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Abstract

In the modern world, there is an ever-rising demand for new, environmentally friendly and
cost-effective solutions for energy storage. Carbon based materials like reduced graphene
oxide (rGO) shows promising features for supercapacitor application due toits high surface
area, electrical conductivity and chemical stability. To reduce the precursor graphene oxide,
without toxic chemicals, a hydrothermal method was used in an inert atmosphere at low
temperatures. Our efforts have resulted in a specific capacitance of 199 F/g at 0.25 A/gin 1 M
H>SO4 for hydrothermally reduced rGO. To compare the performance of the hydrothermal
method, chemical and microwave reduction methods were also used and studied using UV-
Vis spectroscopy, and electrochemical measurements. A green and sustainable composite
combining the conductivity of rGO and mechanical strength of cellulose nanofibers was
prepared by a simple sonication-assisted combination process, resulting in a specific
capacitance of 167 F/g at 0.25 A/g in 1 M H2SOs. Self-standing flexible composite films were
prepared using vacuum filtration and characterized using XRD and 4-probe conductivity

measurements.

Key words: reduced graphene oxide, hydrothermal reduction, chemical reduction, microwave
reduction, nanocellulose, electrochemistry, supercapacitor
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Abbreviations

GO Graphene oxide

rGO Reduced graphene oxide

CNF Cellulose nanofiber

SC Supercapacitor

NMP N-Methyl-2-Pyrrolidone

DMF Dimethylformamide

DMACc Dimethylacetamide

EG Ethylene glycol

EDLC Electric double layer capacitance
CV Cyclic voltammetry

GCD Galvanostatic charge/discharge
EIS Electrical impedance spectroscopy
UV-Vis Ultraviolet-visible

XRD X-ray diffraction

WE Working electrode

RE Reference electrode

CE Counter electrode



1 Introduction

Graphene is a two-dimensional material with a basal plane consisting of a monolayer of sp?
hybridized carbon atoms in a honeycomb lattice structure. Graphene was theoretically
predicted a long time ago, and was first isolated and characterized by Andre Geim and
Konstantin Novoselov in 2004.! They were later awarded with the Nobel Prize in physics in
2010. Graphene is a very attractive material for many applications for its superior mechanical,
electrical and thermal properties compared to traditional inorganic materials. Although
graphene has many excellent properties, like extraordinary transparency and great electronic
properties, it also has no bandgap and poor water solubility, limiting its applications greatly in
some areas. The production of cheap high-quality graphene at an industrial scale also remains

a challenge.?

Building on graphene’s trend, graphite oxide, originally discovered over 150 years ago,
regained significant research interest as a precursor for cost-effective mass production of
graphene materials®.Graphite oxide has the layered structure of graphite, but also has oxygen
containing functional groups making it hydrophilic. Due to the oxygen functionalities, the
conjugated structure is disturbed, making the material’s electrical properties fall far below
those of graphene. The functional groups also increase the interlayer distance and through
exfoliation in water, one of few atoms thick layers can be separated, forming graphene oxide
(GO).’GO’s most interesting property is that it can be reduced to graphene-like sheets as
oxygen groups are removed and the conjugated structure is restored. This material is called

reduced graphene oxide (rGO).?

rGO is considered a middle point between GO and graphene. rGO not only has graphene-like
properties like good conductivity, but is also easy to prepare in desired quantities from cheap
GO using a variety of different reduction methods.? The many different reduction processes
and the degree of reduction results in different types of rGO, widening its possible
applications. Additionally, rGO still possesses functional groups that can make it dispersible
in many solvents. Unfortunately, rGO does struggle with aggregation, which is irreversible

and negatively effects its conductive properties which is undesirable for certain applications.*

Chemical reduction is a popular method to produce rGO as it is a simple and effective way of
producing large amounts of product at a wanted quality. Chemical reduction however often

requires using hazardous reducing agents raising environmental concerns, and it can leave
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residues on the rGO which can affect its properties.” Hydrothermal reduction instead is a
promising option for reducing GO as it is environmentally friendly, simple and cost effective.

It also has good scalability and can suit large-scale production.®

Cellulose is the most abundant natural polymer on earth, known for its non-toxicity,
biodegradability and renewability. Cellulose nanofibers (CNFs) are extremely small fibers,
with their diameter being in the nanometer scale. The nanoscale dimensions give CNFs a high
surface-to-volume ratio, excellent mechanical strengths and enhanced thermal stability. The
different uses of CNFs include filtration membranes, biomedical uses and reinforcement in

composite materials.”?

Supercapacitors (SCs), also known as ultracapacitors and electrochemical capacitors are
energy storage devices that are able to store and release energy very quickly. SCs bridge the
gap between traditional capacitors and batteries, and have a higher specific power and longer
cycle-lives than most batteries. SCs have generated interest in applications for consumer
electronics, hybrid electrical vehicles and industrial power management.” SCs can store
charge through different mechanisms. Electrical double layer capacitors (EDLCs) store charge
by accumulating charge at the interface of the electrode and electrolyte. Pseudocapacitors,
also called redox capacitors, instead function through a reversible Faradaic-type charge

transfer.'%!!

rGO-CNF composites can offer a low-cost, versatile, flexible and environmentally friendly
option for SC applications.'’In this combination rGO acts as the conductive material, and
CNFs add mechanical strength, prevent rGO’s aggregation and can enhance the electrode-
electrolyte connections to enhance the composite’s electrochemical performance compared to

just rGO."



1.1  Graphene oxide

The production of GO starts by first producing graphite oxide. The production process of
graphite oxide has gone through multiple phases, but all involve treating graphite with strong
oxidants and acids'®. Graphite oxide was first prepared by Brodie!> in 1859 by treating
graphite powder with nitric acid and potassium nitrate. The production method has then been
modified in various ways over the years by Staudenmeier'® in 1898, then by Hofman!’ in
1937 and later in 1958 by Hummers and Offeman'®. In 2010 Tour and co-workers'® reported
the “modified Hummers method” with an increased reaction yield and higher oxidation rate

without the generation of toxic gases.

The basal plane of graphene materials consists of a sp’>-bonded carbon network in a
honeycomb lattice. While the exact structure of graphite oxide is hard to determine, the Lerf-
Klinowski model is widely accepted®®*!. They concluded there are two different regions in the
structure, consisting of an aromatic region with unoxidized benzene rings, and a region with
aliphatic six-membered rings. The basal plane is occupied by 1,2-epoxides and hydroxyl
groups, and the edges mostly contain carboxyl and hydroxyl groups. Graphite oxide has a
multilayer structure similar to graphite, but the added oxygen functionalities not only increase
the interlayer distance but also make graphite oxide highly hydrophilic. This results in easy
exfoliation as usually the sheets are held by strong van der Waals forces.?>?* This can be done
either by sonication or stirring to produce a homogeneous colloidal GO suspension in either

polar organic solvents or aqueous media.*?

";’
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Figure1. Production process from graphite to GO.



GO is chemically similar to graphite oxide but structurally different as it retains the oxygen
functionalities, but mainly exists as mono-, bi- or few-layer graphene sheets'. Like graphite

oxide, GO is also highly hydrophilic?.

GO is also insulating, as the conductivity of graphene materials primarily depends on the
extensive network of connected carbon atoms. Oxidation disrupts the network, causing -
electrons to become localized. This results in a decrease in both the mobility of charge
carriers and their overall concentration. The insulating nature of GO is undesirable for some
applications, and one of GO’s important characteristics is that it can be reduced by removing

some of the oxygen containing functional groups and recovering the conjugated structure.>*2

GO has applications in various fields. It can address environmental issues such as excess CO>
and toxic gases like ammonia, acetone and formaldehyde. CO; can also be converted through
photocatalysis using GO-based composites. GO can also help removing organic dyes and
heavy metal ions from water. Additionally, in medicine, GO has promising applications in
gene delivery for treating gene delivery, as well as drug delivery for targeting cancer and
biosensors. GO membranes also can serve as molecular sieves for gas transport, and in

construction, it improves the strength and water resistance of building materials like cement.?*

1.2 Reduced graphene oxide

rGO is the result when oxygen functionalities are removed from GO. rGO still retains some of
the oxygen functionalities, but the restoration of the pi bond conjugation increases the
conductivity of rGO making it suitable for energy storage applications.?® rGO is hydrophobic
and has the tendency to agglomerate due to the van der Waals forces, as the repulsion between
layers weakens when the functional groups are removed. The agglomeration is irreversible

and causes the electrolyte ions to be unable to efficiently infiltrate the material.?

The key properties of rGO are its significantly improved in thermal and electrical conductivity
from GO. rGO can also have a higher surface area than GO which is important for energy
storage applications. Compared to graphene, rGO rarely matches the purity and conductivity
of pristine graphene due to the residual oxygen groups and defects. rGO however can benefit
from these surface groups, as they enable the possibility for further modifications or

functionalization.?’



Graphene oxide (GO)

Reduced graphene oxide (rGO)

Figure2. Oxygen groups are removed and pi bonds are restored during reduction.

The reduction of GO can be achieved through many different methods, like chemical’-,

31 and plasma*? reduction. Different

thermal®®-, electrochemical®’-, photo®’-, microwave
methods can also be combined®’.The reduction process and reaction conditions cause the
resulting rGO to have different properties, for example affecting its conductivity. The
challenges of reducing GO include controlling the degree of reduction to balance between the
retention of functional groups and conductivity, achieving consistent material properties as

well as considering the environmental concerns of the reduction process.**3>

rGO has versatility when it comes to applications. For energy storage uses like batteries and
SCs can benefit from rGO’s conductivity and high surface area. rGO can also be used as a
conductive material for sensors, transistors and transparent conductive films. The improved
conductivity and chemical stability compared to GO can also be utilized for a support material
for catalytic reactions. rGO membranes also have possible uses in water purification. Finally,

rGO can be used for drug delivery and biosensors.?”-*

In this study hydrothermal reduction, chemical reduction and microwave reduction methods

were used and as such, these three methods will be discussed in more detail.

1.2.1 Hydrothermal reduction

In the hydrothermal reduction process GO undergoes thermal treatment in water under
enhanced pressure and temperature in a sealed autoclave. The advantages of the hydrothermal

method are the mild reduction conditions, environmental friendliness and simple equipment



requirements, as it can be done with only an autoclave or an oven’’. Additionally, the

hydrothermal method doesn’t introduce any non-carbon impurities’®.

Hydrothermal reduction is based on supercritical water. The ionic product of water is high,
and the hydrothermal conditions cause -OH groups to protonate, leading to the dehydration on
the edges and planes of GO.?° The closed system with a relatively high temperature and
internal pressure also promotes the recovery of m-conjugated system which can minimize
defects*®. Zhou et al. used Raman spectroscopy to demonstrate that the hydrothermal method
is more effective in repairing the conjugated carbon network than chemical method like
hydrazine induced reduction. They have also concluded that the hydrothermal method is

however less effective in reducing the GO compared to other common methods.>®

This method offers tunability, as initial concentration of the GO dispersion, temperature,
reaction time and pH, all affect the properties of the rGO. In a study by Ding et al. they
discovered that when using a concentration of 0.3 mg/ml the product dispersed well, but with

0.4 and 0.5 mg/ml the products agglomerated during the reduction.®’

Higher reaction temperature leads to a more thorough reduction, and in one study they found
electrical conductivity to increase as the temperature was increased from 160 — 220°C*!42 A
longer reaction time however doesn’t necessarily lead to better electrochemical properties.
Ding et al. found that ideal reduction time was over 2h but less than 6h at a temperature
higher than 160°C.*” Another study by Huang et al. concluded that rGO that has been reduced
for 2 — 8h have better electronic properties, but continuing the reduction for 10h results in
porous and damaged rGO which can instead offer sites for polymerization or metal oxide

doping. They also found that GO flakes remain in the reduction up to 4h.°

pH has been proven to play an important role in controlling the properties of the resulting
rGO. When studying the effects on the morphology and structure of rGO when reduced at a
different pH, one study by Ding et al. concluded that acidic pH led to a higher number of
defects in the rGO, smaller sheet size and a higher tendency to agglomerate. Basic conditions
instead lead to a lower amount of defects.*’A study by Zhou et al. got similar results, with
basic pH leading to a more stable rGO solution, and acidic pH to intense aggregation®®. In
another study conducted by Bai et al. they studied the effects of pH on the electrochemical
properties of rGO. They found that neutral and acidic pH lead to the rGO showing both
EDLC and pseudocapacitance with a high specific capacitance (230 F/g at 1 A/g), and basic

pH lead to mostly EDLC behaviour with lower specific capacitance (185 F/g at 1 A/g).**
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Solvothermal reduction uses organic or mixed solvents, and compared to the hydrothermal
method it can offer more variety in the functionalization and properties in rGO. However, the
solvothermal method can result in less pure rGO due to residues form the solvent, and
depending on the solvent used can involve toxic or flammable solvents raising both
environmental and safety concerns.® One setback to both solvothermal and hydrothermal
method is the relatively long reaction times required compared to other methods like chemical

reduction’®.

1.2.2 Chemical reduction

Chemical reduction uses reductive reagents to remove the oxygen functionalities from GO

45,46 and

through redox reactions**. Commonly used chemical reducing agents are hydrazine
sodium borohydride*’*3, both of which raise concerns for their toxicity**.A common non-
toxic reducing agent is L-ascorbic acid***’. Studies have also been exploring other eco-
friendly agents like plant extracts and sugars, but show lower reduction efficiency®>-!*2. In
addition to possible toxicity, another issue of chemical reduction is the possibility of residual
byproducts being left on the rGO which require washing to remove. The advantages of
chemical reduction are its scalability for large-scale production as well as tunability as
different reaction conditions, reducing agents and concentrations lead to different properties

of the final rGO.>3

In this study NaBH4 was used for chemical reduction. The reduction of GO using NaBH4 can
be done at relatively mild reaction conditions, with significant increase in conductivity seen at
80°C during the first 10 minutes of the reaction®*. NaBH4 also shows preference for reducing
certain oxygen containing functional groups while not being effective for others®>**. The ratio
of GO to NaBH4 also affects the reduction process, with a 1:10 ratio showing the highest

reduction degree.

1.2.3 Microwave reduction

Microwave reduction has been studied as an alternative rapid thermal reduction method, with
its main attraction being the short reduction time. Microwave reduction offers easy tunability

with reaction time and temperature but does require special equipment.>'>® The reduction



degree depends on the duration of the microwave treatment at a specific power, with most

using at least 800 W when reducing GO in a solvent.’’ %!

Microwave reduction in a solvent has been done in a multitude of different organic solvents,
and solvents with amide groups likeN-methyl-2-pyrrolidone (NMP) and dimethylformamide
(DMF)have been found to be more effective in reducing GO. It’s been reported that it is
possible to get similar results to 1h solvothermally reduced GO in 3 — 9 min by using a

microwave at 800 W power.’

Microwave reduction using water as a solvent seems to lead to a low reduction degree, and is

1.2 when aqueous GO

less effective than solvothermal methods®®>’. In a study by Chen et a
solution was irradiated using a microwave at 800 W for 1 min, no change in colour occurred.
However, in dimethylacetamide (DMAc), it changed to black. They also used a mixture of
DMAc and H>O, and concluded that the presence of water has neither a positive nor a

negative effect on the reduction degree.®

1.3 Cellulose nanofibers

Cellulose, the most abundant polymer, is renewable, cheap, lightweight and biodegradable,
which is why recently cellulose has received a lot of attention for many possible applications

in areas like pharmaceuticals, sensors, flexible electronics and flexible displays.5*¢*

CNFs are very fine fibers derived from cellulose. They have a diameter of 5 — 20 nm and can
be several micrometres in length. CNFs can be extracted from renewable biomass sources like
wood, plants, algae and bacteria. Cellulose is composed of long linear chains of B-D-glucose
molecules linked by B-1,4-glycosidic bonds (figure 3). The -OH groups on the chain cause
hydrogen bridges to form, resulting in a fibrillated structure. These groups also offer the
possibility of chemical modification and compatibility with aqueous systems, giving cellulose

a competitive edge for different applications.*®
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Figure 3. Structure of cellulose.

CNFs have high crystallinity, which contributes to their mechanical properties like high
tensile strength and stiffness.® CNFs are also highly dispersible in water allowing them to
form stable suspensions. CNFs also have moderate thermal stability, depending on the source

of the cellulose and treatment, with degradation temperatures ranging from 200 — 300°C%°.

CNFs can be produced by isolating it from different plant materials through several methods
including mechanical processes like grinding, microfluidization and high-shear
homogenization. Other possible ways are different chemical treatments like acid hydrolysis,

TEMPO oxidation, and enzymatic processes.%

TEMPO oxidation uses 2,2,6,6-tetramethylpiperidine-1-oxyl, a stable free radical along with
other reagents like NaBr and NaClO. After cellulose is derived from wood pulp and any
impurities are removed, it is oxidated in an alkaline medium with the fore-mentioned
chemicals. The TEMPO radical facilitates the oxidation of primary alcohol groups to carboxyl
groups, which enhances the hydrophilicity and dispersibility of the cellulose in water. After

oxidation the modified cellulose can then be further processed to produce nanofibers.®%-¢

Some challenges with CNFs are its hydrophilicity, as it can limit its application in water-
sensitive environments if not properly modifies. Stability, cost and consistency also raise
concerns as commercial scale production is under development and variability in raw material

can affect the resulting fibers’ dimensions and properties.®%%



1.4  Supercapacitors

SCs are advanced energy storage devices that have gained attention due to their unique
features and potential applications.SC materials can be divided into different types based on
the energy storage method; electrical double layer capacitors (EDLC) and pseudocapacitors.
Depending on the material of the electrodes, they can also function simultaneously, which are

referred as hybrid capacitors.!!

Pseudocapacitors store charge through fast and reversible redox reactions at the surface of the
active materials. The capacitance of pseudocapacitors can be much higher than EDLCs, but
they have lower power density, can suffer from lack of stability during cycling and have
limited cycle life due to the oxidation/reduction process. Metal oxides and conducting

polymers exhibit pseudocapacitance.'®"°

EDLCs store charge electrostatically in an electrochemical double layer, which is formed at
the electrode/electrolyte interface. As a major difference to pseudocapacitors and batteries,
there are no redox reactions occurring. Thanks to this, there is no swelling of the material
during charge/discharge cycles lengthening EDLCs cycle life. EDLCs also have high power
density, as they have very fast charge and discharge cycles. They however have limited

energy density due to the electrostatic surface charging mechanism.”!!

SC devices typically consist of an electrode material, a current collector, separator and
electrolyte. Electrodes have electrochemically active material to store charge, and a current
collector connect the electrodes to the external circuit. The separator separates the electrodes
to avoid short circuiting, and the electrolyte carry and transport ions.”' SC systems can be
divided into symmetric SCs, asymmetric SCs and hybrid SCs. Symmetric SCs are made of
two identical electrodes and asymmetric SCs have two different electrodes with one being a
double-layer carbon material and the other being a pseudocapacitor material. Hybrid SC

systems are instead composed of a SC-type electrode and a battery-type electrode.'!

The electrolyte is an important part of the SC, as it can affect the capacitance, cycle life,
power density and energy density. The electrolyte determines the operational cell voltage, and
interactions between the ion and solvent can affect the lifetime of the SC. Liquid electrolytes
used in SCs are organic electrolytes, aqueous electrolytes, ionic liquids. All electrolytes have

their own advantages and disadvantages.''"’>’> Organic electrolytes and ionic liquids can
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operate at a higher voltage but can suffer from lower ionic conductivity. Organic electrolytes
and ionic liquids usually require complex purification procedures in a strictly controlled
atmosphere to avoid moisture. Aqueous electrolytes instead have high capacitance and
conductivity, but have a limited working potential range due to water decomposition.!!"?
They are also inexpensive, and don’t require special conditions simplifying the fabrication

and assembly process’2. Most popular aqueous electrolytes are H2SO4, KOH and Na>SO4!!.

Different carbon materials have been studied for SC electrode materials, such as activated
carbon, porous carbon, carbon nanotubes and graphene. Carbon materials are studied for their
abundance, non-toxicity, easy processing, high chemical stability, good electronic
conductivity and high specific surface area.”’* Carbon materials are predominantly EDLCs!!.
Graphene-based materials have been studied for SC electrode materials, and as EDLCs they
highly rely on high specific surface area between the electrode/electrolyte interface which can
be disturbed by aggregation and poor wetting on the electrode surface.”” With the addition of
functional groups on the graphene structure, they can offer pseudo capacitance, as well as
improve the wetting between the electrode and polar electrolytes’®. For SCs the ideal structure
of functionalized graphene would have an undisturbed conjugated system in the middle with

functionalities on the edges.”

Common electrochemical studies for evaluating SCs are cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS)'.
CV can be used to get insight into the charge-discharge mechanism of the material by
applying a cyclic potential sweep and observing the current response. CV can also be used to
evaluate the charge storage mechanism, if the resulting CV curve has a rectangular shape, it

indicates EDLC behaviour, and redox peaks suggest pseudocapacitance.”’

In a GCD measurement a constant current is applied to charge and discharge the material.
Capacitance can be calculated from the duration of the charge/discharge, set current and
change of potential. Additionally, the shape of the curve can suggest the type of capacitor
behaviour as symmetric straight lines indicate EDLC behaviour, while triangular curves with

small plateaus can indicate pseudocapacitance’”
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1.5 rGO-CNF composites

Often in composites rGO is combined with materials like conducting polymers, metal oxides
or CNFs to avoid aggregation from occurring and simultaneously worsening the rGO’s
electrical properties.”® In an rGO-CNF composite, CNFs enhance the mechanical strength and
flexibility of the material as rGO by itself is stiff and brittle. The many -OH groups on CNFs

surface offer hydrogen bonding sites that enable interactions between it and the rGO.!?

rGO-CNF composites can be prepared as films, aerogels and hydrogels. rGO-CNF films can
be prepared using vacuum filtration or chemical vapor deposition.3D materials can be

prepared through freeze-drying or freeze-casting.”

rGO-CNF materials can offer versatility, as by varying the ratio of rGO to CNF the
conductivity, the balance between conductivity and mechanical strength can be fine-tuned for
different applications. Applications for rGO-CNF include energy storage, water filtration,
flexible electronics, sensors and biomedical applications like drug delivery, tissue engineering

and biosensors.>%”°

When compared to currently employed SC systems, cellulose and rGO based SC systems
have shown advantages with their low cost, flexibility, environmental friendliness and
versatility. Thin films are the most common structure of rGO-CNF composite for SC
applications.”® Both rGO and CNF also have high surface area, and in the composite CNFs
can help to offer diffusion channels for the electrolyte to promote the connection between the
electrode and electrolyte, enhancing the electrochemical performance'®. The challenges in
rGO-CNF composites for SC application are high internal resistance as well as figuring out
how to control the morphology, structure and distribution. Another focus for future research is

how to simplify the composite production process.”®

1.6 The objective

The objective of this project is to produce a self-standing rGO-CNF film for SC application
with good electrical properties using green reduction methods with a simple production

process. GO is chosen for its conductivity, light weight, high specific surface area and
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relatively low cost. As rGO itself is a brittle material, CNFs are added as an environmentally
friendly way to enhance the mechanical strength of the resulting composite. CNFs can also
prevent agglomeration to boost the electrochemical performance of the rGO-CNF composite

compared to just pure rGO.

With the main focus on the hydrothermal reduction method, the first step is to find the ideal
combination of reaction conditions for the best possible conductivity of the material using
different temperatures, reaction times and pH. Chemical reduction using NaBHs and
microwave reduction is also used to compare the different methods. To ensure the reduction
has occurred, UV-Vis spectroscopy is used. The rGO suspension is also used to craft
electrodes for a symmetric cell set up, then CV and GCD tests are used to study the

electrochemical performance of the material.

After the reduction process, the CNFs are added via a simple sonication process. Electrodes
are crafted in the same way as for the rGO, and CV and GCD studies are done. Additionally,
films are made using vacuum suction filtration, which are then studied using 4-probe

conductivity measurement as well as XRD.

13



2 Experimental section

21 Materials

Table 1 shows the materials and chemicals used in the project and their manufacturers.

Table 1. Materials used in the project and their manufacturers

Material Manufacturer
Graphene oxide dispersion (5 mg/mL) uTu

Nafion 5% Sigma-Aldrich
Sulfuric Acid (H2S04, 1 mol/L) Merck

Graphite sheet Thermo scientific
Ethylene Glycol TCI
N-Methyl-2-Pyrrolidone TCI

Sodium borohydride Merck

0.1 um PC membrane 47 mm hydrophilic Isopore

High charge TEMPO oxidized cellulose
nanofiber hydrogel (0.93%)

Cellulose nanofiber hydrogel (1.7%)

Prof. Chunlin Xu & Dr. Xiaoju Wang, Abo
Akademi University

Asst. Prof. Jaana Vapaavuori, Aalto University

2.2 Instruments

Table 2 shows the equipment used in the project.

Table 2. Equipment used in the project

Instrument Manufacturer
Ultrasonic cleaner USC-THD VWR

High pressure reactor 4593 Parr

Parr reactor controller 4848 Parr

UV-Vis spectrometer Cary 60 Agilent

X-ray powder diffractometer PANalytical Aeris
Potentiostat Autolab
Centrifuge Biofuge stratos Heraeus
Centrifuge Sigma
Rotavapor Heidolph
Microwave Synthesizer Discover CEM
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2.3 Reduction of GO
2.3.1 Hydrothermal reduction

Hydrothermal reduction was done using the Parr high pressure reactor. The set up consists of
the reactor chamber with a Teflon liner and a built-in stirrer, as well as a heater and a reactor
controller to set the temperature. N> gas can be added into the reactor through a tube to
increase pressure, and the reactor is also equipped with a sampling tube to remove the sample
without shutting down the reactor. The high-pressure reactor and controller are presented in
figure 4, and the reaction vessel, Teflon liner and the temperature probe, sampling tube and

stir bar in figure 5.

Notably, while the temperatures used for hydrothermal reduction are shown as one value, in
reality, it the deviates with 1 — 5°C from the setpoint due to fluctuation caused by the method
of heating that the reactor uses. The heater outside seems to heat the reactor based on the
reading of the temperature probe inside the reactor, surrounded by the liquid and Teflon liner.

Due to this the sleeve reacts with a delay, causing the fluctuation.

Figure 4. a) The high-pressure reactor b) The reactor controller.
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Figure 5. a) The Teflon liner and reactor chamber b) The sampling tube, stir bar and temperature
probe.

Samples prepared using the hydrothermal method are coded with the letter H and a number
(H1, H2 etc.). The general process is explained here, and the specific details for each sample

are listed in table 3.

Before reduction, GO suspension and DI water are combined. One sample is done using EG
instead (while this makes it more of a solvothermal reduction it is included for simplicity in
the hydrothermal section). If sonicated, it is done before loading the sample into the reaction
vessel. pH can be adjusted if desired, and pH is measured before reduction. The vessel is
closed air tight and degassed to remove oxygen using N». N> is added until a pressure of 7 bar
is reached, and the solution is stirred at 650 rpm for 5 min. The gas is then released and this is

repeated 3 times.

After degassing, pressure can be added into the reactor for the reduction reaction. The GO
solution inside is stirred at 650 rpm, and the heating is turned on while observing the pressure

build up. The reaction time is started once the required temperature is reached and stabilized.

Some of the sample can be removed through the sampling tube during the reaction by
stopping the stirring for the duration. After the full reaction time is completed, the heater is
removed and the stirring is stopped. The reactor is cooled down with ice, and once room

temperature is reached the pressure is let out.
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After the sample is removed from the reaction vessel, its pH is measured and it is then washed

to reach a neutral pH. This is done by centrifuging the rGO suspension, decanting the liquid

and adding new DI water. This is repeated until the desired pH is reached.

Table 3. Sample preparation and reaction details used for hydrothermal reduction.

Sample GO GO DI c pH pre- Sonication t T
(mg) (mL) (mL) (mg/mL) reduction (min) (h) (°C)
H1 10 2 50 0.2 - 1 80
H2 50 10 40 1 - 3 120
H3 25 5 60 0.4 - 6 120
+18(24)° 120
H4 50 10 40 1 92 - 3 120
+6 (9) 120
+3(12) 150
+6 (18) 180
H5 50 10 40 1 6 30 3 180
+3 (6) 180
Hé 50 10 40 1 6 30 6 220
H7 50 10 40 1 6 30 24 120
H8 50 10 10 25 4 30 6 120
H9 10 2 20 0.45 7 30 1 140
(EG)°
+2 (3) 140

2 pH adjusted using NH4+OH, ° Ethylene glycol added instead of DI water, ¢ same sample continued for 18 h
making total reduction time 24 h

2.3.2 Chemical reduction

Chemical reduction is done using NaBH4. Samples reduced using the chemical method are

titled with the letter C and a number. Chemically reduced samples are washed the same way

as the hydrothermal samples.
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Rotavapor reduction

10 mL of GO dispersion is combined with 100 mL of DI water and sonicated for 30 min in a
round bottom flask. The desired amount of NaBH4 is weighed and added to the GO solution,
washing the residual NaBH4 from the weighing boat with a small amount of DI water. The
reduction is done using a rotavapor at 80°C for 1h, using minimal vacuum with the bottle
spinning slowly. After the 1h reduction time the vacuum and spinning speed is increased to
evaporate water until < 50 mL is left. The reduction details are presented in table 4, and the

rotavapor used is presented in figure 6.

Table 4. Reduction details for chemical reduction

Sample GO GO DI c pH sonication ratio NaBH; t T
(mg) (mL) (mL) (mg/mL) (min) (GO:R)* (mg) (h) (°C)

Cc1 50 10 100 0.45 6 30 1.7 378 1 80

Cc2 50 10 100 0.45 6 30 1:10 500 1 80

2ratio of GO to reducing agent based on weight

Figure 6. The rotavapor used for chemical reduction.
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Sonochemical reduction

For sample C3 a combination of sonication and chemical reduction was used. 2 mL of GO
dispersion was sonicated in a sealed glass vial for 2h making sure the sonicator’s temperature
stays below 25°C. After this, 100 mg of NaBH4 was added into the vial, which was then
resealed. Finally, the solution was sonicated for 1h more, again keeping the temperature

below 25°C.

2.3.3 Microwave reduction

Microwave reduction was done using the CEM Microwave synthesizer Discover. Special
microwave vessel was used, equipped a lid which can release pressure as well as a magnetic
stir bar for mixing during the reaction. All samples were stirred by the synthesizer for 2 min

before starting.

Reaction parameters include temperature, ramp time, hold time, pressure and power. Ramp
time is the time excluded from the reaction time, meant to heat the reactor. Hold time is the
time the set temperature is kept stable for the reduction process. Details for each sample are

listed in table 5 below.

Table 5. Reduction conditions set to use in microwave reduction

Sample GO GO Added Solvent c¢ T Ramp Hold Pressure Power
(mL) (mg) solvent (mL) (mg/mL) (°C) time time (psi) (W)
(min)  (min)
M1 1 5 - - 5 25 1 10 200 300
M2 1 5 - - 5 120 3 30 200 300
M3 1 5 DI 1 25 160 3 30 200 300
M4 1 5 DI 1 25 200 5 60 200 300
M5 0.5 25 DI 0.5 25 230 85 30 200 300
M6 1 5 NMP 1 25 230 30 150 200 300

2.4 Preparation of rGO-CNF composite

Composites were prepared from GO in a 50:50 ratio based on weight (dry weight of CNF).
The CNFs used are High Charge TEMPO oxidized CNF hydrogel from Abo Akademi

University, and CNF hydrogel from Aalto University. These were supplied to us and were
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used without any pre-treatment. The rGO used in the composites was the highest performing

hydrothermally reduced one.

The composites are prepared with 10 mg of rGO. For 10 mg of dry weight CNF, the required
amount of hydrogel was calculated. For rGO-CNF-1, no DI water was added to the rGO and
4.4 mL of DI water was added to the CNF to make a composite with a total volume of 10 mL.
For rGO-CNF-2 and rGO-CNF-3, 4.4 mL of DI water was added to the rGO, and 10 mL was
added to the CNF to make the composites total volume 20 mL. Water is added because from
previous experiments we learned that adding DI water to the CNF hydrogel before sonication

helps to break down the gel clumps and results in a more uniform composite.

The rGO and CNF are sonicated separately for 15 minutes in closed conical flasks. The CNF
is poured into the rGO, and the residue is washed with a small amount of DI water. After
combining they are sonicated for 1 h, keeping the sonicator’s temperature below 25°C.

Details of the process are presented below in table 6.

Table 6. Details of composite preparation.

Composite m(rGO) V(rGO) DIito CNF Hydrogel m(CNF m(CNF Dlto V(total)
(mg) (mL) rGO type m% hydrogel) dry) CNF (mL)
(mL) (mg) (mg) (mL)

rGO-CNF-1 10 5.6 - HC 0.93 1.08 10 4.4 10
TEMPO?

rGO-CNF-2 10 5.6 4.4 HC 0.93 1.08 10 10 20
TEMPO

rGO-CNF-3 10 5.6 4.4 Aalto 1.64 0.61 10 10 20
CNF®

2 High charge TEMPO oxidized cellulose nanofiber hydrogel from Abo Akademi University "CNF hydrogel
from Aalto University

2.5 Preparation of electrodes

Electrodes were prepared on graphite foil. The foil was cut into 1ecm wide strips and covered
with tape to eliminate the foil from reacting with the electrolyte, leaving a 1 cm? area

uncovered for drop casting (Figure 7).
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Figure 7. Schematic of the electrodes with the tape placement in blue.

Coating method

For preparing two electrodes, a volume containing 2 mg of rGO in DI water was sonicated in
a glass vial for 30 min. For composites the sample also contains CNF hydrogel. The sample
was then drop casted onto the grafoil in 100 pL layers, which were then dried in an oven at
100°C. This was repeated until 1 mg/cm? was reached on each electrode. Before the last layer

had dried, 5 — 10 pL of Nafion (5%) was dropped onto the electrode.
Ink method

While otherwise identical to the coating method, in the ink method Nafion is added into the

glass vial together with the sample, which are then sonicated together for 30 min.

The details on electrode preparation for each sample are presented in the supplementary

section, in table S1.

2.6 Conducting film preparation

Films were prepared using vacuum filtration, using a filtration funnel with base equipped with
a sintered disc for uniform filtration. The membrane is placed between two rubber rings,
which in turn are placed between the funnel and base. The parts are then clamped together.

The set up is presented below in figure 8.
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Rubber rings

Membrane

Figure 8. Suction filtration set up.

Using hydrophobic 0.1 um PC membranes, a volume containing 5 mg of rGO of the sample is
filtrated through until a “wet cake” formed. After this, the membrane with the sample on it is
removed and left to dry overnight in room temperature under a weight pressing down the

edges to prevent curling. After drying the film was peeled off the membrane.

2.7 Materials characterization
2.7.1 UV-vis spectroscopy

Ultraviolet visible (UV-vis) spectroscopy is based on the interaction between chemical
species and light in the UV-vis spectrum. In characterization of rGO, UV-vis spectroscopy
can be used to gain qualitative insight into the reduction method’s effects. The UV-vis spectra
of GO show an absorption peak maxima at around 230 nm which corresponds to the © — 7*
transition of aromatic C-C bonds. In rGO, the pi bond conjugation is increased after reduction
which can then be identified as a red shift of the UV spectra, and the maximum absorption

peak of rGO is around 265 nm.*

UV-Vis measurements were done using a quartz cuvette, and an example spectra is presented

in figure 9 showing the peak positions of GO and rGO.
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Figure 9. UV-Vis spectra of GO and rGO showing their characteristic peaks.

2.7.2 X-ray diffraction spectroscopy

X-ray diffraction (XRD) can be used to identify the elements in a sample and study the
crystallinity, crystal orientations and phases of the sample. XRD is based on Bragg’s law, and
1s a non-destructive characterization method. During an XRD measurement a monochromatic
beam of X-rays is directed at the sample, and the reflected X-rays are then collected by the
detector. Amorphous materials produce a broad peak, and crystalline materials produce sharp

peaks. %

XRD can give insight into the reduction process as GO shows a peak at around 10° and rGO
at around 23-24°5!, CNFs main diffraction peaks instead are located at approximately 16° and
23°%1 XRD was done on two thin films that were prepared from two different CNFs using a

Cu Ka source using the fast scan mode, using a silicone substrate

2.7.3 Conductance tests

The 4-probe conductivity measurement can be used to study the electrical properties of thin

films by measuring the conductivity/resistivity of the material. It uses four probes arranged in
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a line which are lowered onto the surface of the tested material. The outer probes are used to

inject a current from a current source, and the inner two probes measure the voltage.®

4-probe conductivity measurements were done on the films. The set up is presented in figure

10. During the test the film is placed on a glass slide to have a nonconducting base, and

pressed with the 4, with a potential window from 0 —1 V.

Figure 10. 4-probe conductivity measurement set up.

2.8 Electrochemical measurements

Electrochemical measurements were done on the electrodes to measure their electrochemical
performance using Autolab Potentiostat, equipped with the NOVA 2 program. Blank grafoil
electrodes were also tested for comparison. The electrochemical cell used in the
measurements was assembled into a symmetrical two-electrode set up (figure 11), with 1M
H>SO4 as the electrolyte. In a two-electrode set up the working electrode (WE) is connected to
one of the electrodes, while the reference electrode (RE) and counter electrode (CE) are

connected to the other. Before measurements the electrolyte was purged with N».
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Figure 11. Schematic of the 2-electrode symmetric electrochemical set up using grafoil electrodes with
the WE, CE and RE placements shown.

Cyclic voltammetry measurements were conducted using a scan rate of 50 mV/s and a
potential window between 0 — 1 V. Galvanostatic charge-discharge measurements were done
with different current densities: 0.25 A/g, 0.5 A/g, 1 A/g, 2 Alg, 3 A/g and 5 A/g. The
potential window for the GCD was between 0 — 1 V for 5 cycles. Areal and Specific
capacitances for symmetric two-electrode set up were calculated from the GCD measurements
using the equations presented below.

_ 2xIxAE 1
@ " (AV-IR) (1)

Where C, is the areal capacitance (F/cm?), 1 is the current (A), At is the discharging time (s),
AV potential window (V) out of which the IR drop is subtracted.

_ 2xI=AL
L3 mxAV

2

Where C; is the specific capacitance (F/g), I is the current (A), At is the discharging time, m is

the mass of active material on one electrode (g) and AV is the potential window (V).
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3 Results

Hydrothermal reduction

Calculated amounts (Table. 3) of GO starting material was reduced in hydrothermal condition
using Parr autoclave reactor. When GO was reduced it goes through a colour and consistency
change that can be seen with just the naked eye. While GO was a homogeneous brown liquid,
after reduction it turned into individual black particles dispersed in a clear water liquid

(Figure 12).

Figure12. a) GO suspension b) rGO in water.

The pH of most samples changed to slightly more acidic during the reduction, with samples
starting at pH 6 with a final pH of 5. The basic pH of sample H4 stayed at pH 9, and the EG
sample H9 stayed at pH 7. Sample H8 with a higher concentration remained at pH 4. The
pressure inside the reactor depended on the temperature used, and if external pressure (N2, 7
bar) was added into the reactor before reduction. These are presented in the supplementary in

table S2.

For sample H6, the synthesized sample was collected fully through the sampling tube in the
autoclave reactor, to avoid the rGO from possibly being affected by the cooling of the reactor
which took 30-60 min depending on the reaction temperature. Removing sample through the
sampling tube however caused most of the dispersion to be removed, but most of the rGO got
stuck and dried on the walls of the reactor, resulting in the concentration of the rGO

dispersion to be very low and no electrodes were made using this sample (Figure 13).
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Figure 13. Sample H6 with hardly any rGO in it.

Using the hydrothermal method GO was reduced (turned black) which occurred in neutral /
acidic pH at 3h in 120°C. Lower temperature and shorter time didn’t turn the GO into black
dispersion, indicating reduction had not occurred. The solvothermal method used for H9
didn’t yield in reduction, until 3h at 140°C. In the sample H4-rGO, the pH was adjusted to 9,
and it took longer time for the reduction to take place compared to neutral / acidic pH
medium. The sample didn’t turn black until a total reduction time of 18h with temperatures
increased up to 180°C. Figure 14 shows a partly reduced H4 with black particles but still

some brown colour can be seen indicating a partial reduction.

Figure 14. Partially reduced H4 sample with some black particles.

Hydrothermally reduced samples have a “fluffy” consistency right after reduction, and during
overnight some of the rGO particles sinks to the bottom of the collection tube, while some

particles stay floating and stick to the side wall (Figure 15).
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b

Figure 15. Hydrothermally reduced sample a) right after reduction and b) after overnight aging.

Chemical reduction

All chemically reduced GO samples turned into black (rGO), and the pH after reduction for
C1 was 9, and for C2 and C3 the pH was 10. After leaving the sample overnight for aging, the
rGO particles allowed to settle at the bottom of the tube (Figure 16).

—

Figure 16. After chemical reduction, all rGO particles settle at the bottom.

Microwave reduction

While you can set a desired temperature and time etc. the microwave synthesizer has limits on

what it can do. For example, to reach 160°C a ramp time of 3 min was not enough, and 5 min
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of the hold time went into heating the vessel to reach the temperature, resulting the actual hold

time to be 25 min.

While the power was set to the max (300 W), the power would stay at maximum only until
the set temperature was reached, at which point the power would get lowered to maintain that
temperature. Only if the temperature was set at 220 — 230°C the power stayed at 300 W for
the entire duration of reduction process. The actual reaction times and temperatures that

happened during the reduction are presented in table 7.

Additionally, the reactor doesn’t hold the pressure, and no added pressure was applied during
the reduction other than the autogenic pressure (<20 psi) created during the initial heating

process. This pressure also got released during the process through the loosely attached lid.

Table 7. The actual hold times, temperatures and power at which the samples were reduced in.

Sample Actual hold Actual T° Power during
time? (°C) reduction®
(min) w)

M1 10 36 0

M2 30 120 100-120

M3 25 160 130-160

M4 45 200 200

M5 -d 220 300

M6 120 230 300

The reduction time after the set temperature was reached, the actual temperature during reduction, °the power
that was on during the hold time, ¢ the set temperature (230°C) was not reached during the experiment

Even just based on the colour, we could able to recognize that the samples M1 and M2 didn’t
reduce and remained a brown coloured (GO) liquid (Figure 17a), and M3 was only partially

reduced with some black particles (Figure 17b) dispersed, but still had brown colour in it.
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Figure 17. a) Sample M1 still brown after microwave treatment b) Sample M2 remained mostly brown
with some black particles.

Samples M4-M6 were reduced (turned black). Overnight, some of the rGO particles sank to
the bottom and some floated to the top of the centrifuge/collection tube (Figure 18) indicating
different sized rGO particles/flakes. The variability in particle size can also be seen in Figure

19 with visible clumps.

Figure 18. a) Sample M5 right after reduction b) Sample M5 the next day.
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Figure 19. Consistency of sample M5 with visible larger clumps of rGO.

Composite

Comparing the consistency of the different composites we could tell adding DI water helped
to break down the CNF clumps and make a more homogeneous mix with the rGO particles.
Compared to the rGO, the composite is more viscous and has a more homogeneous look
overall with the particles suspended in the liquid and not sinking to the bottom of the
collection tube (Figure 20).

Figure 20. The consistency of the rGO-CNF composite.
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Film preparation

Films were prepared from the composites using the aforementioned method and were
successfully removed from the supporting membrane. Another film was prepared from just
rGO, which was not possible to remove from the membrane without ripping. (Figure 21) The

composite films were thicker and had flexibility, showing the CNF enhanced the mechanical

strength and elasticity of the film.

Figure 21. a) Film prepared from rGO alone, stuck on the membrane, and films prepared from
composites b) rGO-CNF-2 and c) rGO-CNF-3.

3.1 Materials characterization
3.1.1 UV-Vis spectral data

Hydrothermal reduction

From the UV-Vis spectra in figure 22 below, we can see that when GO was reduced for 3h in
120°C there was a peak at 255 nm, and after 6h in 120°C there was a peak at 260 nm showing
a small shift to the right, possibly indicating a more thorough reduction. Similarly, the GO
sample reduced for 6h in 180°C shows a very subtle curve at the 265 nm mark. All samples
that were reduced for 18 — 24h show a flat line, with no peaks visible. These samples might be

over processed, and was closer to graphite than rGO.
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Figure 22. UV-Vis spectra of hydrothermally reduced samples, showing the rGO peak flattening in
harsher conditions.

In figure 23 below, the UV-Vis spectra shows that the H9 sample that was reduced in EG has
a peak at 235 nm. This might indicate that the sample wasn’t fully reduced, and still has GO

in it.
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Figure 23. The sample reduced in EG shows a peak at 235 nm.
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Chemical reduction

All three chemically reduced GO samples show a single peak at 265 nm, presented in the UV-
Vis spectra in figure 24.

—C1
—C2
C3

Absorbance (a.u.)
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Figure 24. The UV-Vis spectra of chemically reduced samples showing a single peak at 265 nm.

Microwave reduction

The microwave reduced samples M4 and M5 show peaks at 255 nm and 260 nm,
respectively, showing the GO has been successfully reduced. Between M4 and M5, a small
shift to the right can be seen. M6 was reduced in NMP, which could not be washed away from

the sample and thus the possible rGO peak is covered by NMP’s absorbance (Figure 25).
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Figure 25. a) UV-Vis spectra of the microwave reduced samples b) UV-Vis spectrum of sample M6
reduced in NMP, with the possible peaks covered by NMP’s absorbance.

Composite

UV-Vis measurements were also done on the composites, showing nearly identical spectra for
all three samples, with only the rGO peak visible at 265 nm showing the rGO has not been

affected by the cellulose’s presence, when preparing the composite (Figure 26).
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Figure 26. UV-Vis spectra of the rGO-CNF composites.
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3.1.2 XRD spectral data

XRD graphs of rGO-CNF-2 and rGO-CNF-3 are mostly similar, but rGO-CNF-3 showed
some more distinct peaks revealing some crystallinity in the structure. With no peaks at
around 11°, we can further conclude that no GO was present and has been fully reduced. rGO

and CNF peaks overlapped at the peak at 23° with a broad peak at 16° (Figure 27).
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Figure 27. XRD patterns of rGO-CNF-2 and rGO-CNF-3.

3.1.3 Conductance tests results

For the conductance measurement, two films were compared, with tGO-CNF-2 showing a
higher response than rGO-CNF-3. 4-probe conductivity measurements were also done on the
film to check uniformity, with similar values being achieved when tried at different parts of

the film for rGO-CNF-2, but some differences could be seen for rGO-CNF-3 (Figure 28).
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Figure 28. 4-probe conductivity measurements of the rGO-CNF-2 and rGO-CNF-3 films.

3.2 Electrochemical measurements

To see if the graphene foil shows conductance, a blank electrode was tested. Electrodes were
also prepared using GO suspension. While the graphene foil shows some capacitance, the GO

electrodes are close to zero at a capacitance of 2.9 F/g calculated from the GCD (Figure 29).
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Figure 29. a) GCD plots of blank grafoil electrodes and electrodes coated with GO at 1 A/gin 1 M
H2S04 b) CV plots of blank grafoil electrodes and electrodes coated with GO using a scan rate of 50
mV/s in 1 H2SOa4.
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Sample load tests for the electrodes were done using different mass loadings (1 mg/cm?, 2
mg/cm? and 3 mg/cm?) to determine the ideal amount of rGO to be used on the electrodes

based on specific capacitance (Figure 30)
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Figure 30. a) GCD plots of electrodes with different loadings at 1 A/gin 1 M H2SOsand b) CV plots of
electrodes with different loadings using scan rate of 50 mV/s in 1 M H2SO4 electrolyte

Table 8. Specific capacitances of electrodes with different rGO mass loadings.

Loading (mg/cm?) Cs (Flg)
1 116.5

2 89.2

3 75.1

Different electrode preparation methods were compared using the same sample (1 mg/cm?).
Electrodes were prepared using coating and ink method to determine if it had effect on the
electrochemical performance of the electrodes. From the GCD and CV measurements the ink
method resulted in a higher capacitance than the coating method, at 94.3 F/g and 66.9 F/g
respectively (Figure 31).
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Figure 31. a) GCD plots of rGO electrodes prepared from the same sample using different preparation
methods at 1 A/gin 1 M H2S04 b) CV plots of rGO electrodes prepared from the same sample using
different preparation methods in 1 M H2SOaat a scan rate of 50 mV/s.

Hydrothermal reduction

The effects of reduction time were compared using rGO samples reduced in the same
conditions for 3h, 6h and 24h samples (H2, H8, H3). From the electrochemical studies it can
be seen that the capacitance increases as the reaction time goes from 3h to 6h, but if continued

to 24h the capacitance drops (Figure 32).
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Figure 32. a) GCD plots of rGO samples reduced for different time durations in 1 M H2SO4 at 1 A/g b)
CV plots for rGO sampled reduced for different time durations in 1 M H2SO4 at a scan rate of 50 mV/s.

The effect of sonication was also studied. From figure 33 below it is evident that sonicating
the GO sample before reduction results in slightly higher capacitance (samples H5 6h and
HS). Also, comparing a sample that was reduced first for 6h and then continued for 18h the
next day (H5 24h) to a sample that was reduced continuously for 24h (H7) shows that it is

better to reduce the sample in one go (Figure 33).
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Figure 33. a) GCD plots of 4 rGO samples comparing the effects of sonication and reduction time at 1
A/gin 1 M H2S04 b) CV plots of 4 rGO samples comparing the effects of sonication and reduction time
using a scan rate of 50 mV/s in 1 M H2SOa.

Overall, from the hydrothermally reduced rGO electrodes, prepared from samples H2, H3 6h,
H3 24h, H4, H5 6h, H7, H8 and H9, the GCD and CV measurements of all electrodes are

presented below in figure 34 and capacitances were calculated from the GCD.
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Figure 34.a) GCD plots of all rGO electrodes prepared from the hydrothermally reduced samples at 1
Al/gin 1 M H2S04 b) CV plots of all rGO electrodes prepared from the hydrothermally reduced samples
using a scan rate of 50 mV/s in 1 M H2SOa.

Using the hydrothermal method, the highest capacitance is achieved with sample H8-rGO at
116.1 F/g. The higher capacitance most likely results from using a higher concentration of GO
during reduction, sonication before reduction as well as 6 h uninterrupted reduction process.

Based on the shape of the CV ad GCD graphs, the rGO seems to mainly have EDLC type
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capacitance. All capacitances are listed in table 9 below. Samples prepared using the different

methods will be compared to H8-rGO to compare the efficiency of the reduction methods.

Table 9. Specific and areal capacitances of the hydrothermally reduced rGO samples calculated from
the GCD measurements.

Sample Cs(F/g) C. (mF/cm?)
H2 94.3 109

H3 6h 108.3 123

H3 24h 48.2 57

H4 54.6 67

H5 6h 111.5 128

H7 67.2 81

H8 116.1 131

H9 44.4 55

Chemical reduction

Studying the effect of reducing agent when preparing the rGO samples C1 and C2, a higher
amount of NaBHj4 led to a slightly higher capacitance, both of which are also higher than HS.
The sonochemical reduction used for C3 however shows notably lower capacitance. The GCD
and CV measurements are shown in figure 35, and the calculated capacitances are presented

in table 10 below.
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Figure 35. a) GCD plots of different chemically reduced rGO samples compared to the H8-rGO at 1
A/gin 1 M H2S04 b) CV plots of different chemically reduced rGO samples compared to H8-rGO using
scan rate 50 mV/s in 1 M H2SOa.

Table 10. Specific and areal capacitances of the chemically reduced rGO samples calculated from the
GCD plots.

Sample Cs (Flg) Ca (mF/cm?)
C1 116.5 137
Cc2 121.2 135
C3 89.9 103

Microwave reduction

From the microwave reduced rGO samples, electrodes were made from the reducedM4 and
MS5. The GCD and CV are presented in figure 36. Unfortunately, electrodes were not able to
be made from M6 with the method we used as the rGO, as it would clump up and flake off
from the electrode surface. The capacitances of the microwave reduced samples are much

lower than HS; 64.5 F/g for M4 and 65.8 F/g for M5.

a) b)
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Figure 36.a) GCD of the microwave reduced rGO samples compared to H8-rGO at 1 A/lgin 1 M
H2S04 b) CV plots of the microwave reduced samples compared to the H8-rGO at scan rate 50 mV/s
in 1 M H2SOa4.

Comparing the performances of all the different reducing methods based on their rGO’s
specific capacitance, microwave reduction performed significantly worse while chemical and
hydrothermal methods were able to reach similar values. A comparison graph is presented in

figure 37.
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Figure 37. A vertical bar chart comparing the different reduction methods based on specific
capacitance calculated from the GCDs.

Composite

GCD and CV measurements were done for all 3 composites, presented in figure 38 below.
Comparing the CV and GCD of the different rGO-CNF composites to the H8-rGO used in the
composite, the capacitance has lowered. Out of the composites, rGO-CNF-1 (AA, low charge
CNF) has the lowest capacitance, with rGO-CNF-2 (AA, high charge CNF) and rGO-CNF-3
(Aalto Jaana’s CNF) having a higher capacitance.

Differences between the CNF-2, CNF-3are small, but the TEMPO oxidized high charge
cellulose performs slightly better, with a capacitance of 80.3 F/g. However, the difference is
minuscule at 0.4 F/g which can also be caused from measurement error or from the electrode
crafting process, or from the slight difference in structure noted in the XRD measurements.

Areal and specific capacitances for each composite is presented in table 11.
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Figure 38. a) GCD measurements of the different composites and H8-rGOin 1 M H2SO4 at 1 A/g b) CV
plots of the different composites and H8-rGO in 1 M H2SO4 at scan rate 50 mV/s.

Table 11. Specific and areal capacitances calculated from the composites’ GCD measurements.

Composite C, (Flg) C. (mF/cm?)
rGO-CNF-1 63.3 80
rGO-CNF-2 80.3 98
rGO-CNF-3 79.9 98

The performance of the pure GO (HS8) and the highest capacitive composite rGO-CNF-2

electrodes were also studied at different current densities ranging from 0.25 to 5 A/g

presented in figure 39.
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Figure. 39. a) GCD plots of H8-rGO in 1M H2SO4 electrolyte at different current densities b) GCD plots
of rGO-CNF-2in 1 M H2S0O4 electrolyte at different current densities.
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The specific capacitances calculated from the GCD are presented together with the used
current densities in figure 40. This further supports the claim that the pure rGO performs
better compared to the composite. The capacitances also get higher when a lower current
density is used, as the specific capacitances are highest at 0.25 A/g, with H8-rGO at 199.2 F/g
and rGO-CNF-2 at 167.7 F/g, respectively. At a lower current density, the electrolyte ions
have more time for the diffusion into the electrode materials pores resulting in a higher

capacitance.
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Figure 40. The specific capacitances of H8-rGO and rGO-CNF-2 at different current densities in 1 M
H2SOq4 electrolyte.
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4 Conclusions

GO was successfully reduced using the hydrothermal method, with the minimum requirement
for reduction being 3h at 120°C to produce rGO. The highest capacitance for rGO reaching
116 F/g at a current density of 1 A/g, was achieved for the sample reduced for 6h in 120°C
using the hydrothermal method. This sample benefited from a higher concentration (2.5
mg/mL) along with a lower pH during reduction, and sonication before reduction as well as
6h reduction without breaks. A longer reduction time doesn’t result in better capacitance, with
the 24h reduced samples showing much lower capacitance, possibly due to agglomeration and
the breaking down of the carbon network. Sonication is beneficial for the high capacitance of
rGO materials, as well as slightly acidic/neutral pH rather than a basic pH. Studying the
effects of concentration, higher pressure, sonication time and more acidic pH could be

beneficial for our future studies.

The capacitance for rGO obtained using the hydrothermal method was slightly lower than
what could be attained using chemical reduction with NaBH4, but required more washing to
remove the residual reducing agent and to reach a neutral pH. The highest capacitance gained
using chemical reduction was 121 F/g at a current density of 1 A/g. Microwave reduction led
to a low capacitance at 65 F/g, and reduction could not be done in a short time frame requiring
at least 1h at the maximum 300 W of the reactor. All successfully reduced samples seem to

show EDLC behavior under electrochemical conditions.

Composites were prepared using the hydrothermally reduced rGO sample with the highest
capacitance, later combined with the CNF via a simple sonication process. Three different
celluloses were used, but minimal differences could be seen both in structure and
electrochemical measurements. rGO-CNF-2 and rGO-CNF-3 both had capacitances lower
than the original rGO at approximately 80 F/g at a current density of 1 A/g. With a lower
current density of 0.25 A/g the capacitance of the rGO was high at 199 F/g, and the
composites (rGO-CNFs) were at 168 F/g, due to the electrolyte ions having more time to
diffuse into the pores of the electrode material. Possible ways of enhancing the capacitance of
the composite are incorporating the CNFs before reduction, or longer sonication when

combining the rGO and CNF.
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Self-standing films were also successfully formed using suction filtration. While a pure rGO
film was unable to be removed from the supporting membrane, the composites were easily

removed and were flexible, proving the CNF enhancing the mechanical strength.
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Supplementary information

Table S1. Details of the electrode preparation

Sample Final V Final Method m(rGO) V(rGO) V(Nafion)
(mL) ¢(rGO) (mg) (mL) (bL)
(mg/mL)
H2 44 1.45 coating 1 0.685 5
ink 1 0.685 5
H3 57 0.42 ink 1 2.375 5
H3-24h 45 1.08 ink 1 0.93 5
H4-18h 36 0.98 ink 1 0.78 10
H5-6h 43 1.02 ink 1 0.96 5
H7 47 1.04 ink 1 0.964 5
H8 20 1.79 ink 1 0.56 5
H9-3h 10 1 ink 1 1 5
C1 225 2.22 coating 1 0.45 10
C2 15.5 3.23 coating 1 1.35 10
Cc3 2 5 ink 1 0.31 5
M1 2 1.25 ink 1 0.8 5
M2 1.1 1.25 ink 1 0.8 5
rGO-CNF-1 10 1 ink 1 1 5
rGO-CNF-2 20 0.5 ink 1 2 5
rGO-CNF-3 23 0.43 ink 1 2.3 5

Table S2. The used reaction temperature, applied pressure (N2) and final pressure during the

hydrothermal reduction

Temperature (°C)

Starting pressure (bar)

Final pressure (bar)

80 7 7
120 7 9
150 7 10
180 0 9
180 7 13
220 7 22
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