of the Batch 19 electrodes was different than in the other two batches 

(Figure 29). The first reason is the varied set-up for one replicate of the Batch 19 with the 

Al-SS test cell (see Appendix D) and smaller electrolyte amount (~3 mL), which translated 

to lower Rct ~6 Ω (vs. 25 Ω for all-SS test cell at 3.5 mL 1.0 M NaClO4). The other reason 

can be attributed to the lower concentration of the graphene sheets (Table 2, page 26) on the 

composite’s surface in Batch 19. This effect reflects on the other Batch 19 replicate, wherein 

it has a slightly higher Rct (26 Ω) than the other G-CNC batches tested with the all-SS test 

cell. These differences in the Rct between the different batches do not vary by a large 

magnitude (21-26 Ω for all G-CNC batches). 
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The average specific capacitance values determined from the three electrochemical 

techniques are compared and presented in Table 7. Variations in the values obtained with 

the three different techniques are mostly due to assumptions of ideal EDLC behaviour. 

Generally, the G-CNC Batch 31 electrodes exhibited the largest Cs, but at the dependence of 

the G-CNC mass loading. Increasing the active material mass on the electrode does not 

necessarily increase the amount of charge stored as this is limited by the stacking 

arrangements of the graphene sheets. It is therefore critical that the application of the G-CNC 

is controlled in an ordered manner that permits better ion transport. Nevertheless, the 

electrochemical characterisations have demonstrated that the G-CNC composite can act as 

an EDLC electrode material. 

 

Table 7. Calculated average specific capacitance values for different G-CNC electrode 

batches for various electrochemical characterisation techniques. 

G-CNC Electrode 

Batch 

Cs, CV  

(F·g-1) 

Cs, GCD  

(F·g-1) 

Cs, EIS  

(F·g-1) 

16 5.1 2.4 2.1 

19 12.7 5.7 3.1 

31 
40.4 (2.7 mg) 

8.9 (13.7 mg) 

37.3 (2.7 mg) 

4.9 (13.7 mg) 

14.7 (2.7 mg) 

3.3 (13.7 mg) 

Cs calculation via CV - taken at 2 mV·s-1 scan rate; Cs calculation via GCD – taken at 0.1 A·g-1 current density; 

Cs calculation via EIS – taken after CV run at 0.1 Hz AC frequency.
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5. CONCLUSIONS AND OUTLOOK 

 

The formulation of graphene-cellulose nanocrystal composites (G-CNC) and its evaluation as 

an electrode material for electrochemical double-layer capacitors (EDLCs) has been reported. 

The graphene sheets were prepared by high-shear exfoliation of graphite flakes, in which 

cellulose nanocrystals acts as the dispersant via their negatively charged sulphate ester groups 

and their hydrophobic moieties. The prepared G-CNC dispersions were then spray-coated onto 

graphite foil substrates and served as the EDLC electrodes.  

 

Analysing the G-CNC material’s morphology and composition reveal the differences in the 

obtained dispersions using the same amounts of the composite precursors. These differences 

are assignable to the variations in the conditions of the high-shear exfoliation, thereby 

producing some G-CNC dispersions with partially exfoliated graphite present along with the 

composite. These impurities, along with the elemental impurities, have added porosity to the 

G-CNC’s microstructure, at the expense of the overall conductivity of the electrodes. The 

prepared G-CNC electrodes that have a smooth, uniform surface show the 2D stacking 

arrangement of the graphene flakes which impedes ion transport needed for double-layer 

capacitance. 

 

All these material-related influences have manifested in the electrochemical evaluation of the 

EDLC electrodes. The magnitude of charge storage is limited by the high G-CNC mass 

loadings, which are comparable to those applied by current EDLC industries (~1-10 mg·cm-2) 

[114]. The G-CNC electrodes were demonstrated to exhibit a maximum specific capacitance of 

~40 F·g-1, with an energy density of ~8 W·h·kg-1 and a power density of ~86 kW·kg-1. These 

obtained values come with a low energy efficiency of ~75 %, signifying that improvements in 

developing the G-CNC as an electrode material are still needed. Divergence from ideal EDLC 

behaviour is a result of significant contact resistance between the substrate and the film, defects 

and impurities at the electrode surface, and surface redox activity from the CNCs and the 

electrolyte solution used.  
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Overall, the suitability of the G-CNC composite as an EDLC electrode material would still 

require further optimisation in its processing and electrode preparation. From this study, it is 

known that modifications in the EDLC test cell components (e.g., thinner substrate, electrolyte 

of choice, mass loading) as well as in the spray-coating process could potentially improve the 

capacitance of the material and its energy efficiency.  

 

It is still of significant challenge in industry-scale applications to use graphene and its 

derivatives as an active material for EDLCs due to the detrimental effects of its re-stacking, its 

horizontally aligned, sheet-like nature, and currently, more expensive production [34]. 

However, graphene’s high conductivity can still be harnessed for its integration with more 

porous materials to achieve the suitable balance of porosity and conductivity needed for 

commercial EDLCs. Projections show graphene’s potential commercial use as “micro-

supercapacitors” for applications in wearable microelectronics [122, 123]. It is therefore 

worthwhile to consider the production of the G-CNC composite through high-shear exfoliation 

as a key step towards greener production of EDLCs. 
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APPENDIX 

 

A. G-CNC Dispersion Preparation  

 

 

Figure A - 1. Experimental set-up (a) for the high-shear, liquid-phase exfoliation of graphene 

with CNC suspension. A close-up image of the set-up is shown in (b). 

 

 

 

Figure A - 2. Visual comparisons of different batches of the G-CNC dispersion (left - Batch 16, 

middle - Batch 20, right - Batch 31). Only Batch 20 in this image has a different graphite-to-

CNC mass ratio (20:1 vs 15:1), showing the instability of the dispersion. 
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B. G-CNC Electrode Preparation 

 

 

Figure A - 3. Experimental set-up for the manual spray-coating of the G-CNC dispersions on 

graphite foil substrate. 

 

 

Figure A - 4. G-CNC Batch 19 electrodes used for the three-electrode CV experiments. 

Electrode area is 0.75 cm2. 
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C. Physicochemical Characterisations of G-CNC Composite 

 

Figure A - 5. Visual comparison of the G-CNC electrode surfaces for Batch 16 (a), Batch 19 

(b), and Batch 31(c). Batch 16 electrodes tend to have a rougher surface due to the presence 

of partially exfoliated graphite, whereas Batches 19 and 31 had a smoother surface with zero 

(minimal) traces of the partially exfoliated graphite. 

Figure A - 6. A cross-sectional image of a G-CNC Batch 16 electrode with a film thickness 

estimate of 80 µm. It is seen from the image that the agglomeration of the partially exfoliated 

graphite closely resembles the morphology of the graphite foil substrate (substrate layer 

thickness estimated by the red arrow). 

(a) (b) (c) 
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Figure A - 7.  A contrast image of exfoliated graphene sheets (in lighter contrast) intercalated 

in the graphite foil substrate (a). A close-up image of the graphene sheets are shown in (b). 

 

 

 

 

Figure A - 8.  Surface SEM image of G-CNC Batch 16 electrode used for representative EDX 

analysis. EDX Spectra were taken from different points as shown by the boxed areas in the 

figure (Spectra in Figure A – 9).  
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Figure A - 9. EDX Spectra collected at different points of the G-CNC Batch 16 electrode surface 

(Image in Figure A - 8). 
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Figure A - 11. EDX Spectra collected at different points of the G-CNC Batch 19 electrode surface 

(Image in Figure A - 10). The first two spectra are only shown here; the remaining are presented 

in Figure A – 12. 

  

Figure A - 10. Surface SEM image of G-CNC Batch 19 electrode used for representative EDX 

analysis. EDX Spectra were taken from different points as shown by the boxed areas in the 

figure (Spectra in Figures A – 11 and A – 12). 
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Figure A - 12. EDX Spectra collected at different points of the G-CNC Batch 19 electrode 

surface (Image in Figure A - 10). The remaining three spectra are only shown here; the first 

two spectra are presented in Figure A – 11. 

 

 

Figure A - 13. Surface SEM image of G-CNC Batch 31 electrode used for representative EDX 

analysis. EDX Spectra were taken from different points as shown by the boxed areas in the 

figure (Spectra in Figure A – 14). 
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Figure A - 14. EDX Spectra collected at different points of the G-CNC Batch 31 electrode 

surface (Image in Figure A - 13).  
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Figure A - 15. A representative image of the four-point probe measurement of electrical 

conductivity for the G-CNC films spray-coated on glass substrate. Measured film in this figure 

was from G-CNC Batch 31. 

 

 

 

Figure A - 16. Sample AFM images taken for G-CNC Batches 11 (a) and 16 (b). The sharp, 

white lines in the figure indicate the surface non-uniformities in the G-CNC. They correspond 

to film thicknesses >5.0 µm. 
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D. Electrochemical Characterisations of G-CNC Electrodes 

 

 

Figure A - 17. Two-electrode CV curves for G-CNC electrodes at varying scan rates using G-CNC 

Batch 16. CV profiles are expressed as plot of current vs. cell potential (a) and Cs vs cell potential 

(b). Curves were expressed as average (n =2). 
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Figure A - 18. Two-electrode CV curves for G-CNC electrodes at varying scan rates using G-

CNC Batch 31. CV profiles are expressed as plot of current vs. cell potential (a, b) and Cs vs 

cell potential (c, d). The two replicates tested were not averaged due to different G-CNC 

average mass loadings (a,c – 2.7 mg, b,d – 13.7 mg). 
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Figure A - 19. Representative GCD profile illustrating the repeatable charge-discharge cycles. Twenty (20) cycles were conducted. The experiment 

used in this figure was the GCD of G-CNC Batch 31 electrodes (average mass load = 2.7 mg). 
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Figure A - 20. The GCD profile of the same experiment used in Figure A - 19, expressed as cell 

potential (V) vs. time (s). It is shown in this figure that the charge-discharge times remains 

consistent after the first cycle (First charging cycle shown in purple).  
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Figure A - 21. Nyquist plots for the two replicate measurements of G-CNC Batch 19 electrodes, 

showing the variations in Rct between the replicates due to differences in the test cell and the 

amount of 1.0 M NaClO4. The inset shows a close-up image of the high-frequency impedance 

values and their corresponding Kramers-Kronig (KK) fits Measurements were taken after the 

GCD test. Last data point corresponds to f = 0.1 Hz. 
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Figure A - 22. Nyquist plots at different stages of the electrochemical measurements for G-CNC 

Batch 31 electrodes. The two replicate measurements are shown in this figure separately due to 

average mass loading differences (a – 2.7 mg G-CNC b – 13.7 mg G-CNC). The last data points 

correspond to f = 0.1 Hz. 
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