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Abstract

Currently tremendous work is done to improve capacitance of supercapacitors.
However, such important supercapacitor parameter as self-discharge is often
overlooked, being a bottleneck issue in energy storage applications of supercapacitors.
It requires more study and concrete methods to supress self-discharge of

supercapacitors.

In this study self-discharge of carbon nanotubes-based supercapacitors is studied.
Hydrogen and nitrogen annealing heat treatment is introduced a method of self-
discharge improvement. Moreover, an optimal recipe of the annealing procedure is
determined with temperature of 500°C, duration of 30 minutes and H2:N2 gas

composition of 20 sccm: 200 sccm.

It is shown that for CNT-based supercapacitors with capacitance in the range of 20
mF the self-discharge has been improved by 62.3% by implementing introduced
annealing heat treatment. In addition, FE-SEM, EDX and XRD sample
characterisation has been performed to analyse the difference in electrodes before

and after annealing.

Moreover, the studied annealed electrodes-based supercapacitors showed 6.6%
better self-discharge performance than a commercial capacitor.

Furthermore, after consideration of challenges and limitations, certain methods to
suppress self-discharge of CNT based supercapacitors even further are suggested for
future work, including closer investigation of annealing parameters and usage of gold-

plated coin cell cases for coin cell assembly.

Keywords: supercapacitors, carbon nanotubes, self-discharge, annealing, heat treatment
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1. Introduction

1.1 Motivation

With accelerated development of energy market, especially renewables,
electrochemical capacitors can be considered for energy storage, which means not
only capacitance, but also self-discharge plays a key role in the device performance.
The purpose of the project is to lower self-discharge of carbon nanotubes-based
supercapacitors, thus improving their performance. This is done with hydrogen (Hz2)
and nitrogen (N2) annealing. The main aim is to identify optimal parameters of the Hz
+ N2 annealing, such as temperature, annealing duration and H2:N2 gas composition

in terms of gas flow rates.

1.2 Theoretical background

In this section the principles behind carbon nanotubes-based supercapacitors are

explained.

1.2.1 Carbon nanotubes

Carbon nanotubes are tubular structures of carbon atoms, where the latest are
arranged in honeycomb way. Every carbon is bonded to three neighboring carbon
atoms through sp? hybridization, forming a seamless shell. CNTs can be considered
as tubular micro-crystals of graphite.

As implies from their name, carbon nanotubes have a diameter in nanoscale and
significantly larger length. Having high length-to-diameter ratio, CNTs are considered

as quazi one dimensional structures.

CNTs can be represented as a large strip of graphene or graphite for multi-layered
CNTS sheet wrapped up [1] as shown in Figure 1. There are two types of CNTs in

terms of number of layers of graphene sheets, there are single-walled carbon
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nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT), sometimes

double-walled carbon nanotubes are differentiated as one more type [2],[3].

Moreover, CNTs can show different conductivity properties, i.e. they are metallic and
semiconductor CNTs. Namely, SWCNTs can possess both metallic or semiconducting
properties, which depends on the diameter and chiral angles. Metallic SWCNTs (m-
SWCNTs) have zero band gap between conduction and valence band. In contrast,
semiconducting SWCNTs (s-SWCNTs) have a non-zero energy gap. As for MWCNTSs,

they are considered metallic [2].
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Figure 1. Carbon nanotube types: single-walled and multi-walled CNTSs [4]

CNT are one of the common electrode materials for supercapacitors, that have such
advantage over porous carbon material (e.g. polymer derived carbon,
chemical/physical activated carbon etc) as their high electrical conductivity, leading to

fast charge transferring [5], [6], [7].
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1.2.2 CNT growth

One of the commonly used CNT growth mechanisms is chemical vapour deposition
(CVD)[8], [9]. In this study carbon nanotubes grown under atmospheric pressure CVD

are considered, implying that APCVD is applied.

The principle of CVD based carbon nanotubes growth is in decomposition of
hydrocarbon such as methane, ethylene or acetylene or into carbon, followed by
growth of CNT on catalyst particle on substrates. Metal-based nanoparticles such as
nickel, cobalt or iron nanoparticles commonly act as catalysts in CVD growth, their

sizes influence the diameter of CNTs [10].

Furnance 500 - 1000 °C

5585858855

Hydrocarbon gas
C.H, Gas outlet
Inert gas
b ¢

/
Catalyst Substrate

Figure 2. Chemical vapor deposition (CVD) process: a CNT synthesis in CVD reactor; b
basegrowth mechanism of CNT; c tipgrowth mechanism of CNT [10]

CVD synthesis process shown in occurs in reactors consisting of a reaction chamber
and quartz tubes, through which inert gas and hydrocarbon are introduced. A substrate
is heated to 550 - 700°C. Due to thermal decomposition of hydrocarbons carbon is

formed. When carbon concentration reaches certain threshold, it starts to form a semi
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fullerene (pentagonal base) cap, acting as a foundation for the growth of a cylindrical
shell carbon nanotube. Given a continuous formation of carbon from the hydrocarbon
source, carbon nanotubes continue to grow [10]. This is followed by a so-called
reduction process, which is removing of catalyst nanoparticle from the samples by

introducing hydrogen gas.

CVD based carbon nanotubes growth can be suitable for industry-scale production due

to comparably simple equipment and mild temperature and pressure conditions [10].

Concerning industry application, there are numerous fields where carbon nanotubes
can be effectively used due to their uniqgue mechanical, thermal and electrochemical
properties [11], [12]. As their strong Van der Waak force interaction between CNTs
[13], CNT based material possess high strength and can be used enhancing of
materials, such as high-performance composites [14]. High electronic transport
capability of CNTs make them potential source of nanowires[13]. Moreover, metallic
CNTs can be applied as a material for the source/drain electrodes for organic field-
effect-transistors (OFETS). Semiconductor SWCNT can be potential active material for
field-effect-transistors FETSs) [13].
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1.2.3 CNT based supercapacitors

One of the most common applications of CNTs is electrochemical double layer
capacitors (EDLC), where electrodes are CNT based [15],[16],[17] . In these
capacitors, a voltage applied between electrodes immersed in electrolyte cause
formation of charged double layer [18], where energy is stored as shown in Figure 3.

electrolyte electrolyte

separator

| ( |
A

Figure 3. Electric double layer capacitor (EDLC):
a. Schematic representation; b. Equivalent electrode capacitances

The capacitance of EDLCs is highly dependent on the active surface area of the
electrodes. Using CNTSs for electrodes significantly increases electrode surface area
[13], leading to extremely high capacitance, implying supercapacitance, where

‘supercapacitor’ term takes its origin from.
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1.2.4 Mechanism of self-discharge

Besides capacitance, self-discharge is one of the main parameters of supercapacitors.
The mechanism of self-discharge phenomenon can be subdivided into three principles:

ohmic leakage, parasitic faradaic reaction and charge redistribution [19], [20], [21].
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Figure 4. Self-discharge mechanism of a supercapacitor: a. A supercapacitor after being
charge, b. Types of self-discharge mechanism, c. A voltage decay curve considering three
type of self-discharge mechanism [19]

Ohmic leakage is caused by the resistive pathway between the positive and negative

electrodes. Voltage can be expressed as follows:

V =V,exp (— %) (Equation 1)
where V, is the initial voltage, t is delay time, RC is time constant. From this formula,
it can be concluded that self-discharge depends on resistance of ohmic leakage and
capacitance of a supercapacitor. Self-discharge caused ohmic leakage can be a result
of possible internal short circuit. In this type of self-discharge, there is only charge

transfer, and no chemical reactions are involved [19].
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Parasitic faradaic reaction is oxidation or reduction of species on electrode surface,

due to which charge balance between electrode and electrolyte can result in energy
loss [19]. Parasitic faradaic reaction in its turn can be subdivided into two reactions:

activation-controlled and diffusion-controlled [19].

The activation-controlled reaction is caused by presence of relatively high
concentration of impurities in the electrode or electrolyte, such that ions in the pores
of the electrode can exchange electrons with electrode charge. During this process a
potential-dependent Faraday charge-transfer reaction takes place in the double layer.
The activation-controlled reaction can also be caused by the overcharge of a
supercapacitor, i.e. when a supercapacitor charge is higher than the electrolyte
decomposition potential limit. The voltage decay during activation-controlled Faraday

reaction can be determined as follows

RT «aF; RT Ct
——In (t + l_)
0

V= =F"™"Rc " aF

(Equation 2)

where Ris gas constant, 7'is temperature, a is transfer coefficient, Fis Faraday
constant, 7y is exchange current density, Cis interfacial capacitance, and tis

integration constant [19].

As for diffusion-controlled reaction, it occurs on the outer surface of electrodes, self-
discharge does not happen on the inner surface of the pores. This is because under
low concentration, reactant can be fully consumed in pores with high surface area/

volume ratio. In this case voltage decay can be determined as follows:

1
2zFAD2c,
V=V- Tt

where V;is initial voltage, zis charge, Dis diffusion coefficient, cois initial

% (Equation 3)

concentration and 4 is area of an electrode [19].
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Charge redistribution is caused by unequal charge distribution during charging, which

in its turn results in movement of charge barrier during voltage delay. For instance,
for some porous electrode materials, electrode surface close to the current collector
can charge quicker and can therefore reach the stated voltage faster than the area
inside. Therefore, targeted charge for inner material cannot be ensured because
voltage value is measured on the electrode surface. After charging, during delay,
charged ions on electrode surface can gradually move inside, leading to measured
voltage decrease. The charge redistribution can be subdivided into two types:
diffusion-limited and resistance-limited. Diffusion-limited charge redistribution is
caused by diffusion of charges close to or on electrode surface, whereas resistance-
limited charge redistribution comes from resistance elements such as electronic/ionic

resistance or solution resistance in pores [19].

Practically, these three parts of self-discharge mechanism occur simultaneously,
resulting into complex self-discharge behaviour in real supercapacitors. Combining
ohmic leakage, Faradaic diffusion and charge redistribution, real self-discharge
mechanism of supercapacitors can be expressed as follows:

—t 1 CK _
V =Vyexp (ﬁ) —Bt2—m —nln (t + ?> (Equation 4)

where Bis Faradaic diffusion-related variable and m and n are Faradaic activation-

related variables [19].
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1.3 Research efforts on self-discharge decrease of CNT
based supercapacitors

1.3.1 Asymmetric all-solid-state supercapacitors

Ovhal et al [22] introduced the fabrication of Asymmetric all-solid-state supercapacitors
(ASSC) device with carbon cloth (CC)/nickel hydroxide (Ni(OH)2) and CC/CNTs
electrodes as shown in Figure 5. These devices demonstrated an energy density of
132.7 Wh/kg. Regarding capacitance, novel groove-and-crest structure of CC/CNTs
electrodes resulted in a capacitance of 278 mF/cm?,

"~ H*  Negative charge XS CNTs
ive charge |

Figure 5. Asymmetric all-solid-state supercapacitor with CC/Ni(OH)2 and CC/CNTs electrode:

a. A schematic of device structure, b. a schematic representation of self-discharging [22]

It was found out that self-discharge performance depends on such parameters as
temperature, device voltage, current density and charge time [22], [23]. For ASSC
device optimal charging time and current density were determined to be 30 min and
1.0 mA/cm?, respectively. Groove-and-crest structure facilitated the improvement of
capacitance and self-discharge behaviour. Self-discharge test results showed that
0.32 V potential was maintained after 166 minutes of initial 2.0 V charge, which means
that 84% of initial charge has been lost.
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1.3.2 CNT diameter size effect on self-discharge

Zhang et al [24] conducted a study on influence of multi walled carbon nanotubes
(MWCNT) diameter of self-discharge of supercapacitors. MWCNTs with 20, 30, and
50 nm diameters have been considered to investigate pore-size effect on the self-
discharge behaviour. Open circuit voltage decay measurements showed that among
studied samples, CNTs with 20 nm diameter showed the lowest and CNTs with 50 nm
the highest self-discharge rates. This implies that the self-discharge of the MWCNT
supercapacitors can increase with the diameter of MWCNTS [24].

3.0
g 25V « CNT20 measured
- =« CNT30 measured
8) CNT50 measured
8N 20 —— Fitting (DDC)
T>D ) — Fitting (SDC)
.§ 1.5
S 1.0-
C |
g§(15-

0

0 20000 40000 60000 80000
Time (s)
Figure 6. Self-discharge of carbon nanotubes with diameter of 20 nm, 30 nm and 50 nm,

labelled as CNT20, CNT30 and CNT50 respectively. The supercapacitors were charged to
2.5 V. Self-discharge plots were fitted using divided diffusion-controlled (DDC) model
illustrated in red and single diffusion-controlled (SDC) model illustrated in blue [24].

To study self-discharge behaviour in details, open circuit voltage had been fitted,
considering ohmic leakage and diffusion-controlled faradaic processes, including both
divided diffusion-controlled (DDC) and single diffusion-controlled (SDC) stage. It was
concluded that diffusion parameters increased with the rise in CNT diameter, being
correlated with their increase in self-discharge rates. This could be caused by quicker
ion diffusion in electrodes with larger pore sizes [24].

From the graph it can be seen that 1.0 V potential was maintained after 60000 seconds
(around 15 hours) out of initial 2.5 V charge, which means that 60% of initial charge

has been lost.
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Voltage (V)

1.3.3 Influence of functional groups presence on self-discharge

Zhang et al [25] investigated the effect of functional groups presence on self-discharge
of single wall carbon nanotubes-based (SWNT) supercapacitors. SWNT electrodes
had been produced by CVD process. The samples were referred as SWNT. To vary
concentration of functional groups, post-treatment had been applied. To reduce
functional group content SWNT samples were heat-treated at 400°C in argon
environment had been applied, produce samples were referred as r-SWNT. In
contrast, to increase the content of functional groups, the SWNT samples were soaked
for 10 minutes in KMnO4 solution, namely 0.1 g KMnO4 in 20mLconcentrated sulfuric
acid. After that the samples were rinsed with hydrochloric acid and copious distilled

water. The obtained samples were referred as 0-SWNT.

r-SWNT 0-SWNT
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t =2.65 hrs
&
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'
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Figure 7. Self-discharge behaviour: a. r-SWNT samples, b. SWNT samples, ¢, 0-SWNT. Self-
discharge plot is depicted in black, DPD (divided potential driving model) fitted results in red
and SPD (Single Potential Driving) model fitted results in blue [25].

From the self-discharge tests, it was concluded that SWNT samples with higher functional
groups concentration had higher self-discharge rate. So, the best self-discharge result was
from SWNT with reduced content of functional groups, having around 0.4 V at 70000

seconds, meaning that 80% of initial 2.0 V had been lost.
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1.3.4 Conclusion on research on self-discharge improvement of CNT
supercapacitors

Though tremendous work has been made to improve capacitance of supercapacitors, there
is still limited research work done to lower self-discharge, especially of CNT based
supercapacitors. Speaking about existing self-discharge suppress research efforts made
(considered earlier), self-discharge from 60 to 84% can occurs even after improvement of
CNT electrodes. The effective strategies for lowering the self-discharge are still limited.
Therefore, more detailed study on self-discharge of CNT-based supercapacitors is needed

with further improvement of self-discharge behaviour.
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1.4 Research problem statement

Currently considerable advances in improvement of capacitance of CNT-based
supercapacitors have been made, reaching capacitance of over several hundred
farads per square centimetre. However, the self-discharge is another fundamental
parameter of a supercapacitor, which can still be a bottleneck for the application of
supercapacitors in some specific areas such as energy storage. For instance, currently
over 90% of the initial charge is lost by using after around 14 hours of open circuit

voltage decay at nanoCaps company.

There is still lack of research on self-discharge of supercapacitors overall, and of CNT-
based supercapacitors in particular. Currently, there is a need to study lowering
significantly self-discharge of CNT-based supercapacitors as manufacturers aim to

suppress self-discharge parameter to advance in energy storage applications.

What is more, a concreate method and optimal recipe is needed to improve self-
discharge performance of CNT electrodes. This can help to solve self-discharge
bottleneck problem in industry level, including facilitating CNT-based supercapacitors

manufacturing at nanoCaps company.

This project study aims to solve a problem of self-discharge of CNT-based
supercapacitors and can facilitate in self-discharge research. This is done by
introducing hydrogen and nitrogen annealing heat treatment of CNT electrodes.
Moreover, an optimal recipe of the annealing treatment is to be determined, including
optimal parameters (temperature, time and gases composition) for self-discharge
lowering. Furthermore, the effect of hydrogen and nitrogen annealing on CNT based
electrodes is to be studied performing samples characterisation and comparing

samples before and after annealing.
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2. Methods

2.1 Annealing

To improve a self-discharge performance of supercapacitors, in this study hydrogen
and nitrogen annealing (H2+N2 annealing) is used. The annealing is performed in
chemical vapor deposition chamber in a quartz tube under atmospheric pressure with
introducing hydrogen (H2) and nitrogen gases (N2) as shown in Figure 8. The optimal
annealing parameters, such as flow rates of the gases, annealing duration and

temperature of heat treatment is to be determined as explained in the next section.

During CNT synthesis, oxygen from NiSOa solution can react with carbon and produce
bonds of functional groups. For instance, such functional groups as C = O, —-COOH
and -COO have been detected on MWCNT electrode surface [24], [26], [27].

Itis expected that introduced hydrogen will react with amorphous carbon and functional
groups (i.e. C=0, -COO, -COOH) and remove them from the surface of the sample,
thus leading to purification of CNT electrode surface. This in its turn can improve the
self-discharge performance of supercapacitors made from the annealed electrodes
[28].
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Figure 8. Schematics of the annealing process. An example of treatment under 500° C
temperature and duration of 30 minutes.
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2.2 Parameter optimisation

The main aim is to identify optimal parameters of the H2 + N2 annealing, such as

temperature, duration, flow rate of H2 and N2 gases.

This is done by performing annealing under varying temperate, time and gases flow
rate, as shown in Figure 9. For temperature, 5 values have been chosen ranging from
200°C to 600°C, for duration of annealing 5 values from 20 minutes to 60 minutes have
been selected. For hydrogen flowrate 4 values have been considered, namely 20, 40,
50 and 100 standard cubic centimetres per minute (sccm), as for nitrogen gas, 2 values

(500 sccm and 200 sccm) have been considered.

(e (e [ N

N> flow rate
600 °C 60 min 100 scem
R . 500 sccm
500 °C 50 min 50 sccm
400 °C 40 min 40 scem
200 sccm
300 °C 30 min
20 sccm
200 °C 20 min

\_ AN AN AN

\

Figure 9. Annealed parameters used
As it can been seen from Figure 9, in this project four annealing parameters have been
considered. The optimisation was started from altering temperature, since heating the
CVD chamber up to certain temperature affected the duration of the whole process,
including heating-up and cooling. It is important to note that one parameter was
changed per experiment, meaning other three parameters were fixed. Once the
temperature value which led to best self-discharge was determined, this temperature

was fixed, and annealing time was altered next. After optimal annealing duration was
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identified, hydrogen and nitrogen flowrates have been changed, leading to determining

to final optimal recipe of annealing.

It is important to note that hydrogen and nitrogen gases are introduced at the stable
flow rates throughout the whole annealing experiment, i.e. during heating-up to
annealing temperature, annealing itself and natural cooling down, temperature profile
of annealing experiment is shown in Graph 1. Before heating starts, nitrogen gas is
introduced for 10 minutes, as a measure of purging and cleaning sample surface from

possible contamination such as dust particles.
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Graph 1. Temperature profile of annealing experiment,

with example annealing temperature 500°C
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3. Procedures

The methods have been implemented following the procedures: preparation of

electrodes, annealing experiment, coin cell assembly, measurements and calculations,

followed by sample characterisation as shown below.

3.1 Sample information

In this study a CNT sample has been provided by nanoCaps company. The

aluminium foil thickness is 30 um. Nickel nanoparticles were introduced by

spray coating nickel sulfate (NiSO4) 30.8uL/cm2 on the substrate. Carbon

nanotubes were grown by performing CVD under 580°C for 20 minutes, with

introduction of argon (Ar), hydrogen (Hz2) and acetylene (C2H2) gases with

Ar:H2:C2H2 gas composition of 400:1000:200 in sccm. These parameters are

organised in

Table 1.

Table 1. Information on CNT sample used in the study

Sample used Ni particles Ar:H2:C2H> gas cVD
(provided by deposition composition in CVD time
temperature
nanoCaps) method sccm
Spray coating of
A33 nickel sulphate 400:1000:200 580°C 20 min
with 30.8ulL/cm2
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3.2 Preparation of electrodes

The electrodes of 14 mm diameter are cut out from the larger sample strip with

a puncher or punching machine

Figure 10. Electrodes preparation:
a. 14 mm electrodes, b. punching with a puncher and a rubber hammer

3.3 Annealing experiment

The electrodes and a smaller square sample used later for sample
characterisation are placed in a lab combustion quartz boat. The lab boat is then
inserted into the middle off the tube of CVD chamber.

Figure 11. Placing electrodes for in CVD chamber: Electrodes are placed in the combustion
quartz boat. Four electrodes are annealed to produce two coin cells per one experiment. A
small square piece of a sample is annealed for later sample characterisation
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3.4 Coin cell assembly

A coin cell consists of a positive cap, two electrodes separated by a separator, a
spacer, a spring and a negative cap. A schematic of coin cell assembly as well as
actual parts used for coin cells are shown in Figure 12. The 2032 standard coin cell
casing has been used; the ready coin cell assembled is shown in Figure 13.

An exchange of charged particles is facilitated by an electrolyte, in this study
tetraethylammonium tetrafluoroborate (TEABF6) has been used as an electrolyte.
The volume of 60 uL has been used for one coin cell. To increase a studied voltage
window of a capacitor, coin cells are assembled in environment with lower oxygen
and humidity level, namely in Glovebox with 0.5 ppm oxygen level and 0.5 ppm

humidity level.

Figure 13. An assembled coin cell
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3.5 Measurements and calculations

Assembled coin cells have been tested with Electrochemical Workstation BIO Logic
SAS VSP-300 for capacitance, equivalent series resistance (ESR) and self-discharge,
which is the main focus of the study. To ensure repeatability of results two coin cells
are assembled per experiment. For consistency average values of capacitance, ESR
and self-discharge of the two coin cells are considered. Capacitance values of studied

coin cells are calculated to be in the range of 20 mF.

3.5.1 Capacitance

The main parameter of supercapacitors is capacitance, which is capability of a device
to store electric charge. Capacitance of a coin cell has been measured by running
capacitance-voltage test (CV test), where a potential is applied on a coin cell and

corresponding current is measured, the result is CV curve, as shown in Graph 2.

Non-annealed sample. CV graph
scan rate 100 mV/s

Current, mA

00 05 10 15 20 25 30
Potential, V
Graph 2. CV curve of non-annealed sample
Areal coin cell capacitance measured in mF/cm? is calculated as given in the formula

below. The area of the curve has been computed with OriginPro software, area of an
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electrode with 14 mm diameter is approximately 1.54 cm?, CV test is done under 100

mV/s scan rate and voltage window used for testing is 2.7 V.

Area of the curve
2 (Equation 5)
Area of an electrode * scan rate * Voltage window

Ccell_areal =

As coin cell capacitance is formed by two electrode capacitances being in series as
illustrated in Figure 3, electrodes capacitance is twice as large as coin cell

capacitance.

Cetectroae = 2 * Ceey (Equation 6)

So, areal electrode capacitance is calculated as follows.

Area of the curve

C = - Equation 7
electrode areal ™ proq of an electrode  scan rate * Voltage window (Ea )

Finally, gravimetric electrode capacitance measured in mF/mg, can be found as

follows.

Area of the curve 1

(Equation 8)

electrode_gravimetric = Aroq of an electrode * scan rate  Voltage window CNT mass per area
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3.5.2ESR

To determine equivalent series resistance (ESR) a Nyquist plot is produced, which is
a graph of reactance plotted against resistance, measured under varying frequencies.
Ra value shown Nyquist plot in Graph 3 corresponds to ESR value of interest. To
perform ESR tests, AC current with amplitude of 5 mV and frequency varying from 0.1
Hz to 1 000 000 Hz is applied, corresponding impedance values of a coin cell are

recorded as shown in Graph 4.

-Z"[C)

7'/

Graph 3. Nyquist plot used to identify ESR. RA value corresponds to ESR [30]

-lm(Z), Ohm
n

-1 T T T T v 1

-1 0 1 2 3
Re(Z), Ohm

Graph 4. Nyquist plot of a coin cell assembled from non-annealed sample.
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3.5.3 Self-discharge

A self-discharge is measured using the electrochemical workstation, which is

implemented as follows: a coin cell is charged up to 2.7 V with 5 mA charging current,

then 2.7 V level is hold for 2 hours, after that a coin cell is left resting and the open

circuit voltage potential of the coin cell is measured. As an example of self-discharge

graph, a self-discharge of a coin cell assembled from an annealed sample is shown in

Graph 5.

3.0

N
3y
I

coin cell 1
coin cell 2

N
o
1

Potential, V
.
1

-
o
1

054 °

0.0

v 1
0 5 10
Time, hours

15

20

Graph 5. Self-discharge graph of a coin cell assembled from an annealed sample; annealing

parameters: 500°C temperature, 30 min duration, H-:N; gas ratio is

40 sccm:200 sccm

Ulzhan Bassembek / candidate number 8001 28

2024 Spring



4 Results

4.1 Investigation on temperature

For temperature optimisation, experiments have been conducted for same duration of
60 min and H2:N2 gas ratio of (50 sccm: 500 sccm), but under different annealing
temperatures, varying from 600°C to 200°C, with a step of 100°C. Gravimetric

capacitance, ESR and self-discharge results are provided below.

Temperature optimisation

Emm gravimetric capacitance  =@=ESR

14.00 0.40
® 0.36

? 12.00 11.15 11.70 0.35
S ® ® 0.33
'-EL 10.75 ,

. 0.30 10.04 0.31 030 g
8 10.00 0.33 ® 0.29 c
g 8.88 ©
8 8.07 025 @
g 8.00 =
© 3
(0] 0.20 «
8 S
g 6.00 %
o 015 W
o
@ 4.00
£ 0.10
>
o
0

2.00 0.05
0.00 0.00
non-annealed  600° C 500° C 400° C 300° C 200° C

Graph 6. Gravimetric capacitance and ESR as for temperature optimsation.
Annealing conditions: 60 minutes duration, 50 sccm : 500 sccm H»:N2 gas ratio,

temperature has been varied from 600°C to 200°C

Ulzhan Bassembek / candidate number 8001 29 2024 Spring



Temperature optimisation.
Self-discharge of coin cell at ~15 hours

1.60
1.41 1.43
1.40
1.20
1.08
> 1.00
]
= 0.80
9
o
0.58
& 0.60
0.40
0 23
0.20
0.00
non-annealed 600° C 500° C 400° C 300° C 200° C

Graph 7. Self-discharge at 60000 s ~ 15 hours. Annealing conditions: 60 minutes duration,
50 sccm : 500 sccm H2:N2 gas ratio, temperature has been varied from 600°C to 200°C

It can be seen from Graph 7 that annealing under 500°C gives the best result for self-
discharge performance with 1.43 V at 60000 seconds, which is around 15 hours of
measurement time. Regarding gravimetric capacitance, as seen from Graph 6 it is on
the same level of approximately 10 mF/mg for all temperature values. As for ESR,

there is no significant deviation in ESR values with change in annealing temperature.
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4.2 Investigation on time

To optimise time, experiments have been conducted for under temperature of 500°C

and Hz:N2 gas ratio of (50 sccm: 500 sccm), but for different annealing duration, varying

from 60 minutes to 10 minutes, with a step of 10 minutes. Gravimetric capacitance,

ESR and self-discharge results are shown below.

Time optimisation

= gravimetric capacitance —=@—ESR
14.00 13.31
12.82

Gravimetric electrode capacitance, mF/mg
(@] o o

o

& Q .
> & &
N oY X W ° ‘19 N

Graph 8. Gravimetric capacitance and ESR as for time optimisation.

12.04 12.13
12.00 11.15 ® 0.35
10.75 0.33
0.30
0.33 0.30
10.00 9.41 0.29 0.29
0.25
8.0
0.20
6.0
0.15
4.0
0.10
2.0 0.05
0.00 0.00
. . \0 $

0.40

0.35

Annealing conditions: 500°C annealing temperature, 50 sccm : 500 sccm H»:N» gas ratio,

annealing temperature varied from 60 min to 10 min
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Time optimisation.
Self-discharge of coin cell at ~15 hours

2.00
1.82 178 1.81
1.80
1.65 1.61
1.60
1.43
1.40
> 1.20
8
= 1.00
g
& 0.80
0.60
0.40
0.23
0.20 I
0.00
non-annealed 60 min 50 min 40 min 30 min 20 min 10 min

Graph 9. Self-discharge at 60000 s~15 hours for time optimisation.
Annealing conditions: 500°C annealing temperature, 50 sccm : 500 sccm H»:N» gas ratio,

annealing temperature varied from 60 min to 10 min

From self-discharge results in Graph 9 it can be observed that 30 minutes of
annealing process yields into the best result for self-discharge performance of 1.82 V
at 60000 seconds (~ 15 hours) of measurement time. Gravimetric capacitance, as
seen from Graph 8 is on determined to be at the level of approximately 11 mF/mg for
all durations. There is also no considerable difference in ESR values for varied

annealing durations being at a level of 0.30 Ohms.

Ulzhan Bassembek / candidate number 8001 32 2024 Spring



4.3 Investigation on annealing H2:N2 gas
composition

For gas flow rate optimisation, experiments have been conducted under
temperature of 500°C, for 30 minutes and for such H2:N2 gas ratios (in sccm) as
50:500, 100:500, 20:200, 40:200. Gravimetric capacitance, ESR and self-discharge

results are given below.

Gas composition optimisation

mm gravimetric capacitance —=—=@==ESR

18.00 0.40
16.00 15'.’,26 035
(@)] \l
=
L 14.00 035
c ® 0.30 0.30
12.69
0} 12.24 12.33
£ 12.00 597 0.27
= 10.75 0.25
& 0.24
& 10.00
o
% 0.20
= 8.00
(&)
Q
@) 0.15
2 6.00
©
g 0.10
5 4.00
O
2.00 0-05
0.00 0.00
non-annealed 50 : 500 100 : 500 20: 200 40 : 200

H, : N, gas ratio (sccm : sccm)

Graph 10. Gravimetric capacitance and ESR results as for H2:N; gas ratio optimisation.
Annealing conditions: 500°C annealing temperature, 30 min annealing duration,
H2:N2 gas ratios tested in sccm: 50 : 500, 100 : 500, 20: 200, 40: 200
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Gas composition optimisation.
Self-discharge of coin cell at ~ 15 hours

2.00
1.82 1.85
1.80 1.73
1.60 1.55
1.40
> 1.20
<
£ 1.00
g
£ 0.80
0.60
0.40
0.23
0.20 I
0.00
non- 50: 500 100 : 500 20: 200 40: 200
annealed

H, : N, gas ratio (sccm : sccm)

Graph 11. Self-discharge at 60000 s (~15 hours) as for gas ratio optimisation.
Annealing conditions: 500°C annealing temperature, 30 min annealing duration,
H2:N2 gas ratios tested in sccm: 50 : 500, 100 : 500, 20: 200, 40: 200

It can be seen from Graph 11 that hydrogen to nitrogen gas ratio of 20 sccm: 200 sccm
provides the best result for self-discharge performance of 1.85 V at 60000 seconds (~
15 hours) of measurement time. As for gravimetric capacitance, as seen from Graph
10, it takes values of the level of approximately 12 mF/mg for all considered gas ratios.

With regards to ESR, it shows consistent behaviour being at a level of 0.30 Ohms.

From optimisation of annealing temperature, annealing duration and Hz2:Nz gas ratio, it
can be deducted that the optimal recipe for self-discharge improvement is 500°C

temperature, 30 minutes duration and 20 sccm:200 sccm hydrogen to nitrogen ratio.
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4.4 Comparison of non-annealed and annealed
electrodes performance

To analyse a difference between self-discharge performance of supercapacitors

assembled from non-annealed electrodes and annealed electrodes, a self-discharge

graph is provided below. For annealing parameters an optimal recipe has been used,

which is 500°C temperature, 30 minutes duration and 20 sccm:200 sccm H2:N2 gas

composition.

3.0 o 2 hours

Self-discharge.

1.915 V at 16 hours
of self-discharging

0.232 V at 16 hours
of self-discharging

holding time ~ Non-annealed vs annealed electrodes
|<—»
25 + § * non-annealed
; * annealed
2.0 -
> 1 \
© 154
I=
2 1
Q
o 1.04
0.5 1 /
" |
]
0.0 1
1 I I I ' I ' | ' I
0 2 4 6 8 10 12 14 16

Time, hours

Graph 12. Self-discharge plot of supercapacitors with non-annealed and annealed
electrodes. Annealing parameters are 500°C temperature, 30 minutes duration and
20 sccm:200 sccm H2:N2 gas composition.
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After conducting self-discharge tests, it has been determined that coin cells assembled
from non-electrodes had 0.232 V after 16 hours of self-discharging, with 2.468 V being
lost as compared to initial charge of 2.7V. This means 91.4 % of the initial charge has

been lost by using regular non-annealed electrodes.

In comparison, coin cells assembled from annealed electrodes had 1.915 V after 16
hours of self-discharging, with 0.785 V being lost as compared to initial charge of 2.7V.
This means only 29.1 % of the initial has been lost by using annealed electrodes. Thus,
annealing using optimal recipe conditions can yield in 62.3 % improvement of self-

discharge performance.
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4.5 Comparison of annealed electrodes-based coin cell
with commercial cell

To understand how studied annealed electrodes are compared with current
commercial solutions, self-discharge tests have been applied to a coin cell assembled
from annealed electrodes and a commercial cell. A commercial capacitor ELN of 220
mF and 3.3 V voltage window has been considered, as it was a capacitor that was of
the same type (single cell) and mostly close with capacitance and voltage window
values among those available in the laboratory. For annealing parameters an optimal
recipe has been used, which is 500°C temperature, 30 minutes duration and 20

sccm:200 sccm H2:N2 gas composition.

30 Self-discharge.
' A , hCommercial vs annealed studied capacitor
ours
holding time
2.5
* commercial
* annealed
2.0 1.381 V at 115 hours
- / of self-discharging
S 1.5
+— e
C o -
_.G_.J H e ——
o s
o 1.0, \
: 1.201 V at 115 hours
0.5 of self-discharging
I
0.0 1
I ! I ! | ! I v I ! I |
0 20 40 60 80 100 120

Time, hours

Graph 13. Self-discharge plots of a commercial capacitor and a capacitor assembled from
annealed electrodes. Annealing parameters are 500°C temperature, 30 minutes duration and
20 sccm:200 sccm H2:N2 gas composition.
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Having conducted long self-discharge tests for 117 hours, which is around 5 days of
measurement, it has been observed that a commercial cell had 1.201 V at 115 hours
of self-discharging, with 1.499 V being lost as compared to initial charge of 2.7 V. This
means 55.5 % of the initial charge has been lost for the commercial capacitor.

As for a capacitor assembled from annealed electrodes, it had 1.381 V after 115 hours
of self-discharging, with 1.319 V being lost as compared to initial charge of 2.7V. This
means 48.9 % of the initial charge has been lost for the studied annealed electrodes-
based capacitor. Thus, annealing using optimal recipe conditions demonstrates 6.6 %
better self-discharge performance in long term in comparison to the commercial

capacitor.

What is more, the studied annealed electrode-based capacitor has around 20 mF
capacitance, compared to 220 mF capacitance of the commercial capacitance.
Moreover, capacitors with higher capacitance can charge to larger electric charge, thus
having lower self-discharge rate, meaning the larger capacitance is, the better is self-
discharge performance. Therefore, had the studied annealed electrodes-based
capacitor be of larger capacitance close to 220 mF, it would show even better
performance. This shows the considerable improvement of self-discharge

performance with proposed annealing method.
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5 Discussion

5.1 Sample characterisation

Sample charactersiation techniques of non-annealed sample and a sample
annealed under optimal annealing recipe have been performed to understand how
the annealing affect the samples. Such characterisation techniques as field-
emmision scanning electron microscopy (FE-SEM), energy dispersive
spectroscopy (EDX) and X-ray diffraction (XRD) have been implemented.
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5.1.1 FE-SEM characterisation

To analyse morphology of CNTs, the sample surface has been analysed using field-
emission scanning electron microscope (FE-SEM). From the FE-SEM image it can
observed that morphology of a sample did not change after annealing. In 200K
magnified FE-SEM images of non-annealed and annealed samples, a multi-layered
shell-like structure of CNT can be noticed. It can be explained by the multi-walled

structure of CNTs synthesised with CVD process.

Figure 14. FE-SEM image of CNTs under 5K, 20K, 100K and 200K magnification:
a. non-annealed sample, b. annealed sample
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5.1.2 EDX characterisation

Energy dispersive X-ray spectroscopy (EDX) has been performed to make elemental

analysis of non-annealed and annealed samples.
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Figure 15. EDX spectrum: a. non-annealed sample, b. annealed sample
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Graph 14. Elemental composition of a sample

From EDX characterisation results shown in Figure 15 and Graph 14 it can be seen
that before annealing CNTs consist mostly of carbon (98.55 %), oxygen (1.44 %) and
nickel (0.01 %).

The oxygen contamination can be explained by the presence of functional groups on
the surface of CNT electrodes produced during CNT synthesis process as a result of
a reaction of oxygen from NiSOa4 with carbon. The content of nickel shows the presence

of nickel nanoparticles on CNT electrode surface.

It can be observed that after annealing oxygen has been removed from the CNTs
completely. One can notice a higher percentage of nickel of annealed sample, this can

be due to limited accuracy of EDX technique.
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5.1.3 XRD characterisation

X-ray diffraction (XRD) characterisation have been performed to identify crystalline

structure of non-annealed and annealed samples.
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Figure 16. XRD characterisation of non-annealed and annealed sample

As can be seen from Figure 16, the peaks that correspond to diffraction pattern of
carbon CNTs [31] are not altered in terms of shape and sharpness. This means that
the proposed annealing treatment does not affect structure of CNTs, implying that
capacitance properties of supercapacitors are not likely to be affected by the

annealing.
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5.2 Limitations

Considering limitations, it is necessary to note that the number of experiments has

been limited due to time and sample quantity constraints.

Namely, for temperature optimisation values from 600°C to 200°C has been
considered with a step difference of 100°C. For the future work a smaller step
difference of 50°C can be considered, and in the vicinity of optimal temperature of

500°C a step difference of 10°C can be implemented.

Similarly, for time optimisation periods of 60 min to 10 min have been implemented
with a step difference of 10 min. For future considerations, a smaller step difference
of 5 min can be considered, and in the vicinity of optimal time 30 minutes a step

difference of 1 min can be taken into account.

Furthermore, for hydrogen and nitrogen gas composition optimisation, such Hz:N2
gas flow ratios as 50 sccm : 500 sscm, 100 sccm : 500 sscm, 20 sccm : 200 sscm
and 40 sccm : 200 sscm have been considered. The reason for this is to understand
the main pattern of gas flows influence on self-discharge. For the future, more
extensive range of ratios close to the optimal one can be considered, e.g. including
such ratios as 10 sccm : 200 sscm, 15 sccm : 200 sscm, 25 scem : 200 sscm and

30 sccm : 200 sscm.
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5.3 Challenges

One of the main challenges of the project was to perform XRD sample characterisation
because there was a strong signal from aluminium substrate distorting XRD diffraction
pattern of CNT samples. To overcome this issue, CNTs was scrubbed out the sample
substrate, and XRD characterisation has been applied only CNTs powder. There was
still a signal from metallic sample holder, but it did not have major distortion affect. In
the future work, glass sample holder can be used to record only XRD signals of carbon

material.

Another challenge was to maintain stable oxygen level at 0.5 ppm level in Glovebox
during coin cell assembly. It was observed that higher contamination of oxygen
negatively affected self-discharge performance as well as gravimetric capacitance of
samples. To avoid negative influence of oxygen contamination during coin cell
assembly, the oxygen level was closely monitored before during and after coin cell
assembly. Moreover, Glovebox was carefully maintained, including periodic

regeneration, cleaning and filter change.
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5.4 Future considerations

Considering future improvements, leakage current tests of assembled coin cells can
be implemented in addition to capacitance, ESR and self-discharge parameters. This
might help to have a broader picture of self-discharge performance and its relation to

annealing parameters.

Furthermore, different types of casing can be implemented during a stage of coin cell
assembly. To be more precise, gold plated positive and negative caps can be
considered in the future for supercapacitor casings. Being high-conductive, golden
plated casing can improve ESR as well self-discharge performance even further in
addition to hydrogen and nitrogen annealing.

In addition, more material characterization could be done in the future work, such as
X-ray photoelectron spectroscopy (XPS) and high accuracy Fourier Transform Infrared
Spectroscopy (FTIR) to fully disclose the underlying mechanism of lowering the self-
discharge from the perspective of material research. To be more precise, XPS
characterisation can be applied to do elemental analysis of a sample, which can be
much more accurate that EDX applied in current study. As for FTIR, it can provide

information on presence and types of functional groups on the surface of electrodes.
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6 Conclusions

After numerous experiments and tests, an optimal recipe of hydrogen and nitrogen
annealing of CNT samples for improved self-discharge performance of CNT based
supercapacitors has been produced. Namely, the annealing needs to be performed

under 500°C temperature, for 30 minutes and with 20 sccm:200 sccm H2:N2 gas

composition

Implementing the optimal recipe, a significant decrease in self-discharge has been
achieved from the loss of 91.4% to 29.1% of initial 2.7 V charge for supercapacitors of

20 mF capacitance, resulting in 62.3% of improvement.

Comparing to a commercial capacitor, the studied supercapacitors made of electrodes
annealed under optimal recipe conditions showed 6.6% better self-discharge

performance.

From careful sample characterisation, it has been studied that the annealing does not
affect the morphology and crystalline structure of CNT samples. Thus, significant
suppress of self-discharge has been achieved without affecting CNT structure and
capacitance of supercapacitors. Improvement of self-discharge can be due to
reduction of functional group concentration, resulting in decrease of oxygen

contamination in CNTs and purifying of CNT surface of electrodes.

To improve self-discharge performance further, closer consideration of annealing
parameters, usage of gold-plated coin cell cases as well as advanced sample
characterisation techniques for detailed study of samples can be considered for future

work.
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Annex: Equipment used

EXPERIMENT
s

In_progress !
—_—

CVD tube furnaced used Weighing scale
for annealing :

é
|

L%

Punching machine used to punch out

] Pressing machine used to
electrodes from a strip sample

straighten curved electrodes
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Glovebox Compact Digital Pressure
MBraun Easylab Controlled
Electric Crimping/De-Crimping
Machine

Electrochemical Workstation Testing channel of
BIO Loaic SAS electrochemical workstation
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SuU8s230

Field emission scanning Scanning electron microscope (SEM)
electron microscope (FE-SEM) Hitachi SU 3500

X-Ray Diffractometer (XRD)
Inel Equinox 1000

Some of assembled coin cells
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