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Functional Polymer Materials for Use in the Prevention of Thermal Runaway in
Lithium-ion Batteries
by

Jonathan Peter Charles Allen

Functional polymers integrated with battery materials have been investigated as a potential
safety measure in the prevention of thermal runaway within lithium-ion batteries. To this end a
positive temperature coefficient of resistivity (PTCR) was explored to increase resistance of charge
carriers at elevated temperatures prior to a thermal runaway event. Studies into the effectiveness
of these PTCR responses and the impact of integrating the polymers on key cell performance

metrics were performed. PTCR was identified for two different polymer systems.

Electrodeposited polyacrylonitrile (PAN) on graphite-composite anodes was one explored
system. This system was intended to prevent thermal runaway via a shutdown effect at elevated
temperatures that stopped the flow of ions and the resulting electrochemistry of the two
electrodes. Chronoamperometry and cyclic voltammetry techniques were used to deposit a thin
polymer layer. The techniques were performed with acrylonitrile monomers saturated with
oxygen, the polymerisation was initiated via a reactive intermediate of superoxide anions
produced from oxygen reduction at the cathode. The choice of electrode surface and exposure to
air was found to be of critical importance to the microstructure of the films affecting the
continuity of the polymer. Cracks within the polymer films were dependent upon film thickness
with precise control of thickness possible by varying deposition times. Post-treatment annealing

at 120 °C was also found to remove cracks but caused large changes to the microstructure.

Extensive lithium-ion cell testing was performed for electrodeposited PAN films. This was
performed within a Swagelok cell using a standard lithium-ion half-cell assembly. Graphite-
composites with PAN films formed the working electrode against a lithium metal counter-
reference electrode. The electrolyte used was LP57; 1 M LiPF¢ in an ethylene carbonate (EC) and
ethyl methyl carbonate (EMC) solvent, weight ratio of EC:EMC was 3:7. This was sandwiched
between two copper current collectors with glass fibre separators between the electrodes. A
trade-off between charge capacity and the effectiveness of the PTCR response was found. Thinner

films provided better charge capacity whilst thicker films provided a greater shutdown between



80 °C and 100 °C resulting in reduced charge capacity at elevated temperatures. This temperature
is competitive with other commercial alternative solutions to thermal runaway. For example
Celgard separators that experience a shutdown around 130 °C and similarly to the PAN films also
create a shutdown effect by stopping the flow of ions between electrodes. Both the PAN film
response and Celgard response are irreversible leading to the observed shutdown of the cell being

permanent.

Percolating composites were the second explored system, these were formed from a polymer
matrix (polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), high-density polyethylene (HDPE),
or low-density polyethylene (LDPE)) and a conductive filler (carbon or TiC). This material system
was designed to stop thermal runway by restricting electron flow via a large PTCR response. A
solvent cast method was used to form PAN and PVDF based composites, this was where the
polymer and filler were dissolved and mixed within 1-methyl-2-pyrrolidinone (NMP). This mixture
was subsequently spread onto copper foil and punched out after drying to form 11 mm diameter
electrodes. HDPE and LDPE based composites were not easily soluble and so were formed via
molten casting, the polymer and filler were mixed and melted at 130 °C onto copper foil on top of
a hot plate. The melt was compressed using a glass rolling pin to reduce thickness and punched
out after cooling to form 11 mm diameter electrodes. A percolation transition from insulating to
conducting was identified at specific filler contents. TiC was found to require 60 % to 70 % content
by mass, whilst carbon only needed 15 % to 25 %. The TiC composites formed a more brittle
material as a result of the lower polymer content. Transition temperatures of each composite
were identified using differential scanning calorimetry (DSC) along with the magnitude of the
PTCR responses around these temperatures calculated using impedance measurements. Melting-
transitions were found to be far more effective at producing a PTCR than glass transition due to
far greater thermal expansion. LDPE-TiC composites were found to produce the greatest PTCR
response while maintaining a low room temperature resistivity. The temperature of this response
was also at a suitable temperature to prevent thermal runaway, 120 °C. Unlike the PAN films and
commercial Celgard, the response of this system was found to be reversible upon return to

ambient conditions allowing recovery and re-use of the battery system to be possible.

Percolating LDPE-carbon composites were briefly tested in a lithium-ion cell. The
electrochemistry was largely unaffected with the exception of the first charge cycle where far
greater capacities than typical were drawn. This was a result of the large amount of carbon
introduced to the working electrode due to the LDPE-carbon composite resulting in far greater

amounts of solid-electrolyte interface (SEI) formation.
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0.5 mol dm™ H,0 study. Studies performed using cycling voltammetry from 0.0 V

to -3.0 V at 50 mV s*. Forward and reverse scan directions are annotated...57

Figure 31: Cyclic voltammograms for oxygen on 3 mm diameter glassy carbon in O, saturated
acetonitrile(0.05 mol dm™ TBAP) without water contamination. Voltammetry
performed at a range of scan rates between 0.0 V and -2.0 V. Platinum gauze
counter electrode and silver wire reference were used. Forward and reverse

scan directions are anNOtated. ........ooovuvuieiiii i 58

Figure 32: (Left) First cycle and (right) fifth cycle voltammograms for 3 mm diameter glassy carbon
electrodes in a glass cell using AN(0.05 mol dm™ TBAP) electrolyte; studies
performed to investigate oxygen saturation and water contamination. The
studies performed were an O; free study, O, saturated study, O, free with
0.5 mol dm™ H,0 study, and O, saturated with 0.5 mol dm™ H,0 study. Studies
performed from 0.0 V to -3.0 V at 50 mV s, Forward and reverse scan directions
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Figure 33: Images for the deposition of PAN onto a 3 mm diameter glassy carbon electrode in a
glass cell using AN(0.05 mol dm™ TBAP) electrolyte with O; saturation and
without water, (left) before and (right) after. Deposition performed using cyclic

voltammetry from 0.0 V to -3.0 V at 50 mV s for 5 cycles.......ccoovvreerervennenee. 62

Figure 34: Raman data for the deposition of PAN onto a 3 mm diameter glassy carbon electrode in
a glass cell using O, saturated AN(0.05 mol dm TBAP) without water.
Deposition performed using cyclic voltammetry from 0.0 Vto -3.0 V at 50 mV s’
for 5 cycles. (Top) PAN deposit onto a glassy carbon surface and (Bottom) PAN
standard (Sigma-Aldrich). Key bonds are annotated. Raman data taken at 1 %

laser power on a 785 nm Raman laser for 3 accumulations. ..........cccceevveennns 62

Figure 35: (a) Cyclic voltammogram data for PAN deposition onto a 20 mm X 8 mm (160 mm?)
copper foil electrode in a glass cell using AN(0.05 mol dm™ TBAP) electrolyte
with O, saturation and without water. Deposition performed at 50 mV s from
0.0 Vto -3.0 V for 5 cycles. Forward and reverse scan directions are annotated.

(b) Image of the PAN deposit onto a 20 mm X 8 mm copper foil electrode. One

xi



side of the foil was exposed to electrolyte whilst the reverse side was insulated

With @ SiliCONE Grease. ..o 64

Figure 36: (a) Cyclic voltammogram data for PAN deposition onto a 14mm diameter (154 mm?)
copper foil electrode in a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte
with O; saturation and without water. Deposition performed at 50 mV s from
0.0 Vto -3.0 V for 5 cycles. Forward and reverse scan directions are annotated.

(b) Image of the PAN deposit onto a 14mm diameter copper foil electrode. 66

Figure 37: (a) Cyclic voltammogram data for PAN deposition onto a 20 mm X 10 mm (200 mm?)
graphite-composite electrode in a glass cell using AN(0.05 mol dm= TBAP)
electrolyte with O; saturation and without water. Deposition performed at 50
mV s from 0.0 V to -3.0 V for 5 cycles. Forward and reverse scan directions are
annotated. (b) Image of the PAN deposit onto a 20 mm X 10 mm graphite-
composite electrode. One side of the foil was exposed to electrolyte whilst the

reverse side was insulated with a silicone grease.........ccccceeeeveeeicciieeeccciieeennns 67

Figure 38: Optical microscopy images of a PAN deposit onto a 20 mm X 10 mm (200 mm?)
graphite-composite electrode. Deposition performed in a glass cell using
AN(0.05 mol dm= TBAP) electrolyte. (Top) The deposit on the graphite-
composite surface and (Bottom) the clean graphite surface. Images taken at 10X
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Figure 39: (a) Cyclic voltammogram data for PAN deposition onto a 14 mm diameter (154 mm?)
graphite-composite electrode in a Teflon cell using AN(0.05 mol dm™ TBAP)
electrolyte with O; saturation and without water. Deposition was performed at
50 mV s from 0.0 V to -3.5 V for 5 cycles. (b) Image of the PAN deposit on a 14
mm diameter graphite-composite electrode. Forward and reverse scan

directions are anNNOtated. ........uuuueiiiiiii e 70

Figure 40: SEM images of a PAN deposit onto a 14mm diameter (154 mm?) graphite-composite
electrode. Deposition performed in a Teflon cell using AN(0.05 mol dm= TBAP)
electrolyte. (Top) The deposit on the graphite surface and (Bottom) the clean

graphite surface. Images taken at 100X magnification.........ccccccceevvvrrreeennennn. 71

Figure 41: Raman data for the deposition of PAN onto graphite-composite surfaces in glass and
Teflon cells and glassy carbon in a glass cell. From top to bottom: graphite-PAN
deposited in a Teflon cell, graphite-PAN deposited in a glass cell, glassy carbon-

PAN deposited in a glass cell, PAN powder standard. All depositions performed
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between 0.0 V to -3.0 V at 50 mV s for 5 cycles using AN(0.05 mol dm™ TBAP).
Key bonds are annotated. Raman data taken at 1 % laser power on a 785 nm

Raman laser for 3 accumulations. .......eeeeeeeeeeeeeeeee s 72

Figure 42: PAN deposit mass per unit area against peak oxygen reduction current per unit area
from cyclic voltammograms of PAN depositions onto various surfaces. A
trendline is superimposed to highlight a possible trend between the sets of data.

Annotations show which data points relate to which deposition surfaces. ...74

Figure 43: Images of PAN deposits on 14 mm diameter graphite electrodes in a Teflon cell using
AN(0.05 mol dm= TBAP) electrolyte. (Left) O, saturated study without H,0 and

(Right) O, saturated study with 0.5 mol dm™ H,0 contaminant...................... 76

Figure 44: Cyclic voltammograms for PAN deposition onto 14 mm diameter graphite-composite
electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte; studies
performed with or without oxygen saturation and water contamination. The
studies performed were: O, free study, O, saturated study, O, free with 0.5 mol
dm™ H,0 study, and O, saturated with 0.5 mol dm™ H,0 study. Depositions
performed at 50 mV s from 0.0 V to -3.5 V for 5 cycles. (Left) First cycle CV data
and (Right) fifth cycle CV data. Forward and reverse scan directions are
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Figure 45: Side-by-side comparison of the first cycle PAN electrodeposition cyclic voltammograms
onto (Left) 3 mm diameter glassy carbon electrode in a glass cell and (Right) 14
mm graphite-composite electrode in a Teflon cell. Both used AN(0.05 mol dm?
TBAP) electrolyte with O, saturation and without water. CVs performed at 50

mV s. Forward and reverse scan directions are annotated.......c.cccceeeveeunn.. 78

Figure 46: Chronoamperometry for the deposition of PAN onto 14 mm diameter graphite-
composite electrodes in a Teflon cell using AN(0.05 mol dm= TBAP) electrolyte.
Chronoamperometry was performed for 100 seconds whilst being held at a

constant potential vs. Ag/Ag*. Results for several potentials are superimposed.

Figure 47: Mass of PAN deposits produced by chronoamperometry for 100 seconds over a range
of potentials vs. Ag/Ag*. Deposition performed on graphite-composite
electrodes of 14 mm diameter in a Teflon cell using AN(0.05 mol dm= TBAP)
electrolyte. Data above and below oxygen reduction are shown in different
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Figure 48: Optical microscopy images of PAN deposits at 10X magnification. Deposition performed
using chronoamperometry for 100 seconds over a range of voltages vs. Ag/Ag*
on 14 mm diameter graphite-composite electrodes in a Teflon cell using

AN(0.05 mol dm= TBAP) €leCtrolyte. ......c.coveeveeveeeeeieeeeeeeeeeeee et et 81

Figure 49: Images for the deposition of PAN using chronoamperometry superimposed onto the
forward scan direction of the CV voltammogram in Figure 45 on a 14 mm
diameter graphite-composite. The CV was performed in a Teflon cell using
AN(0.05 mol dm™ TBAP) electrolyte with O, saturation and without water. The
CV was performed at 50 mV s. Chronoamperometry depositions were also
performed on 14 mm diameter graphite-composite electrodes in a Teflon cell
using AN(0.05 mol dm™ TBAP) electrolyte with O, saturation and without water.
Images for PAN deposits at-1.8V,-2.1V,-2.4V, and -2.7 V vs. Ag/Ag" are

shown. Images are superimposed at their corresponding potentials. ........... 82

Figure 50: Partial mechanism for the cyclization of PAN involving attack by a superoxide
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Figure 51: Normalised Raman data for the deposition of PAN using chronoamperometry onto a 14
mm diameter graphite-composite electrode in a Teflon cell. (Top) PAN and
graphite standards superimposed and (Bottom) standards as well as depositions
performed at-1.8V,-2.2V,-2.6 V, and -3.0 V vs. Ag/Ag* superimposed. Key
bonds are annotated on both. Raman data taken at 1 % laser power on a 785 nm

Raman laser for 3 accumulations. ... 84

Figure 52: TGA performed on various PAN samples under an argon environment, percentage
remaining mass plotted against temperature. In cyan, PAN industrial standard
from Sigma-Aldrich. In orange and yellow, PAN deposited onto graphite-
composites using CV (0.0 V to -3.0 V at 50 mV s!) and CA (-3.0 V, 100 seconds)
respectively. In black, PAN electrodeposited onto a copper surface using CA (-3.0

V, 100 seconds). Studies ramped at 2 °C/minute from 25 °C to 250 °C.......... 86

Figure 53: Mass of PAN produced by chronoamperometry studies at -3.0 V vs. Ag/Ag* at varying
times for applied potential. Deposition performed on 14 mm diameter graphite-
composite electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte.
A linear trendline is superimposed for deposition studies performed for longer
than 1 second with the line equation and R? values shown. Depositions below 1

second were not included in the trendline and are shown in orange. ........... 89
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Figure 54: Proposed mechanism for Faradaic chain growth of PAN. ........ccccceiiiiiiieecciiee e, 90

Figure 55: Faradaic efficiency against chronoamperometry time for PAN deposits produced at -3.0
V vs. Ag/Ag*. Depositions performed on 14 mm diameter graphite-composite
electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte. Orange and
blue data points and trendlines represent identified regions of differing activity.
Superimposed is a graph of chronoamperometry current against time for several

different studies with varying time limits at -3.0 V vs. Ag/Ag"......cccevveeurenee. 91

Figure 56: Optical microscopy images of PAN deposits at 10X magnification. Deposition performed
using chronoamperometry at -3.0 V vs. Ag/Ag* over a range of times on 14 mm
diameter graphite-composite electrodes in a Teflon cell using

AN(0.05 mol dm™3 TBAP) €leCtrolyte. ......cccveueeeereeeeereeeeeeeeeeee et 92

Figure 57: Optical microscopy images of PAN deposits at 50X magnification. Deposition performed
using chronoamperometry at -3.0 V vs. Ag/Ag* for 10 seconds on 14 mm
diameter graphite-composite electrodes in a Teflon cell using
AN(0.05 mol dm TBAP) electrolyte. (Left) Image of exposed graphite within the

deposition area and (Right) Image of graphite with PAN deposited on top...93

Figure 58: Mass of PAN deposits against film thickness produced by chronoamperometry at -3.0 V
vs. Ag/Ag* over a range of different times. Deposition performed on 14 mm
diameter graphite-composite electrodes in a Teflon cell using AN(0.05 mol dm?
TBAP) electrolyte. A theoretical trendline of film thickness assuming a density of

1.18 g cm> [148] is SUPEIIMPOSEU. ...cveurereerierietiereerecteet ettt ettt eve e 94

Figure 59: (Top) PAN mass against chronoamperometry time for data used to calculate the linear
trend between 1 and 100 seconds; trendline equation and R? values are
superimposed. Chronoamperometry studies performed at -3.0 V vs. Ag/Ag*.
(Bottom) PAN film thickness against chronoamperometry time. Data points
measured from the samples in the top graph. A trendline for experimental data
is superimposed and is compared with a predicted line calculated from gradients
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Figure 60: Mass of PAN depositions produced by chronoamperometry at -3.0 V vs. Ag/Ag* over a
range of different times. Initial one cycle experimental data is included along
with a trendline to predict PAN film growth. Several redeposition studies are
included. The time that first and second cycles of the redeposition studies was

performed for was: 10 + 10 seconds, 20 + 20 seconds, and 50 + 50 seconds. A

XV



dotted line is superimposed between first and second redeposition cycles.
Deposition performed on 14 mm diameter graphite-composite electrodes in a
Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte with O, saturation and
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Figure 61: Optical microscopy images of PAN redepositions at 50X magnification. (Left) First cycle
depositions, and (Right) second cycle depositions. Depositions performed using
chronoamperometry at -3.0 V vs. Ag/Ag* on 14 mm diameter graphite-
composite electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte
saturated with O, and without water. From top to bottom: 10 seconds and 10

seconds, 20 seconds and 20 seconds, and 50 seconds and 50 seconds. ........ 99

Figure 62: Image of a graphite-composite PAN electrodes deposited using chronoamperometry at
-1.8 V vs. Ag/Ag* for 100 seconds. AN(0.05 mol dm™ TBAP) electrolyte saturated
with O; and without water was used in a Teflon cell. From left to right: PAN

deposit before annealing, PAN deposit after 72 hours of annealing at 120 °C.100

Figure 63: Optical microscopy of PAN deposited graphite-composite electrodes at 10X
magnification using AN(0.05 mol dm™ TBAP) electrolyte saturated with O, and
without water. (Left) clear PAN deposit using chronoamperometry at -3.0 V vs.
Ag/Ag* for 100 seconds in a Teflon cell, (Right) white PAN deposit using cyclic
voltammetry at 0.0 V to -3.0 V vs. Ag/Ag* at 50 mV st in a glass cell. Images of
the full electrodes are superimposed to highlight difference in opacity between
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Figure 64: Optical microscopy images for clear PAN deposits at 50 X magnification. Images
labelled before annealing, and after annealing of the same sample for 72 hours
and later after 144 hours. Annealing performed at 120 °C. Depositions
performed with chronoamperometry at -3.0 V vs. Ag/Ag* for 20 seconds in a
Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte saturated with O, and

without water onto a graphite-composite electrode. ......cccccceevivvicvviveennnnn. 102

Figure 65: Optical microscopy images for clear PAN deposits at 10 X magnification over a range of
time scales. Images labelled with their length of annealing time. Annealing
performed at 120 °C. Depositions performed with chronoamperometry at -3.0 V
vs. Ag/Ag* for 20 seconds in a Teflon cell using AN(0.05 mol dm= TBAP)
electrolyte saturated with O, and without water onto graphite-composite
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Figure 66: Optical microscopy images for white PAN deposits at 10 X magnification over a range of
time scales. Images labelled with their length of annealing time. Annealing
performed at 120 °C. Depositions performed with chronoamperometry at -3.0 V
vs. Ag/Ag* for 20 seconds in a Teflon cell using AN(0.05 mol dm= TBAP)
electrolyte saturated with O, and without water onto graphite-composite
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Figure 67: Representation of a typical discharge curve for a LiNiCoAlO; cathode lithium-ion cell at
3 A discharge current for various temperatures shown in the legend in units of
Celsius. Data expressed as potential against capacity. This graph is an illustration
of LiNiCoAlO; cathode data and not an actual cycled LiNiCoAlO, cathode. Figure
adapted from: [102]. .. e 111

Figure 68: Galvanostatic cycling of a pristine graphite-composite ink electrode performed at a C-
rate of 0.1 C at room temperature. A lithium metal counter/reference electrode
was used in LP57 electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)). The first cycle
(blue) and second cycle (orange) are shown. Inset is an expanded view of the

feature showing SEI formation during the first cycle charge. ........ccccevveens 113

Figure 69: Schematic of lithium intercalation during a second charge cycle of a pristine graphite-
composite ink electrode performed at a C-rate of 0.1 C at room temperature. A
lithium metal counter/reference electrode was used in LP57 electrolyte (1M
LiPFg in EC/EMC (vol:vol = 1:1)). The number of graphite layers opened at each
stage is annotated. Figure adapted from: [153].....ccccieiiviiiiieeniiieee e 115

Figure 70: Optical microscopy images for a pristine graphite-composite ink electrode before (left)
and after (right) cycling in a Swagelok cell at room temperature at 0.1 C for 10

cycles. Images taken at 10X magnification. ........ccccoviveeeiiieccciiieee e, 115

Figure 71: Galvanostatic cycling of an annealed graphite-composite ink electrode performed at a
C-rate of 0.1 C at room temperature. The graphite electrode was annealed at
120 °C for 144 hours. A lithium metal counter/reference electrode was used in
LP57 electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)). The first cycle (blue) and
second cycle (orange) are shown. Inset is an expanded view of the feature

showing SEI formation during the first cycle charge. .......ccccceevcvvviivcieeeenene, 116

Figure 72: Optical microscopy images for an annealed graphite-composite ink electrode before
(left) and after (right) cycling in a Swagelok cell at room temperature at 0.1 C for

10 cycles. Images taken at 10X magnification. ......c..ccceecvieeeeciee e, 117
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Figure 73: Galvanostatic cycling of a clear PAN graphite-composite ink electrode performed at a C-
rate of 0.1 C at room temperature. A lithium metal counter/reference electrode
was used in LP57 electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)). The first cycle
(blue) and second cycle (orange) are shown. Inset is an expanded view of the
expected region where SEl formation would normally occur during the first cycle
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Figure 74: Schematic of lithium intercalation during a second charge cycle of a clear PAN graphite-
composite ink electrode performed at a C-rate of 0.1 C at room temperature. A
lithium metal counter/reference electrode was used in LP57 electrolyte (1M
LiPFg in EC/EMC (vol:vol = 1:1)). The features from Stage Il to Stage | are difficult
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Figure 75: Galvanostatic cycling of graphite-composite ink electrodes coated with a film of (a)
clear annealed PAN, (b) white PAN, and (c) white annealed PAN. Cycling was
performed at a C-rate of 0.1 C at room temperature. A lithium metal
counter/reference electrode was used in LP57 electrolyte (1M LiPFg in EC/EMC

(vol:vol = 1:1)). The first cycle (blue) and second cycle (orange) are shown.120

Figure 76: Coulombic efficiencies for the first 10 cycles of several graphite-composite ink
electrodes. Electrodes had varying PAN films deposited: clear, white, clear
annealed, and white annealed. Cycling was performed in a Swagelok cell for 10

cycles at 0.1 C at room tEMPEratuUre.......ccceeeeeeieeeeeiiee e e e 122

Figure 77: Optical microscopy of PAN deposits at 20X magnification before and after cell cycling.
Cycling performed at 0.1 C for 10 cycles at room temperature. A lithium metal
counter/reference electrode was used in LP57 electrolyte (1M LiPFg in EC/EMC
(vol:vol = 1:1)). (Top) Clear PAN sample, and (Bottom) Clear annealed PAN
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Figure 78: Discharge capacities per unit mass for the first 10 cycles of several graphite-composite
ink electrodes. Electrodes had varying PAN film thicknesses from 9 um to 32 um.
Data for pristine and annealed graphite are included, as well as data for
annealed PAN coated graphite-composite inks. Cycling was performed in a

Swagelok cell for 10 cycles at 0.1 C at room temperature.........ccccceeeeeeeeennns 124

Figure 79: Additional metrics for cycling graphite-composite inks against PAN film coatings of
varying thickness, cycling performed over 10 cycles in a Swagelok cell

arrangement at a C-rate of 0.1 C at room temperature. (a) Percentage difference
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between maximum and minimum specific discharge capacities. (b) Capacity

retention after 10 cycles as a percentage of first cycle discharge capacity. .125

Figure 80: Specific discharge capacity after 10 cycles for graphite-composite ink electrodes coated
with PAN films of varying thickness. Cycling was performed in a Swagelok cell for

10 cycles at 0.1 C at room tEMPErature. ....occvveeeecieeeeeciiee e e 126

Figure 81: Coulombic efficiencies for the first 10 cycles of several graphite-composite ink
electrodes. Electrodes had varying PAN film thicknesses from 9 um to 32 um.
Data for pristine and annealed graphite are included, as well as data for
annealed PAN coated graphite-composite inks. Cycling was performed in a

Swagelok cell for 10 cycles at 0.1 C at room temperature. .........ccccecveeeenneee. 127

Figure 82: Second discharge half-cycle data for graphite-composite ink electrodes, cycling was
performed in a Swagelok cell for 10 cycles at a C-rate of 0.1 C at room
temperature. Potentials are plotted against state of discharge for pristine
graphite and annealed graphite sample data as well as PAN coated samples of
varying thicknesses along with an annealed PAN sample. A line representing 50
% state of discharge as well as the IR drop between the annealed PAN sample

and pristine graphite are annotated. ........ccccceeeeecciiieee e, 128

Figure 83: IR potential drop against PAN film thickness for several graphite-composite electrodes.

(a) Non-annealed PAN data. (b) Annealed and non-annealed PAN data......129

Figure 84: Expected and actual discharge capacities at the end of the second discharge half-cycles
against IR drops for PAN coated graphite-composite ink electrodes. Expected
data estimated from the capacity lost due to the IR potential shifts on the
pristine graphite samples. Data are also given as a percentage of the pristine
graphite discharge capacity. The percentage difference between the points of
the two data sets is also given. The grey region represents data for graphite
samples without PAN coatings and the blue region represents data with PAN
coatings. (a) Data for non-annealed PAN samples. (b) Data for annealed and

non-annealed PAN SamPIEs. ......coociiiiiiiiiieiiiee e e 130

Figure 85: TGA performed on various electrode materials and PAN samples under an argon
environment, percentage remaining mass plotted against temperature. In black,
PAN electrodeposited onto a copper surface using CA (-3.0 V, 100 seconds). In
cyan, commercial PAN powder from Sigma-Aldrich. All other samples used were

standard materials direct from suppliers. Studies ramped at 2 °C/minute from 25
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°C to 250 °C. The annotated purple dotted line gives key temperatures and mass

loss of the PAN deposited sample at each temperature. .......ccccccvveeennneen. 132

Figure 86: For pristine graphite-composite ink electrodes at increasing temperatures: (a) recorded
discharge capacity during the first of two cycles, and (b) recorded coulombic
efficiency during the first of two cycles. Cycling was performed in a Swagelok cell

at a C-rate of 0.1 C, two cycles were performed at each temperature. ....... 133

Figure 87: (Top) Photo of an 11 mm disc electrode of a pristine graphite-composite ink after
cycling during elevated temperature studies. Part of the glass fibre separator is
fused to the upper surface of the electrode. (Bottom) Optical microscopy images
for a pristine graphite-composite ink electrode before and after cycling in a
Swagelok cell at elevated temperatures at 0.1 C. Images taken at 10X
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Figure 88: For pristine and PAN coated graphite-composite ink electrodes of varying thicknesses
at increasing temperatures. (Left) data at each measured temperature showing:
(a) recorded discharge capacity during the first of two cycles, (b) recorded
coulombic efficiency during the first of two cycles, and (c) ratio of capacity at
each temperature to the maximum capacity during the first of two cycles. (Right)
data against PAN film thicknesses: (d) maximum discharge capacity, (e) 100 °C
discharge capacity, and (f) ratio of 100 °C discharge capacity to maximum
discharge capacity. Cycling was performed in a Swagelok cell at a C-rate of 0.1 C,

two cycles were performed at each temperature. ........cccoeeveeeeiiveeeciiieeenans 136

Figure 89: (Top) Photo of an 11 mm disc electrode of a PAN coated graphite-composite ink after
cycling during elevated temperature studies. A glass fibre separator is wholly
fused to the upper surface of the electrode, the separator on the right has come
away from the electrode with pieces of the graphite-composite ink. (Bottom)
Optical microscopy images for a PAN coated graphite-composite ink electrode
before and after cycling in a Swagelok cell at a C-rate of 0.1 C at elevated

temperatures. Images taken at 10X magnification..........ccccoceeeeeiiveiiiiinnennns 138

Figure 90: Galvanostatic cycling of a (a) pristine graphite-composite ink electrode and a (b) PAN
coated graphite-composite ink electrode performed at a C-rate of 0.1 Cin a
Swagelok cell. A lithium metal counter/reference electrode was used in LP57
electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)). Cycling was performed at
varying temperatures in the order shown in the legend. R25 represents the

‘return’ to room temperature after elevated temperature cycling. ............. 139
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Figure 91: Data for a pristine graphite-composite and a 21 um PAN coated graphite-composite at
each temperature interval. (a) Discharge capacity at each interval and (b)
coulombic efficiency at each interval. The red highlighted section is the trend

from 120 °C to the return at the second 25 °C after elevated temperature
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Figure 92: Phase diagram representation of Euler’s formula. .......cccceviviiiiniiiiiniin e, 148
Figure 93: Typical Nyquist plot for a resistor and capacitor in series. .......ccccoceeeeivieeeeecieeeeennee, 149
Figure 94: Typical Nyquist plot for a resistor and capacitor in parallel. .......ccccccoeevveeercieeennnee. 150

Figure 95: Typical Nyquist plot from several resistor and capacitor components in parallel and

SErieS ArrANEEMENTS. coiiiii e 150

Figure 96: Schematic illustrations of the general percolation curve and the presumptive cluster

structure of conductive fillers. Figure adapted from: [55]. .....ccccvvevcveeeennne. 153

Figure 97: Room temperature resistivity measurements for various polymer-carbon composites at
varying carbon filler content. Polymers are: PAN, PVDF, HDPE, and LDPE. A red
line is included representing resistivity of cabling and conductors within the
system. Resistivity measurements performed using PEIS between 200 kHz and
100 mHz at 10 mV sinus amplitude. (a) Data points for polymer-carbon
composites, three repeats taken at each proportion of carbon for each polymer.

(b) Average of data points in (3). ...cccceeeecieeeeciiiee e 154

Figure 98: Room temperature resistivity measurements for various polymer-TiC composites at
varying TiC filler content. Polymers are: PAN, PVDF, HDPE, and LDPE. A red line is
included representing resistivity of cabling and conductors within the system.
Resistivity measurements performed using PEIS between 200 kHz and 100 mHz
at 10 mV sinus amplitude. (a) Data points for polymer-TiC composites, three
repeats taken at each proportion of TiC for each polymer. (b) Average of data
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Figure 99: SEM images for PAN-carbon composite with 15 % carbon by weight. (a) Image of
polymer film on copper foil at 650 X magnification. (b) Image of PAN-carbon at

30,000 X MagnifiCation. ......ccoeeiiiiiiieeeeeiciiiiieeee e eeerrree e e e e eeeearrre e e e e e e e aanreees 158

Figure 100: SEM images for PVDF-carbon composite with 5 % carbon by weight. (a) Image of
polymer film on copper foil at 800 X magnification. (b) Image of PVDF-carbon at
43,000 X MagnifiCation. .....c.cceeeiieeiccieee e 158
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Figure 101:

Figure 102:

Figure 103:

Figure 104:

Figure 105:

Figure 106:

Figure 107:
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Figure 109:

Figure 110:

SEM images for HDPE-carbon composite with 15 % carbon by weight. (a) Image of
polymer film on copper foil at 65 X magnification. (b) Image of HDPE-carbon at

30,000 X MagNnification. ......cececcuieeeeiiee et et 159

SEM images for LDPE-carbon composite with 15 % carbon by weight. (a) Image of
polymer film on copper foil at 37 X magnification. (b) Image of LDPE-carbon at

30,000 X Magnification. ......ceeeccuieeiiiiiie e 160

SEM images for PAN-TiC composite with 70 % TiC by weight. (a) Image of polymer film
on copper foil at 400 X magnification. (b) Image of PAN-TIC at 80,000 X
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SEM images for PVDF-TiC composite with 60 % TiC by weight. (a) Image of polymer
film on copper foil at 600 X magnification. (b) Image of PVDF-TiC at 65,000 X
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SEM images for HDPE-TiC composite with 70 % TiC by weight. (a) Image of polymer
film on copper foil at 120 X magpnification. (b) Image of HDPE-TiC at 75,000 X
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SEM images for LDPE-TiC composite with 70 % TiC by weight. (a) Image of polymer
film on copper foil at 140 X magnification. (b) Image of LDPE-TiC at 80,000 X
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DSC data for PAN-carbon samples from 0 % to 50 %. Heat flow plotted against
temperature. DSC performed from 20 °C to 200 °C and then reversed from 200

°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

DSC data for PAN-TiC samples from 0 % to 90 %. Heat flow plotted against
temperature. DSC performed from 20 °C to 200 °C and then reversed from 200

°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

DSC data for PVDF-carbon samples from 0 % to 50 %. Heat flow plotted against
temperature. DSC performed from 20 °C to 200 °C and then reversed from 200

°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

DSC data for PVDF-TiC samples from 0 % to 90 %. Heat flow plotted against

temperature. DSC performed from 20 °C to 200 °C and then reversed from 200
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°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

Figure 111: DSC data for HDPE-carbon samples from 0 % to 50 %. Heat flow plotted against
temperature. DSC performed from 20 °C to 200 °C and then reversed from 200

°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

Figure 112: DSC data for HDPE-TiC samples from 0 % to 90 %. Heat flow plotted against
temperature. DSC performed from 20 °C to 200 °C and then reversed from 200

°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

Figure 113: DSC data for LDPE-carbon samples from 0 % to 50 %. Heat flow plotted against
temperature. DSC performed from 20 °C to 200 °C and then reversed from 200

°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

Figure 114: DSC data for LDPE-TiC samples from 0 % to 90 %. Heat flow plotted against
temperature. DSC performed from 20 °C to 200 °C and then reversed from 200

°C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.
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Chapter 1
Chapter 1 Introduction

1.1 Battery polymers and the impact of thermal runaway

Polymers are among the key materials used within a battery. They have found use in several areas
within such systems, aside from packaging and seals of cells. Traditional forms include separators
to prevent internal short-circuiting [1] [2] and binders to hold electrode materials together [3].
Polymer electrolytes have also drawn interest, not just for use in lithium-ion batteries, but also
other technologies such as supercapacitors [4] [5] [6]. As such, polymers have become essential to

battery performance and modification.

The requirements for those polymers used within lithium-ion cells usually include the following:
electrochemical and thermal stability, low ionic resistivity at ambient temperature, and good
mechanical strength [1]. The low ionic resistivity is essential to allow the transport of ions through
a separator or the electrode surface (see Figure 1). This is often achieved by infiltrating an
electrolyte into the polymer rather than a fundamental property of the polymer itself. Depending
on the location in which the polymer is being applied, other requirements become essential.
Binders must be compatible with electrode materials at their operating potentials [7], whilst

electrolytes need to be compatible with electrodes and provide good cyclability [5].
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Figure 1: Transport of lithium ions for a typical battery discharge operation. Example

effects of overdischarge on the anode and overcharge on the cathode are given.



Chapter 1

One ongoing area of research is the use of polymers in the prevention of thermal runaway.
Thermal runaway is one of the primary safety concerns for lithium-ion batteries and its
prevention is a key area of research among industrial and scientific communities [8] [9] [10] [11].
It involves the build-up of heat due to electrochemical reactions within the cell, leading to faster
reaction rates, higher temperatures, and more exothermic reactions (see Figure 2a). This positive
feedback loop causes a propagating chain of decomposition reactions of the cell materials [2]
[12]. Initiation can be caused by several abuse scenarios [2] [13]: mechanical abuse (punctures,
excessive pressures), thermal abuse (operating the battery outside the safe temperature range),
and electrical abuse (overcharging, excessive currents, operating the battery outside the safe
potential range). Ultimately, the loop ends with an internal short circuit if the rate of heat
generation out paces the rate of heat loss (see Figure 2b). At this point, thermal runaway begins
and excessive temperatures are observed. Depending on materials, thermal runaway can reach a

critical point at temperatures as low as 160 °C [12].
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Figure 2: (a) Thermal runaway positive feedback loop; (b) Qualitative interpretation

of the chain reactions during thermal runaway.

Abuse conditions reduce potential operating ranges for batteries limiting possible applications,
such as fast charging in EVs. Because lithium-ion cells have become the battery of choice in most
portable gadgets, finding reliable and cheap methods to improve their safety is of economic
importance. The thermal runaway phenomenon has resulted in several news worthy events; for
example: in 2016 Samsung Galaxy Note 7 smartphones caught fire prompting the withdrawal of
thousands of electronic devices and severe economic losses [14], and in 2013 a Tesla Model S
electric car caught fire after being damaged by road debris [15]. More recently, a fire at a home in
Staffordshire caused by a lithium-ion battery in a hoverboard left a woman hospitalised in
November 2021 [16]. This was caused by the hoverboard having been left charging without
supervision. Tragically, thermal runaway has also led to the deaths of two firefighters in Beijing in

April 2021 [17]. The fire started at a lithium-ion storage system connected to a rooftop solar panel
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installation. This was likely due to variable quality of the cells used in the battery storage leading
to excessive strains on the system. All these thermal runaway incidents highlight the ongoing risk
to peoples well-being posed by these thermal runaway events and the need to prevent them from
occurring. As such, there is significant industrial interest in preventing thermal runaway to expand

potential markets alongside the obvious safety benefits.

Currently, several methods exist to respond to thermal runaway, which can be preventatives or
fail-safes [18]. Preventatives include adding retardants to battery electrodes, electrolyte, or
separators to reduce heat generation. These improve thermal stability reducing the likelihood of
thermal runaway. Fail-safes stop or decrease damage caused by thermal runaway, and include
shutdown separators and cell venting. Unfortunately, fail-safe measures tend to activate in such a
way to render a cell inoperable, such as the melting of a shutdown separator or activating a
thermal fuse [8]. Some thermal runaway safety measures involve building large or expensive
external systems to the battery. Ancillary sensors for temperature or potential monitoring within
a battery management system can also be used, but these responses may be delayed until after
the cells behaves abnormally and damage has occurred. Varying materials within a battery can
provide a smaller, more-refined, and immediate response [2]. There are several cases of polymers

being used as both preventatives and fail-safes [2] [8].

Polymers used to prevent thermal runaway often rely on a positive temperature coefficient of
resistivity (PTCR), which results in increases in material resistance at elevated temperatures [19].
Depending on the material and its application this PTCR can be either irreversible, leaving the cell
inoperable, or reversible, allowing cell recovery after temperatures are normalised [19]. The
effectiveness of such materials depends upon their PTCR intensity; in other words, the ratio of the
resistivity from room temperature to elevated temperatures [20]. A larger PTCR intensity means a
lower room temperature resistivity to a higher elevated temperature resistivity leading to a
restriction in the flow of charged particles (electrons or ions) as temperature increases. This
fundamentally results in a reduction in the flow of charges within a cell to prevent further
electrochemical reactions and temperature increases. Polymers are highly tuneable, allowing
reliable employment of a PTCR tailored to suit the required application. Polymer properties can
be varied through several means such as: co-polymerisation, forming composites, and by varying
chain length or structure. The PTCR results in automatic battery shutdown when temperature
increases beyond a certain threshold. However, even relatively small increases up to 70 °C can
result in irreversible structural damage to the electrodes that make up the cell [21]. Cell
performance can then degrade or shutdown permanently. These cells would then naturally need

replacing, leading to economic cost.
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1.2 Thermal runaway effects on battery materials

Temperatures at which decomposition reactions occur are highly dependent on the materials
used. Lithium-ion batteries themselves can use many different materials as anodes and cathodes,
electrolytes, separators, and other components. As such, cell materials can be tailored to delay

and aid in the prevention of thermal runaway [2].

The most common material for lithium-ion anodes is graphite, which develops a protective solid-
electrolyte interface (SEl) layer during cycling [22]. However, this protective layer is also
susceptible to breakdown as temperature increases. SEl decomposition occurs at lower
temperatures than the breakdown of other cell materials. This tends to happen near to 69 °C [21],
with some reports at temperatures as low as 57 °C [23]. SEIl formation inherently produces gas; as
the SEl is broken down it is also regenerated by reacting with lithium ions in the electrolyte
releasing gases such as flammable hydrocarbons [24] [25]. Gassing increases internal pressures
and can exacerbate abuse conditions. Cathode materials have a great variety in their thermal
runaway onset temperatures and several studies have been performed on identifying the onset of
self-heating for various cathodes in practical settings, such as use in an 18650 cell [26]. Excessive
gassing in thermal runaway tests with lithium iron phosphate (LFP) was found by Golubkov et al.
[27] at 195 °C, which is widely regarded among the safer cathode materials. Most other cathodes
experience thermal runaway onset at temperatures far lower than this. Golubkov et al. [27]
identified that nickel manganese cobalt oxide (NMC) experienced thermal runaway near 170 °C.
Boxia et al. [26] found lithium manganese oxide (LMO) cathodes to have an onset around 110 °C,

whilst Jhu et al. [28] found onset with lithium cobalt oxide (LCO) at temperatures as low as 116 °C.

Around 130 °C to 150 °C, the electrolyte and separator within the cell are no longer stable and
decompose to generate more heat [12] [18]. One common lithium electrolyte is LiPFg in ethylene
carbonate/dimethyl carbonate (EC/DMC) solvent [2]. As temperature increases, the anode and
cathode react with electrolyte producing further heat and several by-products; hydrofluoric acid
as well as several gases that increase pressure within the cell and are highly flammable. These
include oxygen, carbon dioxide, carbon monoxide, and flammable hydrocarbons. Pressure build-
up can lead to venting of the gases that can be ignited. Polyethylene (PE) is a commonly used
polymer separator that melts around 85 to 140 °C [29] [30]. At this point, pores within the
separator close making ion transfer difficult. This stops abuse conditions resulting from high
current flow but is not useful against thermal abuse. Should the temperature further increase, the
separator shrinks and collapses allowing the two electrodes to contact leading to an internal short

circuit. This short circuit releases the greatest amount of heat during thermal runaway.
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1.3 Polymer battery materials in the prevention of thermal runaway

Within the cell, there are four main polymer uses to stop thermal runaway or reduce the damage
caused by it (see Figure 3) [2]. Separators are the most commonly used. As temperatures increase
some are designed with a shutdown effect to stop ion flow between the electrodes [2] [13]. This
occurs via a loss in porosity that typically coincides with a transition temperature, such as a
melting point. The intention is to prevent further chemical reactions and stop or reduce heat
generation; natural heat dissipation of the cell must then reduce the temperature to safe
operating limits. Coatings or films [31] [32] are like shutdown separators in operation but the
polymer is applied as a thin layer directly onto the electrode surface. Solid electrolytes [4] or
gel-polymer electrolytes [5] [6] are another form that remove the need for liquid electrolyte
systems and separators. Typically, they are made up of a non-conductive polymer host that is
then infiltrated by conductive lithium salts into their pores. Solids have the dry lithium salts
infiltrated into their polymer matrix, whilst gels are wetted by a liquid electrolyte. The thermal
decomposition of liquid systems releases many flammable gases that increase internal pressures,
worsening the situation. With the reduced usage of liquids comes the reduced release of such
gases. Lastly are binders [19] [33]; these hold the conductive additives and sometimes active
materials of the electrodes. If the binder polymer matrix has a large enough thermal expansion,
temperature increases cause the binder to expand to the point that electronic pathways are
broken preventing electrons from travelling to and from the reaction sites and hence preventing

further chemical reactions.
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Ideally, materials must be ionically conductive (or electronically for binder composites), have a
PTCR, have a large PTCR intensity (the ratio of room temperature to elevated temperature
resistivities), and not suffer degradation on recovery when returning to room temperature [19]
[20]. The larger the PTCR intensity is the greater the shutdown effect. For several of the before
mentioned applications, a suitable transition temperature is also important as this determines the
point at which PTCR occurs. Both glass transition and melting are of interest as these are
accompanied by increases in thermal expansion coefficients (see Table 1). It is worth noting that
an increase in temperature often comes with a decrease in ionic resistivity in polymers, as the
structure becomes more amorphous allowing for easier charge transport. However, for non-
conductive polymer hosts an expansion in the polymer may result in an increase in resistivity if
the pores through which liquid electrolyte infiltrates are closed off [34]. For the PTCR effect to be
reversible, it is ideal to avoid a melting point in the material as this will come with unavoidable
structural changes. Glass transition temperature and crystallinity of the materials can be altered

via mixing or creating composite polymers.

Table 1: Common polymer materials that have been used in batteries as separators

and binders with their respective glass transition and melting temperatures.

Polymer materials Glass transition Melting Common use within
temperature temperature lithium-ion cells
(°C) (°C)
PVDF [30] -30to -20 155 to 185 Binder and separator
HDPE [30] -125 130to 140 Binder and Separator
LDPE [30] -130 851t0 125 Binder and Separator
PAN [35] 95 325 to 350 Binder and Separator
Polypropylene [30] -20to -5 165 to 175 Separator
Polytetrafluoroethylene [30] 120 to 130 320to 330 Binder and Separator
Polyvinyl chloride [30] 65 to 85 N/A Separator
Polyamide [30] 40to 60 210to 220 Binder and Separator
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1.3.1 Shutdown separators

Separator materials are typically made from a polymer that forms a gel electrolyte on wetting
with a liquid electrolyte, allowing them to become ionically conductive. This allows the transport
of lithium ions through the separator so the battery electrochemistry can occur. For shutdown
responses this ionic transport is reduced or stopped by sealing pores though which ions can flow

within the separator via a melt or some other transition [2].

Ideally, separators require a suitable melt temperature to allow shutdown of ion transport and a
suitable collapse temperature to avoid an internal short-circuit [2]. By carefully selecting the
polymer used or using combinations of polymers, melting and collapse temperatures can be
tailored. Celgard have developed a polypropylene/polyethylene/polypropylene (PP/PE/PP)
trilayer material; the PE has a melt temperature around 130 °C in Celgard [30], allowing a
shutdown effect, whilst the PP provides mechanical strength on either side. There is little sign of
shrinkage or collapse until the melt temperature of PP around 165 to 175 °C [36]. This allows
thermal runaway to be slowed once temperatures above the PE melt temperature are reached.
Unfortunately, once the shutdown effect has occurred the melt is irreversible and the cell
becomes inoperable. The collapse temperature can also be an issue if heat generation is
excessively high; temperatures may exceed the 175 °C before the shutdown response becomes
effective. The collapse temperature of PP may be enhanced using ceramic coatings of Al,03 and
SiO; [37], giving reported temperatures between 200-260 °C [13] [38]. Other promising
alternatives have been investigated, such as the polyimide/polyvinylidene fluoride/polyimide

(P1/PVDF/PI) tri-layer [39]. Bi-layers can also be used, such as PP/PE or PVDF/PE [40].

Whilst PE is one of the most extensively researched shutdown separator materials, progress has
also been made on polyacrylonitrile (PAN) shutdown separators [34] [41] [42]. Huai et al. [34] has
reported for PAN-ethylene vinyl acetate (PAN-EVA) membranes a rapid increase in resistivity
above 80 °C due to the swelling of the PAN polymer within the liquid electrolyte. This swelling
cuts the ionic pathways resulting in a PTCR of several orders of magnitude. Melting temperatures
for PAN are reported as low as 325 °C [31], meaning it maintains its mechanical strength until this
point. The result is a shutdown effect that is also reversible. This material has greatly improved
miscibility, avoiding reported leaking issues of PE and PP. PVDF shares these advantages but is

more expensive [34].



Chapter 1

1.3.2 Polymer electrolytes

Liquid electrolytes produce flammable gases upon decomposition [2], which can be significantly
reduced by using polymer electrolytes. These come in two forms: solid-polymer electrolytes, and
gel-polymer electrolytes [43]. Gel-polymers are formed from a solid that has been wetted with a
standard liquid electrolyte, whilst the solid-polymer has no liquid at all. They have improved
thermal stability and reduce the amount of liquid used (or remove it entirely in the case of the all-
solid electrolyte), reducing potential sources of flammable gas. The main drawback is inferior
power density due to high ionic resistivities, forming the greatest barrier to large-scale adoption
[44] [45]. Gel polymer hosts require a substantial mechanical strength, as much is lost when they
are wetted by electrolyte [4] [5] [6]. This loss of mechanical strength leads to poor practical
application. Gel polymers tend to have limited operating temperatures up to 90 °C but improved

room temperature resistivity [46].

An example solid polymer electrolyte is polyethylene oxide (PEO) mixed with LiClO4 lithium salt,
which is stable up to 120 °C. However, it has a high resistivity at room temperature and low
voltage operation [47]. Composite polymer electrolytes can be formed, which may have varying
resistivities between values of 4 x 10° Q m for PEOs-[LiClO4] with a-Al,Os filler to over 50 Q m for
PEOsPMMA 3-[LiClO4], a copolymer of PEO and polymethyl methacrylate (PMMA), with MgO 6 %
by weight filler [48]. Resistivities in the magnitude of 10* Q m for PEOg-[LiCIO,] without any
additional filler materials have also been reported. A different composite system is formed by
casting lithium bis(oxalate)borate-succinonitrile-polyethylene oxide (LiBOB-SN-PEO) polymer
electrolyte solution into porous polyimide nanofibrous films, which has been shown to operate at
temperatures as high as 170 °C [49]. This has an ionic resistivity around 7 Q m at 170 °C. For an
example gel electrolyte, polymeric lithium tartaric acid borate @ PVDF-co-hexafluoropropene
(PLTB@PVDF-HFP) is stable up to 80 °C, with ionic resistivities of 71 Q m at 20°Cand 13 Q m at
80 °C [50].

Promising polymer materials for use as solid [4] or gel electrolytes [5] would be those already in
use within lithium-ion cells but in other forms. Such materials are known to satisfy basic
requirements of an electrochemical system such as stability. A selection of these polymers is
shown in Table 2. From a practical point of view, the polymers must satisfy several requirements
[6]: low ionic resistivity (in the magnitude of 10 to 1 Q m), high power density, thermal and

electrochemical stability, and high mechanical strength.
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Table 2: Polymers known to form both solid and gel electrolytes [4] [5] [6].

Polymer materials lonic resistivity Other information

at ambient

(€2 m)

Poly (ethylene oxide)  ~10°to ~10° Extensively studied with many composite alternatives,

(PEO) (depending on wide stability window (<4.8 V).
composite)
Poly (acrylonitrile) ~10? Appreciable transference number of 0.6 (the ratio of
(PAN) electric current contributed by Li* to the total electric

current), wide stability window (<4.5 V). Undergo severe

passivation upon contact with lithium metal anodes.

Poly (methyl ~10? Poor mechanical strength of plasticised PMMA. Wide
methacrylate) stability window (<4.8 V). Variable transference number
(PMMA) (0.4 to 0.7) depending on lithium salt used.
Poly (vinylidene ~103 Dielectric constant (8.4) assists in ionisation of salts.
fluoride) (reportedly 10* Reaction of Li and F forms LiF (poor safety)
(PVDF) obtained [6])
Poly (vinylidene ~10? PVDF crystalline phase acts as mechanical support, HFP
fluoride-hexafluoro amorphous phase helps trap liquid electrolyte.
propylene)
(PVDF-HFP)
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1.3.3 Shutdown coatings

Thermo-responsive coatings are yet another application of polymers to prevent thermal runaway.
Previous research by Ji et al. [31] investigated the use of a poly(3-octylthiophene-2,5-diyl) (P30T)
layer between a LCO cathode and the aluminium current collector. A strong PTCR effect is
observed between 90-100 °C, which reduced cell capacity to 4 % of the theoretical. This
effectively shuts down the cell before thermal runaway occurs. However, despite only being 1 um
in thickness a severe drop in capacity was experienced at ambient. Around 150 mA h g* was
achieved under normal operating conditions. Theoretical capacity of LCO is 274 mA h g?,

substantially higher than the polymer coated samples.

An alternative form of coating in the form of dispersed microspheres has also been investigated
by Baginska et al. [32]. Three different approaches were made: 1) PE microspheres on the anode
surface, 2) paraffin wax microspheres on the anode surface, and 3) PE microspheres on the
separator surface. All three showed a shutdown effect as the temperature increased and the
polymers softened then melted, cutting the ionic conduction pathways. Baginska et al. [32]
specifically studied 4 um thick layers of PE microspheres coated onto a graphite surface. Once
again, a severe drop is experienced despite only applying a thin layer with reported capacities
around 310 mA h g or around 83 % of the theoretical capacity of graphite. Such capacity drops
are common among studied coating materials and must be considered when performing any
investigations into alternatives. The shutdown for this graphite coated with PE microspheres

occurred at 110 °C and was incredibly effective reporting a remaining 7 % theoretical capacity.

1.3.4 Percolating binder composites

Polymers may also be used as electronically conductive composites, with conductive properties
tailored using certain additives. The composites formed involve a non-conductive polymer matrix
and a conductive filler that forms conduction pathways for electrons [19] [33]. For the purposes of
mitigating thermal runaway, the matrix should have a high thermal expansion. As the
temperature rises, the polymer expands resulting in the movement of the conductive particles.
When expansion of the matrix is great enough, the conductive pathways separate and break
preventing electronic conduction. This is the commonly accepted mechanism behind PTCR effects
reported with such materials [33] [51]. These percolating composites may be mixed with the
electrode active materials, as in Figure 3b, or applied as a coating on the electron pathway

towards the electrodes.

10



Chapter 1

Simple polymers involve the widely studied PE with conductive carbon black additive, showing a
large resistivity increase around 130 °C [52]. The effect is also highly tailorable depending on not
only the materials but also the proportions used. More complex carbon black particles in ethylene
butylacrylate (EBA) copolymer matrix have been studied, showing a large increase in resistivity at
around 60 °C [53]. Many PE composites, whether HDPE or LDPE, typically have a PTCR response
around the melting point around 130 °C [52] to 145 °C [54]. Studies by Kono et al. [55] using
PVDF-nickel composites found a PTCR increasing from 50 °C with 20 % nickel volume up to near
the melting point of the polymer at 150 °C for 50 % nickel. This highlights a dependence on the

proportions of filler materials used.

1.4 Polyacrylonitrile

PAN is a semi crystalline organic polymer with the formula (CsH3N),. Notable features of its unit
structure include a cyano (CN) functional group attached on a polyethylene backbone [56], as
shown in Figure 4. The polyethylene backbone has a large dipole between the electron-deficient
carbon atoms and the electron-rich cyano group. This lends itself to relatively strong
interactions between polymer chains, providing both mechanical strength and stability in
various organic solvents. The unit structure also allows certain synthesis methods from the

acrylonitrile (AN) monomers to be pursued, as explained later within this section.

CN

Z > e

Figure 4: Molecular structure of AN monomers (left) and PAN polymers (right).

PAN is predominantly a white powder and displays thermoplastic properties. However, under
atmospheric conditions it will undergo thermal degradation to carbon fibres becoming darker. As
a result, PAN needs to be melted in the absence of oxygen or other oxidising mediums otherwise
it will undergo oxidative stabilisation in the region of 180-300 °C [57], as shown in Figure 5. If
oxygen is present, the thermal oxidation induces the degradation of PAN to carbon fibres. Due to
PAN possessing a relatively high glass transition temperature, around 95 °C [35] [58] [59], polymer
chains exhibit a low thermoplasticity below this temperature and are difficult to mould and shape

when compared to other commercial plastics. The temperature of the glass transition can be
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modified through copolymerisation or the addition of plasticisers in order to make the polymer
less brittle and easier to shape. Crystallised PAN has a high melting temperature around 325 °C
[35] [58] making it a useful choice for high temperature applications. Its limited solubility in
common organic solvents coupled with superior mechanical properties of its fibres is due to
intermolecular forces between polymer chains [56]. For chemical stability against chemical

reagents, the nitrile group has relatively low reactivity against most chemical materials.

Cyclization Dehydration
. \ \\ S . C C C
‘ N N N T \\N ﬁ\\n i\\\l’\l
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N NN Cyclization
=" N N N .

10%

Figure 5: Proposed chemistry of PAN oxidative stabilisation. Figure adapted from

[57].

With respect to utilisation of PAN as a material, PAN has the following well-known characteristics
[56]: low density, thermal stability, high strength, high modulus of elasticity, and good chemical
stability against most chemical solvents. These properties have established PAN as an essential
polymer material in the chemical industry and a key role in high-tech industry. For an example,
because of its transparency, higher barrier ability for gas and low swellability in chemicals, PAN is
used as wrapping materials for foods, chemicals, drugs, electronics and cosmetics. Due to the
chemical stability and hydrophilicity of PAN, PAN is used as nonwoven meshes for ultrafiltration,
inner support of hollow fibres for reverse osmosis membranes, and membrane support, especially
in biotechnology and environmental engineering applications. Other applications of PAN are
found due to the high-strength fibres yielding a good material for outdoor awnings like tents, sails
for yachts, knitted clothing like socks and sweaters, and fillers for high-strength materials for

military and commercial aircrafts.

12



Chapter 1

The vinyl group of the AN unit monomer is stabilised by bonding with the cyano group. This
provides the carbon backbone of the monomer with electron-deficient behaviours due to the
strong electron-withdrawing ability of the cyano group. Several synthesis routes for PAN can be

used taking advantage of the monomer properties [58].

Commercially, PAN is synthesised via free radical polymerisation without control over molecular
structure. Simple co-polymerisations with various vinyl compounds and covalently linked
composite materials with other polymers and nanomaterials have been prepared in similar radical
polymerisation. For example, the mixture of starch and Ce** ion (redox initiator) can initiate
polymerisation of AN, known as starch grafting [56], and the following hydrolysis of the cyano
group produces superabsorbent hydrogel with water absorption larger than 400 times its weight
[60]. Controlled radical polymerisation of AN with narrow distribution can be accomplished by
using atom-transfer radical polymerisation (ATRP) catalysed by a copper complex [61].
Dithioesters [62], alkoxyamines [63], and nitroxides [64] are also usable for controlled radical

polymerisation of AN.

PAN can also be prepared by anionic polymerisation, which shows better control than free radical
polymerisation. This is initiated by reducing AN monomers to form a radical monomer unit that
then propagates the addition of further AN monomers [56]. The monomer unit AN is determined
as a C group monomer in Tsuruta’s classification, indicating sodium alkoxide, alkyl zinc, and alkyl
aluminium can initiate its polymerisation [56]. However, the living character of anionic
polymerisation is lost because of side reactions such as attack on a-protons activated by the
cyano groups or direct attack of the propagating anion on the cyano groups. This causes lower
molecular weight, non-uniform chain lengths, and an uneven polymer chain growth rate
compared to radical polymerisation [65]. The side reactions cause branched structures or

deactivation of active sites.

Coordination polymerisation is also applicable to the synthesis of PAN by employing alkyl iron,
alkyl copper, or rare earth complexes. Current researchers have discovered that, in some
coordination polymerisations systems of AN, the polymerisation proceeds according to anionic

polymerisation mechanism [66].

14.1 Polyacrylonitrile as an electrografted coating

In 1982, Lécayon et al. [67] published a pioneering report demonstrating the effective

electrografting of PAN onto metal surfaces via an anionic polymerisation mechanism. The report
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showed that metal surfaces can be coated with PAN films by using an electropolymerisation
approach induced by the reduction of the monomer unit. It was proposed that the polymerisation
initiated with the reductive adsorption of one monolayer of the monomer on the metal surface,
which was assumed to involve one electron per adsorbed molecule. It was found that the PAN
film coatings had very good adhesion to the metal electrode, which was ascribed to the formation
of a chemical bond between the polymer and the metal surface, shown in Figure 6 [68] [69]. A
strongly adhering, thin, insulating polymer layer deposits on the electrode surface. Further
research showed that covalently attached polymer thin films are stable in both aqueous and non-
aqueous chemical environments, elevated temperatures, and moderate potential windows [70].
According to electrochemical impedance measurements, metal surfaces with an electrodeposited
PAN coating are more effective at blocking ion transport than a solvent cast PAN film. On carbon,

the polymer layer yields a more robust electrode coating that is capable of a self-assembly

morphology.
yd
j H, H, H, H,
N OO O
; C C C C’
g | | | |
g c\ c\ c\ C\
:; \N \N \N \N
A1

Figure 6: Structure of the electrografted PAN on metal electrodes, formed via

cathodically induced anionic polymerisation [68] [69].

More recently, Lacey et al. [41] and El-Enany et al. [42] studied the electrodeposition of PAN onto
glassy carbon and found that in the presence of molecular oxygen the polymerisation started at
less cathodic potentials. This was ascribed to the involvement of a superoxide species in the
polymerisation process, formed as the product of the one electron reduction of oxygen. Using
electrochemical quartz crystal micro balance experiments, combined with cyclic voltammetry
measurements, they demonstrated the successful deposition of the polymer on the glassy carbon
electrode. However, the mechanism of electropolymerisation in the presence of oxygen is not
fully understood and it is not clear if the involvement of superoxide affects the final structure of

the polymer coating.

Earlier work by Baute et al. [71] and Mertens et al. [72] demonstrated the potential employed for
the cathodic polymerisation critically affects the final structure of the polymer coating. By

performing electrochemical quartz crystal micro balance experiments coupled with cyclic
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voltammetry measurements they could identify that when electrodeposition was conducted at
mildly cathodic potentials, close to the onset of the electroreduction of the monomer, then a
polymer coating fixed to the electrode was obtained. However, when electrodeposition was
performed at more cathodic potentials, then the attachment of the polymer coating to the

electrode was weak.

Lacey et al. [41] and El-Enany et al. [42] went into detail on the initiation of their polyacrylonitrile
films. The monomer should be used in a non-aqueous organic solvent under a dry atmosphere.
The conducting surface of the working electrode will develop a uniform layer of the intended
polymer within a few seconds of reaching the appropriate working potential, which will result in
the passivation of the electrode surface. The polymerisation itself, in this case, is initiated by
superoxide anion radicals that react with the vinyl group of AN monomers [41]. Propagation of
the polymer chain should then follow an anionic polymerisation mechanism. It is generally
recognised that the 0,/0, redox couple is quasi-reversible in aprotic solvents such as acetonitrile,
where the superoxide radical anion has a half-life of approximately 40 minutes at room
temperature in the presence of tetraalkylammonium cations [73] [74] [75]. Therefore, there is
ample time for the polymerisation to occur after the formation of superoxide. 0,/0, is a
moderately strong nucleophile, which reacts with sufficiently active Michael acceptors (e.g. vinyl
groups with an electron-withdrawing substituent, such as acrylonitrile). Indeed, the use of
electrogenerated superoxide as a nucleophile in organic synthesis is reported in the literature
[76], as is the use of potassium superoxide as an initiator for the polymerisation of a range of vinyl

monomers [77].
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Figure 7: Cyclic voltammogram and mass change from electrochemical quartz
microbalance study for the first cycle of air-saturated acrylonitrile electrografting
containing 50 mmol dm TBAP on a 1.37 cm? gold disc electrode against Ag/AgClO, at

a scan rate of 50 mV s%, Figure from: [41].
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Cyclic voltammograms for the electrografting of acrylonitrile solvent with 0.05 mol dm™ tetra
butyl ammonium perchlorate (TBAP) supporting electrolyte onto a gold disc electrode can be seen
in Figure 7 [41]. The first notable feature to observe on a CV, according to Lacey et al. [41], will be
a peak for oxygen reduction to superoxide anions at -1.6 V vs. Ag/AgClO,, termed the superoxide
trigger. These superoxide anions initiate polymerisation with AN monomers, reducing the
monomer unit to form a radical anion. The superoxide anion reaction with the electron deficient
vinyl group of AN is shown in Figure 8. As anions are involved the process can be treated as an
anionic polymerisation. The superoxide chemical bond with the growing polymer chain is later
substituted for a chemical bond to the electrode surface, grafting the polymer to the electrode

[41]. Superoxide then decays back to an oxygen molecule within the electrolyte over time.

2

o5 \’7 >, @ X}—»
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Figure 8: Suggested reaction mechanism for the polymerisation of acrylonitrile by

electrogenerated superoxide anions [41].

A second broad peak corresponding to the reduction of AN monomers can also be observed
around -2.5 V vs. Ag/AgClO, [41]. Literature suggests that the reduction of a vinyl group to form a
radical anion in reductive electrografting takes place between -2.0 V to -2.5 V vs. Ag/AgClO, [78].
It is this reduction of the vinyl group to form the radical anion that is the accepted mechanism for

the electropolymerisation of vinyl monomers in aprotic solvents [70].

It is at the two CV features around -1.6 V and -2.5 V vs. Ag/AgClO, that the largest change in mass
is detected using an electrochemical quartz microbalance study [41]. Before the superoxide
anions form, no mass change is observed. Figure 9 shows the mass change over three cycles [41].
Most deposition occurs in the first cycle, with reducing amounts in successive cycles. This

indicates a self-limiting growth behaviour.
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Figure 9: Charge and film mass change over time for the first three cycles of the
electrodeposition of PAN from air saturated AN containing 50 mmol dm™ TBAP on a

1.37 cm? gold disc at a scan rate of 50 mV s™*. Figure from: [41].

Chain propagation in the electrografting process of methacrylonitrile can be seen in Figure 10
[78]. A chemical bond is formed between a conductive surface (normally metal or carbon) and the
polymer to form a thin film. As the electrografting reaction is a reduction it takes place at the
cathode and the species responsible for the growth of the layer is an anion; the process is
therefore an anionic polymerisation. The steps are as follows:

1. Monomer adsorption. Electron transfer creates a radical anion that covalently binds to
the conductor. The anion is achieved via superoxide initiation in the proposed Figure 8.

2. The bonded anion is not stable because of the negative charge being repelled by the
negative electrode and is subsequently stabilised by the attack of a new monomer.

3. Abonded dimer anion is created.

4. Anionic polymerisation continues moving the charge further from the electrode.

5. Chain termination via the addition of a proton. No proton providing species are present
during the acrylonitrile studies of Lacey et al. [41], so termination may occur through
typical radical terminating methods, due to recombination or disproportionation [79].

a. Recombination, two radical polymers meet and form one terminated chain.

b. Disproportionation, two radical polymers meet and terminate via proton
exchange, one forms a saturated polymer and the other has a single
unsaturated C=C bond.

A second proposed route for polymerisation in solution branches off from step 2, represented by
step 6. The radical monomer may desorb from the surface and become the origin for polymers in
the solution. These need to be washed away after grafting as these polymers are not bonded to

the conductive surface but are still present. It should be noted that in this proposed mechanism,

only the initiation step is electrochemical whilst chain growth and propagation is purely chemical.

Despite the studies on electrodepositing PAN onto metal surfaces by Lécayon et al. [67] and glassy
carbon by Lacey et al. [41] and El-Enany et al. [42] discussed, no attempts have been made onto

practical lithium battery electrodes. Lacey et al. [41] and El-Enany et al. [42] went as far as to
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suggest that the electrodeposition of PAN could be used to facilitate gel-electrolytes within a
lithium system but did not pursue this in the literature. As such, these studies can be used as a
basis to explore the novelty of electrodeposition of PAN onto standard lithium electrodes, such as
graphite-composite anodes or lithium metal oxide cathodes. PAN has been reported in gel-
electrolyte systems, such as lithium-ion batteries and supercapacitors, formed via blending and
mixing rather than electrodeposition [5] [6]. However, the electrodeposition techniques control of
deposit mass is potentially crucial in controlling thickness of the deposit and potential resistivities
imposed onto the battery system as a consequence. Forming a polymer coating at the electrode
surface can also provide several advantages to simplify the schematic of a typical lithium-cell.
These include [43] [44] [45]: no internal shorting removing the need for separator materials, and a
decrease in the amount of liquid electrolyte reducing a source of gas production that can combust
and exacerbate thermal runaway conditions. However, standard electrodes are not typical planar
surfaces as often studied for electrodeposition, but are a composite of powders. The materials
that form an electrode are typically: active materials, conductive additives, and binders.

Therefore, electrodeposition may differ from that in literature and would require further study.

The chemistry and structure of electrodeposited PAN films is far simpler compared to other
competitive polymers used to prevent thermal runaway. For instance, commonly used Celgard
separators make use of a trilayer of PP/PE/PP that are formed through several manufacturing
stages such as coating and calendaring laminated layers [36] as opposed to a single-step
electrodeposited PAN layer. Celgard also has a poor miscibility with polar electrolyte solvents, a
disadvantage that PAN does not share [34]. For electrodeposited PAN, no cross-linking or co-
polymerisation is required unlike PAN separator materials for thermal runaway prevention
reported on by Huai et al. [34]. Therefore, there are several advantages to pursing PAN
electrodeposited coatings as an area of research in the prevention of thermal runaway in lithium-

ion batteries.
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Figure 10: Mechanism of the electroreductive grafting of vinyl monomers.

Methacrylonitrile is used as an example. Figure adapted from: [78].
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1.4.2 Polyacrylonitrile as a polymer host for gel-electrolyte

PAN is used as a polymer host for electrolytes defined as a membrane that possesses the ability to
transport ions for electrochemical systems such as fuel cell, lithium batteries, supercapacitors,
and electrochromic devices [5] [6]. The advantages of the gel-electrolytes include no internal
shorting, no leaking of electrolytes, and non-combustible reaction products at the electrode
surface existing in the electrolyte solution. Among polymer hosts, PAN can provide homogeneous
and hybrid electrolyte membranes consisting of electrolyte salts (such as LiClO4 or LiN(CFsS0,),)
and a plasticiser (such as ethylene carbonate (EC) or propylene carbonate (PC)) [80]. The
resistivity of PAN-based gel-electrolytes reaches the order of 10 2 m at ambient temperature
[81]. Other lithium salts can be encapsulated providing a similar ionic resistivity, such as solutions
of LiN(CFsS05),, LiAsFs, LiCF3SOs, and LiPF¢ in a plasticiser mixture of EC and PC. Cyclic
voltammetry studies revealed that the electrolytes have an inherent oxidation stability window
exceeding 5 V vs. Li/Li* [82]. The relatively low resistivity is a favourable characteristic of PAN-
based gel-electrolytes, although PAN is inactive in the ionic transport mechanism. PAN also has

good structural stability due to its compatibility to both plasticisers and Li salts.

143 Polyacrylonitrile as a separator membrane

PAN has been previously reported in the formation of separator membranes. One of these
methods forms the membranes in two steps, synthesis of PAN emulsion and formation of the
microporous membrane [34]. The result was PAN-based microporous membranes of about 40 um
in thickness coated with ethylene-vinyl acetate copolymer (EVA). A microporous gel electrolyte is
formed on wetting with a standard liquid electrolyte, 1 mol dm? LiPFs in the mixture of ethylene
carbonate, dimethyl carbonate, and ethylene methyl carbonate (1:1:1 by weight). The polymer
has excellent miscibility with commonly used liquid electrolytes and swells on addition. The
wetting of the polymer creates several interfaces between the liquid electrolyte, gel electrolyte,
and polymer matrix. The electrolytes provide low ionic resistivity and good interfacial
compatibility, whilst the polymer matrix enhances dimensional stability and mechanical
properties. PVDF also shares these advantages, however research shows PVDF is unstable under
some conditions with the negative electrode of lithium-ion systems, potentially causing
exothermic reactions presenting a further thermal runaway risk [83] [84]. PAN is shown to be

stable with both cathode and anode, making it promising for use within lithium-ion systems [85].

Huai et al. [34] showed that ionic resistivity of PAN-based microporous membranes decreased

with decreasing distance of ion transport, enhancing ion transport through the membrane. The
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thicker the membranes produced the greater the resistivity. lonic resitivity values are quoted
between 14 Q m to 100 Q m. The thermal stability and performance of PAN is of key interest.
Huai et al. [34] performed a TGA study of their PAN membranes, finding an onset temperature of
weight loss around 227 °C. Other research has shown the thermal degradation of PAN starts at
around 230 °C, giving off HCN and NHjs [86]. This is, therefore, the operating limit of the
membrane. Fortunately, this is high enough for lithium-ion battery uses. Figure 11 shows the
relationship between resistivity of the PAN-based microporous membranes and temperature [34].
Resistivity decreases with temperature from around 15 Q m to 9 Q m at 20 °C to 80 °C,
respectively. After 80 °C, resistance increases rapidly reaching two orders of magnitude higher by
150 °C. The phenomenon is attributed to the softening point upon heating of the EVA protective
layer that restrains the penetration of liquid electrolyte into the PAN particles. The PAN particles
can then meet the liquid electrolyte directly and are quickly swollen and incorporated with each
other by the help of the solvent of the electrolyte. This results in the complete blockage of the
membrane pores used for ion transport. This is a typical shutdown operation and may be useful in

the application of lithium-ion battery safety.
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Figure 11: Temperature dependence of resistivity of PAN-based microporous

membranes (area = 0.79 cm?, thickness = 40.3 um). Figure adapted from: [34].
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1.5 Percolating materials

A key area of interest is that of percolating polymer-composites [51]. The simplest overview of
these materials is that of a blend of an insulating polymer matrix with a conductive additive filler.
The matrix binds the filler together and the filler builds a conductive framework through which
electrons may flow. However, there is a critical volume fraction of filler, known as the percolation
threshold, at which a PTCR effect can be observed [33] [51] [52]. Thanks to this effect, these
materials are useful in current-limiting device and self-regulating devices against over-

temperature and over-current [51] [54].

The conductive behaviour of a conductive polymer-composite has been reported to have two
transition points related to the fraction of filler particles [55]. The initial stage is dominated largely
by the resistivity of the insulating polymer and occurs at low volume fraction of conductive
additive. The gap between conductive particles is too large and the resistivity of the matrix takes
precedence [51]. These resistivities can be of the order of 10'* Q m. After the first transition
conduction via quantum tunnelling between conductive particles occurs when the conductive
filler reaches a certain threshold [19] [55] [87]. Resistivity of the composite decreases rapidly until
the second transition where percolation occurs at high volume fractions. An extensive conductive
framework is formed and the resistivity of the fillers takes precedence. Resistivities can vary from
107 Q m for conductors such as metals or around 10 Q m to 10 Q m for intermediate
conductors such as carbon black. As such, the choice of filler is critical to the resistivity
performance of the composite. Unique properties are observed at the percolating point where
filler content is such that only a single conductive pathway can be formed. Any small variations in
filler content leads to drastic changes in resistance, as well as any changes to the geometry of the
matrix. As such, the key property of the polymer matrix is thermal expansion and plays the most
significant role in establishing a PTCR effect. If the composite materials are designed such that the
matrix has a higher coefficient of thermal expansion than the filler, then the thermal expansion of

the materials can lead to a breakdown of these conductive pathways [33].

Ordinarily, the PTCR effect is only observed near to a threshold temperature of the polymer
matrices, such as glass transition or melting temperatures [33]. At these points the coefficient of
thermal expansion of materials increases substantially [88]. Figure 12 shows simulation data for
the thermal expansion of pristine PE and PE-carbon nano-tube composites by Wei et al. [88].
Melting temperature is self-explanatory in that it is the point at which the material transitions
from solid to liquid, whist glass transition is not so obviously named. Glass transition is the point

at which a material goes from brittle at low temperatures to ductile at higher temperatures, or
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from a glassy state to an elastic-rubbery one. This is understood to be due to higher temperatures
overcoming weaker intermolecular interactions within the material and allowing movement of
planes or chains within the material to slide over each other. The result of most interest is the
increase in the thermal expansion although other elastic behaviours would be strengthened over
the transition point. Simulations by Wei et al. have shown an increase in volume expansion in the
presence of carbon nano-tube filler materials from 18 % greater below T; and 40 % greater above
T [88]. Importantly T; has been shown to increase from -93 °C to -23 °C depending on polymer
chain length indicating a heavy dependence on molecular weight and degrees of cross-linking [89]
[90] [91]. There is also a dependence upon filler materials. Wei et al. found an increase

from -123 °C to -103 °C from pristine polymer to composite polymer in glass transition
temperatures [88]. This was linked to the presence of carbon nano-tubes restricting polymer
chain movement, thus higher temperatures were required to overcome interactions between
chains. This effect has been shown experimentally [33] by Kar et al. by comparing differential
scanning calorimetry (DSC) data between poly(styrene-co-acrylonitrile) copolymer-stainless steel
and copolymer-carbon black composites. The glass transition of the pristine copolymer was found
to be around 107 °C and remained unaffected at 80 % and 85 % weight stainless steel. A slight
increase was observed in the presence of 10 % carbon black up to 109 °C, which further increased
again in the presence of a nano-clay blend up to 112 °C. This study highlights that certain additives

can have an effect on the T, of composites whilst others might have negligible effects.
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Figure 12: Simulation data of density as a function of temperature for short-chained
PE (N, = 10) and its composite with 20 A long carbon nano-tubes embedded
(averaged from 6 sample sets). Below glass transition, T, the systems are in glassy

state and above Tg the systems are in a rubber-like state. Figure adapted from: [88].
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The resistivity of a material decreases with increasing degrees of crystallinity of the conductive
polymer-composites [55]. The proposed model is that the polymer crystallises and excludes the
conductive filler materials. This leads to fillers becoming concentrated spatially within the
crystallisation of the polymer matrix. These spatial concentrations allow for easier conductive
pathways to form, forming a minor phase within the composite [87]. With a transition
temperature, the polymers become more amorphous and fillers diffuse more easily within the
melt breaking routes of conduction and increasing resistivity. As such, it is generally accepted that
percolation is a result of a geometric transition like the volume expansion experienced at
transition temperatures and not some other property of the materials [87]. This places a critical

importance on the role of the microstructure on the effects of percolation.

Many percolating composite materials have been investigated, each giving unique responses
depending upon selection of polymer matrix and conductive filler. Polyethylene materials are
among the more studied. Studies on the PTCR effect of HDPE with several different carbon black
additives shows a large resistivity increase around 130 °C, regardless of the carbon black additive
chosen or volume fraction of the filler [52]. Smaller surface areas and small amounts of aggregate
structure lead to greater PTCR intensity. This was reportedly because of a microscopic mechanism
occurring under this macroscopic thermal expansion, but no direct cause was given. Lower
proportions of additive also gave a greater PTCR intensity. More complex carbon black particles in
ethylene butylacrylate copolymer matrix have been studied, showing a large increase in
resistance at around 60 °C [53]. Studies on ultra-high molecular weight polyethylene found a PTCR
closer to 145 °C and also showed the potential for heat treatment to tailor the PTCR response,
with graphene nano-sheets increasing in PTCR intensity with longer heat treatments whereas
standard carbon black materials would decrease in intensity [54]. Meanwhile, other studies by
Zheng et al. [19] have managed to introduce PTCR far below melting temperatures with specific
additives. LDPE could be found to have a PTCR as low as 50 °C with the introduction of 10 %
volume of graphene coated spiky nickel particles. However, this effect appears to occur because
of the nano-spikes on the nickel surface and not the choice of material itself allowing for much
lower resistivities and sensitivity to temperature by the additives and not the matrix. Of note,
transition temperatures of polymers appear to increase with increasing molecular weight. This
can be observed in certain studies such as the HDPE-carbon black study with a PTCR around

130 °C [52] and the ultra-high molecular weight-graphene study with a PTCR around 145 °C [54].
Simulations have also managed to produce this effect, with glass transition at -123 °C for
polyethylene chain lengths of 10 and at 27 °C for chain lengths of 100 [88]. Indeed, the studies by
Zheng Chen et al. [19] specifically chose LDPE over HDPE because it would have a lower melting

point. This is likely because of a higher degree of crosslinking allowing for denser packing of
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molecules, higher molecular weights, and stronger bonds between molecules to resist the onset

of transition temperatures and structural changes.

Many other polymers have been studied for percolation, including PVDF [55] and polystyrene
[33]. Studies by Kono et al. [55] using PVDF-nickel composites found a PTCR increasing from 50 °C
with 20 % nickel volume up to near the melting point of the polymer at 150 °C for 50 % nickel.
Prativa Kar et al. [33] investigated the PTCR response of poly(styrene-co-acrylonitrile) with
stainless steel and carbon black additives. This study is of note as the PTCR transition coincided
with a glass transition rather than a melting point. The copolymer has a glass transition around
107 °C. However, PTCR was observed at a temperature distant from the glass transition with
carbon black around 125 °C and with stainless steel around 94 °C, highlighting the importance on

chosen additive material on transition points.

Percolating additives when investigating electrical shutdown in cells can take many forms,
provided the material is inherently conductive. These additives can be: carbon black, carbon
fibres, graphite, metallic particles, intrinsically conductive polymers, and carbon nanotubes [33].
TiB, in HDPE has also been reportedly used [51]. Silver particles are commonly used as conductive
filler in ceramic composites [87], but have also been used as filler in silicon rubber [51]. For use
within a lithium-ion cell, electrochemical stability is also key. As such, metallic particles like nickel
are normally avoided in cell applications as they require extra processing to avoid activity with
electrolyte and electrodes within a cell [19]. Carbon black materials are also widely studied in
percolation systems [33] [92] [52]. Titanium carbide (TiC) is a conductive ceramic material that is
known for its mechanical, thermal, and chemical stability and is even used as a heat-shield for
atmospheric re-entry on space craft [93]. Studies by Lozano et al. [93] investigated the electrical
properties of polymer-TiC composites for the purpose of electromagnetic interference shielding.
Further studies of percolation with TiC composites include a niobium-TiC material [94] looking at
electrical properties at elevated temperatures and poly(3-hexylthiophen)-TiC [95] looking at DSC,

percolation threshold and high temperature responses.
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1.6 Aims and objectives

The overall aim of this research was to: improve lifetime performance and safety of lithium-ion
batteries through the application of functional polymer materials to prevent thermal runaway.
Researching all polymers was too broad; a narrow selection was required for a manageable
workload over the course of a few years. As such, selection was initially limited to those polymers
with known stability and testing within lithium-ion cells. After a careful review of literature
surrounding thermal runaway, further weight was given to those polymers that experience a
transition temperature within a suitable range; either a glass transition or a melting point near to
160 °C was ideal. Thermal runaway has been cited as reaching a critical point at temperatures as
low as 160 °C, so temperatures exceeding this should avoided [12]. Competitive temperatures to
other commercial alternatives that are commonly used in shutdown applications of lithium-ion
cells, such as Celgard at 130 °C [30], was also important for the potential impact of the research.

This naturally led to the selection of PAN [3] [96], PVDF [3] [96], and PE [19].

A final decision was made on how to apply the polymers within a cell for studying.
Electrodeposited film coatings were selected to study effects of restricting ion transport. With
careful control of deposition parameters, such as current duration or voltage, film properties can
be simply controlled and tailored [41]. Electrodeposited gel electrolytes within 3D micro-batteries
was the suggested application for the electrografting of PAN performed by Lacey et al. [41] and
Roberts et al. [97] confirming the ionic conductive properties of PAN. Functionally, a PTCR effect
of a coating should be experienced by closing pores for ionic transport between the two
electrodes that would lead to a cell shutdown. As studies were readily available for PAN deposited
onto glassy carbon electrodes [41] [42] but none for applications with lithium-ion battery anodes
this was chosen as a novel point of research. PAN was deposited onto graphite anodes with
extensive data gathered on the effects of different conditions on the deposition. Subsequently,
this was then tested within a lithium-ion half-cell at varying temperatures to identify the potential

as a PTCR application.

A separate study was then planned to pursue the percolating material route. These materials
work differently to film coatings in that they stop electron transport rather than ion transport.
Both polymer matrix materials and conductive additives had to be carefully selected. Selection of
polymers came down to two criteria: electrochemically stable in lithium-ion systems, and suitable
transition temperatures. PAN [3] [96], PVDF [3] [96], and PE [19] are all commonly used within
lithium-ion systems and so made for obvious choices. In terms of transition temperatures, there

needed to be either a glass transition or a melting point sufficiently above room temperature such
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that small temperature fluctuations at ambient do not trigger a PTCR response. PVDF [30] was at
the extreme high end with a melting temperature at 155 to 185 °C and a glass transition far too
low around -30 to -20 °C. PE [30] tends to have a range of different melting point temperatures
dependent upon polymer density, HDPE is commonly noted as having a melting point between
130 to 140 °C and a glass transition at -125 °C. The most appropriate transition temperature
possibly comes from PAN [35]. Although melting was too high at 325 °C, the glass transition
occurs at a comfortable 95 °C. PAN was also selected to compare effectiveness with the
electrodeposited film application studies. PAN materials were also rarely cited in literature for
percolation studies and should prove a more novel area of research than the more common HDPE
and LDPE materials that can instead be used as comparison with more standard materials. PAN,
PVDF, LDPE and HDPE were all therefore selected for these studies. In terms of additives, carbon
black materials are often used in percolating composites and have known stability within
electrochemical systems. For this reason, carbon black materials were selected to allow for easy
comparison of percolation properties between several different polymer materials. As a point of
comparison with carbon additives, a second material was selected to see if this would affect the
transition temperatures and PTCR. This was chosen to be TiC. Many studies have looked at the
performance of TiC in percolating systems, but none have looked at TiC within electrochemical
systems such as lithium-ion cells. A careful look at the effects on glass transition temperature
changes as well as system resistivities was performed on these polymer-additive systems. This
was followed by a study of the best identified percolating-composite within a lithium-ion half-cell

at various temperatures.
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Chapter 2 Experimental

Chapter 2

In this chapter, the general experimental approaches used across several results chapters are

detailed. Firstly, the apparatus and methods used to test materials electrochemically are detailed.

This includes the method to manufacture graphite-composite ink electrodes for use in PAN film

electrodepositions and lithium half-cell cycling as well as the equipment used for accurate

temperature control for PTCR studies at room and elevated temperatures. Lastly, physical

characterisation techniques employed across all results chapters are detailed. More specific

experimental details are given within dedicated section of their respective results chapters.

2.1 Materials

Table 3: List of materials used within studies as well as the respective supplier names.

Listed in alphabetical order according to material.

Material Component Supplier
Acetonitrile (99.8 %) Solvent Sigma-Aldrich
Acrylonitrile, AN (299 % with Solvent, monomer for Sigma-Aldrich
35-45 ppm monomethyl ether |electrodeposition of PAN
hydroquinone inhibitor)

Alumina powder (1 um, Polishing powder for glassy Buehler

0.3 um, and 0.05 pm) carbon electrodes

Calcium hydride, CaH; (95 %) | Drying agent Sigma-Aldrich
Carbon, (Super C65 carbon Conductive additive Timcal

black powder, 99 %)

Copper foil (0.05 mm Current collector Advent

thickness, 99.9 % purity)

Glass fibre (GF/F, Whatman™)

Separator (50 um thickness)

GE Healthcare Life Sciences
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Graphite powder (99 %)

Active material

Hitachi Chemical

High-density polyethylene,
HDPE (HMPE95A fine

polyethylene powder)

Percolating polymer matrix

Goonvean Fibres

Lithium metal foil, Li (0.12 mm

thickness, 99.9 % purity)

Counter-reference electrode

Goodfellow

Low-density polyethylene,
LDPE (HMPE35A fine

polyethylene powder)

Percolating polymer matrix

Goonvean Fibres

LP57 (1 M LiPFg in EC:EMC 3:7) | Lithium-ion electrolyte Soulbrain Ml
N-methyl-2-pyrrolidone, NMP | Solvent Sigma-Aldrich
(99.5 %)

Polyacrylonitrile, PAN (M, Percolating polymer matrix Sigma-Aldrich
150,000)

Polyvinylidene difluoride, PVDF | Electrode binder and Solef

(Solef® 5130) percolating polymer matrix
Tetrabutylammonium Supporting electrolyte Sigma-Aldrich
perchlorate, TBAP (299 %)

Titanium carbide nanopowder, |Percolating conductive filler Sigma-Aldrich

TiC (<200 nm particle size)
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2.2 Electrochemical characterisation techniques

2.2.1 Lithium-ion half-cell

A lithium-ion half-cell is a standard arrangement of either a cathode or anode material against
lithium metal. These electrodes are separated by an ionically conductive separator material and
are wetted by an appropriate electrolyte, see Figure 13. Focus was given primarily to graphite
anodes against a lithium metal cathode. LP57 was used as electrolyte with two glass fibre
separators separating the two electrodes. Two separators were used to increase distance
between the electrodes to ensure short circuiting did not occur if the electrodes were misaligned

within the half-cell arrangement.

Half-cell arrangements are used to allow a focused study of the electrochemistry of the working
electrode in isolation of the features of standard cathode or anode counter electrodes in a full-
cell. Lithium metal acts as a counter-reference in this setup. These half-cells were used to quantify
and compare the performance of pristine graphite-composite electrodes and electrodes with

functional polymer films (either electrodeposited PAN films or percolating-composite films).

I Lithium metal

000 OO 200 uL LP57

I 1 2 X 50 pm Glass-fibre separators

I Graphite
Figure 13: Material arrangement in Swagelok half-cell electrochemical studies.
Graphite is the working electrode, lithium metal is the counter-reference electrode,

GF/F is used as the separators, and 200 pL LP57 was used as the electrolyte.

2.2.2 Graphite-composite ink electrode preparation

Graphite is the anode material of choice in many lithium-ion systems due to its low cost, relative
abundance, high power and energy densities, and very long cycle life [98]. Graphite is also a well-
known conductive material, a property that is essential for electrografting of materials such as

polymers. As such, graphite was chosen for electrochemical studies within this paper.

Preparation of the graphite-composite electrodes used a typical solvent cast approach [3] [19]

[96], which was as follows:
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1. PVDF was dissolved in NMP such that the solution was 10 % by weight PVDF.

2. A mixture of graphite active material (the material to be studied), super C65 carbon black
conductive additive (to ensure electrical contact between active material particles), and PVDF
binder (to hold the graphite and carbon powders together) was weighed; the ratio used was
94:3:3 by weight, masses used were 3.7 g : 0.12 g : 0.12 g. PVDF mass was measured without
NMP solvent.

3. 6.7 mL NMP was added to the mixture; NMP is a solvent in which PVDF is soluble and allows
homogeneous binding.

4. The mixture vial was then placed in a Thinky Planetary Mixer and mixed for a total of 15
minutes at 2000 rpm. This produced a composite electrode ink.

5. The ink was spread onto a polished copper foil surface (0.05 mm thickness, 99.9 % purity).
Spreading was performed with a TQC Sheen Dr blade set to an ink thickness of 0.25 mm,

200 mm s, An ink area around 250x150 mm was obtained.

6. The ink was left to dry in a vacuum oven at 80 °C for 2-3 hours.

7. Electrodes were cut to 11 mm diameter with a precision punch (EL-CELL, EL-Cut) and pressed at
10 tonnes with a manual hydraulic press (Specac FTIR + XRF pellet press) for 1 minute to

improve packing density.

2.2.3 Swagelok cell assembly

Electrochemical studies were performed within a Swagelok cell. An exploded view of a Swagelok
cell design can be seen in Figure 14. The cells used had a half-inch diameter hole bored through
the middle of polymer tube fittings. These fittings were used to house: the current collectors for
electron transport, the ferrules to hold the current collectors in place and seal the system, and the
electrodes, electrolyte, and separators that make up the electrochemical system. Current
collectors were made from copper as the surface is easily polished and smoothed preventing
discrepancies in resistivity measurements due to surface roughness. One of the current collectors
contained a spring to apply pressure to the electrodes to ensure a good contact area is
maintained. Electrochemistry used an 11 mm diameter graphite-composite anode working
electrode against an 11 mm diameter lithium metal counter-reference electrode. Between the
two electrodes were two 12 mm diameter GF/F glass fibre separators wetted with 200 uL LP57
electrolyte, as seen in the half-cell arrangement in Figure 13. Half-cells were assembled in a Belle
Technology Ltd argon environment glovebox. Pristine graphite-composite electrodes and

separators were dried in a BUCHI Glass Oven B-585 under vacuum at 120 °C for 24 hours before
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being moved to the glovebox. Lithium metal and electrolyte came pre-made from suppliers and

were stored under an argon environment and so were transferred directly to the glovebox.

Chapter 4 made use of graphite-composite electrodes with electrodeposited PAN films on the
upper surface within Swagelok cells. Meanwhile Chapter 5 used several percolating-composite
mixtures of several different polymer materials within Swagelok cells. These materials were dried
under vacuum for 72 hours at room temperature to prevent any deformation or annealing of the

polymer film due to high temperatures.

Plastic Swagelok cells made from PTFE were used for room temperature measurements with
copper current collectors to avoid activity with the electrochemistry. For measurements at
elevated temperatures, increases in temperature can lead to expansion of plastic Swageloks
potentially affecting the seal of the ferrules and exposing the chemistry to air. Aluminium-cased
Swageloks cells were therefore used having the end nuts and cell body made from aluminium, see
Figure 14. Teflon FEP film of 125 um thickness was cut to size to cover the entire area of the inner
cell body during cell assembly. This was done to prevent short-circuiting between the current

collectors.

Back Current Cell Current
End nut | ferrule Spring collector body collector

v \ /
@)@@mﬁmmon m
/ NS

Graphite (or
Front Current graphite-polymer)
ferrule collector working electrode
Counter- Glass fibre separators
reference lithium x2 soaked with LP57
metal electrode electrolyte

Figure 14: Exploded view of a Swagelok cell. Figure not to scale.

For resistivity studies of percolating composites in Chapter 5 the electrochemical half-cell, that is
to say the lithium metal counter electrode and graphite-composite working electrode along with
the two glass fibre separators wetted with LP57 electrolyte, were replaced. Instead an 11 mm
diameter film of the polymer-composite being studied was placed alone between the current

collectors to measure the electrical properties of the material. The materials were once again
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prepared within an argon environment glovebox and sealed within the Swagelok cell

arrangement.

Further studies in Chapter 5 looked at electrochemical performance of the half-cell with a backing
of the polymer-composite materials to observe practical performance of the samples. Polymer-
composite films were layered behind the graphite-composite anode working electrode, both

11 mm in diameter. The polymer-composite acted as the current collector, transporting electrons
to the graphite-composite layer. The remainder of the half-cell was unaltered with two 12 mm
diameter GF/F glass fibre separators wetted with 200 pL LP57 electrolyte and an 11 mm diameter

lithium metal counter-reference electrode.

2.2.4 Galvanostatic cycling at room temperature

The primary electrochemical characterisation technique used on half-cell materials was
galvanostatic cycling. Galvanostatic cycling was performed on the electrode materials within the
Swagelok cells. This involves oxidising and reducing an electrode material at constant current
whilst measuring potential [99]. Potential will change as the current is applied, a lower and upper
potential limit is set during the technique. Potential is then often plotted against time or capacity.
This is done to determine the viability of materials when in use through comparing capacities and
efficiencies on charge-discharge with theoretical values of the active material as well as
reversible/irreversible capacity. The shape of charge-discharge curves can also be crucial, plateaus
or notable changes can identify phases and redox reactions occurring within the electrochemistry.
From a practical view, curves with a flat charge-discharge can be desirable as it reduces the need

for complex electronic management systems to maintain constant power.

The current used during cycling is governed by the intended C-rate [100]. A C-rate of 1 means that
a fully charged 1 A h battery should provide a current of 1 A for 1 hour. The same battery
discharging at 0.5 C should provide 0.5 A for 2 hours, 2 C delivers 2 A and % hours, and so on;
however, these times are only true for an ideal system. At higher C-rates the battery degradation
is accelerated leading to greater capacity fade [101]. There are also greater internal losses due to
the relatively slow diffusion of lithium-ions into solid state materials resulting in lower capacities
[102], see Figure 15. High C-rates can also pose problems of dendrite formation, which can short-
circuit a cell and cause thermal runaway. Unfortunately, lower C-rates result in lower power
outputs that can limit potential applications of a cell. To calculate required current for the

system, the following equation is used:

Current(mA) = Active material mass(g) x Theoretical specific capacity(mAh g=1) X Cpgre (R™1)
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Figure 15: Representation of a typical discharge curve for a LiNiCoAlO; cathode
lithium-ion cell at 25 °C for various currents shown in the legend in units of amperes.
Data expressed as potential against capacity. This graph is an illustration of
LiNiCoAlO, cathode data and not an actual cycled LiNiCoAlO, cathode. Figure adapted
from: [102].

For room temperature studies cycling measurements were performed at a C-rate of 0.1 C for at
least 10 cycles with potential limits at voltages of 0.005 V to 1.5 V, a standard potential window
for graphite vs. Li/Li* half-cells. Ideally, capacity should be near to the theoretical value of

372 mA h g with little to no reduction upon adding a polymer film. Both pristine graphite-

composites and graphite-composites with functional polymers to facilitate a PTCR were studied.

Room temperatures were maintained by an environmental chamber (Memmert, IPP 55 Plus) held
at a temperature of 25 °C. Active mass was calculated by weighing an average copper control
mass, subtracting that value from the full electrode ink on copper foil, and then multiplying by the
ratio of active graphite mass within the ink. The ratios and ink manufacture were discussed in

Section 2.2.2.

In order to apply the appropriate cycling regime a potentiostat was used. BCS-805 battery cycler
or SP-150 potentiostats were used with BT-Lab or EC-Lab software, respectively. Currents were
maintained at the same magnitude but switched between positive and negative to charge and

discharge the cells. Figure 16 shows a representation of the current during galvanostatic cycling.

35



Chapter 2

Current (mA)
=]
|
!

i
i
i
i
i
i
i
i
i
i

Time (s)

Figure 16: Representation of current during galvanostatic cycling.

2.25 Elevated temperature measurements

Reliable and accurate temperature control was an important consideration in this work. Two
methods were available for temperature control that were adopted to test the effects of
temperature on cell performance: constant temperature cycling in an environmental chamber,
and elevated temperature cycling in a laboratory oven. The first was used in room temperature
cell cycling measurements. The second method was used to give information on cell performance
over a range of temperatures and identify promising PTCR responses. Both methods used a
potentiostat to control cycling; however, the environmental chamber used to maintain
temperature at ambient could not be reliably used to ramp temperatures for elevated
temperature studies. As such, a Genlab classic oven from the laboratory range (Agar Scientific,
MINO/6) was used, see Figure 17. In Chapter 4 this equipment was used to test the galvanostatic
cycling of materials within a Swagelok cell. Chapter 5 also made use of this equipment to study

the resistivity of polymer-composites without any electrochemistry.
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Port to insert
electrical cabling
and temperature
probes (sealed
with quartz wool
for insulation)

Temperature
setting

‘ Temperature limit

Figure 17: (Left) Genlab classic oven from the laboratory range. Cells were placed
inside with cables fed through the top port to connect to temperature probes and
potentiostats. (Right) Close-up image of the top port, quartz wool was used to

insulate and prevent heat leakage which was held in place by electrical tape.

Most electrical measurement cabling was designed to work at room temperature. As such,
specially designed cables were created to work at higher than room temperatures. Coaxial cable
with an insulating outer-lining of FEP polymer was used to make cables that could be operated up
to 200 °C. Banana plugs of 2 mm diameter were soldered to the ends and then secured with heat
shrink to cover and protect the connection. The highest temperature required was PVDF’'s melting

temperature of 155 to 185 °C [30], so temperatures were not planned to exceed 200 °C.

Temperature monitoring within the oven was performed with a k-type thermocouple probe. The
cables and thermocouple were fed through the top port of the oven and insulated with quartz
fibre to maintain temperature inside. Upon reaching the required temperature, cell cycling would
be started and after completing the cycling regime temperatures would then be increased again

to the next set point.
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2.3 Physical characterisation techniques

The structure of materials was characterised and compared using several different techniques.
Optical microscopy and scanning electron microscopy (SEM) were used for both films and
percolation composites to provide insight into the morphology of the materials. The thermal
properties were also explored. Thermogravimetric analysis (TGA) was used on a number of the
materials that would be placed within a cell at elevated temperature to assess any thermal

degradation that might take place.

2.3.1 Optical microscopy

Optical microscopy is one of the simplest and easiest ways to view magnified images of a sample
[103]. Optical microscopy uses visible light and usually requires little sample preparation before
use. This technique was used to view surface features, mainly the cracks on PAN film surfaces,
and give a preliminary understanding of the surface morphology of the materials. Crack sizes or
size of any deformities were also recorded. This was mainly used to assess the quality of
techniques used to deposit PAN films and cast films in percolation studies. Samples were simply
placed on a glass slide and placed under a Nikon Eclipse LV100ND microscope system. Images

were captured between 10 X to 100 X magnification.

2.3.2 Scanning electron microscopy

Optical microscopy is limited in how far it can magnify an image. To see greater magnifications
and smaller structures with clarity, other techniques such as SEM can be used [104] [105] [106]
[107]. Magnifications can range from 10 X to 3,000,000 X in SEM. SEM uses a focused beam of
high-energy electrons to generate signals at the surface of solid specimens. The electron-sample
interactions reveal information about the external morphology, chemical composition (a
technique known as energy dispersive X-ray spectroscopy (EDS or EDX)), crystalline structure and
crystallographic orientation of materials (a technique known as electron backscatter diffraction).
It is important to note the interactions are non-destructive and do not lead to any volume loss

within samples, so samples can be analysed repeatedly.
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The accelerated electrons carry kinetic energy, which is dissipated as a variety of signals when
they are decelerated in the solid sample [104] [105] [106]. Secondary electrons are produced by
elastic collisions of electrons and are used to produce SEM images to view morphology and
topography of samples. Backscattered electrons are produced by elastic reflections and are useful
for producing images to illustrate contrasts in composition of multiphase samples and study their
crystallography. Conversely, X-ray generation is produced by inelastic collisions of incident
electrons with electrons in the orbitals of atoms in the sample. These X-rays are utilised in EDS in
chemical composition studies. The number and energy of the X-rays emitted can be measured by
an energy-dispersive spectrometer. This also allows the proportion of each element in the sample

to be determined. These interactions are shown in Figure 18.

Primary Secondary
electron electron
Primary Backscattered

electron electron

Primary electron Secondary electron

Characteristic‘?/
X-ray

Figure 18: Mechanisms of emission of secondary electrons, backscattered electrons,

and characteristic X-rays from incident primary electrons.

SEM images were captured using a FEI/Philips XL30 FEG ESEM with Thermo Fisher Scientific Ultra
Dry 10 mm? EDX. Samples were stuck to stubs with double-backed sticky conductive carbon tape
before being mounted onto the SEM sample holder within the microscope chamber. Images of
the sample topography were captured using secondary electrons with subsequent EDS

measurements taken to help verify that the films were chemically the desired polymer.
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233 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a method of thermal analysis in which the mass of a sample is
measured over time as the temperature changes. This is done to provide information about
physical phenomena, such as phase transition, absorption, adsorption, and desorption; as well as
chemical phenomena including chemisorption, thermal decomposition, and solid-gas reactions

such as oxidation or reduction.

TGA measurements were recorded using a TG 209 F1 Libra. Alumina crucibles were used to house
samples within the TGA. The TGA chamber was purged with argon gas, and an argon gas flow of
20 mL/minute was maintained during TGA measurements. The temperature was ramped at

2 °C/minute from room temperature to 250 °C. Mass was recorded against time and
subsequently plotted. This was performed for the common electrode materials: Super C65 carbon
black, and graphite; as well as the polymer materials to be used as binders in electrodes and for
percolation: PAN, PVDF, HDPE, and LDPE. TGA was performed with a supplier provided PAN
powder to be used in percolation composites and also with PAN electrodeposited on graphite
electrodes. Electrodeposited PAN was scraped off the graphite electrode surfaces before being
transferred to the alumina crucibles used for TGA analysis. TGA was also performed on TiC as this

was used in elevated temperature studies of percolation composite materials.
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Chapter 3 Electrodeposited polyacrylonitrile films

Research into functional polymer materials that are integrated with lithium half-cell electrodes
was one of the key objectives of this thesis. The aim of these polymer materials was to introduce
a PTCR effect to prevent the potentially catastrophic failure introduced by thermal runaway
within a lithium-ion cell. This chapter investigates the production of one said polymer, PAN film
coatings that are electrodeposited onto an electrode surface. These electrodes should then be
ready for use and testing within a practical lithium cell arrangement. Graphite-composite
electrodes were chosen to be coated with PAN due to their widespread usage within lithium-cells

as an anode material [2] [12] [18].

PAN was successfully electrodeposited onto glassy carbon in previous studies performed by

Lacey et al. [41] and El-Enany et al. [42]. Indeed several electrodeposition studies have been
performed on smooth planar surfaces such as the glassy carbon and metallic surfaces [68] [69],
but few studies on rough practical electrode surfaces have been done. As such, initial feasibility
studies were performed onto graphite-composite materials to assess the stability of the electrode
ink in depositing solvents AN and acetonitrile. This was subsequently followed by attempts to
replicate the depositions onto glassy carbon. The intent was to assess if experimental procedures
for depositing PAN onto glassy carbon were viable for the practical graphite-composite electrodes
employed in lithium-ion cells. These initial tests were performed in a sealed glass cell
arrangement with a controlled nitrogen environment to best determine any electrochemical

features without introducing possible contaminants.

Cyclic voltammetry tests were performed on graphite electrodes in a Teflon cell to produce
electrodes ready for use in a lithium half-cell. Comparisons were made with results in a glass cell
to highlight changes due to the new arrangement, the Teflon cell had a greater distance between
electrodes and was open to air instead of a sealed nitrogen environment like in the glass cell.
After validation of the depositing procedure, chronoamperometry studies were performed to
control the thickness and morphology of the polymer film. Inconsistencies that arose during the
deposition and between depositions were explored in detail before moving onto lithium half-cell

electrode production.
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3.1 Experimental

PAN electrodeposition techniques are widely known, but limited application has been used for
battery electrode materials. To examine the practicality of such techniques on electrodes several
experimental studies are detailed within this section. Prepartion of the deposition electrolyte and
the electrochemical cells used are explained. The electrochemical techniques used to deposit PAN
(cyclic voltammetry and chronoamperometry) are also detailed. Several physical characterisation
techniques used in this chapter were explained in Chapter 2 and are used in the other results
chapters: optical microscopy, TGA, SEM and EDS. Similarly, preparation of the graphite-composite
ink electrodes were detailed in Chapter 2 and are used in other chapters. The only additional

physical characterisation technique used and detailed in this chapter is Raman spectroscopy.

3.1.1 Polyacrylonitrile electrodeposition electrolyte preparation

Materials used to prepare PAN depositing electrolyte were: acetonitrile solvent, AN solvent, and
TBAP supporting electrolyte. These materials were formed into a depositing solution of either
AN(0.05 mol dm™ TBAP) or acetonitrile(2 mol dm™ AN, 0.05 mol dm™ TBAP). An additional
solution of acetonitrile(0.05 mol dm™ TBAP) was also used without AN monomers to characterise
O, saturation and water contamination in certain studies. Solvents were distilled at 90-100 °C
using CaH; as a drying agent under a N, environment, refluxing for 8 hours to remove water. TBAP
was dried beforehand under vacuum for 24 hours. TBAP was added to an ampule in an N»
glovebox, before being sealed and added to a Schlenk line for the addition of solvents. The
Schlenk line was set up to flush the ampule and connecting line with N, to maintain the N,
environment of the mixture. A rubber stopper was used to seal the ampule and allow the
required amounts of solvents to be syringed in. This was subsequently stirred at 500 rpm for 2
hours using an IKA™ Digital Color Squid Magnetic Stirrer with Fisherbrand™ Magnetic Stirring
Bars (PTFE, 12x4, 5mm cylindrical, small pivot ring). After each deposition attempt, electrodes
were left to dry in air for 24 hours to allow evaporation of most of the remaining monomer.
Electrodes were then washed in ethanol for 10 minutes and left to dry for a further 24 hours to
remove any remaining TBAP, monomers and non-attached polymer chains. Mass of electrodes
was recorded using a scientific balance after washing and drying; this was compared to the mass
before electrodeposition to determine the mass of PAN deposited. The balance had an absolute

uncertainty of £ 0.1 mg.
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Acetonitrile(2 mol dm AN, 0.05 mol dm TBAP) was used to test depositions with a different
concentration of monomer. This was also the same concentrations used in studies by Lacey et al.
[41] and El-Enany et al. [42] and would therefore be a useful point of comparison with previous
literature. Previous research has shown that the monomer concentration is an important factor in

controlling the amount deposited during vinyl monomer electrografting [70].

3.1.2 Electrodeposition electrode preparation

Depositions were performed on one of three surfaces; initially 3 mm diameter glassy carbon
electrodes were used to characterise electrochemical behaviour on as smooth and controlled an
electrode surface as possible. Glassy carbon rods were prepared by polishing with increasingly

fine alumina powders in an ethanol slurry, from 1 um to 0.3 pum to 0.05 um.

Further depositions onto practical graphite-composite electrodes were performed. These deposits
were 14 mm diameter to allow 11 mm diameter anodes to be cut. Anodes would be later used in

Chapter 4 in Swagelok half-cell arrangements for reliable measurements of practical performance.
11 mm diameter electrode discs were punched out of the deposition area using a precision punch

(EL-CELL, EL-Cut), the required size for use in the Swagelok half-cell arrangements available.

Pristine copper foil surfaces (0.05 mm thickness, 99.9 % purity) were also used. Graphite-
composites were formed as an ink and spread onto a copper foil surface, explained in Chapter 2.
Hence, tests were performed to assess the effect of the presence of this copper foil without the
graphite layer. Copper foil was polished using fine 400 grit size silicon carbide abrasive paper,

then washed and dried with ethanol prior to use within a deposition.

Synthesised polymer material was deposited onto the surface of the working electrodes in the cell
arrangements explained in the following sections. For the purposes of deposition the glassy
carbon, graphite, or copper surfaces formed the working electrode in a three-electrode setup.
Platinum gauze counter with silver wire pseudo reference or a Ag/AgNOs; reference were used as
the other two electrodes, as used within other electrodeposition studies [78]. The Ag/AgNOs was
prepared from a silver wire in acetonitrile with 10 mmol dm AgNOs and 50 mmol dm TBAP.
Initial tests used a Ag/AgNOs reference electrode, later tests switched to a silver wire pseudo
reference due to Ag* leakage from the Ag/AgNOs reference frit. Silver wire pseudo reference has
the notation Ag/Ag* and has potential +0.799 V vs. NHE, whilst Ag/AgNOs has +0.541 V vs. NHE
[108] [109]. Therefore, potentials should be shifted by +0.258 V between the two. Ag/Ag*

references suffer from a drifting potential, which should be kept in consideration [109].

43



Chapter 3

3.13 Electrodepositing cell studies — glass cell

The glass cell design was made to allow the testing of oxygen and water sensitive
electrochemistry, see Figure 19. This contained the working and counter electrode surfaces
running parallel to each other entering the cell from two ports in the ceiling of the cell. A port
near to the base was present to allow entry of the reference electrode into a pool of the
electrolyte. During deposition, the glass cell was sealed to air and flushed with N; through a
second port near the base that also contained a gas outlet. 10 mL electrolyte was then added
through the rubber stopper of the reference electrode, syringed from a N, ampule to prevent any
moisture or oxygen entering the system. Oxygen was bubbled into the solution for 15 minutes
prior to the deposition cycles through the sparger, which entered through a third port in the
ceiling. This was done to reintroduce oxygen to the distilled solvents and ensure saturation; the
electrochemical mechanism investigated uses superoxide anions to initiate polymerisation, which
are formed via oxygen reduction [41]. Depositions were then performed using cycling regimes
with a SP-150 potentiostat and EC-Lab software.

0,
inlet

Graphite composite
or glassy carbon
working electrode

Platinum gauze
counter electrode

Silver wire pseudo
reference electrode

Depositing
electrolyte solution

/’v““

Figure 19: Schematic of the glass cell used in PAN electrodeposition studies. Figure

not to scale.

The glass cell, whilst useful for confirming the properties and mechanics of the PAN deposition,
was not suitable for depositing onto graphite-composite working electrodes. This was because
both the graphite and copper surfaces are exposed in the solvent and it was difficult to insulate

the copper side reliably without damaging the electrode or disturbing the deposition. The result

44



Chapter 3

was a PAN deposit on the front and back, electrically insulating the electrode on both surfaces,
with a thicker and more strongly adhered polymer to the copper surface due to greater
conductive properties [67]. Properties for each are copper = 1.7 x 10® Q m and graphite =5 x 10°®
to 3 x 10® Q m parallel to the basal plane or 3 x 10 Q m perpendicular to the basal plane [110].
Graphite resistivity will be even higher within the graphite-composite electrodes as conduction
will have to occur between particle-particle interfaces and not through a pure sheet of material.
Graphite-composite working electrodes were essential for later use in a practical Swagelok lithium

half-cell, so a Teflon cell arrangement was devised to allow easy deposition onto these surfaces.

3.14 Electrodepositing cell studies — Teflon cell

Figure 20 shows a schematic of the Teflon cell design. The Teflon cell came in two pieces that
were used to house the electrochemical materials. There were three major changes when
compared to the glass cell. The first and most crucial of these was that the arrangement was no
longer sealed from the air. In part, this was to allow easier assembly but also because exposure to
the environment was found to have little to no impact on the deposition during the glass cell
experiments. This was likely due to the slow diffusion rate of gases. The diffusion coefficient for a
molecule in a gas is around 10 to 10° m? s [111]. In contrast, diffusion of molecules dissolved in
liquid is far slower. In an aqueous solution, coefficients between 10° to 10° m? s are commonly
observed [111]. The result of this is that diffusion of gases into liquids is very slow over realistic
length scales and is almost always dominated by convection. For oxygen diffusion in 20 °C water
the typical diffusion coefficient is around 1.97 x 10° m? s [112]. Oxygen was therefore
introduced to the electrolyte in the Teflon cell via a sparger for 15 minutes, similar to how it was
done in the glass cell, despite being open to air. The sparger was then removed to allow
placement of the counter and reference electrodes. The low amounts of water vapour present in
the environment were also not found to significantly impact Teflon cell electrodepositions.

Around 10 mL of electrolyte was used for each of these studies.

The second change for the Teflon cell was that the reference electrode now sits behind the
counter electrode and was unable to rest near the working electrode surface. Ideally, a reference
electrode would be as close to the working as possible to allow as accurate a reading of the
potentials between the two. This was unfortunately not possible due to practical difficulties

present when assembling the cell.

The third change for the Teflon cell was a 14 mm diameter hole through the top segment which

separated the counter and working electrodes that ended with a Teflon O-ring to provide a good
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seal around the graphite surface. Teflon is stable in AN and acetonitrile solvents and so was a
good practical choice. The O-ring was crucial to prevent the electrolyte from contacting the
copper backing of the working electrode; PAN electrodeposits onto metal surfaces like copper,
which would be avoided if no electrolyte contact is made [67]. This 14 mm diameter hole allows a

consistent equally sized deposition area for the studies.

Teflon cell
top-piece

Teflon cell
bottom-piece Silver wire pseudo
reference electrode

Platinum gauze Depositing electrolyte
counter electrode solution

Teflon O-ring o) o Graphite composite

— working electrode

10 pm thick copper
foil current collector

Figure 20: Schematic of the Teflon cell used in PAN electrodeposition studies. Figure

not to scale.

3.15 Electrodeposition techniques — cyclic voltammetry

Cyclic voltammetry (CV) scans were performed in the glass and Teflon cells to induce
electrodeposition of PAN onto electrode surfaces. CV involves a sweep of potential between two
values at a fixed scan rate [99] [113], see Figure 21. Potential is swept in two directions, once in a
forward scan and then back in a reverse scan. This technique is useful for identifying redox peaks
relating to the reactions occurring, the reversibility of said reactions, and for finding the rate

constants of the reactions. Each peak corresponds to a different reduction or oxidation.
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Figure 21: (Left) Linear sweep of potential during a CV, (Right) a typical reversible CV
with potential and current positions of the oxidation and reduction peaks annotated,

A is the bulk reactant and B is the resulting product with n number of electrons.

Figure 21 shows a typical reversible CV scan [113]. Potential is swept from E; to E; at a constant
scan rate. Reduction occurs on the forward scan around the cathodic peak E,, oxidation occurs on
the reverse scan around the anodic peak Ep. In a reversible CV, the Randles-Sevcik equation can

be used to determine the diffusion coefficient of the system [114]. At 298 K, the equation is:
i, = (2.69 x 10°)n3/2ACD/?v1/?

Where iy is the peak current (A), n is the number of electrons, A the electrode area (cm?), C the
concentration (mol cm?3), D the diffusion coefficient (cm? s1), and vthe potential scan rate (V s2).

2.69 x 10° is a constant (with the units C mol™ V).

These studies were performed using the SP-150 potentiostat with EC-lab software. Analysis of
oxidation and reduction features was subsequently performed. Electrodeposition potential
windows were normally 0.0 V to -3.0 V against Ag/AgNOs or Ag/Ag" as this covered all major
features expected from PAN electrodeposition [41] [42], with occasional adjustments made to
highlight potential features extending outside this range or focus on a specific feature within the
range. Scan rates of 50 mV s were used for 5 or more cycles. Tests were performed using both
the acetonitrile(2 mol dm™ AN, 0.05 mol dm™ TBAP) electrolyte [42] and AN(0.05 mol dm™ TBAP)
electrolyte [41]. Film thicknesses were measured using an ‘External Digital Micrometer,

0-25 mm/0-1 inches’ from RS Components with an absolute uncertainty of £ 1 um.
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3.1.6 Electrodeposition techniques — chronoamperometry

Chronoamperometry (CA) is an electrochemical technique often used to study the kinetics of
chemical reactions, diffusion processes and adsorption [99] [113]. CA involves holding the
potential of the system at a specific value and recording the current against time. A double-
potential step CA study is also sometimes used to determine reversibility of a reaction by
comparing the results of the two steps, see Figure 22. However, CA is also useful for the purposes

of electrografting and electrodeposition for controlling film thicknesses.

CA studies were performed in the Teflon cell to induce electrodeposition of PAN onto graphite-
composite electrode surfaces. These studies were performed over a range of voltages for a
variable amount of time to tailor the qualities of the polymer deposit more accurately than
possible with the CV scans. Properties such as the level of impurities and the thickness of the film
deposit were explored. Potential difference was varied from -0.7 V to -3.0 V to cover the full range
of features found in the CVs. Initially tests were performed for 100 seconds; this was because
initial deposition CVs on graphite were performed at 50 mV s from 0.0 V to -2.5 V and then
reversed from -2.5 V to 0.0 V. This was a total sweep of 5V over 100 seconds. Different time

values were subsequently studied following this.
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Figure 22: (Left) A typical double potential step for a reversible system applied during
a chronoamperometry study, (Right) the corresponding current versus time graph

from a double potential step chronoamperometry study.

These studies were performed using the SP-150 potentiostat with EC-lab software. Analysis of CA
features was performed and comparisons between the masses and impurities of resulting
deposits were made. Tests were performed using AN(0.05 mol dm™ TBAP) electrolyte [41]. An
‘External Digital Micrometer, 0-25 mm/0-1 inches’ from RS Components was used to measure film

thicknesses with an absolute uncertainty of £ 1 um.
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3.1.7 Physical characterisation — Raman spectroscopy

Raman spectroscopy was used to determine the chemical composition of PAN films
electrodeposited onto electrode surfaces. Raman produces characteristic signals depending on
the bonds present within molecules allowing the compounds and molecules present to be

determined [115] [116] [117].

When light is incident upon a molecule it can be absorbed. Some light is transmitted through the
sample from source to detector, which is used during infrared spectroscopy. During Raman,
however, the detector is used to record light that is scattered instead of transmitted. Transmitted
light leaves the sample in only one direction whilst scattered light is emitted in every direction.
Typically, a monochromatic laser would be used during a Raman study that will ramp through
various wavelengths. When the laser photons interact with the bonds in a molecule, the molecule
is moved to a higher virtual energy state. The molecule will then fall back to a final energy state
and emit a photon. If this final state is equal in energy to the initial state Rayleigh scattering will
occur, but if there is a change in energy between the two states Raman scattering occurs, see
Figure 23. As such, Rayleigh scattering is often referred to as elastic scattering whilst Raman
scattering is inelastic. If the scattered photon is of greater energy than the incident photon, the
molecule has lost energy and anti-Stokes scattering has occurred. However, if the scattered
photon is of less energy than the incident photon, the molecule has gained energy and Stokes
scattering has occurred. Stokes scattering is most often recorded in a Raman study as it is typically
of a greater intensity and hence easier to analyse. Because frequency modulation of the emitted
photons is specific to molecular vibrations within the analysed structure, it is possible to analyse

the bond composition of the molecules present and crystal lattice information.
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Figure 23: lllustration of the scattering of light by molecules during Raman

spectroscopy.

Raman spectra were taken on a 785 nm Renishaw inVia Confocal Raman Microscope between
3500 cm™ and 150 cm™ to capture the full range of features of interest in PAN [41] [42]. This was

performed for three accumulations at 1 % laser power. Samples were simply prepared by placing
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onto a glass slide and positioning under a microscope that also acted as the Raman laser source.
The incident laser can be destructive for samples due to the high power of lasers so care must be
taken to manage the power of the laser whilst performing the technique. A Raman spectrum plots
the wavenumber along the x-axis against the intensity in the y-axis. The position of peaks along
the x-axis will determine the chemical bonds present as this relates to the wavelength of emitted
photons and hence the frequency of the emitted photons. Moreover, if it is a crystalline
substance the degree of crystallisation and distortion of the crystal lattice can be identified. These

variations are annotated on Figure 24.
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Figure 24: Illustration of the peaks of a typical Stokes-Raman spectrum. Annotations

of additional information that can be read from the graph is provided.

3.2 PAN electrodeposition redox studies

Cyclic voltammetry (CV) was initially explored as an electrodeposition route. This was in part to
replicate the studies of Lacey et al. [41] and El-Enany et al. [42] but also to highlight any redox
peaks that occurred during depositions. Features of CVs were used to provide clear evidence of
any electrochemical processes, allowing the modelling and execution of more tailorable

deposition techniques to be applied later such as chronoamperometry.
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3.2.1 Initial feasibility study

An initial experiment was performed using the glass cell setup with a graphite-composite ink
electrode, replicating the studies of EI-Enany et al. [42] only replacing the glassy carbon electrode
by a graphite-composite. Depositing solvent was acetonitrile(2 mol dm= AN, 0.05 mol dm~ TBAP)
with depositions performed for 30 CV cycles between -0.5 V and -3.0 V. Observations of the
feasibility of using the graphite surface for PAN electrodepositions were made. Figure 25a shows
the resulting CV; the shape appears to match that reported by El-Enany et al. [42] on a glassy
carbon electrode in Figure 25b. A slight peak was observed near -1.0 V, seen in EI-Enany’s studies
at-1.3 V, followed by a plateau until -2.1 V where a steep cathodic slope appears. This slope was
not seen in literature reporting on pure AN deposition by Lacey et al. [41] and so appears to be a
characteristic of acetonitrile decomposition at much more negative voltages. Potential of this
acetonitrile decomposition appears to start around -2.1 V in Figure 25a but at -2.7 V in Figure 25b.
The likely cause was the rough non-planar surface of the graphite-composite working electrode in
the former whereas the latter uses a planar glassy carbon working electrode resulting in a range

of overpotentials. This leads to the expression of CV features at less negative potentials for the

graphite.
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Figure 25: (a) First cycle voltammogram for the deposition of PAN onto a 400 mm?
graphite electrode in a glass cell using acetonitrile(2 mol dm= AN, 0.05 mol dm™
TBAP) electrolyte. Deposition performed at 50 mV s from -0.5 V to -3.0 V for 30
cycles, only the first cycle is shown. Forward and reverse scan directions are
annotated. (b) Cyclic voltammograms from literature [42] of

acetonitrile(0.05 mol dm= TBAP) (ACN) at 50 mV s and acetonitrile(2 mol dm AN,
0.05 mol dm™ TBAP) (2M AN) at 100 mV s’* on a 3 mm diameter vitreous carbon disc
electrode. The passivation of AN traces over consecutive cycles indicate the

occurrence of deposition. Forward and reverse scan directions are annotated.

51



Chapter 3

Upon visual inspection of the electrode a preferential deposit was observed on the copper side
with little on the graphite side, see Figure 26. This was possible as both sides of the electrode are
exposed to the depositing solvent within the glass cell design, see Figure 19. Deposit on the
copper side was more prevalent due to a lesser resistivity; the properties for each are copper =
1.7 x 10® Q m and graphite =5 x 10® to 3 x 10 Q m parallel to the basal plane or 3 x 103 Q m
perpendicular to the basal plane [110]. Deposit on the copper side also flaked and fell from the
surface, a problem that occurs during drying processes when deposits become too thick. Care
must therefore be taken to insulate the copper from deposition. An additional concern was that
the graphite ink had delaminated from the copper surface, possibly due to swelling or dissolving
of the polymeric PVDF binder in the solvent. Submersion of other graphite inks into pure
acetonitrile and pure AN indicated delamination in the acetonitrile but not the AN. Therefore,

acetonitrile studies were not further investigated for production of practical electrodes.

Copper side ‘ ‘ Graphite side

Figure 26: Images for the deposition of PAN onto a 400 mm? graphite electrode in a
glass cell using acetonitrile(2 mol dm AN, 0.05 mol dm TBAP) electrolyte. From left
to right, copper side with flaked deposit, discoloured graphite side, side view showing
delamination of graphite ink from copper foil. Deposition performed using cyclic

voltammetry at 50 mV s from -0.5 V to -3.0 V for 30 cycles.

Raman results of the deposit on the copper side are shown in Figure 27, as well as a comparison
with PAN and copper standards. The copper(PAN) deposit was similar to the clean copper foil as
light from the Raman laser can penetrate through the PAN film; the large slope from the copper
background signal was clearly present. However, several notable PAN features are observed.
Most obviously are the peaks at 2250 cm™ and 3000 cm?, corresponding to the C=N cyano group
and the C-H alkyl group respectively. Several smaller PAN peaks are observed between 1000 cm™
and 1500 cm™. It can therefore be stated that a material with similar bond structure to PAN was

deposited.
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Figure 27: Raman data for the deposition of PAN onto a 400 mm? graphite electrode
in a glass cell using acetonitrile(2 mol dm™ AN, 0.05 mol dm= TBAP) electrolyte. Data
for the copper side of the graphite electrode. From top to bottom: copper standard,
PAN standard (Sigma-Aldrich), deposition area on the copper side of the graphite
electrode used. Key bonds are annotated. Raman data taken at 1 % laser power on a

785 nm Raman laser for 3 accumulations.

Additional characterisation experiments were performed using SEM and EDS, see Figure 28. This
was performed on the discoloured graphite-composite side from Figure 26. From the SEM image,
a clear transition from clean graphite on the right to a deposited area on the left can be seen. An
EDS length scale was then used to determine the elemental proportions of the deposit. The
chemical formula for a PAN monomer unit is (C3H3N),. The calculated ratios between the carbon
and nitrogen of the EDS are compared to the ideal PAN chain resulting in values of:

o Ceps=70%, Cideal =72 %

e  Neps=30%, Nideal = 28 %
Only carbon and nitrogen proportions were considered for the above percentages. The similarity
in ratios was reassuring for the deposition method. It was therefore concluded with support from

the Raman data in Figure 27 that the deposited polymer was PAN.
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Figure 28: SEM image for the deposition of PAN onto a 400 mm? graphite electrode in
a glass cell using acetonitrile(2 mol dm AN, 0.05 mol dm= TBAP) electrolyte. A
deposit is seen on the left that transitions to clean graphite on the right. Image taken

at 100X magnification.

Closer magnifications revealed brighter areas on the exposed graphite particles in the deposition
region, see Figure 29a. EDS revealed this to be silver impurities with greater quantities on the
brighter regions, see Figure 29b. The only presence of silver in the system was from the Ag/AgNOs;
reference electrode. Ag* leakage from Ag/AgNOs is a known issue and has been reported
elsewhere [118]. Therefore, the reference electrode was changed for a Ag/Ag" silver wire pseudo

reference. Fluoride was found in both regions, likely present in the PVDF binder of the composite.
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Figure 29: SEM and EDS of exposed graphite particles between deposited PAN.
Depositions were performed onto a 400 mm? graphite electrode in a glass cell using
acetonitrile(2 mol dm AN, 0.05 mol dm™ TBAP) electrolyte. (a) SEM image of an
exposed graphite particle, noticeable brighter and darker areas are observed on the
graphite surface. Image taken at 2000X magnification. (b1) EDS of a brighter area on
the exposed graphite surface. (b2) EDS of a darker area on the exposed graphite

surface.
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3.2.2 Oxygen as a polymerisation initiator and water contamination studies

Several studies were performed in the glass cell using glassy carbon working electrodes to assess
effects of oxygen saturation and water contamination on PAN depositions. 10 mL of electrolyte
was prepared and used as is or saturated with O, for 15 minutes using a sparger through the top
port of the glass cell. O, free and O, saturated samples were tested with and without 0.5 mol dm
H,0. As stated in Section 3.1.1, deposition solvents were prepared by adding TBAP to an ampule
in an N3 glovebox that was sealed and added to a Schlenk line where required solvents were then
syringed into the mixture. These mixtures were stirred at 500 rpm using a stir bar with stir plate
for 2 hours. For the water contamination studies, the measured water was also syringed in and

stirred. In total four conditions were investigated, the relevant details are displayed in Table 4

along with the designated sample names.

Table 4: Square diagram for the presence or lack thereof of oxygen or water within
oxygen saturation and water contamination studies. The diagram gives the

designated names of these samples at each intersection of the columns and rows.

Water?
H,O free H,0 contaminated
Oxygen?
0, free with
0; free 0, free
0.5 mol dm H,0
0, saturated with
0, saturated 0, saturated
0.5 mol dm H,0

Initially, the effects of conditions were studied on acetonitrile(0.05 mol dm= TBAP) to determine
the behaviour of water and oxygen at the applied voltages in the absence of the monomer. This
was done from 0.0 V to -3.0 V, the region where AN monomer reduction is reported but little
acetonitrile activity [41] [42]. Later experiments investigated AN(0.05 mol dm™ TBAP) to study the

effects of the conditions on the polymerisation itself.

Figure 30 shows first and fifth cycles of cyclic voltammograms using acetonitrile(0.05 mol dm
TBAP) for the oxygen saturation and water contamination studies. Of note was the lack of activity
in the absence of oxygen until around -2.5 V where the acetonitrile solvent appears to be

reduced. The most important features, however, corresponded to the reduction of oxygen to
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superoxide at -1.25 V followed by a further reduction of superoxide to peroxide at -2.25 V [41]

[74] for O, saturated without water. The reactions for these steps are as follows:

0+e =0,
0, +e > 0%

Reduction of oxygen to superoxide appears to be quasi-reversible, evidenced by the pair of anodic
and cathodic peaks, whilst the superoxide to peroxide appears to be irreversible. Peak intensity
also reduces on successive cycles, a result of decreasing oxygen concentrations as irreversible
peroxide formation progresses. The presence of water on the system appears to have shifted
these oxygen and superoxide reduction peaks to less negative potentials. However, the peak for
irreversible superoxide to peroxide reduction appears shifted much greater and may correlate to
the electroreduction of hydrogen peroxide via the following mechanism [119] [120] [121] [122]:

O, +e +H +* > HOO*

HOO* + e + H* > H,0, + *
H,0; + 2H* + 2" = 2H,0

* is the conductive surface chemical materials adsorb onto. The origin of the hydrogen peroxide
would be explained by one of two paths. The reaction of superoxide with water, as superoxide
was rapidly decomposed in aqueous solutions to produce O, and H,0; [123]. This would explain
the lack of the superoxide to peroxide reduction peak. Alternatively, hydrogen peroxide can be

formed via the reduction of oxygen with two protons [124].
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Figure 30: (Left) First cycle and (right) fifth cycle voltammograms for 3 mm diameter
glassy carbon electrodes in a glass cell using acetonitrile(0.05 mol dm TBAP)
electrolyte; studies performed to investigate oxygen saturation and water
contamination. No AN monomer was present. The studies performed were an O, free
study, O, saturated study, O, free with 0.5 mol dm H,0 study, and O, saturated with
0.5 mol dm™ H,0 study. Studies performed using cycling voltammetry from 0.0 V

to -3.0 V at 50 mV s. Forward and reverse scan directions are annotated.
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An additional study was performed to determine the reversibility of the O, reduction to
superoxide. This is essential for understanding the behaviour of the superoxide anion as an
electrogenerated initiator. CVs were performed with varying scan rates from 5 to 200 mV s’

between 0.0 V and -2.0 V. For a reversible CV, the peak current of these scans is proportional to

the square root of the scan rate (i « v%) and the separation of the two peaks (|Epa — Epc|) is
equal to 57/n mV, where n is the number of electrons (n = 1 for the reduction of O, to
superoxide). Deviations from this behaviour will tend from reversible to quasi-reversible where
the kinetics of the reactions are slower. Slow reaction kinetics can be caused by both resistance to
charge transfer or diffusion limited mass transport. This leads to increased peak separation from
higher overpotentials as equilibrium at the electrode surface is established less rapidly. Peak

current is also no longer proportional to the scan rate.

It is recognised that the 0,/0,  redox couple is quasi-reversible in aprotic solvents, such as
acetonitrile or AN. The superoxide radical anion will typically have a half-life around 40 minutes at
room temperature [74]. 0, is a moderately strong nucleophile and as such will react with

sufficiently active Michael acceptors (i.e. vinyl groups with an electron-withdrawing substituent,
such as that found in AN). The use of electrogenerated superoxide as a nucleophile in organic

synthesis is reported in the literature as an initiator for a range of vinyl monomers [70].
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Figure 31: Cyclic voltammograms for oxygen on 3 mm diameter glassy carbon in O,
saturated acetonitrile(0.05 mol dm TBAP) without water contamination.
Voltammetry performed at a range of scan rates between 0.0 V and -2.0 V. Platinum
gauze counter electrode and silver wire reference were used. Forward and reverse

scan directions are annotated.
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Figure 31 shows the cyclic voltammograms for O, saturated acetonitrile without water

contamination, performed on a glassy carbon working electrode. No AN monomers were present
for this study. The quasi-reversibility of the 0,/0," redox couple is indicated by the increasing

peak separation and far greater values than 57 mV shown in Table 5. Peak currents are also

shown to not be proportional with the square root of the scan rate.

Table 5: Key values from cyclic voltammograms in 0,/0;  reversibility studies from

Figure 31. 3 mm diameter glassy carbon in O, saturated acetonitrile(0.05 mol dm
TBAP) without water contamination was used. Voltammetry performed at a range of
scan rates between 0.0 V and -2.0 V, with a Platinum gauze counter electrode and

silver wire reference. pc = cathode peak values, pa = anode peak values.

Scan rate, v lpc Epc Epa |pc/v% |Epa — Epc
(mvs) (HA cm?) (V) (V) (mA VY2 g172) (mv)
200 -1318 -1.065 -0.626 -0.21 439
100 -807 -0.926 -0.562 -0.18 364
50 -652 -0.823 -0.538 -0.21 285
25 -558 -0.774 -0.525 -0.25 249
5 -334 -0.759 -0.504 -0.33 255

These oxygen saturation and water contamination studies were also run using AN(0.05 mol dm
TBAP) to investigate the effects of these conditions on the polymerisation itself. Voltammograms
for the first and fifth CV cycles are shown in Figure 32. Table 6 shows the key potentials identified
for the reactions during the electropolymerisation of PAN onto glassy carbon during these studies.
Similar to the acetonitrile studies in Figure 30, O, free has no features corresponding to oxygen.
Unlike the acetonitrile study, there was no large reduction below -2.5 V indicating that this
feature was due to the bulk reduction of acetonitrile and not any other electrochemistry. For O,
free with water, a large peak was observed around -2.2 V with a large reduction at -2.5 V and
above during the first cycle. On the fifth cycle, only the feature above -2.5 V remains although at
much lower current densities, having fallen from -12000 pA cm down to -4000 pA cm™. This
feature was observed in the O; saturated with water, and was therefore likely due to an
interaction with the water molecules. This feature at -2.5 V appears to correspond with the
acetonitrile reduction in the previous studies; however unlike the acetonitrile reduction the peak
current in these cases was initially four times greater but was reduced substantially by the fifth

cycle indicating interaction with the AN monomers that was not present in the acetonitrile
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studies. The peak at -2.2 V was also no longer present after the first cycle, also seeming to
indicate an interaction with the monomer units. Indeed, this feature at -2.2 V corresponds to a
feature highlighted by Lacey et al. [41] as the monolayer reduction of the vinyl group to form a
radical anion, which is the accepted mechanism for electropolymerisation of vinyl monomers in

aprotic solvents [70] [125].

Table 6: Key potentials and the corresponding reactions identified during the

electropolymerisation of PAN onto glassy carbon electrodes.

Reduction potential vs. silver wire pseudo Reaction
reference (V)

"1.25V O+e =0,

-2.25V 0, +e > 0,2

-1.4V Electropolymerisation of PAN to electrode
-2.2V Electropolymerisation of PAN in solution

No PAN deposit was recorded for either of the O, free studies, however a yellow discolouration
was observed with the O; free study with water indicating polymerisation in solution providing
further evidence to an interaction with AN occurring. A yellow discolouration of the solution has
been reported in two previous studies by Mertens et al. [72] [126] and has been linked to the
effects of polymerisation in solution. Two noticeable PAN polymerisation peaks might be
observed, one at a less negative potential that was followed by an immediate passivation and a
reduction in current density after the peak. This passivation links this first feature to the
electrografting on PAN onto an electrode surface and is observed in the works of Mertens et al.
[72] [126] near to -2.3 V vs. a platinum pseudo reference and is seen in Figure 32 at around -1.4 V
in the O, saturated and water free study. This potential shift was expected as a silver wire pseudo
reference has an electrode potential of +0.799 V vs. NHE [108]. The second peak occurring
around -2.2 V in the presence of water was the one identified as polymerisation in solution by
Mertens, where no passivation occurs and was followed by a large reduction. This peak has a
much greater current density than the electrografting feature and was more noticeable in studies
performed with water in both O; free and O, saturated studies. It was therefore assumed that the
presence of water promotes vinyl monomer reduction. Indeed, Gabriel et al. [70] reports that the
presence of water are a source of problems for vinyl monomer electrografting because of an
earlier electroreduction than the monomer that prevents the polymer from being chemisorbed to

the electrode and causing polymerisation in solution.
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Figure 32: (Left) First cycle and (right) fifth cycle voltammograms for 3 mm diameter
glassy carbon electrodes in a glass cell using AN(0.05 mol dm TBAP) electrolyte;
studies performed to investigate oxygen saturation and water contamination. The
studies performed were an O; free study, O saturated study, O, free with

0.5 mol dm™ H,0 study, and O, saturated with 0.5 mol dm™ H,0 study. Studies
performed from 0.0 V to -3.0 V at 50 mV sX. Forward and reverse scan directions are

annotated.

The final two conditions, O, saturated and O, saturated with water both show an oxygen
reduction peak at around -1.25 V during the first cycle and have a resulting PAN deposit. This
feature was not present in successive cycles and does not share the quasi-reversible behaviour
shown in Figure 31, indicating an immediate passivation of the electrode surface by
polymerisation or the usage of the superoxide anions in the polymerisation electrochemistry. O,
saturation without water shows a second peak around -1.4 V followed by a passivation, indicating
polymerisation of AN and electrografting onto the electrode surface. The O, reduction peak was
much broader in the presence of water and this AN polymerisation peak was likely obscured by
the O, reduction. Both show a feature from -1.5 V to -2.5 V, this was likely the peak linked to the
polymerisation of AN in solution and can be seen in both conditions during the first cycle. During
the fifth cycle, the second broader feature was still observed in the study with water indicating
either a failure to fully passivate the surface or further electrochemistry occurring. Indeed, if
water prevents chemisorption to the electrode surface as suggested by Gabriel et al. [70] then it
was likely that the surface is not fully passivated in the presence of water. Despite this clear
activity due to the water contamination, PAN deposit mass doubled from 1.0 mg (14.1 mg cm™)
without H,0 to 2.0 mg (28.2 mg cm2) with 0.5 mol dm™ H,0 indicating that water might promote
growth of polymer chains electrografted to the electrode as well as growth of polymer chains in
solution. Further studies with H,0 introduced to depositing solutions of graphite-composite
electrodes were therefore carried out in Section 3.3.4 to see if the introduction of water was of

benefit to the PAN deposition onto other surfaces.
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The glassy carbon electrode before and after electrodeposition of PAN in the O, saturated study
without water is shown in Figure 33. The deposit of PAN appears as a thin white film over the
glassy carbon electrode surface. Raman data for the O; saturated without water study is shown in
Figure 34. The characteristic PAN peaks of C=N cyano group at 2250 cm™ and C-H alkyl group at

3000 cm™ are observed. Additionally, peaks of carbon corresponding to the glassy carbon are

seen at 1350 cm™, 1600 cm™, and 2700 cm™.

.
. 3 mm

Figure 33: Images for the deposition of PAN onto a 3 mm diameter glassy carbon
electrode in a glass cell using AN(0.05 mol dm= TBAP) electrolyte with O, saturation

and without water, (left) before and (right) after. Deposition performed using cyclic

3 mm
Nfp—

—

voltammetry from 0.0 V to -3.0 V at 50 mV s for 5 cycles.
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Figure 34: Raman data for the deposition of PAN onto a 3 mm diameter glassy carbon
electrode in a glass cell using O, saturated AN(0.05 mol dm TBAP) without water.
Deposition performed using cyclic voltammetry from 0.0 Vto -3.0V at 50 mV s for 5
cycles. (Top) PAN deposit onto a glassy carbon surface and (Bottom) PAN standard

(Sigma-Aldrich). Key bonds are annotated. Raman data taken at 1 % laser power on a
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There are several key conclusions to be drawn from these oxygen saturation and water
contamination studies. Firstly, was that the reduction of oxygen to superoxide anions was a quasi-
reversible process occurring around -1.25 V vs. Ag/Ag*. Secondly, was that the presence of oxygen
was necessary for the electrografting of PAN onto the electrode surface with recorded masses
only occurring during oxygen saturation studies. This electrografting onto the electrode surface
provides a polymerisation peak around -1.4 V vs. Ag/Ag* that immediately passivates the
electrode. An additional polymerisation peak was observed around -1.5 V to -2.5 V vs. Ag/Ag* that
does not passivate the surface and was linked to polymerisation in solution, evidenced by a yellow
discolouration of the solution. Finally, additional water contamination studies onto graphite-
composite electrode surfaces are required (performed in Section 3.3.4) to validate if the benefits

of increasing mass were still applicable onto other surfaces.

3.3 Graphite-PAN electrodeposition practicality

Following studies performed in Section 3.2, providing an in depth understanding of the
electrochemistry involved in PAN electrodeposition, work was performed on electrodepositing
consistent films onto graphite-composite electrodes. Studies expanding upon the CVs used
previously were explored on graphite-composite electrodes as well as clean copper foil surfaces
onto which graphite-composites were cast. These studies used O, saturation without water unless
stated otherwise. The potential effects of water contaminants on the system were briefly
revisited with the new graphite surface. The intention was to investigate the potential
discrepancies by depositing onto differing surfaces than the planar glassy carbon surfaces. As
demonstrated by Mertens et al. [72], when depositing PAN onto nickel and zinc surfaces, the
expression of polymerisation peaks is highly dependent upon the surface deposited onto. This
may also yield promising information for further studies onto any other electrode surfaces other
than graphite. A transition was also made from the controlled and sealed glass cells to a non-
sealed but more practical Teflon cell to facilitate easier production of graphite-PAN electrodes

(graphite-composite electrodes coated with PAN films).
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331 Copper surface electrodepositions

Graphite-composite electrodes were prepared by mixing graphite, carbon, and PVDF with NMP
solvent before casting onto a copper surface. Because of the nature of electrografting forming
strongly adhering films onto conductive surfaces, the deposition of PAN onto copper surfaces was
investigated as the material would unavoidably be present during the depositions even if covered
by an electrode ink. It is possible that PAN films may nucleate and grow between graphite
particles from the copper itself. Therefore, it was prudent to understand any differences in

morphology and electrochemistry that might arise due to this differing deposition surface.

PAN electrodepositions were performed in a glass cell using AN(0.05 mol dm TBAP). Depositions
were performed onto a 20 mm X 8 mm (160 mm?) area of copper foil submerged into the
electrolyte with 15 minute O, saturation and no water presence. To avoid depositing onto both
sides of the electrodes, the side furthest from the counter and reference was coated with a

silicone grease. Potential was cycled at 50 mV s from 0.0 V to -3.0 V for 5 cycles.
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Figure 35: (a) Cyclic voltammogram data for PAN deposition onto a 20 mm X 8 mm
(160 mm?) copper foil electrode in a glass cell using AN(0.05 mol dm= TBAP)
electrolyte with O, saturation and without water. Deposition performed at 50 mV s
from 0.0 V to -3.0 V for 5 cycles. Forward and reverse scan directions are annotated.
(b) Image of the PAN deposit onto a 20 mm X 8 mm copper foil electrode. One side of
the foil was exposed to electrolyte whilst the reverse side was insulated with a

silicone grease.
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As is immediately obvious in Figure 35b, a successful deposit of a white-yellow coating was
achieved onto the area in the electrolyte. Total mass of 3.0 mg was deposited, giving 1.9 mg cm™.
The deposit did not appear wholly uniform, however, appearing thicker and thinner in certain
locations. This was a potential concern for lithium-ion electrodes where a homogeneous surface is
ideal, something to consider when depositing onto graphite-composite or other electrode
materials. The cyclic voltammogram data in Figure 35a can provide key insight as to how the
growth of the polymer film led to the variation in film thickness. A strong oxygen reduction peak
was seen in the first cycle at -1.1 V, with reducing intensities in the second and then third cycles.
This behaviour was not seen in the glassy carbon electrode studies in Section 3.2.2 where
immediate passivation was observed after the first cycle in O, studies without water. This would
imply that immediate passivation did not occur for the copper surface suggesting either areas
were still exposed and did not nucleate polymer growth, or that cracks were readily available in
the resulting deposit surface due to excessive stresses introduced during polymer growth.
Interestingly, a strong polymerisation passivation peak was seen at -1.5 V during the first cycle,
suggesting that the majority of the electrode surface was coated after this first cycle. In successive
cycles, polymerisation in solution appears to occur much more strongly around -2.25 V when
compared to the passivation peak in the first cycle. The height of this polymerisation in solution
peak also seems to increase during later cycles. This did not occur with the glassy carbon
electrode where complete passivation was observed after the first cycle, implying the increased

presence of cracks during successive cycles.

A comparison was made with PAN deposition onto a copper surface in the Teflon cell. O,
saturated AN(0.05 mol dm= TBAP) electrolyte without water was again used, however there was
no need to insulate the reverse side of the copper due to the seal provided by a Teflon O-ring over
the deposition area. The deposition area was within a 14 mm diameter bore, giving 154 mm?. The
potential was cycled at 50 mV s from 0.0 V to -3.0 V for 5 cycles. The Teflon cell, unlike the glass

cell, was open to air so the affects of moisture on the system were of interest.

Figure 36b shows a white-yellow PAN deposit was obtained over the deposition area. Once again,
there was questionable uniformity due to some areas of seemingly varying thickness. However,
passivation was more apparent from the CV data in Figure 36a. Oxygen reduction occurs at just
around -1.4 V vs. Ag/Ag" in the first cycle. At -1.75 V, the passivation peak was observed. There
was a shift between the oxygen reduction and polymerisation peaks from glass cell to Teflon cell,
around 0.25 V to 0.3 V. This may be due to better oxygen saturation within the Teflon cell
evidenced by the greater peak current of -800 pA cm™ compared to -300 pA cm2 in the glass cell.
This can cause a peak shift to greater potentials as more reactant is present within the bulk

solution allowing greater currents to be reached as the diffusion to the surface is less limited. The
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peak extends further and greater potentials are observed. There was a small oxygen reduction
peak in the second cycle, as well as a polymerisation in solution feature in successive cycles.
However, these features are smaller than the initial passivation peak implying good coverage of
the polymer film when deposited using the controlled Teflon cell area. Total PAN deposit

recorded was 2.8 mg, giving 1.8 mg cm2. This mass per area was comparable to the glass cell

study.
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Figure 36: (a) Cyclic voltammogram data for PAN deposition onto a 14mm diameter
(154 mm?) copper foil electrode in a Teflon cell using AN(0.05 mol dm™ TBAP)
electrolyte with O, saturation and without water. Deposition performed at 50 mV s
from 0.0 V to -3.0 V for 5 cycles. Forward and reverse scan directions are annotated.
(b) Image of the PAN deposit onto a 14mm diameter copper foil electrode.
3.3.2 Graphite-composite surface electrodepositions

Similar to PAN electrodeposition performed on copper in Section 3.3.1, PAN was deposited onto
graphite-composite electrodes in both a glass cell and Teflon cell for comparison of practicality. O,
saturated AN(0.05 mol dm™ TBAP) was used once more, leading to PAN electrodeposits in both
arrangements. The potential was cycled at 50 mV s from 0.0 V to -3.0 V in the glass cell for

5 cycles. An extended range from 0.0 V to -3.5 V at a 50 mV s scan rate was used in the Teflon

cell for 5 cycles to fully cover observed features.
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Similar to other studies performed in a glass cell on copper and glassy carbon surfaces, a white
deposit was obtained on the graphite-composite surface, see Figure 37b. The reverse side of the
copper was insulated with silicone grease to ensure activity only occurred on the graphite side of
the electrode. A total mass of 15.2 mg was recorded, giving 7.6 mg cm. This was over 4 times the
amount recorded for the copper surface studies in the previous section. This is potentially due to
a higher surface roughness of the graphite powder compared to the flat copper foil surface
providing more deposition sites. However, masses of 15.1 mg cm were recorded for the polished
glassy carbon surface. This would imply a much greater surface adhesion to carbon surfaces
compared to the metal copper. The polished glassy carbon mass was also greater than the
graphite, suggesting the change was not due to increased surface area. The cyclic voltammogram
in Figure 37a shows a very broad reduction peak around -1.3 V that overlaps with the later
polymerisation peaks. This was a result of the surface roughness of the graphite-composite
electrodes leading to non-planar behaviour. This causes many overlapping overpotentials that
result in a large singular peak. This was immediately followed by a passivation. On successive
cycles, a growing polymerisation peak can be seen around -1.3 V to -2.0 V. Similar to studies
performed on copper, this growing peak would suggest an increase in polymerisation growth
either in solution or attaching to the electrode surface. This was likely caused by a growing
polymer film that has cracked due to becoming too thick [127]. Excess thickness introduces

stresses into the system that can degrade film integrity.
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Figure 37: (a) Cyclic voltammogram data for PAN deposition onto a 20 mm X 10 mm
(200 mm?) graphite-composite electrode in a glass cell using AN(0.05 mol dm™ TBAP)
electrolyte with O, saturation and without water. Deposition performed at 50 mV s
from 0.0 V to -3.0 V for 5 cycles. Forward and reverse scan directions are annotated.
(b) Image of the PAN deposit onto a 20 mm X 10 mm graphite-composite electrode.

One side of the foil was exposed to electrolyte whilst the reverse side was insulated

with a silicone grease.
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Figure 38 shows the optical microscopy images of the graphite-PAN surface after
electrodeposition in the glass cell. A clear difference can be seen between the graphite and
polymer surfaces, with a cracked white film covering the graphite particles after polymer
deposition. Cracks up to 10 um thickness could be found. This could have a detrimental impact on
potential shutdown operations if the cracks are not sealed at higher temperatures allowing Li*
ions to infiltrate the graphite surface allowing electrochemistry to occur. Crack sizes were

measured using MIPAR Image Analysis software defect analysis.

PAN on graphite-composite

Graphite-composite
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Figure 38: Optical microscopy images of a PAN deposit onto a 20 mm X 10 mm
(200 mm?) graphite-composite electrode. Deposition performed in a glass cell using
AN(0.05 mol dm™ TBAP) electrolyte. (Top) The deposit on the graphite-composite

surface and (Bottom) the clean graphite surface. Images taken at 10X magnification.
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Uniquely, studies with graphite-composite in the Teflon cell produced a clear PAN deposit, see
Figure 39. Ordinarily PAN casting is recorded as developing a white-powdery film, however a few
studies have been performed investigating the phenomena of clear PAN deposits. According to
Lacey et al. [41], a white polymer was obtained on glassy carbon in glass cell studies that softened
to a clear state upon annealing at 150 °C (PAN glass transition, Tg = 95 °C [35] [128]). However, the
clear polymers in the Teflon cell were obtained without any post-treatment after the deposition

procedure.

Pellon et al. [129] investigated a similar phenomena where typical procedures that produced a
white cast PAN polymer managed to produce a clear one, similar to other cast polymers such as
poly(methyl methacrylate). The mechanism identified for producing a clear polymer was to
ensure monomer was readily available and could freely flow to all parts of the growing polymer
film even at high conversion rates. The clear cast film was continuous and remaining monomer
was either distributed molecularly or in very minute droplets; opaque PAN was heterogeneous
and was composed of a compressed powder containing either air or remaining monomer in inter-
particle spaces. Oplatka et al. [130] went further and managed to post-process white PAN films
into clear films using a mercury nitrate initiator. Introduction of this new material led to
investigations into any chemical changes. Oplatka et al. [130] found no chemical difference
between the white and clear films and that the change is a purely physical change in state. Shavit
et al. [131] further linked the dependence on producing a clear film to several factors that need to
fall within an optimal range: catalyst type, catalyst concentration, temperature, volume of
electrolyte, shape of the system, presence and supply of oxygen above the reaction mixture. The
presence of oxygen above the electrolyte was found to act as a retarder to the polymerisation on
the upper layers of the system, maintaining a concentration gradient of monomers to polymers
toward the electrode surface at the bottom. This was necessary as it facilitates the through flow
of the reaction mixture, preventing the formation of voids in the inter-particle space of the

polymer, preventing an opaque film from forming.

In the glass cell, a nitrogen environment was maintained so there was no oxygen present above
the mixture hence why graphite-composites deposited in the glass cell were white. Graphite-
composites deposited in the Teflon cell were open to air and therefore produced clear films.
Oxygen in the air acted as a retarder to polymerisation at the electrolyte surface allowing a supply
of monomers whilst oxygen within the electrolyte was reduced to superoxide anion initiator for
polymerisation to occur. The careful balance of the many conditions was also likely why the
copper Teflon cell depositions maintained a white deposit despite being open to air; however, it

was difficult to know which condition specifically due to the many potential options [131].
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Oxygen reduction was observed at -1.45 V vs. Ag/Ag*, likely due to better oxygen saturation
within the Teflon cell. A slight shoulder can be seen around -1.7 V, indicating polymer growth on
the electrode, followed by a wider feature from -1.8 V to -2.5 V for polymerisation in solution. On
successive cycles all features can be observed indicating incomplete passivation, similar to the
glass cell. The deposit obtained was 14.3 mg, or 9.286 mg/cm?. The deposition area has clearly

formed a clear layer on top of the graphite-composite.
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Figure 39: (a) Cyclic voltammogram data for PAN deposition onto a 14 mm diameter
(154 mm?) graphite-composite electrode in a Teflon cell using AN(0.05 mol dm™3
TBAP) electrolyte with O; saturation and without water. Deposition was performed at
50 mV s from 0.0 V to -3.5 V for 5 cycles. (b) Image of the PAN deposit on a 14 mm

diameter graphite-composite electrode. Forward and reverse scan directions are

annotated.

Figure 40 shows SEM images of the PAN deposit in Figure 39b. The film forms clear distinct grains
on top of the composite surface. Cracks separate each grain of around 3 to 5 um thickness, nearly
half the size of cracks in the glass cell. These crack sizes were measured using MIPAR Image
Analysis software defect analysis. This was likely due to the more homogeneous, ordered
structure of clear films. Once again, this was still more than sufficient for Li* ions to infiltrate
should the cracks remain after any potential shutdown effect but it was a significant improvement
over the white film crack sizes of 10 um. The carbon and nitrogen composition calculated from
EDS length scale was compared to the composition of an ideal PAN monomer unit and were
similar enough to allow further studies of PAN deposition onto graphite surfaces to continue with
confidence. The calculated values considering carbon and nitrogen were:

e Ceps=70%, Cigeal = 72 %
e  Neps=30%, Nideal = 28 %
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PAN on graphite-composite
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Figure 40: SEM images of a PAN deposit onto a 14mm diameter (154 mm?) graphite-
composite electrode. Deposition performed in a Teflon cell using AN(0.05 mol dm?
TBAP) electrolyte. (Top) The deposit on the graphite surface and (Bottom) the clean

graphite surface. Images taken at 100X magnification.

Comparison of Raman data of the graphite-composite and glassy carbon PAN deposits using
AN(0.05 mol dm™ TBAP) electrolyte is shown in Figure 41. The characteristic PAN peaks of C=N
cyano group at 2250 cm™ and C-H alkyl group at 3000 cm™ are observed in all samples. However,
the peaks are more intense in the graphite Teflon cell sample. Conversely, C-C bonds at 1600 cm™

and 1350 cm™ are weaker in the graphite Teflon cell sample. This would suggest the Raman laser
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was less able to penetrate the PAN film in the Teflon cell case to receive a signal from the graphite
underneath, resulting in a reduced carbon signal relative to the PAN. The Teflon cell deposit may
be better at preventing beam penetration due to the continuous structure of clear PAN observed
under SEM. A greater mass per unit area of PAN was also deposited onto the Teflon cell sample
than the glass cell (9.3 mg cm™ to 7.6 mg cm™2) implying a thicker film that was likely able to
hinder beam penetration. No other significant differences were observed between the clear and

white PAN deposits.
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Figure 41: Raman data for the deposition of PAN onto graphite-composite surfaces in
glass and Teflon cells and glassy carbon in a glass cell. From top to bottom: graphite-
PAN deposited in a Teflon cell, graphite-PAN deposited in a glass cell, glassy carbon-
PAN deposited in a glass cell, PAN powder standard. All depositions performed
between 0.0 Vto-3.0 V at 50 mV s for 5 cycles using AN(0.05 mol dm™ TBAP). Key
bonds are annotated. Raman data taken at 1 % laser power on a 785 nm Raman laser

for 3 accumulations.
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3.33 Surface deposit mass comparison

A tentative link may be drawn between the masses deposited onto the various surfaces
investigated and the peak current of oxygen reduction, see Table 7. The geometric area was used
to normalise and compare the data of the dissimilar surfaces. Comparing the peak currents alone
against the mass per unit area deposited onto glassy carbon, copper, and graphite-composite
surfaces it can be seen that the mass per area increases as the peak current increases. However,
when looking at the mass per current, the relationship was clearly not entirely linear with large
discrepancies occurring. For example, copper-PAN deposited in a glass cell recorded 5.8 mg mA™
whilst copper-PAN in a Teflon cell recorded 2.2 mg mA™. Unfortunately, from the cyclic
voltammograms on graphite-composite in Figure 37 and Figure 39 it was difficult to interpret the
polymerisation passivation peaks due to the broadness of the oxygen reduction peaks. As a result,
oxygen reduction is used here as a point of comparison. The issue with this observation is that
oxygen reduction does not necessarily mean polymerisation has occurred. That being said whilst
oxygen reduction does not precisely give polymerisation current, it is still an indicator of the
amount of superoxide annion intiators produced. Increased oxygen reduction would lead to a
greater concentrataion of superoxide anions, potentially creating more opportunities for
polymerisation to occur. Greater amounts of oxygen reduction may also result from more
polymer binding to the electrode surface causing the oxygen bond with the polymer to break. This
would replenish the oxygen molecule in the electrolyte that may then be reduced once more to

superoxide. Greater deposit masses would then naturally lead to greater oxygen reduction peaks.

Table 7: Comparison of mass deposited and oxygen reduction currents for cyclic
voltammograms of PAN deposition onto glassy carbon, copper and graphite-
composite surfaces. PAN depositions were performed in both glass cell and Teflon

cell arrangements.

Surface Cell type | Mass per area Peak oxygen reduction Mass per absolute
material used (mg cm??) current (mA cm?) peak current (mg mA™)
Glassy carbon Glass 15.1 -3.8 4.0
Copper Glass 1.9 -0.3 5.8
Copper Teflon 1.8 -0.8 2.2
Graphite- Glass 7.6 -2.4 3.2
composite
Graphite- Teflon 9.3 -2.5 3.7
composite
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From looking at Figure 42, the overall trend was linear between mass deposited per area and peak
oxygen reduction currents per area with an R? value of 97 % indicating a strong relationship. No
large discrepancy was seen between the clear and white deposits. Since oxygen reduction must
occur before any polymerisation and change in mass can occur, this would indicate a dependence
on a Faradaic process linked to the amount of mass that would be deposited, at least initially.
Microbalance studies by Lacey et al. [41] found no dependence on the overall mass deposited and
the amount of chrarge passed during successive cycles, concluding that PAN polymerisation was
non-Faradaic. Considering this, it would seem reasonable to conclude that the amount of PAN
deposited would instead be dependent upon the superoxide initiator concentration. The initial
Faradaic reduction of oxygen primarily occurs in the first cycle before any passivation. As such,
little oxygen reduction occurs after, highlighting a Faradaic relationship for only this initial
reduction. As for why different surfaces could show such varying behaviour, Zhang et al. [132]
reported on how the oxygen reduction rate constants could vary substantially depending upon
differently treated platinum surfaces. Easter et al. [133] has also reported how noble metal
surfaces such as platinum, produce a thicker deposit than oxidisable metals, such as copper. This
was linked to an oxidised surface passivating the copper preventing PAN electrodeposition.
Because of the presence of superoxide anions within these studies, it is likely that a degree of
copper oxidation has occurred. Carbonaceous surfaces, such as graphite and glassy carbon, has
also been found to act as a catalyst for oxygen reduction to superoxide [134]. This would increase
the concentrator of initiator present and further increase the mass of deposit, hence why the
copper surface may have a lower mass than the other surfaces. Therefore, when depositing PAN
onto other electrode surfaces, care should be taken to note any change in deposit mass when

compared to a standard surface such as glassy carbon.

Mass per unit area (mg cm™)

~ 0 2 4 6 8 10 12 14 16
g 0 —

< e

\ \

— '\ .

g 1 L

bt

5 Copper

° 2

_S Glassy
o carbon
3

g -3 - —
v, Graphite- / \\i
© . \ /
9 composite \ 4

Figure 42: PAN deposit mass per unit area against peak oxygen reduction current per
unit area from cyclic voltammograms of PAN depositions onto various surfaces. A
trendline is superimposed to highlight a possible trend between the sets of data.

Annotations show which data points relate to which deposition surfaces.

74



Chapter 3

3.34 Water contamination studies

Effects of water contamination and oxygen saturation on the deposition of PAN in the Teflon cells
was further studied. This was done to highlight any potential interactions between graphite-
composites and the reactions that may not have been present with glassy carbon surface studies,
see Section 3.2.2. Studies were performed using 10 mL of AN(0.05 mol dm™ TBAP) electrolyte.
This was either saturated with O; for 15 minutes using a sparger or left O, unsaturated. Further
variations were made via the addition of 0.5 mol dm™ H,0 to some studies. Unlike glass cell
studies, the Teflon cell was left open to air, so O; and H,0 was able to infiltrate the electrolyte
from the atmosphere. As such, some response was expected even when neither molecule was
added to the electrolyte. In total four conditions were investigated: O, free, O, saturated, O, free
with 0.5 mol dm™ H,0, and O, saturated with 0.5 mol dm™ H,0. CVs were performed on these

samples for 5 cycles from 0.0 Vto -3.5V at 50 mV s,

Mass of the electrodes was recorded before and after to quantify the amount of PAN deposited,
see Table 8. The first observation was that no deposition occurred in O, free studies, indicating a
necessity for the O, reduction to superoxide anions for initiation. Obvious clear depositions were
recorded from the electrolyte saturated with O,. Of note in the O, saturated studies, however,
was that the mass of deposit in the water-contaminated study was greater than without showing
34.2 mg as opposed to 14.3 mg of PAN. Whilst this was an interesting effect and may be of use in
another project to promote the amount of PAN deposited, damage to the ink structure was
discovered that would be detrimental for lithium half-cell electrodes obtained from the ink, see
Figure 43. Rather than a delamination, the ink appeared to have blistered indicating potential gas
formation beneath the ink surface during cycling. The water-contaminated electrolyte also
stained the graphite-composite yellow, which could not be removed with an ethanol wash. A
further problem introduced by water was the potential for polymer swelling. PAN is a semi-
crystalline polymer, with the more amorphous phases introducing greater degrees of hydrophilic
behaviour. This behaviour allows PAN to be easily swollen by water as if it were a plasticiser.
Unfortunately, when PAN is subsequently dried this volume was removed from the internal
structure making PAN brittle [135]. Ultimately this would lead to increased cracking. Because of
the apparent blistering and the potential for increased cracking due to swelling, the removal of
water was deemed a necessity to provide as uniform an electrode surface as possible for good

lithium-ion half-cell performance.
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Table 8: Mass measurements of PAN deposits on 14 mm diameter graphite-
composite electrodes in a Teflon cell using AN( 0.05 mol dm™ TBAP) electrolyte.
Studies performed varied the presence of H,O contaminant in the system and

whether the electrolyte was saturated or not with O, before depositing.

Study parameters PAN deposit mass (mg)
0, free N/A
0, free with 0.5 mol dm™ H,0 N/A
O, saturated 143
0, saturated with 0.5 mol dm™ H,0 34.2

14 mm

14 mm I

Figure 43: Images of PAN deposits on 14 mm diameter graphite electrodes in a Teflon
cell using AN(0.05 mol dm3 TBAP) electrolyte. (Left) O, saturated study without H,0

and (Right) O, saturated study with 0.5 mol dm H,0 contaminant.

Figure 44 show the first and fifth cycles of the cyclic voltammograms obtained from these four
studies. During the first cycle, current recorded for the O, free studies was lower than the O;
saturated. There was also a notable peak around -1.5 V for the O, saturated studies that was not
present in the O, free studies, and was linked to oxygen reduction. The presence of water appears
to cause a long tail downwards from about -2.25 V in both O, saturated and O, free cases. During
the fifth cycle, studies without H,O reduce in current density significantly. This would normally be
linked to a passivation of the electrode surface, however no PAN mass was recorded for the O,
free studies. A yellow discolouration was observed in the O, free case so polymerisation in
solution is likely to have occurred. The O, free 0.5 mol dm™ H,0 appears largely unchanged from
first to fifth cycles. On the other hand, the O, saturated 0.5 mol dm= H,0 current density has
reduced greatly and the tail feature has become much wider by the fifth cycle. This may be an
interaction with an exposed copper surface, as the ink layer has become damaged and blistered

as shown in Figure 43.
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Figure 44: Cyclic voltammograms for PAN deposition onto 14 mm diameter graphite-
composite electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte;
studies performed with or without oxygen saturation and water contamination. The
studies performed were: O, free study, O, saturated study, O, free with 0.5 mol dm?
H,O0 study, and O; saturated with 0.5 mol dm= H,0 study. Depositions performed at
50 mV st from 0.0 V to -3.5 V for 5 cycles. (Left) First cycle CV data and (Right) fifth
cycle CV data. Forward and reverse scan directions are annotated.
3.4 Controlled graphite-PAN film surface morphology

Chronoamperometry (CA) was investigated as an alternative deposition procedure to allow more
controlled and thinner PAN deposits to reduce cracking observed in previous studies, see

Section 3.3.2. The parameters for CA depositions were decided based upon the previously
performed CV studies, see Figure 45. Oxygen reduction peaks clearly shift from -1.05 V to -1.45 V
from glass cell glassy carbon to Teflon cell graphite-composite PAN deposition. This was
repeatable across several tests. All voltage values, therefore, should shift by -0.4 V when using the
Teflon cell. The polymerisation in solution region, appearing -1.5 V to -2.3 V in the glass cell,
should be present from -1.9 V to -2.7 V. This range was the most negative potential of any feature
observed in glass cell studies and all CA studies were consequently based around this. Subsequent
studies made several further variations to reduce previously observed cracking. The variations
made and the intended effects were:

e More-negative CA potentials to encourage polymer deposition and further cross-
linking.

e Shorter CA deposition times to reduce amount of PAN and produce thinner films.

e Redepositing over previous PAN deposits in an attempt to fill cracks with new deposit.
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e Annealing the deposit after CA to encourage polymer chain movement to close cracks.

Cycle 1- Glassy Cycle 1- Graphite-
composite in Teflon cell
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0+ h
-500 4
(6
1000 d@
Q

-1500

-2000
-2500
-3000

-3500 U

-4000 T T T T T 1 -3000 T T T T T T 1
-3.0 2.5 -2.0 -1.5 -1.0 -0.5 0.0 -35 -3.0 -2.5 -2.0 -1.5 -1.0 -05 0.0

Potential vs Ag/Ag” (V) Potential vs Ag/Ag® (V)

Current density (WA cm'z)
Current density (WA cm™3)

Figure 45: Side-by-side comparison of the first cycle PAN electrodeposition cyclic
voltammograms onto (Left) 3 mm diameter glassy carbon electrode in a glass cell and
(Right) 14 mm graphite-composite electrode in a Teflon cell. Both used

AN(0.05 mol dm™ TBAP) electrolyte with O, saturation and without water. CVs

performed at 50 mV s. Forward and reverse scan directions are annotated.

34.1 Chronoamperometry studies — varying voltage

CA studies were varied in voltage from -0.7 V (below the oxygen reduction peak) to -3.0 V to
provide information on the full range of activity observed in the electrodeposition of PAN on
graphite-composite electrodes. These were all performed for 100 seconds using AN(0.5 mol dm
TBAP) in a Teflon cell arrangement. All electrolytes were 10 mL in volume and were O, saturated

for 15 minutes before applying a potential.

Figure 46 shows the current against time of varying potentials from -0.7 V to -3.0 V for several CA
studies. An obvious inflection can be seen within the first few seconds at -1.3 V and above. The
peak currents of this area of activity increase as potentials become more negative. This was
because the greater overpotentials cause a more rapid reduction of oxygen to superoxide anions,
leading to higher peak currents. Current then steeply decreases before plateauing at near-zero
current as AN forms PAN deposits on the electrode surface, passivating it and preventing further
flow of current. At -1.1 V there was a slight plateau, likely as potential was at the onset for oxygen
reduction. Below -1.1 V no inflections or plateaus can be seen. This was because the potentials
were below that required for oxygen reduction seen in the cyclic voltammograms in Figure 45.

Therefore, no oxygen reduction can occur and so no electrochemical activity is observed.
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Figure 46: Chronoamperometry for the deposition of PAN onto 14 mm diameter
graphite-composite electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP)
electrolyte. Chronoamperometry was performed for 100 seconds whilst being held at

a constant potential vs. Ag/Ag*. Results for several potentials are superimposed.

The resulting PAN masses deposited onto graphite-composite electrodes at varying voltages is
shown in Figure 47. At -0.7 V no mass was recorded; this is reflected in the CA data in Figure 46.
This was below the potential for oxygen reduction, highlighting the importance of superoxide as
an initiator in the depositions. Mass rapidly increases from -1.1 V to -1.3 V, from oxygen reduction
onset up to the peak of oxygen reduction. Above -1.3 V a steady decrease in mass was observed
followed by a larger fall above -2.3 V. This coincides with the reduction of superoxide to peroxide,
seen around -2.25 V in Section 3.2.2 studies. The reductions of oxygen to superoxide and

superoxide to peroxide along with the potentials observed in Section 3.2.2 were as follows:

O,+e =0, -1.25 V vs. Ag/Ag*
0, +e > 0," -2.25 V vs. Ag/Ag"

The loss of superoxide initiator concentration results in less polymerisations of AN to PAN, leading
to lower deposit masses. Mass increases above -2.6 V. According to Lacey et al. [41], there are
two potentials of significant mass increase for PAN electrodeposition, above the peak of oxygen
reduction at -1.3 V vs. Ag/Ag* and above the reduction of AN at -2.5 V vs. Ag/Ag*. Reduction of AN
occurs at far more negative potentials in the absence of oxygen and results in lower masses of
PAN deposits than superoxide initiated polymerisation [41]. It was likely this reduction, which

does not require superoxide anions, leading to the smaller mass increase above -2.6 V.
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Figure 47: Mass of PAN deposits produced by chronoamperometry for 100 seconds
over a range of potentials vs. Ag/Ag*. Deposition performed on graphite-composite
electrodes of 14 mm diameter in a Teflon cell using AN(0.05 mol dm= TBAP)

electrolyte. Data above and below oxygen reduction are shown in different colours.

Figure 48 presents images of the PAN deposit at 10X magnification under optical microscopy at
different potentials of deposition. The cracked morphology was present throughout, however
there were notable differences in the surface features of the morphology at different potentials.
In samples with thinner masses, most notably at -2.4 V and -2.6 V, the graphite particle shapes

can be seen beneath the PAN film creating an uneven surface. Also of significant interest was a
reduction in the size of the cracks. At -2.4 V the cracks were barely visible and were of 4 um
maximum. This is compared to -2.0 V and -3.0 V where cracks of 7 um and 8 um were recorded
respectively. At these higher and lower potentials a thicker mass was recorded; therefore, this
effect on crack size seems closely linked to the thickness of the PAN films rather than the
potential applied. Film thickness may be tailored through varying the length of time of depositions

rather than potential. Crack sizes were measured using MIPAR Image Analysis software defect

analysis.
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Figure 48: Optical microscopy images of PAN deposits at 10X magnification.
Deposition performed using chronoamperometry for 100 seconds over a range of
voltages vs. Ag/Ag* on 14 mm diameter graphite-composite electrodes in a Teflon cell

using AN(0.05 mol dm™ TBAP) electrolyte.
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3.4.2 Chronoamperometry impurity studies — Raman and thermogravimetric analysis

Figure 49 shows the images of the deposit produced at four different potentials using CA
deposition techniques. These images are superimposed on the forward scan direction of the
depositing CV voltammogram in Figure 45 at their corresponding potentials. This CV was
performed on a 14 mm graphite-composite electrode in a Teflon cell using AN(0.05 mol dm3
TBAP) electrolyte with O, saturation and without water. The CV was performed at 50 mV s, As
CA was performed at more negative potentials deposits lost a dis-uniform yellow discolouration,
becoming clearer. Deposits also lost a reflective quality, which was most apparent around -2.1V,
instead becoming much duller. Yellow discolouration is often linked to cyclization and
dehydrogenation in PAN [136] [137], which will turn white PAN to yellow as the level of impurities
increase. Cyclization can occur due to temperature [137] or attack by a nucleophile [136] such as
superoxide. As superoxide was present within the depositing mixture during
electropolymerisation, cyclization becomes more likely. Hence, further investigation into the

presence of impurities was required over the voltage range.

| 74 mml

I I
-3.0 -2.5 -2.0 -1.5
Potential vs Ag/Ag* (V)

Current density (MA cm'z)

Figure 49: Images for the deposition of PAN using chronoamperometry
superimposed onto the forward scan direction of the CV voltammogram in Figure 45
on a 14 mm diameter graphite-composite. The CV was performed in a Teflon cell
using AN(0.05 mol dm™ TBAP) electrolyte with O, saturation and without water. The
CV was performed at 50 mV s, Chronoamperometry depositions were also
performed on 14 mm diameter graphite-composite electrodes in a Teflon cell using
AN(0.05 mol dm TBAP) electrolyte with O, saturation and without water. Images for
PAN deposits at -1.8 V,-2.1V, -2.4V, and -2.7 V vs. Ag/Ag" are shown. Images are

superimposed at their corresponding potentials.
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Commonly cited impurities for PAN polymerisations largely involve cyclization [136] [137], with
the proposed mechanism shown in Figure 50 for the cyclization of PAN via nucleophile attack of a
superoxide anion. Raman was initially employed to identify any common peaks associated with
PAN cyclization, see Figure 51. Typical wave numbers for PAN features include 2250 cm™ C=N
bonds and 3000 cm™ alkyl C-H bonds [41] and for graphitic features at 2600 cm™, 1600 cm™ and
1350 cm™ [138]. A few additional features were present in the PAN standard that were mirrored
in the CA deposited PAN studies across the whole voltage range. However, additional peaks can
be observed in the deposited samples that were not in the standard, notably at 660 cm™ and at
930 cm™ relating to a CNC ring structure [139]. An additional peak was seen around 1425 cm™
that was consistent with a fused ring structure formed from a polymerisation of the nitrile groups

as a consequence of the anionic polymerisation mechanism [140].
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Figure 50: Partial mechanism for the cyclization of PAN involving attack by a

superoxide nucleophile.

Yellow discolouration in PAN structures has also been attributed to the formation of conjugated
C=C double bonds on the polymer backbone or colour centres associated with radical species
trapped within glassy polymer matrices [141] [142]. Possible impurities of C=C bonds would
require carbon atoms on the polymer backbone as the C=N group cannot provide the required
carbon. Unfortunately, C=C bonds would be difficult to identify by Raman as the peaks line up
with graphitic features at 1600 cm™ [143]. However, the relative intensities of cyclic feature

impurities can give insight into the presence of dehydrogenated carbon impurities.
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Figure 51: Normalised Raman data for the deposition of PAN using
chronoamperometry onto a 14 mm diameter graphite-composite electrode in a
Teflon cell. (Top) PAN and graphite standards superimposed and (Bottom) standards
as well as depositions performed at-1.8 V,-2.2 V, -2.6 V, and -3.0 V vs. Ag/Ag*
superimposed. Key bonds are annotated on both. Raman data taken at 1 % laser

power on a 785 nm Raman laser for 3 accumulations.
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Table 9 shows the normalised intensities for ring structure impurities for the Raman data shown
in Figure 51. All Raman data showed 2250 cm™ C=N bonds to be the strongest, giving maximum
intensity and hence the value of 1.00 when normalised. However, during cyclization the cyano
group is substituted for a CNC ring structure, see Figure 50, which would cause a lower intensity
at 2250 cm™ and higher intensity at the ring impurities at 660 cm™, 930 cm™, and 1425 cm™. It can
be seen from the table that the PAN standard consistently showed a low intensity of 0.03 for all
the ring features. All CA deposited samples across the voltage range showed a greater intensity
for ring feature CNC bonds, with more negative potentials leading to greater intensities of these
cyclic features. These more negative potentials provide greater energy to allow less
thermodynamically favourable ring structures to form during the polymerisation [140]. What can
be concluded from this information is that more negative CA potentials lead to higher degrees of

cyclization within the deposited polymer samples.

Samples deposited at lower potentials had a yellow discolouration, see Figure 49, despite having a
lower degree of cyclic impurities. Therefore, there must be a higher degree of other impurities
that give a yellow discolouration such as conjugated C=C bonds on the polymer backbone. It was
inferred that the lower potentials encourage the formation of C=C bonds. Unsaturated carbon
bonds are expected to form during radical polymerisation due to termination by
disproportionation. This occurs when two growing radical polymer chains interact and terminate
their growth via the exchange of a hydrogen atom, leading to one chain with a conjugated C=C
bond and the other without. As deposits at higher potentials had less yellow discolouration this
would also suggest higher potentials discourage disproportionation or encourage termination by

recombination.

Table 9: Normalised intensities of Raman data corresponding to PAN ring structure

feature wavenumbers.

PAN CNC ring feature Normalised intensities
wavenumbers (cm™)
Standard -1.8V -2.2V -2.6V -3.0V
660 0.03 0.04 0.05 0.04 0.08
930 0.03 0.12 0.13 0.13 0.21
1425 0.03 0.06 0.06 0.05 0.08
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TGA data was taken to supplement the Raman study of impurities in Figure 51. The intention of
these studies was to identify any effect from the different impurities (cyclization or
dehydrogenation) at elevated temperatures that might be experienced during thermal runaway.
During PTCR studies in later chapters the highest temperature required would be PVDF’'s melting
temperature around 155 to 185 °C [30] with temperatures not planned to exceed 200 °C.
Therefore TGA was studied beyond this point up to 250 °C to highlight any key mass changes that
could be expected should PTCR fail to shutdown the cell and temperatures continue to rise
beyond the melting point of PVDF. TGA studies were performed on a CV deposited sample and a
CA deposited sample onto graphite-composite electrodes with an additional study for a CA
deposited sample onto a copper electrode, see Figure 52. The PAN deposit was scraped from the
samples and collected for TGA. The copper study was performed to highlight the presence of
impurities when electrodeposition was performed onto other surfaces than the graphite-
composite. A CV sample from 0.0 V to -3.0 V at 50 mV s was used as the full range of
electrodeposition potentials would be covered, allowing all impurities to be expressed. CA
electrodeposited samples used -3.0 V for 100 seconds as these should result in a higher

proportion of cyclic impurities according to Raman data in Table 9.
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Figure 52: TGA performed on various PAN samples under an argon environment,
percentage remaining mass plotted against temperature. In cyan, PAN industrial
standard from Sigma-Aldrich. In orange and yellow, PAN deposited onto graphite-
composites using CV (0.0 V to -3.0 V at 50 mV s?) and CA (-3.0 V, 100 seconds)
respectively. In black, PAN electrodeposited onto a copper surface using CA (-3.0V,

100 seconds). Studies ramped at 2 °C/minute from 25 °C to 250 °C.
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Mass changes at key temperatures during TGA studies are detailed in Table 10. PAN T; is around
95 °C, at which point all samples remained stable. A slight drop in mass was seen in
electrodeposited samples at 100 °C and then further at 120 °C. However, for the electrodeposited
samples there were two areas of significant mass decrease at just below 150 °C and again at just
above 200 °C. George Konstantopoulos et al. [137] identified that the thermal stabilisation of PAN
takes place in two separate steps that can be performed in either order, cyclization or
dehydrogenation. At 150 °C thermal degradation is dominated by cyclization. Above 200 °C
degradation by dehydrogenation dominates leading to mass loss via the loss of hydrogen atoms
leading to of C=C bonds forming. At 250 °C, the PAN standard had not dropped below 99 % whilst
the CV deposited sample dropped to 92.15 %. On the other hand, both CA deposited samples fell
by nearly 10 % at 90.63 % and 90.83 % for graphite-composite and copper respectively. Greater
mass loss above 200 °C for the CA samples suggests more mass loss via dehydrogenation meaning
an initial lower composition of C=C bonds for more negative CA electrodepositions. Therefore,
lower potentials have a greater degree of impurities due to unsaturated bonds leading to a more
distinct yellow shade of the deposited films and to lower mass loss by 250 °C. The TGA response
for the PAN industrial standard remains fairly constant up to 250 °C, never dropping below 99 %

of its original mass, suggesting little to no impurities within the powder from Sigma-Aldrich.

CA samples are more stable at 95 °C to 150 °C, the areas of interest for any PTCR response due to
the PAN Tg at 95 °C. Hence, these more negative potentials were of more interest to the thermal
runaway studies due to greater stability within the required temperature window. Depositions at

-3.0 V were therefore continued in the CA studies of the following sections.

Table 10: Percentage remaining mass for TGA samples at key temperatures.
Techniques used to create electrodeposited samples were CV = cyclic voltammetry,
and CA = chronoamperometry. Surfaces electrodeposited onto were

Gr = graphite-composite, and Cu = copper.

Key temperatures (°C) Percentage mass remaining (%)

Standard CV Gr CA Gr CACu
95 99.68 99.74 99.67 99.64
100 99.68 99.55 99.53 99.63
120 99.68 99.25 99.35 99.51
150 99.64 98.80 98.88 98.89
200 99.61 98.58 98.19 97.87
250 99.35 92.15 90.63 90.83
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343 Chronoamperometry studies — varying time

Varying thickness of PAN deposits was explored to reduce cracking of polymer films. To this end,
CA deposition studies were performed at various time scales. These were performed at -3.0 V vs.
Ag/Ag*, in line with conclusions of varying voltage studies from Section 3.4.1 and Section 3.4.2. At
this voltage, clear consistent films were attained that were more stable below 150 °C. These were
all done using AN(0.5 mol dm= TBAP) electrolyte in a Teflon cell arrangement. All electrolytes

were 10 mL in volume and were O; saturated for 15 minutes before applying a potential.

The mass of the PAN deposits against deposition time for many of the CA studies is shown in
Figure 53. Deposit mass increased as greater amounts of time were allowed for deposition.
However, the trend was only linear for depositions performed for longer than 1 second, with
depositions performed for less than 1 second not following the same trend. This was reflected in a
y-intercept value of 2.7 mg for a trendline based on depositions run for 1 second or longer. This
was likely in part due to the wide variation in deposited mass for the same conditions. For
instance, mass values deposited for 100 seconds varied between 7.3 mg and 8.8 mg. However, a
strong linear relationship is observed for the trendline for values above 1 second with an R? value
of 95 %. Below 1 second, mass increased much more rapidly. Only 0.5 seconds of deposition time
gave a mass of 0.4 mg, which would suggest an increase of 0.8 mg s. However, the gradient

recorded from the linear trendline is significantly lower than this giving 0.0547 + 0.0013 mg s*.

No mass was recorded when leaving the electrodes in the electrolyte for 1 hour with no applied
potential and left at open circuit potential. Nor was mass recorded when leaving the electrodes in
the electrolyte that had undergone oxygen reduction prior to the addition of the electrode; the
presence of superoxide initiator without a potential did not encourage any PAN deposition. A

potential must be applied to the electrode under investigation for a mass change to be observed.

The trend of increasing PAN mass with deposition time was likely a result of greater amounts of
time available for mass transport to occur under the driving potential. Literature mentions the
electrodeposition of PAN is driven by the applied voltage and not convection making it a diffusion
limited process [144]. Indeed, the deposition does not appear to continue to a significant degree
without the applied potential; the amount deposited in a 20 second study left to sit in the
electrolyte over a 24 hour period after removing the -3.0 V potential was 4.0 mg. This was similar

to the 3.4 mg during the 20 second study in Figure 53.

Diffusion limited growth has been reported in several literature [41] [42] and does appear to
follow similar trends for polymer chains [145], nanocrystals [146], and even in clathrate hydrates

in outer space [147], to name a few. It appears to be common that an initial rapid growth period
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is observed followed by a slow decline in growth rate that tends towards a plateau at greater time
scales. At small deposition times (less than 1 second in this case) there is little to no diffusion layer
over the working electrode and so the effect of concentration of the bulk solution has little effect
on the deposition rate near the graphite-composite surface. It is only at greater deposition times
that the diffusion layer grows due to a drop in concentration of reactants at the electrode surface.
Hence, diffusion becomes a limiting factor and growth rate rapidly decreases. As such, diffusion-
limited growth tends to follow a non-linear trend. It can therefore be assumed that either the
growth of the polymer film tends towards this linear model after 1 second, or the growth follows
a non-linear trend beyond 100 seconds as the diffusion layer continues to grow. The non-linear
idea can be explored by investigating depositions times longer than 100 seconds to identify clear
changes in gradient. Either way, the linear trendline was a reasonable approximation for the data
it represents between 1 second and 100 seconds, allowing predictions of how much mass would

be deposited for depositions within this time window.
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Figure 53: Mass of PAN produced by chronoamperometry studies at -3.0 V vs. Ag/Ag*
at varying times for applied potential. Deposition performed on 14 mm diameter
graphite-composite electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP)
electrolyte. A linear trendline is superimposed for deposition studies performed for
longer than 1 second with the line equation and R? values shown. Depositions below

1 second were not included in the trendline and are shown in orange.

The other potential source of growth for the polymer film would be Faradaic growth, or the
polymerisation of PAN via the direct transfer of an electron from the electrode to a monomer or
growing chain [78], shown in Figure 54. Direct electron transfer can result in polymer growth in

the absence of oxygen but requires much more negative potentials, -2.5 V vs. Ag/Ag* according to
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Lacey et al. [41]. Deposit mass tends to be much lower under such a mechanism and polymer
growth typically occurs in the solution without grafting to the electrode surface [2]. This is distinct
from the predicted radical anion polymerisation model where the Faradaic process reduces the
oxygen to form superoxide anions, which go on to initiate polymerisation. Should Faradaic growth
of the polymer be present and significant it might be possible to predict an amount of growth by

the amount of charge passed by the electrons.
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Figure 54: Proposed mechanism for Faradaic chain growth of PAN.

A Faradaic process would have a corresponding Faradaic efficiency calculated by the following:

mzF
M,Q

n=

Where n is the Faradaic efficiency, m is the mass of the product (or the mass of deposit in this
case), z is the number of electrons involved (1 electron to monomer), F is the Faraday’s constant
(96485 C mol?), M, is the molar mass of the AN monomer (53.031 g mol?), and Q is the charge
passed. PAN mass was simply found by weighing the graphite-composites. The charge passed was
found by integrating current and time for the CA data; the area under the curve provides the total
charge passed by the CA study. A Faradaic efficiency of 1 is ideal for a Faradaic process and
indicates all charge consumed produced the desired products. Less than 1 indicates inefficiencies
and side reactions. However, greater than 1 indicates more mass is being produced than the
amount of passed charge allows implying non-Faradaic processes. This would mean polymer chain

growth without electrochemical input, such as a chemically driven process.

Figure 55 shows the Faradaic efficiency for PAN deposits obtained at varying deposition times. It
can be seen from the superimposed CA graph that the current passed for the various times
remains consistent for all time scales until the time limit was reached. Hence, charge passed
remained consistent within the time limits of the studies. Firstly, Faradaic efficiencies were
magnitudes greater than 1. Therefore, growth of the PAN polymer chain was primarily chemically

driven by a diffusion-limited process rather than an electrochemical process. Oxygen reduction to
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a superoxide anion is a Faradaic process but was only responsible for the initiation of the
polymerisation and so only accounts for one monomer unit in the several unit long polymer chain.
Indeed, this was to be expected with radical anionic polymerisation as the superoxide initiator
acts as a catalyst that drives the polymerisation [41]. Secondly, an initial rapid increase in
efficiency was observed from 0 to 1 seconds; this was consistent with observations in Figure 53
where an initial steeper gradient was observed at this smaller time scale. This was a result of the
kinetics of superoxide formation. The superoxide was not initially present and hence an initial
lower period of deposition was to be expected. A peak was seen at 1 second followed by a steep
decline that tends towards a plateau. From looking at the CA data, the electrode was passivated
during the process resulting in reduced currents being passed. As PAN mass increase appeared
linear with time above 1 second and continues this trend despite the rapid decrease in Faradaic
efficiency, the growth pattern was clearly independent of the charge passed. Hence, the limiting

factor would be the movement of monomers to the reaction sites via diffusion.
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Figure 55: Faradaic efficiency against chronoamperometry time for PAN deposits
produced at -3.0 V vs. Ag/Ag*. Depositions performed on 14 mm diameter graphite-
composite electrodes in a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte.
Orange and blue data points and trendlines represent identified regions of differing
activity. Superimposed is a graph of chronoamperometry current against time for

several different studies with varying time limits at -3.0 V vs. Ag/Ag".

Figure 56 presents several PAN deposits at 10X magnification under optical microscopy for varying
times of deposition. A cracked film was present throughout, with width becoming noticeably
lessened as deposition time and subsequently deposit mass was reduced. At 10 seconds, the film
became too thin and the graphite was exposed in places. This was apparent at 50X magnification,

shown in Figure 57. A stark contrast was observed between the rougher exposed graphite areas
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and the areas with a thin glossy layer of polymer. This lack of uniformity would negatively impact
any thermal runaway prevention as the graphite surface would not be blocked by the PAN film.
This was also likely to impact the electrochemical performance of lithium-ion half-cells even at
room temperature as certain regions would have a greater ionic resistance due to the disparity of
polymer present. As such, lower deposition times than 20 seconds were considered unreliable for

future study with the 20 second deposits having the best morphology by appearance.
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Figure 56: Optical microscopy images of PAN deposits at 10X magnification.
Deposition performed using chronoamperometry at -3.0 V vs. Ag/Ag* over a range of
times on 14 mm diameter graphite-composite electrodes in a Teflon cell using

AN(0.05 mol dm™ TBAP) electrolyte.
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20 pm
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Figure 57: Optical microscopy images of PAN deposits at 50X magnification.
Deposition performed using chronoamperometry at -3.0 V vs. Ag/Ag* for 10 seconds
on 14 mm diameter graphite-composite electrodes in a Teflon cell using

AN(0.05 mol dm™ TBAP) electrolyte. (Left) Image of exposed graphite within the
deposition area and (Right) Image of graphite with PAN deposited on top.

Table 11 quantifies the reduced crack sizes with decreasing deposition times and hence
decreasing film thikcnesses. For the deposits at 60 to 100 seconds, a wide range of cracks sizes
were observed with cracks as wide as 8 um commonly observed. This was due to the greater
thickness introducing greater levels of stress within the film surface ultimately leading to worse
cracking. However, cracks from 10 to 40 seconds were more consistent. Cracks were almost non-
existent with only a few areas showing cracks. There was also far less variation in crack sizes of
less than 1 um to a maximum of 2 um. This was compared to the 3 to 9 um observed for thicker
deposits. As such, there was a far greater degree of uniformity observed at lower deposition
times, and hence a more uniform ionic resistance across the surface. These thinner films would

more likely produce repeatable data during electrochemical lithium-ion studies.

Table 11: Size of cracks identified for PAN deposits shown in Figure 56.
Measurements performed using MIPAR Image Analysis software defect analysis.
Depositions performed using chronoamperometry at -3.0 V vs. Ag/Ag*. Time scales
varied from 10 seconds until 100 seconds. Crack size shown in a range to reflect the

variation observed at longer deposition times compared to lower deposition times.

Deposition time (s) 10 20 40 60 80 100

Crack sizes (um) 1-2 1-2 1-2 3-8 3-9 4-8
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344 Chronoamperometry studies — predicting film thickness

The idea of predicting PAN mass at deposition times was extended to predicting film thickness.
This was done by plotting the thickness of PAN deposits against their mass, see Figure 58.
Thickness was measured using an ‘External Digital Micrometer, 0-25 mm/0-1 inches’ from RS

Components with an absolute uncertainty of + 1 um.

A linear trend was observed, with a 91 % R? value on the experimental trendline indicating a
strong statistical relation with the data. The gradient of the trend shows 5.98 + 0.13 um mg™.
Using the electrode area of 1.54 cm?, average PAN density was found to be 1.09 g cm™. PAN
density at 25 °C for PAN with an average molecular weight of 150,000 from Sigma Aldrich was
1.18 g cm™ [148]. This gave an experimental PAN density 92.4 % that of the commercial product.
Calculating theoretical film thicknesses for a PAN film of the commercial product density gives
thicknesses lower than the experimental trendline. The commercial product would increase in
film thickness by 5.49 pm mg™. Therefore, the film thicknesses of the experimental values are
8.9 % above theoretical films formed from the commercial product, shown by the experimental

trendline in Figure 58 resting above the theoretical trendline by 8.9 %.
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Figure 58: Mass of PAN deposits against film thickness produced by
chronoamperometry at -3.0 V vs. Ag/Ag* over a range of different times. Deposition
performed on 14 mm diameter graphite-composite electrodes in a Teflon cell using
AN(0.05 mol dm™ TBAP) electrolyte. A theoretical trendline of film thickness

assuming a density of 1.18 g cm™ [148] is superimposed.
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Combined with the linear trend of PAN masses against CA deposition time in Figure 53, film
thickness can be simply predicted and tailored through control of the deposition time. The
gradients for mass per unit time and thickness per unit mass, along with the predicted gradient
for thickness per unit time, are shown in Table 12. From this data, it was expected that 0.327 +
0.015 um film thickness would be gained every second of CA deposition time between 1 and 100
seconds. Figure 59 shows the PAN mass against deposition time for the data points used to
calculate the linear trend only (excluding the 0 and 0.5 second data points that occurred before
the 1 second linear trend). The figure also shows the measured film thicknesses for these samples
against deposition time. An experimental line from measured film thicknesses with a micrometer
is shown against the deposition time for those samples as well as a predicted line calculated from

the relationships in Table 12.

From the initial mass against time data, a y-intercept of 2.7 mg was found. This was used to
predict a y-intercept for the thickness against time relationship by using the thickness per mass
value of 5.98 + 0.13 um mg*. A value of 16.4 um was found for the intercept and was added to
the values for the predicted line between 1 and 100 seconds using the calculated gradient of
0.327 £ 0.015 pum s’ Although the thickness per time line was not a trendline, the data fitted
relatively well with the measured thickness values with an R? value of 88 %. Comparatively, the
trendline lined up almost identically with the predicted line with an R? value of 88 %. It was

therefore concluded that 0.3 um s was a good estimate for film growth.

Table 12: The gradients of mass gained per unit time for PAN films and thickness per
unit mass are shown. These measured values were used to calculate the possible

gradient for film thickness per unit time.

Property 1 Mass (mg) Thickness (um) Thickness (um)
Property 2 Time (s) Mass (mg) Time (s)
Gradient 0.0547 +0.0013 5.98 +0.13 0.327 £ 0.015
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Figure 59: (Top) PAN mass against chronoamperometry time for data used to
calculate the linear trend between 1 and 100 seconds; trendline equation and R2
values are superimposed. Chronoamperometry studies performed at -3.0 V vs.
Ag/Ag*. (Bottom) PAN film thickness against chronoamperometry time. Data points
measured from the samples in the top graph. A trendline for experimental data is
superimposed and is compared with a predicted line calculated from gradients in

Table 12.
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3.45 Chronoamperometry studies — post-treatment redepositions

Post-treatment procedures were explored to improve PAN films further, specfically to remove any
cracks present. One of these post-treatments was redepositions. Redeposition was performed in
two cycles using a standard CA electrodeposition of PAN each time onto a graphite-composite
electrode. The first cycle was performed followed by washing and drying of the electrode and
performing a second standard CA onto the same deposition area. Fresh AN(0.05 mol dm= TBAP)
electrolyte was used for each cycle in a Teflon cell with 15 minutes of O, saturation without water
each time. Redeposition should preferentially deposit more polymer onto exposed conductive
surfaces between the cracks in the films. Redepositions were performed using CA at -3.0 V vs.
Ag/Ag* during the first cycle and again at -3.0 V vs. Ag/Ag* during the second cycle. After the first
CA cycle, washing and drying was performed as such: remove electrodes from the Teflon cell and
dry for 24 hours, wash electrodes in ethanol for 10 minutes, dry for an additional 24 hours. The
second cycle was then performed with the PAN coated graphite-composite as the working
electrode. This was then followed by an additional washing and drying procedure that was the

same as the first.

Figure 60 shows PAN mass against deposition time for redeposition studies superimposed onto
data for one cycle depositions explored in Section 3.4.3. Running studies for 10 seconds and
another 10 seconds increased mass from 3.0 mg to 3.8 mg. This increasing trend was repeated for
two 20 second depositions and two 50 second depositions. Each time the increase in mass closely
followed the linear trend identified for 1% cycle depositions above 1 second. Polymer coatings
have been shown to have near complete coverage of the film surface after the first cycle. Should
growth only occur in the crack areas, growth should be minimal. The fact that increases were so
large implies the polymer chain growth is reinitiated and further continues. Interestingly as similar
masses for 100 seconds were obtained by running depositions for two 50 second cycles, or similar
masses for 40 seconds were obtained with two 20 second cycles, PAN film masses and ticknesses

can be accurately increased to greater amounts if desired.

Redepositions do not experience an initial faster growth period as seen in Section 3.4.3. This was
despite fresh electrolyte being used for each redeposition cycle. This may imply the initial faster
growth period below 1 second in Section 3.4.3 was experienced as the AN monomers were coated
onto the graphite directly without passing a polymer layer. For redepositions there was a polymer

layer present and so chain growth primarily initiates from this surface instead of the electrode.
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Figure 60: Mass of PAN depositions produced by chronoamperometry at -3.0 V vs.
Ag/Ag* over a range of different times. Initial one cycle experimental data is included
along with a trendline to predict PAN film growth. Several redeposition studies are
included. The time that first and second cycles of the redeposition studies was
performed for was: 10 + 10 seconds, 20 + 20 seconds, and 50 + 50 seconds. A dotted
line is superimposed between first and second redeposition cycles. Deposition
performed on 14 mm diameter graphite-composite electrodes in a Teflon cell using

AN(0.05 mol dm™ TBAP) electrolyte with O, saturation and without water.

The effect of redepositions on cracks was variable depending on the times used, see Figure 61 and

Table 13. For 10 + 10 seconds and 20 + 20 second studies, cracks were almost completely sealed

with only slight cracks remaining visible. This was contrasted with 50 + 50 seconds where there

was a negligible effect on crack size. As mass of the redepositions follows a similar trend to initial

depositions over the same time scale, this was likely a result of the redeposit thickness at longer

times introducing more stress. Thicker films introduce greater internal stresses leading to the

original cracking issue observed. This cracking was less pronounced at 10 and 20 seconds for one

cycle, and hence the redepositions for a similar time are able to aid in sealing of the cracks.

However, at 10 + 10 seconds and 20 + 20 seconds a degree of surface roughness was observed.

Non-uniformity in surfaces of electrodes may lead to poorer lithium-ion half-cell performance.

Table 13: Size of cracks identified for PAN redepositions shown in Figure 61, studied
for: 10 seconds and 10 seconds, 20 seconds and 20 seconds, and 50 seconds and 50
seconds. Measurements performed using MIPAR Image Analysis software defect

analysis. Crack size shown in a range to reflect the variation observed.

Deposition time (s) 10 20 50 10+ 10 20+ 20 50 + 50

Crack sizes (um) 1-2 1-2 2-6 <1 <1 3-5
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Figure 61: Optical microscopy images of PAN redepositions at 50X magnification.
(Left) First cycle depositions, and (Right) second cycle depositions. Depositions
performed using chronoamperometry at -3.0 V vs. Ag/Ag* on 14 mm diameter
graphite-composite electrodes in a Teflon cell using AN(0.05 mol dm= TBAP)
electrolyte saturated with O, and without water. From top to bottom: 10 seconds

and 10 seconds, 20 seconds and 20 seconds, and 50 seconds and 50 seconds.
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3.4.6 Chronoamperometry studies — post-treatment annealing

Annealing polymer chains can cause them to unfold and encourage chain movement, this is
commonly done to improve crystallinity and remove cracks in structures [57] [135]. According to
Gupta and Chand [149], the size of PAN crystals begins to grow at and above the glass transition
temperature of 95 °C [35] [128]; the annealing of PAN results in enhancement of crystallisation
and the size of crystallite leading to the removal of surface defects. Temperatures used to anneal
PAN vary greatly in literature. Jung et al. [135] reported using temperatures at 80 °C in a water
bath for PAN annealing to improve crystallinity, with promising results. Lacey et al. [41] used
temperatures of 150 °C to soften the film and improve uniformity, turning the PAN deposit from a
white structure to a clear one. However, higher temperatures should be avoided to minimise risk
of mass loss and thermal degradation found during TGA studies at around 150 °C (see Section
3.4.2). Subsequently, the following annealing studies used temperatures of 120 °C, above the
glass transitions of 95 °C and high enough to evaporate any water within the structure. Annealing
was performed under vacuum in a vacuum furnace for varying time scales to remove the

presence of oxygen and reduce the risk of unwanted side-reactions.

Annealing of all polymers whether initially white, white-yellow, or clear would result in a clear film
with no apparent yellow discolouration, see Figure 62 for a comparison. This would occur even
when annealed at the lowest studied time of 1 hour. Pellon et al. [129] identified opaque white
films as being heterogeneous and composed of a compressed powder containing either air or
remaining monomer in inter-particle spaces. Clear films were continuous and remaining monomer
was either distributed molecularly or in very minute droplets. It can therefore be concluded that
annealing has encouraged chain movement and allowed the redistribution of surface defects to

produce a more homogeneous surface film.

Before After

!‘ 14 mm I l 14 mm l

Figure 62: Image of a graphite-composite PAN electrodes deposited using
chronoamperometry at -1.8 V vs. Ag/Ag* for 100 seconds. AN(0.05 mol dm™ TBAP)
electrolyte saturated with O, and without water was used in a Teflon cell. From left
to right: PAN deposit before annealing, PAN deposit after 72 hours of annealing at
120 °C.
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Figure 63: Optical microscopy of PAN deposited graphite-composite electrodes at

10X magnification using AN(0.05 mol dm TBAP) electrolyte saturated with O, and
without water. (Left) clear PAN deposit using chronoamperometry at -3.0 V vs.
Ag/Ag* for 100 seconds in a Teflon cell, (Right) white PAN deposit using cyclic
voltammetry at 0.0 V to -3.0 V vs. Ag/Ag* at 50 mV s in a glass cell. Images of the full

electrodes are superimposed to highlight difference in opacity between samples.

Figure 63 highlights the initial morphology difference between clear and white samples before
annealing took place. Before and after annealing showed no significant mass change. Mass
changes that were observed were of the order of 0.1 mg. The instrument used to measure mass
of the deposits had a maximum precision of 0.1 mg and, hence, any change was attributed to
instrumental error. No significant difference was recorded for varying CA voltages, and hence
level of impurity does not seem to significantly affect the mass change either at 120 °C annealing,

see Table 14.

Table 14: Mass of PAN deposits before and after annealing for 72 hours at 120 °C.
Deposits were formed using chronoamperometry over a range of potentials for

100 seconds. Deposition performed on 14 mm diameter graphite-composite
electrodes in a Teflon cell using AN(0.05 mol dm TBAP) electrolyte saturated with O,

and without water.

Deposition PAN mass before PAN mass after
parameters annealing (mg) annealing (mg)
-1.8V, 100s 9.9+0.1 9.9+0.1
-2.0V, 100 9.5+0.1 9.3+0.1
-2.2V,100s 9.5+0.1 9.1+0.1
-2.4V,100s 6.6+0.1 6.2+0.1
-2.6V,100s 6.0+0.1 59+0.1
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Optical microscopy images provided more insight into the changes of surface morphology. Figure
65 shows a range of images for annealing of clear PAN deposits from 1 hour to 144 hours. It was
observed that little change occurs until 24 hours where cracks are eliminated almost entirely with
only small circular surface defects seen. Beyond this, surface defects appeared to re-emerge with
darker areas forming that might be interpreted as new cracks forming. However, Figure 64
observes the 72 hour image and the 144 hour image at a greater magnification showing that the
cracks had not reopened. Contrarily, a thin polymer film was seen sealing the darker areas

providing complete coverage of the graphite-composite surface.

Figure 66 shows the images for white polymer films over the same time scales. Changes in the
surface were immediately obvious after 1 hour. At 48 hours a near homogeneous film was
observed with increasing defects after longer annealing periods. However, darker areas were far
more prevalent for white annealed films implying a greater degree of surface variation. Similarly
to clear films, the darker areas are still covered with a thin film although these darker areas took

up much more of the surface area.

Figure 64: Optical microscopy images for clear PAN deposits at 50 X magnification.
Images labelled before annealing, and after annealing of the same sample for

72 hours and later after 144 hours. Annealing performed at 120 °C. Depositions
performed with chronoamperometry at -3.0 V vs. Ag/Ag* for 20 seconds in a Teflon
cell using AN(0.05 mol dm™3 TBAP) electrolyte saturated with O, and without water

onto a graphite-composite electrode.
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Figure 65: Optical microscopy images for clear PAN deposits at 10 X magnification

over a range of time scales. Images labelled with their length of annealing time.
Annealing performed at 120 °C. Depositions performed with chronoamperometry
at-3.0 V vs. Ag/Ag* for 20 seconds in a Teflon cell using AN(0.05 mol dm™ TBAP)

electrolyte saturated with O, and without water onto graphite-composite electrodes.
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Figure 66: Optical microscopy images for white PAN deposits at 10 X magnification

over a range of time scales. Images labelled with their length of annealing time.
Annealing performed at 120 °C. Depositions performed with chronoamperometry
at-3.0 V vs. Ag/Ag" for 20 seconds in a Teflon cell using AN(0.05 mol dm TBAP)

electrolyte saturated with O, and without water onto graphite-composite electrodes.
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3.5 Conclusion

PAN electrodepositions were performed with an extensive look at some conditions that were
likely to effect the resulting films. The intent was to produce a polymer film coating on a
commonly used lithium-ion cell electrode material, graphite is an anode material used within such
systems. Electrodes produced were intended for use in later studies to identify any exhibited
PTCR response at elevated temperatures. A PTCR response would provide valuable functionality in

the prevention of thermal runaway in lithium-ion cells.

By performing cyclic voltammetry or chronoamperometry with AN(0.05 mol dm TBAP)
electrolyte, PAN was found to deposit onto several conductive surfaces. These surfaces were
glassy carbon, metallic copper, and graphite-composites. Raman measurements performed on the
glassy carbon and graphite showed chararcteristic PAN peaks at 2250 cm™ C=N cyano group and
3000 cm™ C-H alkyl group. EDS measurements found a near identical composition of carbon and

nitrogen to an ideal PAN monomer unit further supporting that PAN was indeed deposited.

Cyclic voltammetry studies of oxygen saturation and water contamination provided valuable
information on electrochemical activity. Oxygen reduction to superoxide was found to occurin a
quasi-reversible behaviour. This superoxide was a necessary initiator for PAN electrodepositions.
Oxygen reduction would occur around -1.25 V vs. Ag/Ag* whilst the polymerisation and
electrografting of PAN initiated around -1.4 V vs. Ag/Ag*, provided superoxide was present. This
electrografting would lead to the passivation of the electrode surface. An additional
polymerisation was found near -2.25 V vs. Ag/Ag" relating to polymerisation in solution that does
not typcially graft to the electrode surface [70], which left electrolyte with a yellow
discolouration. The presence of water in the system appeared to encourage polymeristion,
leading to polymerisation in solution and a yellow discolouration even with no oxygen present.
When oxygen was present, the mass of PAN deposited onto the electrode surface would as much
as double. However, water contamination would lead to a blistering and dicolouration of the
electrode surface itself damaging the integrity of potential lithium-ion electrodes obtained via

methods used.

Greater PAN deposit masses were identified onto carbon surfaces, such as glassy carbon and
graphite, as opposed to metallic copper. A tentative link is made between the concentration of
initiator (superoxide anions) to the amount of PAN deposited. Studies by Singh et al. [134] found
carbonaceous surfaces, such as graphite and glassy carbon, act as a catalyst for oxygen reduction

to superoxide.
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Two PAN morphologies were found for electrodeposition onto graphite-composites, controlled by
using different deposition cells. White non-continuous films were seen for deposition in a sealed
nitrogen-enviroment glass cell, whereas clear continuos films were seen for deposition in a Teflon
cell that was exposed to air. Raman and EDS studies found no chemical change from white to
clear PAN, the change can therefore be concluded as a purely physical one. Studies by Shavit et al.
[131] investigated several conditions that affected whether a white or clear PAN film was
observed. They found polymerisation in solution was prevented at the air-interface of the
electrolyte due to the presence of oxygen acting as a retarder. This ensured a concentration
gradient and flow of monomers to the deposition surface. This constant flow of monomers to the
deposition area allowed a clear film to develop. Clear films were more uniform and hence better
for lithium-ion electrodes. Unfortunately, both white and clear films had micrometer width cracks
large enough for lithium-ion infiltration, potentially affecting any PTCR response studied in later

chapters.

Chronoamperometry studies were used to tailor properties of clear PAN films, reducing crack
sizes and impurity concentrations. As potential became more negative PAN films began to deposit
beyond -1.1 V vs. Ag/Ag*, after oxygen reduction. Raman data found more negative potentials
included more cyclization impurities and less dehydrogenation impurities. Samples with more
cyclization had less mass loss during TGA studies and so negative potentials of -3.0 V vs. Ag/Ag*
were chosen to avoid mass loss in PTCR studies. However, crack sizes were not found to be

dependent upon applied potential.

Varying chronoamperometry time showed promise in removing film cracks, with 20 seconds
appearing optimal. Above 20 seconds had greater crack sizes, likely due to dry cracking. Below 20

seconds resulted in non-uniform films that did not coat the entire graphite-composite surface.

Varying deposition times also allowed for easily tailorable film thicknesses. Between 1 and 100
seconds a linear trend was identified. Below 1 second a steeper increase was observed, although
this may be due to more rapid kinetics of oxygen reduction compared to PAN polymerisation and
more rapid polymer nucleation compared to growth. Superoxide anions were not initially present
and so initiator concentration would greatly increase when potential was first applied leading to
polymer nucleation. For the linear trend, film thickness increased by 0.327 + 0.015 um per second
with an intercept of 16.4 um. This was a reasonably accurate estimate for PAN film growth. No
polymer growth was experienced without a driving potential being applied, however, even if
superoxide was produced in the electrolyte prior to inclusion of the depositing electrode. This
indicated a diffusion limited growth behaviour of monomers to the electrode surface. The process

was also non-faradaic with superoxide anions acting more like a catalyst for polymerisation.
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Further post-treatment methods to remove film cracks were explored. Attempts to redeposit
onto polymer films showed limited success. Lower redeposition times of 20 seconds + 20 seconds
allowed polymer growth to initiate on non-coated conductive surfaces sealing the cracks present.
Longer redeposition times, such as 50 seconds + 50 seconds, resulted in further dry cracking.
Unfortunately redeposited film surfaces were less uniform, which is undesirable for lithium-ion

cell electrode performance.

Annealing post-treatment was very successful for clear polymer films. Above 24 hours of
annealing at 120 °C resulted in sealed cracks. However, darker areas with thin PAN film coatings
began to develop above 48 hours and so excessive annealing times should be avoided to prevent
non-uniform films. White annealed films showed crack sealing above 1 hour, but there were far

more thinner film areas and less uniformity than annealed clear films.

In conclusion, PAN films were successfully deposited onto graphite-composite electrodes for use
in lithium-ion half cells. Studies found PAN electrodepositions were highly dependent upon the
presence of an initiator to start PAN growth. Water contamination was also found to be
undesirable due to damage of the graphite-composite electrode surface. Two key morphologies
were identified for depositions onto graphite-composites, white (non-continuous) or clear
(continuous) dependent upon the presence of air above the electrolyte surface. Through
controlling chronoamperometry potential impurities can be controlled with -3.0 V vs. Ag/Ag*
providing minimal mass loss at elevated temperatures. Through controlling chronoamperometry
time film thicknesses can be controlled with reasonable accuracy; 20 seconds appeared as an
ideal due to minimal film cracking. Post-treatment of PAN films was possible to help remove
cracks, however redepositions were non-uniform even if cracks sealed. Annealing was a potential
solution but uniformity must be closely observed for longer annealing times. Following all these
studies, standard electrodes of 11 mm diameter were punched out from the graphite-composite

deposition areas for use in the next chapter in lithium-ion half-cell arrangements.
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Chapter 4 PAN film lithium half-cell studies

In the previous chapter, PAN films were successfully deposited onto graphite-composite anodes.
Not only this, but they were able to be produced to tailorable thicknesses. Several samples also
underwent post-treatment conditions in order to improve surface morphology. Following on from
these studies, graphite-composite electrode discs with and without polymer coatings were
produced and compared. Electrodes of 11 mm diameter were punched from PAN
electrodepositions. These electrodes were cycled in a half-cell arrangement against lithium metal

inside Swagelok cells.

The initial scope of this thesis was to produce practical electrodes with functional polymer
materials in order to prevent thermal runaway. To this end, the PAN films must provide
comparable performance to pristine graphite anodes under normal operating conditions. This is in
regards to not only capacity and impedance, but also maintaining a high standard of performance
over several cycles. Extensive studies were performed at room temperature within Swagelok cell
systems using graphite anodes with PAN film coatings. These films were of varying thicknesses
and underwent different post-treatment conditions to identify the best possible performance, if

any. All these studies were then compared to pristine graphite.

Charge-discharge cycling studies were then repeated at elevated temperatures, increasing
temperatures in intervals to identify if a PTCR response occurs and approximately when this
occurs. Studies were also performed to investigate if observed PTCR responses were reversible or
irreversible. PTCR onset should be followed by increases in impedance leading to a severe
reduction in cell capacity [8] [19] [20] [34]. This is most likely to occur near to transition
temperatures and for PAN films this would be expected to be the glass transition temperature of
95 °C [35] [58]. Hence, elevated temperature studies were performed up to 120 °C and data on
cycling capacities over this range were recorded. This was performed for a range of PAN

thicknesses and compared to the response from pristine graphite-composite electrodes.
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4.1 Experimental

Graphite-composite ink electrodes were used as the substrate for PAN film depositions, as
investigated in Chapter 3. Following these studies several different PAN morphologies were
produced, each of which were tested as electrodes within an electrochemical arrangement. These
PAN morphologies were also compared with the pristine graphite-composite performance. The

electrochemical arrangement and Swagelok cell schematic used are detailed in Chapter 2.

4.1.1 PAN film coating electrode preparation

The graphite-composite in this case forms the anode onto which the PAN film was
electrodeposited prior to cycling within a cell. There were four different PAN film surface
morphologies that were prepared: clear, white, clear annealed, and white annealed. All of the
films formed in this chapter were prepared using chronoamperometry to electrodeposit onto the
graphite-composite ink electrodes using O saturated AN(0.05 mol dm= TBAP) without water as
the deposition electrolyte. O saturation of the electrolyte was performed for 15 minutes via a gas
sparger. Clear films were produced via electrodeposition within a Teflon cell whilst white films
were produced via electrodeposition in a glass cell. The schematics of these cells and the
preparation of the electrodeposition electrolyte were discussed in Chapter 3. Annealing was
performed on several of these PAN coated graphite-composites by heating to 120 °C under

vacuum within a Buchi tube for 144 hours, as described in Chapter 3.

Most electrodepositions were performed using chronoamperometry at -3.0 V vs. Ag/Ag* for 20
seconds to produce clear films around 22 um film thickness. This used the relationship between
deposition time and film thickness calculated in Chapter 3; a value of 16.4 um after 1 second was
obtained with an additional 0.3 um per second for film growth up to 100 seconds. Greater
thicknesses were produced by increasing chronoamperometry time. Thicknesses lower than

16.4 um were produced by using depositions times lower than 1 second, however, a clear trend
was not identified for these film thicknesses and so it was difficult to produce films of these
thicknesses reliably. A further complication was that for white films a trend was not seen as
clearly with fluctuating thicknesses as much as 10 um and so all electrodepositions were

performed at -3.0 V vs. Ag/Ag* for 20 seconds for white films.

From these electrodeposited areas, 11 mm diameter electrode discs were punched out using a
precision punch (EL-CELL, EL-Cut). 11 mm was the required size for use in the Swagelok half-cell

arrangements available.
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4.1.2 Elevated temperature cycling

Varying temperature can affect cycling performance [102]. Most battery systems are run at room
temperature. Running at higher temperatures can improve some aspects of performance but
prolonged usage shortens cycle life. Alternatively, colder temperatures increase internal
resistance and lowers capacity of the battery, see Figure 67. For the studies within this chapter,
lower than room temperatures were not required as these would not initiate the intended PAN
shutdown effect in response to a thermal runaway event. Theoretically, PAN would undergo a
shutdown around its glass transition temperature of 95 °C [35], so temperatures were not
planned to exceed 120 °C.
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Figure 67: Representation of a typical discharge curve for a LiNiCoAlO; cathode
lithium-ion cell at 3 A discharge current for various temperatures shown in the
legend in units of Celsius. Data expressed as potential against capacity. This graph is
an illustration of LiNiCoAIO; cathode data and not an actual cycled LiNiCoAlO;

cathode. Figure adapted from: [102].

Elevated temperatures were explored in intervals for Swagelok cell cycling in this chapter. A
Genlab classic oven from the laboratory range (Agar Scientific, MINO/6) was used to achieve
these temperatures, the setup of which was explained in Chapter 2. These studies were
performed similar to room temperature studies also explained in Chapter 2, at a C-rate of 0.1 C
between voltages of 0.005 V to 1.5 V. Unlike these studies, only two cycles were performed at
each temperature interval before proceeding onto the next. Temperatures were cycled from 25 °C
up to 120 °C. This temperature maximum was informed by TGA measurements in this chapter as a
point of low thermal degradation of the deposited PAN films but still above the 95 °C glass
transition [35]. An additional interval was sometimes performed by rapidly cooling from 120 °C
back to the 25 °C normal operating condition temperature in order to study the reversibility of

any shutdown effect observed and the return capability of the electrodes. Cooling was achieved
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with a fan and removal of the Swagelok from the oven until temperature probes showed a steady

return to 25 °C. A further two cycles were then performed at this temperature.

Controlling the timing of temperature control with the number of cycles was difficult as the
amount of time for each cycle changes, especially so if a PTCR effect shuts down the function of
the cell completely or partially. Automation would require complex electronics to control the
oven with the potentiostat to match the cycling of the cells. An added complication of cell cycling
was that cells continuously age, so by the time elevated temperatures are applied the cell would
have been subject to a degree of ageing. This means the length of time a cell runs for will be a
function of the temperature and the number of cycles it was subjected to. The number of
variables can also complicate interpretation of results. Therefore, several cell were tested at room
temperature in the environmental chamber and within the oven systems to gather an
understanding of the effects of ageing on the system. This allows the effects of ageing on cells at
elevated and room temperatures to be removed as a variable when considering thermal

degradation or PTCR responses.

4.1.3 Post-cycling optical microscopy sample preparation

Standard optical microscopy sample preparation is detailed in Chapter 2. Further to these
experimental details, samples in this chapter were required to be carefully washed and dried after
cycling to avoid producing hazardous materials. Primarily, the LP57 electrolyte used contains LiPFg
salt that produces hydrofluoric acid when exposed to air. This also risks damaging the electrode

surface before any images can be taken should this hydrofluoric acid be produced.

After cycling, electrodes were removed from their Swagelok cells inside an argon Belle Technology
glove box environment to avoid contact with air. They were subsequently washed in ethyl methyl
carbonate (EMC), the solvent used to form the LP57 electrolyte used in galvanostatic cycling, to
remove the LiPF¢ salt. This was also done to remove any ethylene carbonate (EC), which forms

solid crystals upon drying that may obscure any images taken.

Optical microscopy was used to view any surface features of the PAN films before and after
cycling. The intent was to observe any potential damage or deformation to electrode surfaces
due to the electrochemical environment. This was performed for both the PAN films and pristine
graphite-composites. Possible changes due to elevated temperatures were also explored. Samples
studied were placed on a glass slide and placed under a NIKON Eclipse LV100ND microscope

system. Images were captured at 10X or 20X magnification.

112



Chapter 4

4.2 Room temperature studies

Initial battery cycling studies were performed at room temperature to assess performance of
electrode materials under normal operating conditions. This primarily consisted of galvanostatic
measurements of graphite with and without PAN films. Comparisons were then made between

capacities and efficiencies as well as key features observed during cycling.

42.1 Graphite cycling

Graphite is a commonly used anode material in industry and hence the electrochemical features
during galvanostatic cycling are well understood. In a half-cell vs. Li/Li* the theoretical capacity of
graphite is 372 mAhg? [150]. A notable feature during the first cycle is the formation of an SEI
layer, likely a result of reduction of organic solvents in the electrolyte. Formation of an SEI will
normally initiate between 0.6 V and 0.8 V and result in a shoulder on a graph of potential against
capacity that is not repeated in successive cycles. The formation shoulder will continue to 0.2 V
[151]. Figure 68 shows the first two cycles for a graphite-composite ink electrode performed at a
C-rate of 0.1 C. The SEl formation can be clearly seen in the first cycle as a shoulder on the graph
around 0.7 V, which was absent during the second cycle. SEl formation was only present during

the first charge cycle and does not affect the corresponding discharge cycle.
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Figure 68: Galvanostatic cycling of a pristine graphite-composite ink electrode
performed at a C-rate of 0.1 C at room temperature. A lithium metal
counter/reference electrode was used in LP57 electrolyte (1M LiPFg in EC/EMC
(vol:vol = 1:1)). The first cycle (blue) and second cycle (orange) are shown. Inset is an

expanded view of the feature showing SEI formation during the first cycle charge.
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Half-cells studying graphite against lithium metal or a lithium metal oxide cathode had an excess

of lithium to allow graphite to limit cell capacity. Corresponding half-cell reactions are [100] [152]:

e Graphite anode: xLi* + xe" + C¢ = LixCe
e Lithium metal cathode: Ly = xLi* + xe™ + Liy

e Lithium metal oxide cathode: LiMO, = xLi* + xe” + Li;«MO,

The charge process is biased to the right and the discharge to the left. Intercalation of lithium into
graphite occurs over several stages [153]. These stages result in several small plateaus with long

flat potentials during cycling. A schematic for this staging mechanism is shown in Figure 69, taken
from the second charge cycle of a studied graphite-composite ink electrode. Stage Ill/IV transition
is often displaced by the SEI formation during the first cycle but is present in later cycles. In Stage
IV, every fourth layer of the graphite structure is fully lithiated. Further lithiation leads to Stage IlI
where every third layer is lithiated, one additional layer out of twelve is opened. Two additional

layers out of twelve are opened from Stage Il to Stage Il and the final six are opened from Stage |l

to Stage |, resulting in LiCs in the above half-cell reactions.

Data for the first 10 cycles is shown in Table 15. Over these cycles the capacity remained stable
between 369 mA h g to 359 mA h g%, near to the theoretical capacity of 372 mA h g 1 [150]. This
translated to a percentage utilisation of active material of 99.2 % to 96.6 %. This change was
small and highlights the stability of the electrodes over these 10 cycles. Important to note was the
effect of the SEI formation on the first cycle charge capacity. Charge capacity for cycles 2 to 10
fluctuated between 367 mA h g and 362 mA h g. However, the first cycle charge capacity was
414 mA h g resulting in a coulombic efficiency of 88.4 %, nearly a 10 % lower efficiency than all

other cycles. This was due to irreversible losses encountered during first cycle SEl formation.

Table 15: Specific capacity data for the first 10 cycles of the pristine
graphite-composite ink electrode studied in Figure 68. Corresponding coulombic

efficiency and active material utilisation percentages for each cycle is also given.

Cycle number 1 2 3 4 5 6 7 8 9 10
Discharge capacity 366 361 360 359 366 361 361 369 364 366
(mAhg?)
Charge capacity 414 367 364 363 362 363 362 364 366 366
(mAhg?)
Coulombic efficiency 88.4 98.2 989 99.1 101.2 99.4 99.7 101.2 99.6 99.9
(%)
Active material utilisation | 98.4 96.9 96.7 96.6 98.3 97.0 97.1 99.2 979 983
(%)

114



Chapter 4

15
1 | SteeeW
2 Stage
pas transition
5 09 T,
w
> dfp— -
] 0.6 Stage
;:: stage Il transition . St“,gt'?
ransition
1 1/ St 1
2 03 —_— _/ — aee 1711 Stage |
= = e e e = e
0 B —
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
State of charge (%)
Lithium intercalation
______________________________ -
Stage IV Stage 1l Stage Il Stage
§83% §s3% §83
e é (NN )
m —— m e o 3
eee 0 m"'
[ NN ] e 00 ' X )
m
1layer U m
opened 2 layers
opened
£ | Lithium HGraphite | U
6 layers All 12 layers
opened opened

Figure 69: Schematic of lithium intercalation during a second charge cycle of a
pristine graphite-composite ink electrode performed at a C-rate of 0.1 C at room
temperature. A lithium metal counter/reference electrode was used in LP57
electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)). The number of graphite layers

opened at each stage is annotated. Figure adapted from: [153].

Optical microscopy images of the pristine graphite-composite electrodes before and after cycling
are shown in Figure 70. There was little change to the structure morphology that can be observed
for 0.1 C cycling for 10 cycles at normal room temperature operating conditions. At both periods

in time the graphite structure appeared as a layer of small particles coating the electrode surface.

Figure 70: Optical microscopy images for a pristine graphite-composite ink electrode
before (left) and after (right) cycling in a Swagelok cell at room temperature at 0.1 C

for 10 cycles. Images taken at 10X magnification.
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4.2.2 Annealed graphite cycling

An additional study was performed on an annealed graphite-composite electrode without a PAN
film. This electrode was annealed at 120 °C for 144 hours prior to cell assembly to investigate if
exposure to elevated temperatures effects performance of the graphite-composite in the absence
of a polymer coating. Figure 71 shows cycling behaviour for the first two cycles of an annealed
graphite-composite electrode. SEl formation was observed during the first cycle, initiating around
0.7 V and ending around 0.2 V. The several stages of intercalation were also observed in the

second cycle.
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Figure 71: Galvanostatic cycling of an annealed graphite-composite ink electrode
performed at a C-rate of 0.1 C at room temperature. The graphite electrode was
annealed at 120 °C for 144 hours. A lithium metal counter/reference electrode was
used in LP57 electrolyte (1M LiPFs in EC/EMC (vol:vol = 1:1)). The first cycle (blue) and
second cycle (orange) are shown. Inset is an expanded view of the feature showing

SEl formation during the first cycle charge.

Additional data for the first 10 cycles is shown in Table 16. Discharge capacity was stable between
369 mA hgland 359 mA h g, corresponding to an active material utilisation between 99.2 % and
96.6 %. These values were identical to the values of a pristine, non-annealed graphite-composite
ink electrode shown in Section 4.2.1. Behaviour of the SEl formation and the effect on charge
cycles also appeared unchanged due to annealing. Charge capacity for the subsequent cycles from
2 to 10 varied between 364 mA h gt and 359 mA h g. Charge capacity for the first cycle was
significantly higher at 393 mA h g*. The result was a coulombic efficiency of 92.4 % during the first

cycle, around 7 % lower than all other cycles.

116



Table 16: Specific capacity data for the first 10 cycles of the annealed

Chapter 4

graphite-composite ink electrode studied in Figure 71. Corresponding coulombic

efficiency and active material utilisation percentages for each cycle is also given.

Cycle number 1 2 3 4 5 6 7 8 9 10
Discharge capacity 363 361 359 365 360 360 369 361 360 360
(mAhg?)
Charge capacity 393 364 362 360 362 362 359 362 361 362
(mAhg?)
Coulombic efficiency 92.4 99.2 994 101.3 99.6 99.5 102.8 99.7 99.5 99.5
(%)
Active material utilisation | 97.5 97.1 96.6 981 969 96.8 99.2 96.9 96.7 96.7
(%)

Optical microscopy images of the annealed graphite-composite electrodes before and after

cycling are shown in Figure 72. Like the pristine graphite-composite electrodes, there was little

apparent change to the surface morphology after cycling with the graphite structure appearing as

a layer of small particles coating the electrode surface. It can therefore be concluded that heating

the graphite-composite inks prior to cell assembly neither affects the cycling performance or the

structural morphology of the graphite-composite in a significant way.

Figure 72: Optical microscopy images for an annealed graphite-composite ink

electrode before (left) and after (right) cycling in a Swagelok cell at room

temperature at 0.1 C for 10 cycles. Images taken at 10X magnification.
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4.2.3 Graphite-polyacrylonitrile film cycling

Several different surface morphologies were obtained for PAN films developed in Chapter 3.
These included clear films produced via Teflon cell electrodeposition and white films produced via
glass cell electrodeposition, with the clear films appearing more ordered with less microstructure
defects. Samples of both clear and white films were also annealed to remove cracks within the
polymer surface, which was largely successful but led to non-uniform surfaces in many cases. As a
result, several different samples required studying: clear, white, clear-annealed, and white-

annealed. These annealed samples were prepared at 120 °C for 144 hours under vacuum.

Graphite-composites with clear PAN films showed promise with a specific discharge capacity at
193 mA h gt and 223 mA h g for the first two cycles, 52 % to 60 % of the theoretical capacity.
However, capacities were greatly reduced compared to the first two cycles of pristine graphite-
composite where capacities of 366 mA h g* and 361 mA h g were recorded, shown in Figure 73.
This drop in capacity was due to an internal resistance introduced by the PAN films. Severe drops
in capacity are reported for other coated electrode materials within lithium batteries. Ji et al. [31]
reported capacities for lithium cobalt oxide (LCO) coated with poly(3-octylthiophene) (P30T) less
than 1 um in thickness around 150 mA h g at ambient. Theoretical capacity of LCO is 274 mAh g
! substantially higher than the polymer coated samples. Studies using 4 um thick layers of PE
microspheres coated onto a graphite surface reported capacities around 310 mA h g or around
83 % of the theoretical capacity, as reported by Baginska et al. [32]. This drop in capacity
experienced by the clear PAN films is therefore expected and additional tailoring of the polymer

film properties may allow competitive capacity compared to other polymer film alternatives.

By comparing the potential of the stable plateau at 50 % state of charge from the clear PAN study
and also the pristine and annealed graphite studies the potential IR drop can be estimated. For
pristine graphite, potential of 0.0957 + 10 V was recorded during first cycle charge, which was
similar to the 0.0979 + 10 V from the annealed graphite. However, for the PAN film sample in
Figure 73 a potential of 0.0490 + 10°® V was found. This was a drop of 0.0467 + 10 V from the
pristine sample. This IR drop would lead to the potential limit during the galvanostatic cycling of
0.005 V being reached sooner during the cycle resulting in a lower specific capacity. If this was
indeed caused by the PAN film, the effect should decrease with decreasing film thickness. Indeed,
the drop of 0.0489 + 10 VV was recorded for a 32 um sample whilst a 20 um sample found a drop
of 0.0450 + 10°® V, an 8 % change in IR drop. This thinner PAN sample was accompanied by a
greater recorded discharge capacity of 247 mA h g. Therefore, reducing PAN film thickness will
increase the capacity achieved by the graphite-composite ink likely tending toward the capacity of

pristine graphite.
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Another concern with clear PAN samples was a large change in capacity from first to second cycles
of 30 mA h g%, an 8 % jump of the total theoretical graphite capacity. Compare this to pristine
graphite where a total 10 mA h g variation was recorded over 10 cycles. This was attributed to

incomplete infiltration of the electrolyte through the polymer film during the first cycle.
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Figure 73: Galvanostatic cycling of a clear PAN graphite-composite ink electrode
performed at a C-rate of 0.1 C at room temperature. A lithium metal
counter/reference electrode was used in LP57 electrolyte (1M LiPFg in EC/EMC
(vol:vol = 1:1)). The first cycle (blue) and second cycle (orange) are shown. Inset is an
expanded view of the expected region where SEI formation would normally occur

during the first cycle charge.

The features of graphite cycling are also less defined in the presence of a PAN film, see Figure 74.
There was no observed SEI plateau, implying either no or reduced SEI formation suggesting the
PAN film could act as a protective layer for graphite. However, the feature might be suppressed
by the presence of the film. The other features of intercalation were difficult to recognise. Stage

IV and Stage lll were observable, but the features of Stage Il and Stage | were less pronounced.
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Figure 74: Schematic of lithium intercalation during a second charge cycle of a clear
PAN graphite-composite ink electrode performed at a C-rate of 0.1 C at room
temperature. A lithium metal counter/reference electrode was used in LP57
electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)). The features from Stage Il to Stage |
are difficult to distinguish.
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In films with white, white annealed, and clear annealed surfaces capacity was greatly reduced, see
Figure 75. The total amount of active material utilised never exceeded 5 % of the theoretical.
Capacities were so low that no graphitic features can be observed whether from SEI or from
intercalation. This was true for the clear annealed polymer as well as the white and white
annealed polymers. White polymers in general should be avoided whether annealed or not, the
reduction in capacity was likely a result of the disordered microstructure when compared to clear
polymers [129]. This disorder resulted in a more difficult ion transport of lithium to and from the

graphite surfaces.

In terms of preventing thermal runaway, the greatly reduced capacity of the clear annealed
samples was of interest. The reorganised structure must have closed both the cracks in the
polymer surface and any pores or channels through which ionic transport can occur. If this
annealing can occur within a cell whilst cycling, the capacity of the cell can effectively be
shutdown to prevent cell operation and thermal runaway. However, the annealing in this case
was performed before cell operation at 120 °C for 144 hours. For the shutdown to be useful, this

effect must be observed quickly within a few seconds or minutes.
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Figure 75: Galvanostatic cycling of graphite-composite ink electrodes coated with a
film of (a) clear annealed PAN, (b) white PAN, and (c) white annealed PAN. Cycling
was performed at a C-rate of 0.1 C at room temperature. A lithium metal
counter/reference electrode was used in LP57 electrolyte (1M LiPFs in EC/EMC

(vol:vol = 1:1)). The first cycle (blue) and second cycle (orange) are shown.

Table 17 shows the first 10 cycles for all the previously mentioned PAN coated graphite studies. It
was obvious from looking at the data that only the clear PAN samples were suitable for cell
operation. Active material utilised as a percentage of the total theoretical varied between 50 %
and 60 %, compared to the other samples that never exceed 5 %. This translated to a specific
discharge capacity in the order of hundreds, rather than ones or tens. Of concern for clear PAN

performance was the comparatively quick decrease in discharge capacity over successive cycles.
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There was a peak at 223 mA h g during the second cycle, but this dropped 17 % to 186 mA h g*
by the tenth cycle; or a total loss of theoretical capacity of 9.9 %. Battery operation would require
hundreds if not thousands of cycles at stable capacity values. As a result, the clear PAN film may
not be suitable for a full practical setting at this stage. On the other hand, the low annealed clear

PAN capacities does show promise in the investigation of the prevention of thermal runaway.

Table 17: Specific capacity data for the first 10 cycles of the graphite-composite ink
electrode studies coated with: clear PAN, white PAN, clear annealed PAN, and white
annealed PAN. Corresponding coulombic efficiency and active material utilisation

percentages for each cycle is also given.

Cycle number 1 2 3 4 5 6 7 8 9 10

Discharge capacity 193 223 211 203 198 195 193 191 188 186
(mAhg?)

Clear Charge capacity 219 228 214 205 200 196 194 192 190 188
PAN, (mAhg?)

32 pm Coulombic efficiency | 88.4 97.7 98.5 98.7 99.0 99.2 99.3 99.3 99.3 99.4
thickness (%)

Active material utilisation |52.0 60.0 56.6 54.5 53.3 524 51.8 51.2 50.7 50.1

(%)
Discharge capacity 2.31 2.13 2.04 199 196 1.94 192 1.91 1.90 1.89
(mAhg?)
White Charge capacity 10.8 3.05 2.63 2.44 2.33 2.26 2.20 2.16 2.13 2.11
PAN, (mAhg?)

65 pm Coulombic efficiency | 21.3 69.7 77.5 81.6 84.1 85.8 87.1 88.2 89.0 89.6
thickness (%)

Active material utilisation| 0.6 0.6 05 05 05 05 05 05 05 05

(%)
Discharge capacity 8.89 10.1 11.3 11.8 12.1 12.3 125 12.7 12.8 13.0
a (mAhg?)
ear
annealed Charge capacity 219 13.8 14.2 14.2 14.1 14.0 139 14.0 14.0 141
PAN (mAhg?)
25 um Coulombic efficiency 40.6 73.5 79.1 83.1 85.9 88.0 89.5 90.6 91.5 92.2
thickness (%)
Active material utilisation | 2.4 2.7 3 32 33 33 34 34 35 35
(%)
Discharge capacity 5.01 4.70 455 4.43 4.35 4.27 4.20 4.15 4.10 4.06
(mAhg?)
White .
annealed Charge capacity 17.5 6.30 5.66 5.30 5.08 491 4.77 4.67 4.58 4.50
PAN, (mAhe)
23 um Coulombic efficiency 28.6 74.7 80.4 80.6 85.6 86.9 88.1 88.9 89.6 90.1
thickness (%)
Active material utilisation| 1.3 1.3 12 12 12 11 11 11 11 11
(%)
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What was more obvious in all samples other than the clear PAN sample was a greater first cycle
charge capacity than the subsequent cycles, implying a similar effect to SEl formation. This
translated to a much lower coulombic efficiency in the first cycles, as demonstrated in Figure 76.
For the significantly low capacity cells, coulombic efficiency slowly climbed and seemingly tended
towards a plateau around 90 %. Interestingly for the clear PAN cell, when compared to Figure 73,
the SEl formation was not immediately obvious from cycling graphs but the coulombic efficiency
of the first cycle was near 10 % lower than all subsequent cycles. This would imply some reaction
was occurring that was using some of the initial charge capacity, either an SEl formation or

something introduced by the presence of the PAN polymer films.
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Figure 76: Coulombic efficiencies for the first 10 cycles of several graphite-composite
ink electrodes. Electrodes had varying PAN films deposited: clear, white, clear
annealed, and white annealed. Cycling was performed in a Swagelok cell for 10 cycles

at 0.1 C at room temperature.

Because clear PAN samples were potentially useful in cell cycling operation, additional studies
were performed on them including optical microscopy before and after cycling. This was done for
both the annealed and non-annealed samples as the annealed samples were a potentially useful

comparison for high temperature thermal runaway studies despite their low capacities.

Optical microscopy images before and after cycling for both the clear and clear annealed samples
are shown in Figure 77. Cracks of the clear sample were completely sealed after cycling, with a
surface that appears almost uniform with the exception of wrinkling on the polymer surface. The
optical microscopy image was taken after washing and drying the electrode; it can be concluded
that the polymer rearranges when wetted by electrolyte to seal the cracks and that the seal was
maintained after drying. This would imply that annealing before cycling to remove the cracks may
be unnecessary. On the contrary, the annealed sample remained mostly unchanged, with thicker
white areas of PAN film and thinner dark areas of PAN film between. The only observable change
was some line marks on the surface that were left by the glass fibre separators of the half-cell or

were the glass fibres themselves that were embedded in the surface.
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Clear PAN

Clear annealed PAN

Figure 77: Optical microscopy of PAN deposits at 20X magnification before and after

cell cycling. Cycling performed at 0.1 C for 10 cycles at room temperature. A lithium
metal counter/reference electrode was used in LP57 electrolyte (1M LiPFg in EC/EMC

(vol:vol = 1:1)). (Top) Clear PAN sample, and (Bottom) Clear annealed PAN sample.

424 Cycling performance with varying film thickness

Clear PAN samples of different thicknesses were produced via chronoamperometry depositions
within a Teflon cell using AN(0.05 mol dm™ TBAP) electrolyte saturated with O, without water.
The thicknesses were controlled by varying the time scales for deposition. These varying
thicknesses were tested within Swagelok cells to assess the effect of the presence of the polymer.
Primarily, the answer to whether capacity increases with decreasing thicknesses was explored
with greater capacities experienced with thinner polymer films and a maximum at the capacity of
pristine graphite-composite inks with no film. It was assumed that the introduction of the PAN
film added internal losses to the cell causing a capacity loss and that these losses were greater for

thicker polymer films. These studies were performed for 10 galvanostatic cycles at 0.1 C-rate.

Capacity of graphite-composite inks tended to fall with increasing PAN film thickness, as shown in
Figure 78. This was largely true across each of the 10 cycles studied. Ideally the PAN coated

electrode should have as close a capacity to a pristine sample, under this criteria thinner samples
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appeared to be better. Thicker films also appeared to have larger variations in capacity across the
range, another detriment to their cell performance. This was obvious from the first to second
cycles where 9 and 12 um experienced a negligible change whilst 16 to 32 um increased in
capacity by more than 10 %. Comparative performance of an annealed PAN sample can also be
seen with capacities around 10 to 15 mA h g*. Such low capacities were the expected
performance for samples that experience a shutdown effect to prevent thermal runaway. It was
hoped that the non-annealed PAN films would induce a similar shutdown when exposed to

elevated temperatures whilst cycling.

7 400

oo e

f: 350

E 300 Graphite

z —e—Graphite annealed

g 250

o 9pum

8 200

S 12 pm

_::Lu 10 16 pm

2 100

o 20 pm

£ 50

E 32 pm

by 0 —=—PAN annealed 25 pm
1 2 3 4 5 6 7 8 9 10

Cycle number

Figure 78: Discharge capacities per unit mass for the first 10 cycles of several
graphite-composite ink electrodes. Electrodes had varying PAN film thicknesses from
9 um to 32 um. Data for pristine and annealed graphite are included, as well as data
for annealed PAN coated graphite-composite inks. Cycling was performed in a

Swagelok cell for 10 cycles at 0.1 C at room temperature.

Further evidence to the unpredictability of thicker PAN films can be seen in Figure 79a. The
percentage difference between maximum and minimum capacities over the 10 cycles is shown
against PAN film thickness. Up until 12 um thickness negligible changes of 3 to 5 % were observed.
However, this percentage difference would rapidly increase for thicker films recording 15 %, 32 %,
and 17 % for 16 um, 20 um, and 32 um respectively. These minimums and maximums were not
between the first and final cycles as observed with pristine graphite in Figure 78; rather, large
fluctuations are seen midway through the cycling of these PAN coated samples. This was evidence

for instability in the PAN films that was exacerbated by increasing thickness.

An additional metric that is often used is the capacity retention of the cell, or the percentage
remaining capacity between the first and final cycles. Cells will naturally degrade over time
leading to lower capacities. Better performing cells will have a capacity retention closer to 100 %
after cycling. Figure 79b highlights the problem with using thicker PAN films. Once again, from

0 um to 12 um behaviour was normal with near 100 % retention for pristine graphite over 10

cycles and slight drops with PAN films giving 98 % retention at 9 um and 97 % at 12 um. However,
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capacity had increased by the tenth cycle for the 16 um and 20 um samples leading to a retention
of 116 % and 136 % respectively. This increase largely happened between the first and second
cycles and may be due to the increase in time taken for electrolyte to infiltrate thicker films. At
32 um capacity retention behaviour returned to normal showing 96 %. This changeability was
undesirable for cell operation where reliable and repetitive performance was key. As a result it

was recommended to avoid PAN thicknesses of 16 um and above.
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Figure 79: Additional metrics for cycling graphite-composite inks against PAN film
coatings of varying thickness, cycling performed over 10 cycles in a Swagelok cell
arrangement at a C-rate of 0.1 C at room temperature. (a) Percentage difference
between maximum and minimum specific discharge capacities. (b) Capacity retention

after 10 cycles as a percentage of first cycle discharge capacity.

Figure 80 shows the recorded discharge capacities of the samples after the tenth cycle. The
annealed sample was not included due to the large difference in behaviour. Although the
performance of thicker PAN coated samples was largely unpredictable from cycle to cycle, there
remains a clear downward trend when looking at the final capacity for increasing PAN
thicknesses. From a pristine sample of 0 um PAN thickness to the maximum studied of 32 um
capacity fell from 366 mA h g to 186 mA h g’*. Drawing a line between these two data points
would imply that capacity of a cell would decrease by 5.63 mA h g per um. However, because of
the unpredictability of the data for thicker samples this value and whether the trend was linear
was uncertain. What can be concluded was that thicker samples would lead to an overall decrease
in cell capacity regardless of the fluctuation in capacity, which was also worsened with increasing

PAN thickness.
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Figure 80: Specific discharge capacity after 10 cycles for graphite-composite ink
electrodes coated with PAN films of varying thickness. Cycling was performed in a

Swagelok cell for 10 cycles at 0.1 C at room temperature.

Another metric investigated over all the cycles was the coulombic efficiency, see Figure 81. For all
samples coulombic efficiency was lowest during the first cycle, whether with pristine graphite,
PAN films coatings, or with annealed PAN film coatings. Initial efficiency would start around 90 %
and rise to around 99 % for most samples. Two exceptions were observed. Firstly, for the 20 um
sample efficiency appeared to fluctuate between 90 % and 100 %, similar to the effect seen on
capacity for this sample in Figure 78. This was again linked to the unpredictability of the thicker
PAN samples, but may also imply poorer electrolyte infiltration through the PAN film. The lower
efficiency was unlikely to be due to the presence of side-reactions introduced by the presence of
the PAN polymer films as it was not present in any other PAN samples. Secondly, an exception for
the annealed PAN sample was observed. This was briefly discussed in Section 4.2.3, coulombic
efficiency slowly increases and tends to a value above 90 %. The annealed PAN was likely to have
reduced porosity making electrolyte infiltration more difficult and a longer process during cycling.
By the end of the 10 cycles the efficiency had mostly recovered for the annealed sample but the
result was a significantly lower capacity seen in Figure 78. lonic resistance should therefore be

substantially greater in the annealed samples compared with the non-annealed samples.
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Figure 81: Coulombic efficiencies for the first 10 cycles of several graphite-composite
ink electrodes. Electrodes had varying PAN film thicknesses from 9 um to 32 um.
Data for pristine and annealed graphite are included, as well as data for annealed
PAN coated graphite-composite inks. Cycling was performed in a Swagelok cell for 10
cycles at 0.1 C at room temperature.
4.2.5 Varying film thickness potential drops

To give insight on why capacity of PAN coated graphite electrodes falls with increasing thickness,
analysis was performed on the uncompensated resistances of the samples. Specifically, attention
was given to the IR drop of each sample. This is the potential drop of an electrical system across a
resistive element commonly calculated by multiplying current by resistance. This is expressed in
an electrochemical cell by higher than ideal potentials during a discharge half-cycle and lower
than ideal potentials during a charge half-cycle [154] [155]. This results in lower capacities as
potential limits set within the cell are reached earlier through the cycle. With graphite cycling, as
there is a long plateau near to the lower potential limit a change in internal resistance and the

subsequent shift in potential can substantially change the capacity of the cell.

The effect of IR on the potentials of different samples at different states of discharge is shown in
Figure 82. Data was taken from the second discharge half-cycle to avoid the initial effects of SEI
formation during the first cycles. A simple observation of the graphs shows that an increase in
polymer thickness resulted in a higher potential at each state of discharge for the majority of the
half-cycle. The greater the potential experienced the greater the IR drop. This increase was even
greater for the annealed sample. From previous studies in Section 4.2.4, a drop in capacity was
experienced as polymer thickness increases. Hence, there is a reliable connection between
greater IR drops and greater losses in capacity. The result was greater resistance to ionic

transport, likely as a result of lessened electrolyte infiltration at greater thicknesses.
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Figure 82: Second discharge half-cycle data for graphite-composite ink electrodes,
cycling was performed in a Swagelok cell for 10 cycles at a C-rate of 0.1 C at room
temperature. Potentials are plotted against state of discharge for pristine graphite
and annealed graphite sample data as well as PAN coated samples of varying
thicknesses along with an annealed PAN sample. A line representing 50 % state of
discharge as well as the IR drop between the annealed PAN sample and pristine

graphite are annotated.

To quantify these resistances, potential data was taken at 50 % state of discharge for each sample
as this would characteristically be met with a plateau in the cycling behaviour of a pristine
graphite electrode. This was also one of the easiest plateaus to identify in PAN coated samples,
with the exception of the annealed PAN sample where no plateau could be observed. The IR drop
was simply measured as the difference in potential from pristine graphite to the potential of the
PAN coated sample at this 50 % state of charge. These values are represented in Figure 83. A clear
upward trend was observed for increasing PAN film thicknesses to IR drops. Figure 83b further
included the annealed PAN sample showing a dramatic increase in potential drop by an order of

magnitude despite comparable film thickness to other PAN samples.
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Figure 83: IR potential drop against PAN film thickness for several graphite-composite

electrodes. (a) Non-annealed PAN data. (b) Annealed and non-annealed PAN data.

The values obtained for the potential IR drops were further used to make predictions of the
discharge capacity of the samples. The shift introduced by the drop was added to the lower
potential limit of 5 mV and the capacity of pristine graphite at this shifted potential was taken.
This was taken from the total pristine graphite capacity and the remaining capacity was taken as
the estimate of capacity. Figure 84 shows the relationship between the expected and actual
capacities for the corresponding IR drops. For all PAN coated samples, annealed or non-annealed,
actual discharge capacity found during cycling was around 20 % lower than the expected
discharge capacity. For the two pristine graphite samples, there was no difference between
expected and actual values despite an IR drop. Two inferences can be made from this data. Firstly,
IR drops were responsible for a drop in capacity. Secondly, the IR drop was not wholly responsible
for capacity loss and around 20 % of all capacity lost is due to other factors. The only difference is
the presence or not of a PAN coating. Therefore, additional capacity loss must either be due to
degradation caused by the electrodeposition of PAN or a decrease in accessible active material

due to complete insulation by the PAN.
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Figure 84: Expected and actual discharge capacities at the end of the second
discharge half-cycles against IR drops for PAN coated graphite-composite ink
electrodes. Expected data estimated from the capacity lost due to the IR potential
shifts on the pristine graphite samples. Data are also given as a percentage of the
pristine graphite discharge capacity. The percentage difference between the points
of the two data sets is also given. The grey region represents data for graphite
samples without PAN coatings and the blue region represents data with PAN
coatings. (a) Data for non-annealed PAN samples. (b) Data for annealed and non-

annealed PAN samples.
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4.3 Elevated temperature studies

Thermal runaway is experienced by lithium-ion cells at elevated temperatures. Hence, to
determine if the PAN coating can provide a shutdown response to aid in the prevention of
thermal runaway, studies were planned at higher than room temperatures. It was expected that
observed responses would occur near to or above the glass transition temperature of PAN at

95 °C [35]. TGA was further used to identify key temperatures where other responses may occur.

43.1 Thermogravimetric analysis

To help inform analysis of elevated temperature data TGA was performed on the materials
present within the graphite-composite electrodes, see Figure 85. Should any notable changes in
cell performance be noticed, this would be compared with any notable changes in the TGA data.
Base electrode materials analysed with TGA were: Super C65 carbon conductive additive, PVDF
binder, and graphite powder active material. These materials were essential for forming graphite-
composite inks. Further analysis was then performed on the electrodeposited PAN samples, which

was compared to an industrial PAN standard.

For the most part, there was little to no change for the base electrode materials. Variations in
mass for graphite, carbon, and PVDF were all near to 0.1 % for the entire 250 °C range. Results for
the PAN standard differed slightly falling by 0.30 % by 75 °C and remaining fairly stable until

200 °C only dropping an additional 0.09 % total. A more significant drop was then seen in the last
50 °C of a further 0.26 %. In total the PAN standard mass fell by 0.65 % by 250 °C.

Compared to the changes for the standards, the drop in mass for the electrodeposited PAN was
significantly greater. Trends initially mirror the PAN standard with an initial drop by 0.36 % that
plateaus around 75 °C. This continues through the glass transition temperature at 95 °C [35].
However, at 100 °C the trend diverges from the PAN standard and falls from 0.37 % down to
1.11 % at a second plateau at 150 °C. Mass then begins to rapidly drop ending on 9.17 % total
mass loss at 250 °C. To avoid significant mass loss and prevent degradation of the battery
electrolyte and other materials during half-cell cycling studies a maximum temperature of 120 °C

was decided. At 120 °C PAN mass loss for the deposited samples was recorded at 0.49 %.
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Figure 85: TGA performed on various electrode materials and PAN samples under an
argon environment, percentage remaining mass plotted against temperature. In
black, PAN electrodeposited onto a copper surface using CA (-3.0 V, 100 seconds). In
cyan, commercial PAN powder from Sigma-Aldrich. All other samples used were
standard materials direct from suppliers. Studies ramped at 2 °C/minute from 25 °C
to 250 °C. The annotated purple dotted line gives key temperatures and mass loss of
the PAN deposited sample at each temperature.
4.3.2 Elevated temperature graphite study

The responses and effects on half-cells built with a pristine graphite-composite ink electrode were
studied at elevated temperatures. These studies were performed as comparison for PAN coated
samples. The cells were cycled for two cycles at a C-rate of 0.1 C at each temperature. The

temperatures studied were: 25, 60, 80, 100, and 120 °C.

Figure 86 shows the first cycle discharge capacities and coulombic efficiencies for three identical
pristine graphite samples at increasing temperatures. No difference was made in their method of
manufacture. Capacities remain consistently high for most temperatures maintaining over 90 % of

the theoretical discharge capacity of 372 mA h g. For samples 1 to 3, initial discharge capacities

132



Chapter 4

at room temperature were 361, 363 and 371 mA h g* respectively. Similarly, room temperature
studies of pristine graphite in Section 4.2.1 found discharge capacities near 364 mA h g*. However
a significant drop was observed at 120 °C, the discharge capacities for the first and third samples
drops to 76 % and 70 % of theoretical, whilst the second sample drops less drastically to 92 %.
These drops in active material utilisation from 25 °C to 120 °C were 21 %, 6 %, and 30 % for
samples 1 through 3. This drop occurred after all temperature intervals over a total of 10 cycles.
Conversely, room temperature measurements in Section 4.2 found only a 1 % drop over 10 cycles
for graphite samples. It was immediately obvious that degradation had begun to occur due to the
elevated temperature exposure. The most severe degradation occurred after the increase from
100 °C to 120 °C. Indeed, looking at the drop in capacity from 100 °C to 120 °C gave a 16 %, 3 %,
and 29 % drop for each of the three samples respectively. Over half of the capacity loss occurs
between these two temperatures. The large variability in graphite performance due to thermal
degradation at 120 °C was also something to consider when performing these elevated

temperature studies.
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Figure 86: For pristine graphite-composite ink electrodes at increasing temperatures:
(a) recorded discharge capacity during the first of two cycles, and (b) recorded
coulombic efficiency during the first of two cycles. Cycling was performed in a

Swagelok cell at a C-rate of 0.1 C, two cycles were performed at each temperature.

Insight as to why capacity was lost at elevated temperatures was provided by the coulombic
efficiencies. Coulombic efficiency for a graphite electrode at room temperature would typically be
lower during the first cycle, below 90 %, before climbing to between 98 % and 100 % for all
successive cycles. This was due to the formation of an SEI that occurs only during the first cycle,
excess lithium-ions were used during the first charge leading to an imbalance in coulombic
efficiency. For these elevated temperature studies, however, efficiencies never climbed above

90 % implying a continual loss of capacity between charge and discharge. Previous studies have
found that the SEI can breakdown around 69 °C [21], with some reports at temperatures as low as
57 °C [23]. This would mean for 60 °C and above lithium-ions were continuously leached in

unwanted side-reactions leading to lower coulombic efficiencies.
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Figure 87 shows a photo of a pristine graphite-composite electrode after cycling at elevated
temperatures, as well as optical microscopy images from before and after cycling. The photo
clearly shows part of the glass fibre separator fused to the electrode surface after cycling. This
would have come from the separators within the Swagelok cell. In the optical micropscopy
images, there is little obvious difference to the graphite surface itself after cycling with the
exception of several glass fibres having fused to the electrode surface. Of note, these fibres did
not fuse to the graphite surface after room temperature cycling studies in Section 4.2.1. Hence,
the elevated temeperatures were introducing a more destructive enviroment that may be

damaging to other materials within the half-cell arrangement.

Figure 87: (Top) Photo of an 11 mm disc electrode of a pristine graphite-composite

ink after cycling during elevated temperature studies. Part of the glass fibre separator
is fused to the upper surface of the electrode. (Bottom) Optical microscopy images
for a pristine graphite-composite ink electrode before and after cycling in a Swagelok

cell at elevated temperatures at 0.1 C. Images taken at 10X magnification.
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4.3.3 Elevated temperature PAN coating study

Studies on PAN coated graphite-composites were performed at elevated temperatures using data
on pristine graphite-composites from Section 4.3.2 as a comparison. Studies were identical,
performing two cycles at a C-rate of 0.1 C at each temperature. Temperatures were increased

from 25 °C up to 120 °C in intervals.

Figure 88a, b, and ¢ show performance at each temperature. For these PAN studies the greater
the capacity loss at elevated temperatures the better the performance as the effect of any
shutdown response was the intended avenue of investigation. An initial increase in capacity was
seen for most PAN samples, with a maximum observed at 60 °C for most. A possible shutdown
effect then appeared to begin around 80 °C with a decrease in capacity. It should be noted that in
the pristine graphite samples, represented with 0 um PAN film in the figures, no significant
change in capacity was experienced until 120 °C. Capacity loss in the samples with PAN films then
continues through 100 °C to 120 °C. However, it was unclear whether loss at 120 °C was due to
the PAN film or just general loss experienced during the pristine graphite studies. Hence, 100 °C
was considered the most reliable minimum in discharge capacity for these studies. With a glass
transition of around 95 °C [35], there does appear to be a correlation between the polymer
transition and the onset of the shutdown effect between 80 °C and 100 °C although it was unclear

if this was the only cause.

In terms of coulombic efficiency, there was a general downward trend as temperature increased
between 80 °C and 120 °C. This would imply a more significant portion of the charge during the
charge half-cycle was used in unwanted side reactions (e.g. electrolyte decomposition) as
temperature increases. The thickness of the film also appeared to play a role, with lower
coulombic efficiencies for thicker films at these elevated temperatures. Thicker films would
unavoidably have larger amounts of impurities but also greater coverage of graphite at room
temperature to prevent SEl formation. Hence, it was unclear if these side reactions will be SEl

formation or the effect of impurities in the PAN polymer itself.

Finally, looking at the ratio of capacity at each temperature to the maximum capacity there was
no significant difference between pristine graphite samples and PAN coated samples at 120 °C
until thicknesses greater than 18 um. This is despite capacity loss at 80 °C and 100 °C for these
thinner samples; thinner samples and pristine samples reached around 70 % of the maximum
capacity at 120 °C. However, for 18 um and 22 pum capacity had fallen to around 50 % by 100 °C
and below 30 % by 120 °C. Shutdown was significantly more effective for the 24 um sample
reaching around 30 % at 80 °C and then near 0 % by 100 °C implying a complete shutdown of the

cell was achieved.
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Figure 88: For pristine and PAN coated graphite-composite ink electrodes of varying
thicknesses at increasing temperatures. (Left) data at each measured temperature
showing: (a) recorded discharge capacity during the first of two cycles, (b) recorded
coulombic efficiency during the first of two cycles, and (c) ratio of capacity at each
temperature to the maximum capacity during the first of two cycles. (Right) data
against PAN film thicknesses: (d) maximum discharge capacity, (e) 100 °C discharge
capacity, and (f) ratio of 100 °C discharge capacity to maximum discharge capacity.
Cycling was performed in a Swagelok cell at a C-rate of 0.1 C, two cycles were

performed at each temperature.

Figure 88d, e, and f show the maximum discharge capacity, the capacity at 100 °C, and the ratio
between these two values against film thicknesses. These figures highlight more easily the general
downward trend in capacity with film thickness, a trend that was observed almost across all
temperatures studied in the previous figures of Figure 88. Loss of capacity with increasing film
thickness was significant. Even at the lowest studied film thickness of 9 um a maximum discharge

capacity of only 90 % theoretical capacity was achieved, far below the high 97 % to 100 %
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obtained by pristine graphite samples. The more interesting details, however, came from the

100 °C data. Whilst pristine graphite maintained above 90 % capacity the PAN coated samples had
fallen by 85 % at 9 um down to 0 % at 24 um. The trend appeared almost linear giving a 5 % drop
in capacity for every micrometer thickness. In terms of overall performance, the initial capacity

was lower for increasing PAN thickness but the effect of the shutdown became greater.

Temperature of shutdown around 80 °C to 100 °C was competitive to other shutdown coatings,
with LCO-P30T materials studied by Ji et al. [31] seeing shutdown around 90 °C down to 4 %
theoretical. Baginska et al. [32] reported on shutdown for graphite coated with PE microspheres
at 110 °C, shutdown was incredibly effective for these PE microspheres reporting a remaining 7 %
theoretical capacity. Commercial Celgard shutdown separators see shutdown around 130 °C [36].
For the graphite-composites coated with PAN in Chapter 4, capacity fell to under 5 % for samples
of 24 um PAN. Achieving this great a shutdown for films with improved room temperature
capacity would be desirable to provide acceptable performance under normal operating

conditions.

Figure 89 shows a photo of a PAN coated sample after cycling, as well as optical microscopy
images from before and after cycling. The glass fibre separator used as part of the Swagelok half-
cell had completely fused to the surface of the electrode and was not possible to be removed
without also removing the graphite ink from the copper disc, as shown in the photo. This was in
contrast to pristine graphite samples where the separator was able to be removed from the
electrode with minimal damage leaving behind only a few glass fibres, see Figure 87. As a result it
was not possible to get a clear view of the PAN sample post-cycling using optical microscopy. The
more complete fusing of PAN coated samples compared to pristine samples was not only due to
the presence of the polymer but also the elevated temperatures as room temperature studies did
not find this fusing of separator and electrode, see Figure 77. It has been observed that the
polymer chains rearrange at higher temperatures during annealing. It was therefore likely that
this rearrangement did occur above the glass transition temperature of 95 °C [35] leading to the
separator fusing. The annealed polymers also provided substantially lower discharge capacities;
this annealing effect was likely the cause of the lower capacities for non-annealed PAN coated

samples at elevated temperatures.
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Figure 89: (Top) Photo of an 11 mm disc electrode of a PAN coated graphite-

composite ink after cycling during elevated temperature studies. A glass fibre
separator is wholly fused to the upper surface of the electrode, the separator on the
right has come away from the electrode with pieces of the graphite-composite ink.
(Bottom) Optical microscopy images for a PAN coated graphite-composite ink
electrode before and after cycling in a Swagelok cell at a C-rate of 0.1 C at elevated

temperatures. Images taken at 10X magnification.

434 Elevated temperature shutdown reversibility

Shutdown responses can be reversible [19] [31] or irreversible [36] [39] [40] depending on if a
significant change occurs to the structure of the materials. It was believed that the effect of
elevated temperatures would anneal the PAN polymer leading to an irreversible structural change
that severely decreases discharge capacity. However, this was initially only tested for samples that
were annealed before cycling and not for samples experiencing a shutdown effect due to
annealing during cycling. Hence, it was critical to determine if the scenario within the Swagelok
cell would lead to a similar irreversible effect. To this end, cells were cycled twice at each
temperature interval from 25 °C to 120 °C before being rapidly cooled with a fan and removal

from the oven back to 25 °C.

The galvanostatic cycling data for a pristine and PAN coated sample are shown in Figure 90. For
the pristine sample, SEl formation was only evident during the first cycle at 25 °C. This was despite
the lower coulombic efficiencies shown in Table 18 at every temperature. It was possible that
because the SEl layer was broken down continuously at elevated temperatures it would be
simultaneously regenerated at any potential lower than 0.7 V. Therefore, the typical SEI shoulder

feature would not be present during later cycles leading to greater charge capacities at all
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temperatures 60 °C and above. For the PAN coated samples, no apparent SEl formation was

observed at any temperature.
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Figure 90: Galvanostatic cycling of a (a) pristine graphite-composite ink electrode and
a (b) PAN coated graphite-composite ink electrode performed at a C-rate of 0.1 Cin a
Swagelok cell. A lithium metal counter/reference electrode was used in LP57
electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)). Cycling was performed at varying
temperatures in the order shown in the legend. R25 represents the ‘return’ to room

temperature after elevated temperature cycling.

Table 18: Specific capacity data for elevated temperature studies of a
graphite-composite ink electrode and a PAN coated graphite-composite ink
electrode. Temperature was increased in increments before returning to room
temperature and being cycled once more. ‘R25’ represent this return to room
temperature data. Corresponding coulombic efficiency and active material utilisation

percentages for the first cycle at each temperature is also given.

Temperature (°C) 25 60 80 100 120 R25

Discharge capacity (mA h g?) 361 367 370 367 320 305

Ch it Ahg! 407 380 385 398 375 310
Pristine arge capacity (mA h g)
graphite Coulombic efficiency (%) 886 967 961 920 855 982
Active material utilisation (%) 97.0 98.7 99.4 98.5 86.1 81.9
Discharge capacity (mA h g?) 179 189 234 217 105 23.4
PAN
coated Charge capacity (mA h g?) 194 210 277 259 135 39.1
graphite,
21 um Coulombic efficiency (%) 92.4 90.3 84.8 83.9 77.2 59.9
thickness

Active material utilisation (%) 48.2 50.9 63.0 58.3 28.1 6.30

139



Chapter 4

Figure 91 shows metrics for both samples using data from Table 18. A similar trend was followed
for discharge capacity and coulombic efficiency to other elevated temperature studies. Figure 91a
shows the discharge capacity at each temperature. For the pristine sample, no significant change
in discharge capacity occurred until 120 °C; active material utilisation fluctuated between 97 %
and 99 % before falling to 86 %, a fall of 13 % between 100 °C and 120 °C. After returning to room
temperature capacity was slightly lower than at 120 °C. This was due to continued degradation as
the cell passes through elevated temperatures on cooling. The degradation of graphite was not
reversible simply by reducing temperatures. Only 82 % utilisation remained upon returning to

room temperature at the second 25 °C, this was 4 % lower than at 120 °C.

Discharge capacity of the PAN coated sample was much lower upon returning to 25 °C. There was
an initial climb between 25 °C to 80 °C of 48 % to 63 %; a different behaviour than experienced for
thicker PAN samples in Section 4.3.3 where capacities fell at 80 °C. Capacity began to fall at 100 °C
down to 58 % before suffering a more catastrophic shutdown at 120 °C down to 28 %. This value
was 20 % lower than the initial and 35 % lower than the maximum material usage, far greater
losses than the pristine graphite. Upon returning to 25 °C capacity continued to fall leaving 6 %
remaining after cycling. This was a further 22 % loss during cooling. Performance had not returned

to the initial values and was even lower than at 120 °C, implying an irreversible shutdown effect.
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Figure 91: Data for a pristine graphite-composite and a 21 um PAN coated graphite-
composite at each temperature interval. (a) Discharge capacity at each interval and
(b) coulombic efficiency at each interval. The red highlighted section is the trend

from 120 °C to the return at the second 25 °C after elevated temperature cycling.

Figure 91b shows coulombic efficiency for both samples. For pristine graphite, a similar trend to
other elevated temperature studies was observed, starting at 89 % at room temperature due to
SEl formation. Efficiencies are higher for 60 °C and 80 °C from 97 % to 92 %, but this was below
the 98 % seen for successive cycles at room temperature. After returning to room temperature
the efficiency was above 98 %. This implies further SEI formation did not occur despite breakdown

at 120 °C. It was possible the SEI self-regenerated; however, the direct cause was not known.
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Of more interest was the behaviour of the PAN coated samples. Coulombic efficiency fell with
each temperature increment, from 92 % at 25 °C down to 77 % at 120 °C. This lower efficiency at
elevated temperatures was in line with values seen for annealed samples at room temperature.
Annealed samples led to lower efficiencies, this implies an annealing process has occurred for the
PAN coated samples. Initial coulombic efficiencies for room temperature studies were typically
below 50 % and it can be seen that upon returning to room temperature an efficiency of 60 % was

obtained. Contrast this with pristine graphite that returned to its initial efficiency after cooling.

4.4 Conclusion

In this chapter, comparisons were made between the cycling performance of graphite-composite
ink electrodes with and without PAN film coatings. The aim of the research was to produce a PAN
coated graphite material that had comparable performance to pristine samples under normal

operating conditions and also showed potential shutdown applications at elevated temperatures.

Room temperature graphite studies showed standard graphitic features. SEl formation was
observed at 0.7 V leading to lower coulombic efficiency during the first cycle. Several plateaus
were observed in all cycles linked to the stages of lithium intercalation. Capacities were promising
showing 98 % of the theoretical capacity of 372 mA h g, which remained stable over a 10 cycle
period. Similar performance was achieved for annealed graphite inks showing that any change at

elevated temperatures was unlikely due to the breakdown or change of the graphite material.

Following pristine graphite studies, several PAN film morpholgies were tested: clear, white, clear
annealed, and white annealed. The distinction from clear to white films was the manufacturing
procedure, whilst annealed versions were produced by heating films prior to cycling to seal any
cracks in the film surface. Interestingly, clear films appeared to seal their cracks during cycling
implying wetting by the electrolyte under an applied potential facilitated chain movement.
Conversely, little change was observed in the surface of annealed PAN films. Only clear PAN was

promising for electrode applications as all other samples gave below 5 % theoretical capacity.

The low capacity of annealed clear PAN compared to non-annealed clear PAN was promising for
potential shutdown effects. If exposure to high temperature can produce the annealing effect
within the cell during cycling then low capacities could be achieved upon raising the temperature.
Non-annealed clear PAN coated graphite was subsequently given more attention than other PAN

films. However, several changes were noticed in performance compared to pristine graphite.
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Firstly, it was difficult to observe many of the graphitic features, such as SEl formation and several
of the stages of intercalation. Indeed, the only indication that SEI formation did occur was the
lower coulombic efficiency during the first cycle. Secondly, discharge capacity decreased with
increasing film thickness. Capacity seemed to decrease by 5.63 mA h g per um. A tentative link
was made between uncompensated resistances and this loss in capacity [154] [155], which
appeared to correlate. However, around 20 % of the capacity lost for all PAN samples was not
accounted for when purely looking at the IR drops of the samples. Thicker films not only had
lower discharge capacity, but the performance was also more variable and fluctuated seemingly
randomly. Sometimes this fluctuation was over 30 % capacity over the 10 cycles. These greater
resistances for thicker films and the variable performance were likely a result of lessened

electrolyte infiltration within the PAN film, which was not present in the absence of PAN.

Room temperature studies suggested thinner films were better for performance at normal
operating conditions. However, thicker films showed stronger shutdown effects at elevated
temperatures with complete shutdown first observed for a 24 um PAN thickness sample. This
sample also showed around 50 % theoretical capacity under normal operating conditions, which
was not ideal for a practical cell. Some effect was still observed for thinner films on the shutdown

of the cell and may still provide a safety benefit to prevent thermal runaway.

Temperature of the shutdown behaviour was promising. TGA measurements showed deposited
PAN films were stable up to 120 °C. The onset of the shutdown effect was around 80 °C and was
most effective at 100 °C. This was likely a response to glass transition of PAN at 95 °C [35] and not
to any effect on the graphite as pristine sample capacity was stable until 120 °C. This shutdown
response was also irreversible, with PAN films showing a drastic capacity decrease upon returning
to room temperature. Upon returning to room temperature the coulombic efficiency of the non-
annealed clear PAN films was comparable to annealed clear PAN samples under normal operating
conditions, implying an annealing process had occurred during cycling at elevated temperatures.
Coulombic efficinecies for pristine graphite did not show any significant change upon returning to
room temperature. This supports the idea that the PAN films had annealed during cycling and this

was the reason for lower coulombic efficiency upon returning to normal operating temperatures.

In conclusion, thinner films gave better performance at normal operating conditions. However,
thicker films proved better at shutdown receiving far lower capacity between 80 °C and 100 °C.
Further research into improving capacity for thicker films could alleviate this issue, developing the
pore structure of the PAN to enhance ambient temperature performance. It may also be of
interest to examine PAN coated electrodes within a half-cell without a separator as the film may

be able to perform this role, potentially lowering internal resistance and improving capacity.
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Chapter 5 Percolation composite studies

Studies in the previous chapters investigated the production and use of a polymer PAN film for
potential PTCR application. These films restrict the flow of ions to the electrode surface. This
chapter focuses on an alternative application of polymers to restrict electron transport by taking

advantage of percolation effects.

Composite percolation materials were manufactured using a high thermal expansion polymer
matrix and a low electrical resistivity filler. Expansion of the matrix with temperature has been
reported to break the conductive pathways formed by the filler, resulting in a PTCR [19] [33] [51].
By tailoring the proportion of filler to matrix, resistivity of the composite and intensity of the PTCR
effect can be controlled. Any PTCR observed should occur near to transition temperatures of the
polymer matrix, the point at which the greatest change in thermal expansion should be observed.

This transition may take the form of a glass transition temperature or a melting point.

Several different variations of matrices and fillers were produced, all selected for their stability
within a lithium-ion system. PAN composites were produced to compare the performance of a
percolation-binder PAN to the PAN films in previous chapters. PAN would also be the only
material experiencing a glass transition at 95 °C [35], within the measured temperature range,
providing insight to the effectiveness of such polymer transitions for PTCR purposes. The other
films were PVDF, HDPE, and LDPE. LDPE [19] and HDPE [52] [92] have previously been examined
as percolation-composites, experiencing a melting point and PTCR across a large range from 82 to
140 °C depending upon polymer density. PVDF percolating-composites are less well documented

but should experience a melting point at 155 to 185 °C [30].

Filler materials were carbon and TiC. Varying the filler materials can alter transition temperatures
of polymer-composites [33] [55]. As such, composites of each of the polymers were made with
both fillers to study potential impacts on performance. Transition temperatures were measured
using DSC measurements whilst SEM was performed to identify any physical changes due to
varying filler materials. Resistivity measurements were performed at room temperature on all
composite variations, with the most promising compositions then being studied at elevated
temperatures for any observable PTCR effect. Due to restrictions imposed by the COVID-19
pandemic, SEM and DSC training and usage was limited and so measurements within this chapter
were performed by super users. SEM was performed by Dr Taugir Nasir, DSC by post-graduate
research student Wilma Anyfanti, data analysed by the author of this theses post-graduate

research student Jonathan Allen.

143



Chapter 5

5.1 Experimental

Percolation composites made from a polymer matrix and a conductive filler were produced either
using solvent cast ink methods or through molten casting. These composites then underwent
physical characterisation in the form of DSC (to detect any changes to transition temperatures)
and SEM (to observe morphologies). This physical charcterisation was essential for understanding
later observed PTCR effects. Resistivity studies were then performed in a standard Swagelok
arrangement to provide a constant observable electrode area. These Swageloks contained the
percolation composites that were studied at room temperature to identify the percolation
threshold. Elevated temperature studies were then performed on the most promising composites
to identify a PTCR effect. A brief study was then performed on a practical lithium-ion half-cell
arrangement to study the capability of the percolation composites under normal operating

conditions. These Swagelok arrangments were detailed in Chapter 2.

5.1.1 Solvent cast composites

PAN and PVDF polymers were both made into composites with either Super C65 carbon black
powder (supplier: Timcal) or TiC nanopowder (supplier: Sigma-Aldrich) using a solvent cast
method [19] [3] [96]. As such, four unique sets of materials were prepared: PAN-C, PVDF-C, PAN-
TiC, and PVDF-TIiC. Taking advantage of the solubility of both PAN (supplier: Sigma-Aldrich) and

PVDF (supplier: Solef) in NMP, thin composite films of um thicknesses were produced.
Preparation of the composites was as follows:

1. Polymer powder was dissolved in NMP such that the solution was 10 % by weight of
polymer. Typically 10 g of material was made at a time.

2. The desired ratio of conductive filler and polymer matrix was weighed and mixed.
Typically 1 g was mixed in total.

3. 500 uL NMP was added to the mixture; PAN and PVDF are both soluble in NMP so
increasing amount of solvent was used to reduce viscosity of the mixture for easier mixing
and casting.

4. The mixture was stirred for 24 hours at room temperature at 100 rpm; performed on an
IKA™ Digital Color Squid Magnetic Stirrer with Fisherbrand™ Magnetic Stirring Bars (PTFE,

12x4, 5mm cylindrical, small pivot ring). This produced a composite ink.
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5. The ink was spread onto a polished copper foil surface. Spreading was performed using a
K Hand Coater bar with 1.27 mm wire diameter and a close wound structure (RK Print
Coat Instruments). Ink areas varied depending on volume of the ink due to varying ratios
of matrix to filler.

6. The ink was left to dry in a fumehood at room temperature for 72 hours.

7. Electrodes were then cut to 11 mm diameter with a precision punch (EL-CELL, EL-Cut).

The ratio of filler to polymer was varied from 0 % by weight and up in values of 10 % until a
percolation threshold was observed where resistivity turned from polymer insulating to filler
conductive. Smaller steps of 5 % were taken around the percolation thresholds when seen as

valuable for data collection.

5.1.2 Molten cast composites

HDPE (supplier: Goonvean Fibres) and LDPE (supplier: Goonvean Fibres) polymers were not
soluble in NMP solvent and so molten cast methods were investigated to produce composites
with these polymers [33] [52] [55]. Both were made into composites with either Super C65 carbon
black powder or TiC nanopowder producing four unique sets of materials: HDPE-C, LDPE-C, HDPE-
TiC, and LDPE-TiC. HDPE and LDPE were sourced from Goonvean Fibres Ltd, which came with
melting points of 124-136 °C and 98-113 °C respectively in the specifications [156]. As such,
molten casting was performed at 130 °C. Thin composite films of um thicknesses were then

produced by compression rolling with a glass pin at 130 °C.
Preparation of the composites was as follows:

1. A mixture of conductive filler and polymer matrix powders was made to the desired ratio
of weights. Typically 1 g was mixed in total.

2. Powders were stirred at room temperature at 500 rpm for 24 hours with a magnetic
stirrer. This produced a composite powder.

3. Further mixing was then performed using a pestle and mortar for 20 minutes each
sample.

4. Copper foil was heated to 130 °C on a hotplate with a temperature controller.

5. The composite powder mixture was applied to the copper foil and allowed to melt for 5
minutes. This was then rolled with a glass pin until a thin film was obtained.

6. Following this, the film was left to cool for 2 hours. The edges of the copper foil were

secured to prevent warping on cooling.

145



Chapter 5

7. Electrodes were then cut to 11 mm diameter with a precision punch (EL-CELL, EL-Cut).

Similar to solvent cast methods, ratios of filler to polymer were increased in increments of 10 %
by weight until a percolation threshold was observed. Smaller steps of 5 % were taken around the

percolation thresholds when seen as valuable for data collection.

5.1.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a method of thermal analysis similar to TGA. However,
instead of recording mass change with increasing temperature, the amount of heat required to
increase the temperature of a sample is measured as a function of temperature. This is done by
comparing the rate of heat flow of a test sample and a known reference. The reference and
sample are held at near to the same temperature and temperature is ramped up and then down
either once or through many cycles. This technique is used to analyse material properties such as:
glass transition temperature, melting, crystallisation, specific heat capacity, cure processes, purity,

oxidation behaviour, and thermal stability.

DSC measurements were performed on a Discovery DSC instrument system. This was used for
PAN, PVDF, HDPE and LDPE samples mixed with varying proportions of carbon or TiC. Material
was scraped off the copper foil it was cast onto using a spatula into an alumina crucible. The DSC
chamber was then purged with N, and temperature controlled using liquid N, and heating
elements. Temperature was ramped at 20 °C/minute from 20 °C to 200 °C and then cooled at

20 °C/minute from 200 °C to 20 °C. Specific heat flow was then plotted against temperature. This

was repeated for two cycles and transition temperatures identified and compared.

5.1.4 Scanning electron microscopy — percolation sample preparation

The basics of SEM were explained in Chapter 2. However, the preparation of samples in this
chapter is detailed here. 11 mm diameter electrodes of the polymer-composites deposited onto
copper foil were dipped into liquid N». The rapid cooling would ensure the samples were below
their glass transition temperatures making them more brittle. Brittle materials fracture and break
more cleanly with minimal deformation due to plastic ductile behaviours. After cooling in liquid N,

the samples were cut in half using a pair of scissors and the two halves were collected.
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SEM images were taken of the cross-sections of one half of the percolation composites along the
break line of the samples. These images provided insight into how the filler material was arranged
within the polymer matrix. Images were captured using a FEI/Philips XL30 FEG ESEM with Thermo
Fisher Scientific Ultra Dry 10 mm? EDX. Samples were stuck to stubs with double-sided conductive
carbon tape before being mounted onto the SEM sample holder and loaded into the microscope

chamber. Images of the sample topography were captured using secondary electron imaging.

5.1.5 Resistivity measurements

Resistivity is a fundamental property of a material that measures how strongly it resists the flow
of electric or ionic current. It is useful for comparing like materials with differing lengths and

areas. The equation is:

R (Q).A (m?)

p(Qm)= L (m)

Where p is resistivity, R is resistance of the electrode, A is surface area, and L is length. Electrodes
were punched to 11 mm diameter and assembled within Swagelok cells. For the case of the
electrode measurements within this chapter the geometric values represent the area of the
electrode A, 11 mm diameter giving 95 mm?, and the thickness of the films L of the composite
electrodes not including the copper foil. Film thicknesses were measured using an External Digital
Micrometer (0-25 mm/0-1 inches, RS Components) with an absolute uncertainty of + 1 um.
Potentio electrochemical impedance spectroscopy (PEIS) measurements were taken to find

resistance values of polymer-composites.

PEIS is a method for calculating resistance and capacitance values of components within an
electrical system by measuring the impedance response over a range of frequencies to
perturbations of an applied voltage. An electrical system will often have conductive and inductive
elements, introducing conductive or inductive loading. The resulting effect is a phase difference
between the voltage and current where one leads or lags the other. Mathematically, this is
represented by complex numbers using Euler’s formula, see Figure 92. Impedance is the complex

form of the circuit element resistance, defined by both real (Z') and imaginary (Z”’) parts.
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Figure 92: Phase diagram representation of Euler’s formula.

An oscillating sinusoidal potential is applied across the system and the resulting current is

recorded. Impedance is then calculated using the following equations:
E; = Eqexp(jwt)

Ie = Lyexp(j(wt — $))
E
Z(w) =7 = Zoexp(j¢) = Zo(cos ¢ + jsin )

Where E is the potential (sometimes represented by V), I is the current, Z is the impedance, wt is
the angular frequency multiplied by the time which gives a phase angle, ¢ is the phase difference

between the current and voltage angles.

Impedance spectra can be represented by a Bode plot or the more common Nyquist plot. A
Nyquist plot shows -Z;,, against Zg. and is most commonly used to identify distinctive patterns and
shapes corresponding to values of resistance and capacitance. Electrical components measured
using PEIS can be modelled by resistors, capacitors and inductors in series or parallel. The
elements present will have a characteristic effect on the plots. A resistor in series will shift the
plot to the right by its resistance, R, and a capacitor in series will create a line vertically upwards
allowing capacitance, C, to be found, see Figure 93. This is because capacitors are -90° out of
phase, which is represented by a vertical imaginary impedance, whilst resistors have no frequency

dependence. The equations for capacitive and resistive impedance are respectively:
Z,=— Zr =R
As a result, resistance values can be determined by looking at the intercepts with the real axis.
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Figure 93: Typical Nyquist plot for a resistor and capacitor in series.

A resistor and capacitor in parallel will have a more interesting effect. A semi-circle is created
where the maximum is equal to the time constant T = RC, see Figure 94. This difference is

because the impedances of components in series are additive:

Zrotal = Z Zn
n

However, in parallel the admittances of the components is additive:

1 1
Zrotal = Zn Yo = Zn_
ZTotal Zn
A parallel RC circuit is therefore expressed by:
_ 1, . . 1+jwRC _ R
Yre = R tjwl = R Zrc = 1+jwRC

It can be seen that at zero frequency, the impedance tends towards the resistive value R. The
whole relationship is represented on a Nyquist plot with a high frequency intercept at the origin
and a low frequency intercept at R. The maximum of the semicircle is associated with a frequency

relating to the inverse of the RC time constant:
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Figure 94: Typical Nyquist plot for a resistor and capacitor in parallel.

In an electrochemical system, several features can be observed corresponding to different
materials and structures. This can be modelled as several components and parallel arrangements
in series. An example of this can be seen in Figure 95. Each semi-circle corresponds to a different
parallel RC combination appearing in order of decreasing relaxation frequency from left to right.
Each intercept with the real axis corresponds to an R value; semi-circles may need to be

extrapolated as they often overlap and do not meet the axis. The final 90° line corresponds to the

capacitor in series.
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Figure 95: Typical Nyquist plot from several resistor and capacitor components in

parallel and series arrangements.
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PEIS measurements were performed using the SP-150 potentiostat with EC-Lab software to find
the resistivity of polymer-composites. PEIS measurements were taken between 200 kHz and

100 mHz at 10 mV sinus amplitude. Initially measurements were made for the full range of
conductive filler ratios for: PAN-C, PVDF-C, HDPE-C, LDPE-C, PAN-TiC, PVDF-TiC, HDPE-TiC, and
LDPE-TIC. This was done to identify the percolation threshold where resistivity transitions from
the insulating polymer values to the conductive filler values. Ratio values around identified
percolation threshold regions were then taken and resistivities were measured at elevated
temperatures to identify a PTCR. This was also performed for a copper disc without polymer-
composite to determine the Ry value, this was subsequently subtracted from the resistance of the
percolation composites to find the resistance of the composite without the resistance of wires,

the copper disc, and other components other than the material being studied.

The polymer-composite sample to be measured was placed between the two current collectors in
a Swagelok arrangement, detailed in Chapter 2. Polymer-composites on copper foil were punched

to 11 mm diameter to fit the Swagelok.

5.1.6 Elevated temperature resistivity studies

A Genlab classic oven from the laboratory range (Agar Scientific, MINO/6) was used to achieve
elevated temperatures for PTCR studies, the setup of which was explained in Chapter 2.
Measurements were performed similar to room temperature studies using PEIS on a SP-150
potentiostat with EC-Lab software to find the resistivity of polymer-composites. PEIS

measurements were taken between 200 kHz and 100 mHz at 10 mV sinus amplitude.

The selected elevated temperature samples would be placed in an assembled Swagelok and heat
treated at 200 °C for 12 hours prior to elevated temperature studies, above the transition
temperatures of interest for PAN, PVDF, HDPE, and LDPE. This was done to encourage polymer
deformation within the Swagelok at temperature prior to PEIS measurements. Polymer
deformation will occur at elevated temperatures without prior treatment, which can lead to

unwanted variations in resistance during measurements.

For PEIS measurements, temperatures were increased in increments and a resistance reading
performed. The temperature would be held at each point for 15 minutes to ensure uniform
temperature within the Swagelok. PTCR responses were identified and the strength of said
responses compared. The temperature intervals measured are shown in Table 19. These

temperature values were chosen to fall as closely to the transition temperatures of the polymers
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as possible whilst maintaining a reasonable number of cycles for each sample. The transition
temperatures aimed for were the melting points of PVDF [30], HDPE [156], and LDPE [156]
occurring around 155-185 °C, 124-136 °C, and 98-113 °C respectively, and the glass transition of
PAN occurring at 95 °C [35]. Maximum resistivity should occur near to these transition points.

PTCR intensity was then simply calculated using the following:

Resistivity at elevated temperatures

PTCR intensity = —
y Resitivity at room temperature

Table 19: Temperature increments used during elevated temperature studies of

percolation composites.

Cycle number ‘1‘2‘3‘4‘5‘6‘7‘8‘9‘10‘11‘12‘13‘14‘15‘16

Temperature (°C) ‘ 25 ‘ 40 ‘ 60 ‘ 80 ‘ 90 ‘ 100 ‘ 110 ‘ 120 ‘ 130 ‘ 140 ‘ 150 ‘ 160 ‘ 170 ‘ 180 ‘ 190 ‘ 200

5.2 Room temperature resistivity measurements — percolation effect

The percolation effect is the transition from an electrically insulating to an electrically conducting
behaviour. This is seen in polymer-composites as ratio of conductive filler to insulating matrix is
increased until the conducting behaviour of the filler takes priority. This results in a transition
region, see Figure 96. The three regions of resistivity are from region | to region Il [55]: polymer
insulating as distance between filler particles is too great, conduction via quantum tunnelling
between particles, and conduction via an extensive conductive filler framework. It is the transition
between region Il and region Ill where the percolation threshold exists. At this threshold any small
changes in filler content creates a drastic change in resistivity, which can be caused by a thermal
expansion of the polymer matrix that subsequently breaks down the conductive framework [33].

Hence it is the percolation threshold that is of interest in creating a PTCR response.
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Figure 96: Schematic illustrations of the general percolation curve and the

presumptive cluster structure of conductive fillers. Figure adapted from: [55].

Resistivity measurements were performed on the polymer-composites at increasing filler contents
to identify where this percolation threshold would occur. The choice of filler and the shape of the
particles is crucial on the resistivity performance also. Hence, large discrepancies may be seen in

the percolation threshold region when changing filler from carbon particles to TiC particles.

5.2.1 Polymer-carbon composites

Easily identifiable percolation thresholds were observed for resistivity measurements on all
polymer-carbon composites, see Figure 97. This can be easily seen from the averages of the
resistivity data where PAN-C, HDPE-C, and LDPE-C experienced a threshold around 25 % whilst

PVDF required a lower carbon proportion at 15 %.
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Figure 97: Room temperature resistivity measurements for various polymer-carbon
composites at varying carbon filler content. Polymers are: PAN, PVDF, HDPE, and
LDPE. A red line is included representing resistivity of cabling and conductors within
the system. Resistivity measurements performed using PEIS between 200 kHz and
100 mHz at 10 mV sinus amplitude. (a) Data points for polymer-carbon composites,
three repeats taken at each proportion of carbon for each polymer. (b) Average of

data points in (a).

On the graphs in Figure 97 the resistivity measured for the conductors (including cabling and
current collectors of the cells) is shown at 0.5 Q m; this was the resistivity in the absence of a
polymer-composite. At the higher proportions of carbon the polymer-composite resistivity
became near negligible as the carbon particles formed a conductive framework. This resulted in a
resistivity close to the conductors of the system. The transient region of the graphs relating to
resistivity being dominated by tunnelling was between 15 to 20 % of carbon filler, ending in the
percolation threshold. Below this transient region an insulating region was observed for PAN,

HDPE and LDPE. Interestingly, the insulating polymer behaviour region for PVDF was not visible at
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5 % unlike for the other polymers where it was seen up until 10 %; this implies that the PVDF
material exhibited insulating behaviour at far lower carbon percentages. As a result, PVDF

required less mass of conductive additive to show conductive behaviour.

There was a concern with the manufacturing of the electrodes, shown in Figure 97a. Three
samples were tested for each set, which were used to calculate the averages in Figure 97b.
Unfortunately, a wide variation was seen in some samples, sometimes up to an entire magnitude
difference between the most and least resistive. This variation was not ideal, especially for
measuring small changes in resistivity for PTCR at elevated temperatures and may be an issue
with the packing density of the polymer-composites. The manufacturing methods used were
difficult to alter and pressing higher filler proportion samples resulted in cracking and flaking. Care
must therefore be taken to study samples that fall close to the average of resistivity. Certain
studies have found compression moulding techniques to be useful for polymer-composites with
high-packing density [52] and may provide improvements in manufacture; manufacture with such

equipment should be explored with the polymer-carbon composites studied if available.

5.2.2 Polymer-TiC composites

For the polymer-TiC composites, the percolation threshold required a much higher proportion of
filler to transition to a conductive state. Other studies have linked the requirement for higher filler
proportions to smaller particle sizes [51]. It was therefore likely that the TiC powder had a smaller
particle size than the carbon powder. Higher filler proportions unfortunately compromise the
polymer-composite structure. The matrix acts to bind the composite together, so when the
composite had a greater filler percentage the composite structure was more degraded. As a
result, above 60 % the composite became increasingly more brittle and fractured leading to much

wider variation in sample resistivities for each filler to matrix ratio, see Figure 98a.

Percolation thresholds were identified from Figure 98b. The molten cast HDPE and LDPE showed a
clear threshold around 70 % TiC. For the solvent cast PAN and PVDF the threshold could only be
identified within a range hinting that this manufacturing method may not be ideal for polymer-
composites of high filler proportion. PVDF was identified at either 60 or 70 % TiC whilst PAN
would likely experience a percolation threshold between 70 to 80 % TiC. For PAN with 70 % TiC
filler, samples showed such a wide variation in Figure 98a that the sample must not be uniform. It
was therefore possible that PAN-TiC would have a percolation threshold around 70 %. This large
variation was a result of the higher filler proportions required, higher than the 50 % maximum

explored in polymer-carbon studies. The higher filler proportions made mixing with the methods
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used, such as the employment of a stir plate to achieve homogenisation, difficult leading to non-
uniform samples. Loosely, it can be determined that TiC composites experienced percolation at a

45 % higher filler ratio than their carbon composite equivalents.

Other conclusions that can be seen were the tunnelling conduction region occurring over a 10 %
filler ratio for HDPE and LDPE, a similar relationship for this region occurred in carbon composites
in Section 5.2.1. PVDF also appeared to exit the insulating region around 10 % lower than other
polymer-composites. This much lower filler requirement to becoming conductive explains why no
insulation region was observed in the carbon studies; PAN, HDPE, and LDPE all exit the insulating
region around 10 % carbon and so PVDF would exit the insulating region at below 5 % carbon

should the relationship be similar as it was in TiC composites.
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Figure 98: Room temperature resistivity measurements for various polymer-TiC
composites at varying TiC filler content. Polymers are: PAN, PVDF, HDPE, and LDPE. A
red line is included representing resistivity of cabling and conductors within the
system. Resistivity measurements performed using PEIS between 200 kHz and

100 mHz at 10 mV sinus amplitude. (a) Data points for polymer-TiC composites, three
repeats taken at each proportion of TiC for each polymer. (b) Average of data points

in (a).
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5.3 Scanning electron microscopy — sample cross-sections

SEM was performed on polymer-composites looking at the topography of composite cross-
sections. Understanding the spread of filler particles within polymers can provide key insight as to
how conductive pathways are likely to form. Specifically, size and shape of the filler particles can
affect the fraction of filler required for a percolation threshold to be observed [51]. Filler spacing
also has potential consequences for how a PTCR effect is exhibited and how great the PTCR

intensity is, which may be influenced by manufacturing methods.

For previous resistivity measurements, it was assumed that all conductive filler particles were
perfectly spherical in shape with equal geometry at any orientation. However, several irregular
shapes and sizes were observed under SEM imaging. A range of particle sizes for the carbon and
TiC particles was observed and given. Significant observable differences in their spacing within
different polymer matrices was also noted. All samples studied by SEM were at or as close as

possible to the percolation thresholds identified in Section 5.2.

5.3.1 Polymer-carbon composites

SEM images for PAN-carbon cross-section is shown in Figure 99. The filler content was 15 % by
weight. The 50 um thick copper foil is seen on the bottom of Figure 99a with a PAN film thickness
of 10 um cast on top. From Figure 99b it was difficult to distinguish between the PAN matrix and
carbon particles except in obvious areas of protrusion. At these areas, a carbon particle size of
near to 100 nm was recorded. What can be noted was the uniformity of the solvent cast, with
little to no obvious visual discrepancies in areas of the PAN-carbon composite even at 30,000 X

magnification.
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Figure 99: SEM images for PAN-carbon composite with 15 % carbon by weight.

(a) Image of polymer film on copper foil at 650 X magnification. (b) Image of PAN-

carbon at 30,000 X magnification.

Images of the PVDF-carbon film using the solvent cast method are shown in Figure 100. This
PVDF-carbon samples was of 5 % carbon filler content by weight. Figure 100b was taken of a
region where the matrix had split apart allowing easier determination of particle sizes. Carbon
particle sizes of around 100 nm were once again recorded with an even distribution. Unlike with
the PAN-carbon sample there were areas where carbon particles were easily distinguished due to
the PVDF matrix breaking apart in sections, however much smoother areas where the matrix had
not come apart (such as in the bottom-right of Figure 100b) showed difficult to distinguish areas
even at 43,000 X magnification as seen in the PAN-carbon sample. Solvent cast method appeared
to produce uniform films with even carbon distribution for both the PAN and PVDF samples. In

Figure 1003, a film thickness of 15 um was noted on top of the copper foil.

PVDF-
carbon

Copper
substrate [ |

Figure 100: SEM images for PVDF-carbon composite with 5 % carbon by weight.

(a) Image of polymer film on copper foil at 800 X magnification. (b) Image of PVDF-

carbon at 43,000 X magnification.
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The greatest difference between polymer-composites was between the solvent cast samples and
the molten cast. Large scale differences can be seen in the macrostructure for HDPE-carbon
composites in Figure 101a. Carbon filler ratio was 15 % by weight. The polymer-composite films
were much thicker at 600 um, 40 times the thickness for the PVDF-carbon composite. There also
appeared to be several areas of darker and lighter patches, this may have been due to a poor
break when making the cross-section due to ductile deformation or inhomogeneity of the particle
distribution. There was however a clear difference at the top of the film compared to the middle
and the bottom. The top had far fewer darker patches whilst the bottom appeared more
squashed an elongated. The top layer was likely different due to a much cleaner fracture when
making the cross-section. The difference in lower layers was likely a result of the glass-pin rolling
when compressing the polymer-composite resulting in areas of varying density. Carbon particles

of near 100 nm were recorded.

HDPE-
carbon

Copper
substrate

Figure 101: SEM images for HDPE-carbon composite with 15 % carbon by weight.

(a) Image of polymer film on copper foil at 65 X magnification. (b) Image of HDPE-

carbon at 30,000 X magnification.

Images for LDPE-carbon composites showed similar tendencies to HDPE-carbon. Figure 102 shows
a LDPE sample with 15 % carbon filler by weight. A LDPE film of 550 um was observed with clear
brighter and darker areas throughout. A clear top layer was observed in the film, similar to the
HDPE sample. LDPE microstructure in Figure 102b shows carbon particles of near 100 nm with a
seemingly even distribution. Overall, molten and solvent composites were uniform with the
exception of density variation across the molten sample cross-sections. This could potentially be
improved with better manufacturing techniques such as compression moulding to allow improved

packing density [52].
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Figure 102: SEM images for LDPE-carbon composite with 15 % carbon by weight.
(a) Image of polymer film on copper foil at 37 X magnification. (b) Image of LDPE-
carbon at 30,000 X magnification.
5.3.2 Polymer-TiC composites

SEM images for polymer-TiC composites were similar to polymer-carbon composites when viewed
at a large scale. However, at higher magnifications clear differences could be observed. For
example, as seen for PAN-TiC composites with 70 % TiC in Figure 103a a uniform film was solvent
cast onto a copper foil of around 30 um thickness. This was three times thicker than the 15 %
PAN-carbon imaged in Figure 99 with a thickness of 10 um. This change may be due to the far
higher filler content and the increased amount of solvent required during casting to produce an
ink of similar viscosity. Far greater differences were seen on the micro-scale in Figure 103b. Filler
particles were clearly non-spherical with varying length and width dimensions. One such particle
was measured at 50 by 67 nm, such a variation was not immediately obvious for the carbon
particles. Although this change in aspect ratio was slight, particles with aspect ratios larger than
one (non-spherical particles) have been reported as reducing percolation threshold [51]. Counter
to this, the percolation threshold for polymer-TiC composites was much larger than the carbon
composites. This was likely due to another major influencing factor, decreasing particle size will
increase the resistivity of the composite increasing the percolation threshold fraction [51]. For the
PAN-TIC particle sizes between 50 nm and 100 nm were recorded, as much as half the particle size

of 100 nm for carbon particles in some cases.
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Figure 103: SEM images for PAN-TiC composite with 70 % TiC by weight. (a) Image of
polymer film on copper foil at 400 X magnification. (b) Image of PAN-TiC at 80,000 X

magnification.

Similar differences between carbon and TiC composites were seen for PVDF-TiC with 60 % filler by
weight, shown in Figure 104. A film thickness three times the carbon sample was seen at 48 um
compared to the carbon sample 15 um. Film surface was visibly rough, something not seen in the
PVDF-carbon sample. This roughness was due to the higher filler fraction. Particle sizes were of a
greater range of 20 nm to 100 nm. Clear agglomerates were observed among particles. However,
the distribution of particles appeared mostly uniform. Solvent cast methods, therefore, appeared

to encourage good uniformity regardless of the filler material used even at higher filler ratios.

Copper
substrate

Figure 104: SEM images for PVDF-TiC composite with 60 % TiC by weight. (a) Image of

polymer film on copper foil at 600 X magnification. (b) Image of PVDF-TiC at 65,000 X

magnification.

For molten composites, a stark difference was obvious at macro-scales when comparing polymer-
carbon to polymer-TiC. Figure 105 shows a HDPE-TiC sample with 70 % filler content. The HDPE-
carbon samples had distinct differences between the top and lower layers of the polymer film. For
the HDPE-TiC sample, the film break was uniform throughout. Film thicknesses were also of
comparable size with 509 um for the TiC sample and 600 um for the carbon sample. Both HDPE-

carbon and HDPE-TiC samples were manufactured using the same techniques. Therefore, rather
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than better mixing of the TiC to remove the distinct layers it was more likely that the sample had
become more brittle due to the increased filler ratio. This increased brittleness allowed a cleaner
break to expose the cross-section removing many of the issues seen in the HDPE-carbon cross-
section. On a micro-scale, non-spherical particles were observed with a wide range of 30 nm to

100 nm. Agglomerates were observed, but the spacing of particles appears mostly uniform.

Copper
substrate

Figure 105: SEM images for HDPE-TiC composite with 70 % TiC by weight. (a) Image
of polymer film on copper foil at 120 X magpnification. (b) Image of HDPE-TiC at
75,000 X magnification.

The effect on LDPE-TiC composites was similar to HDPE-TIC, see Figure 106. The variation seen on
the macro-scale in LDPE-carbon samples was gone with the LDPE-TiC sample uniform throughout.
There was slight variation in film thickness from carbon to TiC LDPE samples, 550 um to 315 um
respectively. However, film thicknesses were still of similar magnitude so would have minimal
effect on performance. Particle sizes were the same as the HDPE-TiC sample with non-spherical
particles between 30 nm to 100 nm. Overall, the only difference between carbon and TiC samples
was the range of particle sizes, which would be influenced by supplier. Molten samples also had a

cleaner cross-section due to higher filler percentages making them more brittle.

LDPE-TiC

Copper
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Figure 106: SEM images for LDPE-TiC composite with 70 % TiC by weight. (a) Image of

polymer film on copper foil at 140 X magnification. (b) Image of LDPE-TiC at 80,000 X

magnification.
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5.4 Differential scanning calorimetry — transition temperatures

To properly understand the PTCR behaviour of polymer-composites studies into certain physical
properties are required. DSC was used to measure transition temperatures of the composites.
These temperatures were the point at which PTCR effects were expected to occur. A lower
transition temperature would provide a lower point in which cell shutdown and thermal runaway
prevention can occur preventing unnecessary elevated temperatures. Should certain
compositions of filler materials or the filler material selection itself provide lower transition

temperatures then this would be beneficial to thermal runaway prevention.

5.4.1 Differential scanning calorimetry — PAN

DSC data for PAN-carbon composites in intervals of 10 % from 0 % to 50 % carbon by weight can
be seen in Figure 107. As carbon content was increased the heat flow to increase and decrease
the temperature was reduced. This resulted in features becoming less pronounced with smaller
step heights in the signal. Decreasing step height of DSC studies is a known outcome for
increasing filler content within a polymeric system [157]. The step height is commonly

proportional to the polymer content of the material composite.
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Figure 107: DSC data for PAN-carbon samples from 0 % to 50 %. Heat flow plotted
against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.
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PAN-TIC studies were mostly identical to the PAN-carbon, see Figure 108. Heat flow was reduced
with increasing TiC filler content with DSC features becoming less pronounced tending towards a
near flat line by 90 %. The reduction in DSC features was due to the polymer requiring more heat
flow to undergo a transition whilst the filler does not transition within the studied range. Hence

PAN features in DSC were less obvious with a decrease in the proportion of PAN.
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Figure 108: DSC data for PAN-TiC samples from 0 % to 90 %. Heat flow plotted
against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

DSC data for PAN did not show a pair of pronounced peaks, which would indicate a melting point.
The glass transition of PAN, however, was expected within the temperature range near to 95 °C
[35] [58]. DSC data expresses glass transition as a point of inflection and hence must be
determined by looking at the gradient around the expected range. Gradients of PAN data were
calculated between 70 and 120 °C during heating to identify the glass transition temperature; the

minimum of the gradient within this range was at the temperature of the point of inflection.

The glass transition temperatures identified by analysing the points of inflection are shown in
Table 20. Overall, a general increase in transition temperature was observed for both PAN-carbon
and PAN-TIC. Generally speaking, increasing filler content should have a small effect on glass
transition temperature at low proportions. However, when increasing by a significant amount as
in these studies the material composite would tend towards a more rigid crystalline structure and
away from the amorphous behaviour of a polymer. The structure would also become denser as
the fillers have a higher density than the polymer matrix (TiC density =~ 4.9 g cm, carbon black
density =~ 2.1 g cm3, PAN density = 1.2 g cm™). The denser, more rigid structure provided the

composite with more hindrance to chain mobility resulting in greater temperatures required for
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glass transition [158]. PAN-carbon experienced a steady increase from 92.9 °C at 0 % to 99.9 °C at
50 %. PAN-TiC data showed a rapid increase at 10 % TiC with a glass transition at 98.5 °C. This
glass transition remained consistent until 60 % where another rapid increase was observed to
100.4 °C and ending at a glass transition of 104.8 °C at 90 %. What can be concluded was that the
addition of both carbon and TiC filler increased the glass transition by a similar magnitude by 50 %

content and loosely that an increase in filler content increased the glass transition temperature.

Table 20: Glass transition temperatures for PAN composites at varying filler contents
of carbon and TiC by percentage weight. Filler contents shown in red were not

studied.

Carbon (%) 0 10 20 30 40 50

Transition (°C)

TiC (%) 0 10 20 30 40 50 60 70 80 90

Transition (°C) | 929 | 985 | 97.7 | 98.0 | 97.8 | 98.5 | 100.4 | 105.1 | 104.3 | 104.8

5.4.2 Differential scanning calorimetry — PVDF

DSC data for PVDF-carbon is seen in Figure 109. Similar to PAN-composites, DSC features reduced
with increasing filler content. The crystallisation peak, which appeared during cooling, occurs at a
lower temperature than the melting peak for all samples. This behaviour is typical of a semi-
crystalline polymer structure [159]. Further, the tall peak with a sharp increase at higher
temperatures transitioning to a slower decline at lower temperatures is also inidicative of a semi-
crystalline polymer behaviour [157] [160]. Peaks appeared to increase in temperature with
increasing filler content by noticeable amounts. A melting peak could be seen on heating around
125 °C for the different filler contents. However, these temperatures were far lower than the

expected 155 to 185 °C for the PVDF melting point [30].
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Figure 109: DSC data for PVDF-carbon samples from 0 % to 50 %. Heat flow plotted
against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

Similarly, DSC data for PVDF-TiC composites is shown in Figure 110. Peaks were much sharper for
samples containing TiC with greater heat flow magnitudes, implying better heating than the PVDF-
carbon composite studies. The PVDF-TiC composites were much closer to the expected melting
point of 155 to 185 °C [30] at around 160 °C initially. These peaks remained closer together when
compared to the PVDF-carbon data until 70 % where temperature decreased substantially. It was

around 70 % where the features of the DSC reduced substantially and are near flat.
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Figure 110: DSC data for PVDF-TiC samples from 0 % to 90 %. Heat flow plotted
against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.
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Specific values for the PVDF-composite melting transition temperatures are shown in Table 21.
Values were taken from the peak of heat flow against temperature during the heating cycle of the
DSC. PVDF-carbon samples showed a tendency to increase in melting point with temperature,
increasing from 127.1 °C at 0 % carbon up to 142.8 °C at 50 %. Values for PVDF-TiC were much
closer to the expected melting point at 155 to 185 °C [30], starting from 160.1 °C at 10 % content.
Melting temperatures then gradually decreased until 50 % with 158.5 °C, after which melting
point rapidly decreased to 138.2 °C at 90 %. Increasing filler materials within a composite has
been documented as reducing melting temperatures [161] [162]. This is because melting is
related to the enthalpy of recrystallization, filler materials hinder crystallisation of the polymer
lowering the energy required to melt the composite resulting in lower melting temperatures.
Shifting melting-crystallisation peaks can occur due to several other factors (including: heating
rate, molar mass of the polymer, density of the composite, pre-treatment of the material, etc.)
[163]. These other factors can lead to an increase in melting point and could be the cause of the
increasing melting point of PVDF-carbon composites. However, only the effect of filler content on
the transition temperatures was investigated and further studies would be required to identify a

specific source of the increasing melting temperatures.

Table 21: Melting transition temperatures for PVDF composites at varying filler
contents of carbon and TiC by percentage weight. Filler contents shown in red were

not studied.

Carbon (%) 0 10 20 30

Transition (°C)

TiC (%) 0 10 20 30 40 50 60 70 80 90

Transition (°C) | 127.1 | 160.1 | 158.0 | 159.9 | 158.7 | 158.5 | 150.7 | 138.4 | 132.6 | 138.2

5.4.3 Differential scanning calorimetry — HDPE

HDPE-carbon composite DSC data can be seen in Figure 111. Melting points, seen as the peaks
during the heating cycle, remained fairly stable at just above 100 °C with features reducing in

intensity with increasing filler content.
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Figure 111: DSC data for HDPE-carbon samples from 0 % to 50 %. Heat flow plotted
against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

Figure 112 shows the HDPE-TiC data. Unlike PVDF-TiC data, melting point features remained close

together for the entire range of data with slightly increased changes around 70 %. By 90 %, the

feature became difficult to distinguish, but a slight peak was observed. A general decrease in

melting point with increasing filler content was observed.

Heat flow normalised (W g?)

°
4 —0%

—10%

2 —30%

A 50%

.D 3

—7 —70%

2 —90%
4

0 50 100 150 200

Temperature (°C)

Figure 112: DSC data for HDPE-TiC samples from 0 % to 90 %. Heat flow plotted
against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

168



Chapter 5

Expected melting temperatures for the HDPE polymer, according to the supplier, were around
124 to 136 °C [156]. Table 22 shows the melting points taken from the peaks during heating cycles
of DSC data for HDPE-carbon composites and HDPE-TiC composites. At 0 %, an initial melting
point of 104.2 °C was observed. A slight increase to 105.9 °C was seen at 10 % carbon, which
tended to decrease until 103.9 °C at 50 % filler. Similarly, an initial increase for 10 % TiC was
observed at 107.6 °C. A gradual decrease was seen until 70 % where the fall became more rapid
ending at 94.2 °C for 90 %. The trend of falling melting temperatures with increasing filler content
was similar to the PVDF-TIiC studies and was likely a result of the filler materials hindering

recrystallization of the polymer lowering the energy required to melt [161] [162].

Table 22: Melting transition temperatures for HDPE composites at varying filler
contents of carbon and TiC by percentage weight. Filler contents shown in red were

not studied.

Carbon (%) 0 10 20 30 40 50

Transition (°C)

TiC (%) 0 10 20 30 40 50 60 70 80 90

Transition (°C) | 104.2 | 107.6 | 106.0 | 106.1 | 106.2 | 105.0 | 104.1 | 103.5 | 100.7 | 94.2

5.4.4 Differential scanning calorimetry — LDPE

Figure 113 shows LDPE-carbon composite DSC data. Trends appeared similar to HDPE-carbon data
with melting peaks close together at all filler contents. Peaks once again reduced with increasing
filler content. Unlike HDPE-carbon, these melting features appeared within the expected range

given by the supplier of 98 to 113 °C [156].
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Figure 113: DSC data for LDPE-carbon samples from 0 % to 50 %. Heat flow plotted

against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.

The same trends were seen for LDPE-TiC composites. Peaks were close together with reducing

intensity as filler content increased. By 90 %, the DSC features became difficult to distinguish. A

general trend downward was observed, passing below 100 °C at higher filler contents.
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Figure 114: DSC data for LDPE-TiC samples from 0 % to 90 %. Heat flow plotted

against temperature. DSC performed from 20 °C to 200 °C and then reversed from

200 °C to 20 °C at 20 °C/minute. Studies performed under a nitrogen environment.
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Table 23 shows melting points for the LDPE composites taken from the peaks of DSC data during
the heating cycle. A general decrease was observed for melting temperatures of LDPE-carbon and
LDPE-TIiC. This decrease was seemingly more rapid in LDPE-carbon composites with lower melting
points recorded at each carbon content up until 50 %, ending with 50 % carbon with 101.0 °C and
50 % TiC with 102.1 °C. This fall continued for TiC up until 90 % where melting temperature fell
out of the expected 98 to 113 °C range [156] at 94.7 °C. Once more, similar to the other HDPE and
PVDF composites with melting transition temperatures the increasing filler content was likely

reducing the enthalpy of melt resulting in decreasing melting temperatures [161] [162].

Table 23: Melting transition temperatures for LDPE composites at varying filler
contents of carbon and TiC by percentage weight. Filler contents shown in red were

not studied.

Carbon (%) 0 10 20 30 40 50

Transition (°C)

TiC (%) 0 10 20 30 40 50 60 70 80 90

Transition (°C) | 103.1 | 103.9 | 103.4 | 103.0 | 102.4 | 102.1 | 101.3 | 99.8 | 97.9 | 94.7

5.5 Elevated temperature resistivity measurements — PTCR effect

Prevention of thermal runaway can be achieved via the PTCR effect where increasing
temperatures increases the resistivity of the sample. To this end, resistivity measurements were
made at elevated temperatures using the polymer-composites studied in previous sections. These
were performed in a Swagelok cell arrangement to provide a constant area of 95 mm? from a
diameter of 11 mm for easy resistivity calculations. Swagelok cells were dried in a laboratory oven
before being assembled within an argon environment to provide a dry and inert atmosphere at
higher temperatures. These assembled Swagelok cells with polymer-composite samples were pre-
heated at 200 °C for 24 hours to avoid any variation due to polymer chain rearrangement in
resistivity measurements, only the effects of thermal expansion on resistivity were of interest.
These samples could then be used directly in studies using a lithium-ion half-cell chemistry within

a Swagelok.
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Resistivity measurements were used at and around the identified percolation thresholds of filler
contents in Section 5.2; it is at the percolation threshold where PTCR effects are reported at their
greatest magnitude [33]. The most effective polymer-composites were identified considering their
base resistivity at room temperature and the size of their PTCR intensity at various filler ratios.
This PTCR effect should initiate when temperatures approach a transition temperature, glass
transition or melting point, of the polymer-composite. The transition temperatures are where the
greatest thermal expansion change of the polymer-composites is experienced and conductive
pathways are most likely to break. For the polymers studied, these transition temperatures were
identified in Section 5.4 and varied depending on the ratio of filler. Transition minimums and
maximums identified were: PAN glass transition at 92.9 to 104.8 °C, PVDF melting point at 127.1
to 160.1 °C, HDPE melting point at 94.2 to 107.6 °C, and LDPE melting point at 94.7 to 103.9 °C.

Resistivity temperatures were studied in intervals until 200 °C to cover the transitions occurring.

Thermal expansion due to a glass transition or due to a melting event are inherently dissimilar. In
the absence of a phase transition, the rate of change of thermal expansion remains almost
constant. However, at a phase transition an abrupt change occurs that can be of first order or
second order [164] [165]. First order transitions consist of a large increase in volume without
much change in temperature, which is seen at the melting point of materials. It is defined more
specifically as a discontinuity in the first derivative of the Gibbs free energy. A second order
transition is an increase in the rate of expansion at the transition temperature, which is seen at
the glass transition temperature in all polymeric materials. Or in terms of the Gibbs free energy, a
discontinuity in the second derivative but not always in the first. Hence, the volume of a material
during a glass transition changes as a slope whilst the melting point volume changes as a jump

providing pressure is constant, see Figure 115.
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Figure 115: Representation of a first order and second order transition of volume

against temperature. Tn, is the melting point, T, is the glass transition point.
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5.5.1 Thermogravimetric analysis

TGA analysis was performed prior to any elevated temperature studies to identify any possible
thermal degradation experienced by filler or polymer materials. TGA was performed under an
inert argon environment, the same environment Swagelok cells were assembled under for
studying the percolating-composite resistivities. The materials analysed were: Super C65 carbon,

TiC, PAN, PVDF, HDPE, and LDPE. TGA data can be seen in Figure 116.

Very little thermal degradation, if any, was observed for all of the materials studied over the 25 to
250 °C temperature range. The key temperature looked at was the maximum of the elevated
temperature studies of 200 °C. At this point, no material had lost more than 0.5 % of their mass.
Taken to three significant figures, the remaining masses for the filler materials were 99.9 % for
carbon and 99.8 % for TiC. For the polymer materials PVDF, HDPE, and LDPE negligible changes in
mass occurred with all three recording 100 % at three significant figures. The material with the
greatest mass loss was PAN at 99.6 %. It was therefore concluded that thermal degradation of
polymer-composite materials was not significant within the temperature range of measurements

studying the PTCR effect.
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Figure 116: TGA performed on materials used in polymer-composites under an argon
environment, percentage remaining mass plotted against temperature. Conductive
filler materials: in black C65 (carbon), in orange TiC. Polymer matrix materials: in cyan
PAN, in blue PVDF, in purple HDPE, in green LDPE. Studies ramped at 2 °C/minute
from 25 °C to 250 °C.
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5.5.2 Elevated temperature resistivity — PAN

From studies in Section 5.2.1, the PAN-carbon composite percolation threshold was identified
around 25 % carbon by weight. PTCR studies were performed on several filler contents around
this value as this was where maximum changes in resistivity would occur due to small changes in
volume. Ratios studied were: 15 %, 20 %, 25 %, and 30 %. PAN-composite glass transition should
occur between 92.9 °C and 104.8 °C according to DSC measurements in Section 5.4.1; between

these temperatures a PTCR effect could be expected.

Figure 117 shows resistivity measured at several temperature intervals for PAN-carbon
composites. Increasing filler content led to a decrease in resistivity. Ideally, since PAN-carbon
composites should act as an electronic conductor at room temperature resistivity should be
minimised if possible without hindering any PTCR observed. When considering room temperature
resistivity, resistivity of conductors without the polymer-composites was 0.5 Q m, significant
increases to this should be avoided. From 15 % to 30 %, resistivity values recorded at room
temperature were: 100.6 Q m, 14.6 Q m, 7.8 Q m, and 3.1 Q m. Typical internal resistances for
18650 lithium-ion cells are around 25 mQ [166]; even with the lowest resistivity value of 3.1 Q m
the equivalent internal resistance was 1622 mQ when calculated from the 95 mm? area with a
thickness of 49 um. It is not advisable to risk excessive resistivities without risking loss of power

and capacity of any lithium-ion cell incorporating the polymer-composite.
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Figure 117: Resistivity against temperature for PAN-carbon composites at varying
carbon filler percentages by weight. Temperatures increased in intervals and allowed
to reach temperature over 15 minutes. Resistivity measurements performed using

PEIS between 200 kHz and 100 mHz at 10 mV sinus amplitude.
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Unfortunately, from the data shown in Figure 118 no significant change in resistivity with
temperature was found for PAN-carbon composites. This was because of the volume expansion
before and after a glass transition. A second-order change with temperature of volume is
experienced for glass-transition points. This leads to an increased volume expansion rate after
glass transition and not a large step as experienced in the first order changes of melting points.
The second-order expansion was not significant enough to cause a substantial change in the PTCR
intensity. In fact, the gradient of PTCR intensity with temperature for PAN-carbon composites
appeared constant across the temperature range. This steady increase in resistivity observed was
likely due to temperatures increasing internal resistance and not due to the critical breakdown of
conduction pathways via volume expansion; this behaviour is expected from common conductors
such as copper wiring upon increasing temperature. All changes were reversible upon returning

the polymer-composites to room temperature.

A result that was interesting was that increasing filler content would lead to a decrease in room
temperature resistivity, shown in Figure 117, but increase PTCR intensity, shown in Figure 118.
The reason for this trend was likely because similar perturbations in resistance at elevated
temperatures would lead to a greater percentage change if initial resistivity was much smaller.
Because higher filler contents have lower initial resistance then they would experience a greater
percentage change. As PTCR intensity is a ratio of elevated temperature resistivity to room
temperature resistivity, larger percentage changes in resistivity for the higher filler proportions is

expressed as larger PTCR intensities.
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Figure 118: PTCR intensity against temperature for PAN-carbon composites at varying
carbon filler percentages by weight. Temperatures increased in intervals and allowed
to reach temperature over 15 minutes. PTCR intensity calculated by dividing

resistivity at each temperature by the resistivity at room temperature.
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5.5.3 Elevated temperature resistivity — PVDF

Section 5.2.1 data showed a PVDF percolation threshold around 15 % carbon by weight. Therefore
similar to PAN-carbon studies, ratios close to this threshold were chosen: 5 %, 10 %, 15 %, and

20 %. Figure 119 shows resistivity at different temperature intervals for PVDF-carbon composites.
Similar to PAN-carbon increasing filler content reduced resistivity. Unfortunately, a similar issue of
excessive resistivity was observed for these filler contents. From 5 % to 20 %: 47.7 Qm, 11.0 Q m,
8.6 Q m, and 4.5 Q m. Taking 25 mQ as a typical internal resistance for a battery [166], the
minimum resistivity of 4.5 Q m equates to a resistance of 1663 mQ. This was again far above the

norm and would likely to lead to reduced power and capacity of lithium-ion cells.

A clear PTCR was observed initiating around 130 °C. PVDF-carbon melting point should occur
between 127.1 °C to 137.2 °C, according to DSC data in Section 5.4.2. The previous PAN-carbon
studies (see Section 5.5.2) did not show a PTCR effect; this difference was likely because PVDF
shows a melting point within the temperature range explored whilst PAN shows only a glass
transition. Melting points are associated with a first-order change of volume with temperature
where volume should increase significantly in a step upon reaching melting point. The glass
transition second-order change only increases the rate of volume expansion and does not have a
sudden increase. The melting point volume expansion is sudden and great enough to cause a

PTCR, hence why PVDF showed a PTCR whilst PAN did not.
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Figure 119: Resistivity against temperature for PVDF-carbon composites at varying
carbon filler percentages by weight. Temperatures increased in intervals and allowed
to reach temperature over 15 minutes. Resistivity measurements performed using

PEIS between 200 kHz and 100 mHz at 10 mV sinus amplitude.
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Figure 120 shows the PTCR intensity for PVDF-carbon samples. It was immediately obvious that
the magnitude of the PTCR effect decreased with increasing filler content with a peak appearing
around 180 °C to 190 °C. From 5 % to 20 %, PTCR intensity was: 2.8, 2.0, 1.3, and 1.2. This was
expected behaviour as more conductive filler creates a more substantial conductive framework.
As this framework takes up more of the volume the composite acts more like a standard
conductor where resistivity slowly increases with temperature. Resistivity began to fall after the
observed peaks in what is known as a negative temperature coefficient of resistivity (NTCR) [52].
This phenomena occurs because the conductive filler particles reorganise within the mobile phase
of the polymer matrix. Changes to resistivity and PTCR intensity were reversible upon returning

the polymer-composites to room temperature.

Unfortunately, the PTCR observed may occur at too high a temperature to be useful in thermal
runaway prevention. Significant damage to the cell and potential fire hazards are likely to occur
before 180 °C is reached due to the thermal decomposition of materials within the battery before

this temperature, as discussed in Section 1.2.
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Figure 120: PTCR intensity against temperature for PVDF-carbon composites at
varying carbon filler percentages by weight. Temperatures increased in intervals and
allowed to reach temperature over 15 minutes. PTCR intensity calculated by dividing
resistivity at each temperature by the resistivity at room temperature. The inset

shows the PTCR intensity at peak against carbon filler percentage by weight.
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5.5.4 Elevated temperature resistivity — HDPE

The HDPE-carbon percolation threshold was found near 25 % carbon by weight in Section 5.2.1.
Filler ratios selected around this threshold were: 15 %, 20 %, 25 %, and 30 %. Figure 121 shows
resistivity for the HDPE-carbon composites at each temperature interval. Immediately obvious
was the lower room temperature resistivity compared to previous PVDF-carbon and PAN-carbon,
47.7 Q m and 100.6 Q m at 10 % below the percolation threshold respectively. The same value for
HDPE-carbon was 4.9 Q m, an entire magnitude lower. From 15 % to 30 %, room temperature
resistivity was: 4.9 Q m, 3.3 Qm, 0.7, Q@ m, and 0.3 Q m. The resistance value for 0.3 Q m was
1880 mQ, far above a typical lithium-ion battery 25 mQ [166]. However, much of this resistance
was due to the excessive thickness of 707 um, 70 times greater than some solvent cast samples.
This was due to difficulties when manufacturing the molten cast composites and more refined
techniques were required to reduce thickness further. At the same thickness as the solvent cast
samples with the same resistivity this would provide 26.9 m£, an increase in internal resistance in

the same magnitude as a typical lithium-ion battery.
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Figure 121: Resistivity against temperature for HDPE-carbon composites at varying
carbon filler percentages by weight. Temperatures increased in intervals and allowed
to reach temperature over 15 minutes. Resistivity measurements performed using

PEIS between 200 kHz and 100 mHz at 10 mV sinus amplitude.

Not only were the room temperature resistivities an improvement on the previous PAN-carbon
and PVDF-carbon samples, but the PTCR intensity was also greater than the PVDF-carbon data.
From DSC data in Section 5.4.3, HDPE-carbon should experience a melting point between 103.9 °C
and 106.2 °C. Initiation of the PTCR appeared before this at 80 °C to 90 °C, highlighting potential

volume expansion prior to melting or hotspots leading to melting before the required
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temperature of the oven was reached. The resulting PTCR intensity maximum occurred at 120 °C.
From 15 % to 30 % filler content, the maximum values were: 6.9, 5.0, 3.3, and 1.4. After this
maximum a NTCR was observed. The greater PTCR intensity experienced for HDPE-carbon
samples than PVDF-carbon samples suggests a greater thermal expansion coefficient. However,
additional studies were required to verify the expansion of the polymer-composite samples. Also
in favour of HDPE against the PVDF composites was the far lower temperature for the maximum
PTCR, 120 °C for HDPE as opposed to 180 °C for PVDF. Lower temperatures for the PTCR would
result in a more prompt response to thermal runaway before excessive temperatures preventing
unnecessary damage. All changes were reversible upon returning the polymer-composites to

room temperature.
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Figure 122: PTCR intensity against temperature for HDPE-carbon composites at
varying carbon filler percentages by weight. Temperatures increased in intervals and
allowed to reach temperature over 15 minutes. PTCR intensity calculated by dividing
resistivity at each temperature by the resistivity at room temperature. The inset
shows the PTCR intensity at peak against carbon filler percentage by weight.
5.5.5 Elevated temperature resistivity — LDPE

Resistivity against temperature data for LDPE-carbon composites is shown in Figure 123. Similarly
to HDPE-carbon, the percolation threshold was identified near 25 % carbon by weight in Section
5.2.1. The selection of filler ratios was therefore: 15 %, 20 %, 25 %, and 30 %. Resistivity at room
temperature was higher than HDPE-carbon, but still below PVDF-carbon and PAN-carbon. At 10 %
carbon below the percolation threshold PVDF and PAN showed 47.7 Q m and 100.6 Q m
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respectively. At the same difference from percolation HDPE-carbon showed 4.9 Q m. LDPE-carbon
showed 22.3 Q m. For the full range of 15 % to 30 %, room temperature resistivity values were:
22.3Qm, 12.7 Qm, 0.9 Q m, and 0.4 Q m. Thickness for the molten cast samples was typically
far higher than the solvent cast. As a result, the HDPE and LDPE samples were far thicker than the
PAN and PVDF samples. This led to excessively high resistance values at even lower resistivities. At
0.4 Q m, the corresponding resistance was 2730 mQ. This LDPE samples was around 58 times
thicker than the solvent cast samples at 577 um. At a similar thickness, the resistance would be

47 mQ. This is of a similar magnitude to a typical lithium-ion battery at 25 mQ [166].
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Figure 123: Resistivity against temperature for LDPE-carbon composites at varying
carbon filler percentages by weight. Temperatures increased in intervals and allowed
to reach temperature over 15 minutes. Resistivity measurements performed using

PEIS between 200 kHz and 100 mHz at 10 mV sinus amplitude.

Both molten cast HDPE-carbon and LDPE-carbon composites provided far better room
temperature resistivities than the solvent cast PAN-carbon and PVDF-carbon composites. Out of
all of these LDPE-carbon also showed the greatest PTCR intensity, see Figure 124. The DSC data in
Section 5.4.4 showed a melting point for LDPE-carbon between 101.0 °C and 103.4 °C. Initiation of
PTCR appeared just below this temperature at 90 °C. Maximum PTCR intensity was observed at
120 °C before a NTCR was seen. This was at a suitable temperature to provide a response to
thermal runaway, as opposed to PVDF that experienced a PTCR maximum at 180 °C. Maximum
PTCR intensity values from 15 % to 30 % filler content were: 18.0, 17.0, 11.5, and 0.8. The highest
value at 15 % for HDPE and LDPE respectively were 6.9 and 18.0. This implies a far greater thermal

expansion for LDPE samples. All changes were reversible upon returning the polymer-composites

to room temperature.
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Figure 124: PTCR intensity against temperature for LDPE-carbon composites at
varying carbon filler percentages by weight. Temperatures increased in intervals and
allowed to reach temperature over 15 minutes. PTCR intensity calculated by dividing
resistivity at each temperature by the resistivity at room temperature. The inset
shows the PTCR intensity at peak against carbon filler percentage by weight.
5.5.6 Elevated temperature resistivity — polymer-TiC composites

From data on polymer-carbon composites, it appeared that the percolation threshold provided a
low room temperature resistivity with a measurable PTCR effect. As such, polymer-TiC samples
were tested at their threshold proportions. These were by percentage weight of filler: PAN-TIC
70 %, HDPE-TiC 70 %, and LDPE-TiC 70 %. The PVDF-TiC threshold was within 60 % to 70 % and

therefore both percentages were studied.

Figure 125 shows room temperature resistivity against temperature for the polymer-TiC
composites. The molten cast HDPE-TiC 70 % and LDPE-TiC 70 % both experienced a resistivity
below 1 Q m, at 0.3 Q m and 0.4 Q m respectively. Meanwhile the solvent cast composites of
PAN-TiIC 70 %, PVDF-TiC 60 %, and PVDF-TiC 70 % experienced 2.1 QO m, 2.8 QA m, and 2.1 Q m. An
identical relationship was seen for the polymer-carbon samples where the molten cast
composites experienced far lower room temperature resistivities than the solvent cast by an

order of magnitude for some samples.
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Figure 125: Resistivity against temperature for polymer-TiC composites. Samples
were varied by the polymer matrix material and the percentage weight of TiC filler.
These were: PAN-TiC with 70 % filler, PVDF-TiC with 60 % filler, PVDF-TiC with 70 %
filler, HDPE-TiC with 70 % filler, and LDPE with 70 % filler. Temperatures increased in
intervals and allowed to reach temperature over 15 minutes. Resistivity

measurements performed using PEIS between 200 kHz and 100 mHz at 10 mV sinus

amplitude.

PTCR intensity data is shown in Figure 126. PAN-TiC did not show a PTCR effect, same as PAN-
carbon studies. PVDF-TiC with 70 % filler by weight also failed to show a PTCR, likely because the
sample had a too extensive conductive framework from an excess of filler. For those samples that
did show a PTCR, samples of similar room temperature resistivity for polymer-carbon data had
substantially lower PTCR intensities as shown in Table 24. The result was a PTCR 3.9 times greater
for the PVDF-TiC sample of comparable resistivity. For the molten cast samples, this change was
even greater with HDPE-TiC and LDPE-TiC recording 17.5 and 19.6 times greater respectively. All

changes were reversible upon returning the polymer-composites to room temperature.
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Table 24: Polymer-carbon and polymer-TiC composite materials of comparable room

temperature resistivity that showed a PTCR effect. The percentage of filler content,

room temperature resistivity, and maximum PTCR intensity are all shown.

Carbon samples TiC samples
Composite material Room Maximum Composite Room Maximum
temperature PTCR material temperature PTCR
resistivity intensity resistivity intensity
PVDF-carbon (20 %) 45Qm 1.2 PVDF-TiC (60 %) 28Qm 4.7
HDPE-carbon (30 %) 03Qm 14 HDPE-TiC (70 %) 0.3Qm 24.5
LDPE-carbon (30 %) 0.4Qm 0.8 LDPE-TiC (70 %) 04Qm 15.7
25
PAN-TIC 70%
21 —s—PYDFE-TIiC 60%
> 17 PVDF-TiC 70%
£ HDPE-TiC 70%
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Figure 126: PTCR intensity against temperature for polymer-TiC composites. Samples

were varied by the polymer matrix material and the percentage weight of TiC filler.

These were: PAN-TIiC with 70 % filler, PVDF-TiC with 60 % filler, PVDF-TiC with 70 %

filler, HDPE-TiC with 70 % filler, and LDPE with 70 % filler. Temperatures increased in

intervals and allowed to reach temperature over 15 minutes. PTCR intensity was

calculated by dividing resistivity at each temperature by the resistivity at room

temperature.
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5.6 Initial lithium-ion half-cell study

For initial testing in lithium-ion studies, two LDPE-carbon ratios were selected to study the effect
different room temperature resistivities may have on Swagelok performance. Figure 127 shows
the elevated temperature resistivity study for the two LDPE-carbon samples used for these
lithium-ion tests. Sample filler content was 20 % carbon and 25 % carbon by percentage weight.
The resistivity study was performed in the absence of the lithium-ion half-cell, mimicking studies

performed in Section 5.5.5.
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Figure 127: (a) Resistivity and (b) PTCR intensity data against temperature for LDPE-
carbon composites used in initial lithium-ion half-cell testing. Temperatures
increased in intervals and allowed to reach temperature over 15 minutes. Resistivity
measurements performed using PEIS between 200 kHz and 100 mHz at 10 mV sinus
amplitude. PTCR intensity calculated by dividing resistivity at each temperature by

the resistivity at room temperature.
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At room temperature, the 20 % carbon and 25 % carbon had resistivity values of 12.9 Q m and
0.4 Q m respectively. This corresponds to internal resistances of 12,892 m€ and 2,860 mQ. Peak
PTCR appears between 110 °C and 120 °C. Maximum PTCR intensity for 20 % and 25 % samples

were 15.1 and 4.5 respectively.

Cycling was performed in a standard Swagelok cell arrangement with a graphite-composite
anode. A LDPE-carbon composite was placed between the anode and the current collector. The
counter reference was a lithium metal electrode, electrolyte used was LP57. A C-rate of 0.1 C was
used over 4 cycles for each sample. Figure 128 shows the first four cycle charge-discharge data for
the two LDPE composites at room temperature. The first cycle of both showed a greatly extended
charge capacity, reaching 675 mA h g™ for 20 % and 662 ma h g* for 25 %. The resulting
coulombic efficiencies were 48.7 % and 55.2 % respectively. This was far below normal behaviour
for SEI formation during the first cycle. One possible cause was the intercalation of lithium ions
into the carbon of the LDPE-carbon composite [167] [168] [169] [170]. However, there was no
effect of this on the rest of the data, no increase in discharge capacity was observed and this
phenomenon only occurred during the first cycle. Should the intercalation of lithium into carbon
be the cause then this can be greatly reduced by decreasing the thickness of the polymer-carbon
composites to reduce the mass of carbon present. Other than this, the samples appeared to
perform similar to standard graphite cycling reaching 372 mA h g for 20 % and 366 mA h g* for
25 %. Graphite theoretical capacity is 372 mAh g™

A study was attempted to see the effects of elevated temperatures on lithium cycling. A
shutdown effect was observed, however no capacity was returned after returning to room
temperature. This was unexpected as all elevated temperature studies in Section 5.5.5
maintained performance after heating and did not have any significant structural changes despite
having been melted at elevated temperatures. However, within the lithium-ion half-cell
arrangement the LDPE-carbon was forced out and coated the entire current collector, see Figure
129. It was unclear if the catastrophic failure of the cell was due to the PTCR effect of the binder

or from the graphite-composite anode being covered by LDPE.
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Figure 128: Galvanostatic cycling of graphite-composite ink electrodes backed by a
conductor of (a) LDPE-carbon with 20 % filler by weight, and (b) LDPE-carbon with
25 % filler by weight. Cycling was performed for four cycles at a C-rate of 0.1 C at
room temperature. A lithium metal counter/reference electrode was used in LP57

electrolyte (1M LiPFg in EC/EMC (vol:vol = 1:1)).

Figure 129: Current collector after being exposed to 120 °C. The current collector was
used in lithium-ion half-cells with a LDPE-carbon of 20 % filler by weight between the
electrochemistry and the current collector. From left to right, the current collector at:

side-on, reverse of the side-on, birds-eye view, and isometric view.

186



Chapter 5

5.7 Conclusion

The percolation thresholds for several polymers (PAN, PVDF, HDPE, and LDPE) were identified
with one of two filler materials (carbon, and TiC). Polymers with the carbon filler tended to have
lower percolation thresholds around 15 % to 25 %, whilst TiC gave much higher thresholds from
60 % to 70 %. This difference has been tentatively linked to particle sizes, with the carbon
particles typically having around 100 nm whilst the TiC varied from 20 nm to 100 nm. These
particle sizes were decided by supplier and can be controlled through laboratory means if needed.
Smaller particle sizes have been linked to higher percolation thresholds in past studies [51].
Naturally, these higher filler ratios for TiC formed a more brittle polymer-composite and led to
greater variation in surface roughness for solvent cast methods. A post-treatment method of

compression under temperature could be employed to improve the uniformity in the surfaces.

Both the solvent and molten cast samples appeared to have uniform particle distribution in SEM
images for both carbon and TiC fillers. The most prominent difference was the thickness of
composites produced by the two methods with the molten cast being above 500 um while the
solvent cast was close to 10 um. The molten cast samples were produced by hand and so reducing
thickness was difficult, employing a mechanical compression moulding setup that can control

temperature and pressure would likely allow thinner molten cast samples.

DSC measurements provided useful insight into how transition temperatures were affected by the
presence of fillers. Whilst there was not a great variation when switching between carbon and TiC
fillers, there was a significant difference depending on the transition temperature being studied.
The glass transition of PAN increased with increasing filler content for both carbon and TiC
composites. Meanwhile, the melting point of almost all other polymer-composites decreased with
increasing filler content. The only exception was that for PVDF-carbon composites, potentially
requiring a broader range of filler contents from 0 % to 90 % carbon to verify if melting point

continues to increase with increasing filler content.

The transition temperatures identified in DSC played a significant role in later elevated
temperature studies on the PTCR effect of the composites. The glass transition of PAN did not
appear significant enough to initiate a PTCR, but all materials that experienced a melting point
within the elevated temperature range did exhibit a PTCR around the percolation threshold of the
material. This was likely because of the thermal expansion of glass transition being of second-
order whilst the melting point expansion is of first-order. First order expansions typically have a

large step in volume at the melting point whilst second order only increases in thermal expansion
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rate. An additional study to quantify how much thermal expansion occurs around these
transitions would aid in this understanding. It has been shown in other studies that glass
transition materials can experience a PTCR effect [33]. Between the different polymers, HDPE and
LDPE showed the most significant PTCR intensity with the lowest room temperature resistivities
when compared with PVDF. PVDF also unfortunately had a very high melting point and so PTCR
maximum was measured at 180 °C compared to the HDPE and LDPE at 120 °C. TiC filler
composites showed improved performance compared to carbon filler composites with increased
PTCR intensity for the same room temperature resistivity, implying a greater potential for the TiC

filler in shutdown materials.

LDPE-carbon composites were briefly tested in a half-cell arrangement. The electrochemistry of
graphite against lithium appeared largely unaffected with the exception of the first charge cycle
where far greater capacities than typical were drawn. This may be due to the capacity introduced
by carbon within the LDPE-composite material. This could be alleviated by reducing the thickness
of the composite through better manufacturing techniques. The added benefit would also be a
lower internal resistance introduced by the LDPE-carbon at room temperature allowing the cell to
function closer to ideal. Unfortunately, Swagelok studies were not further continued due to a
melt problem encountered at higher temperatures where the LDPE-carbon composite coated the
entirety of the anode and current collector. Further studies should look at controlling this effect
by applying thinner composite films through varying manufacture and post-treatment. Should this
problem be solved, lithium-ion cell testing can be further explored at elevated temperatures.
Should the PTCR effect of the LDPE-carbon fail to produce a complete shutdown of the cell, the
increase in resistance should be measureable to the point that an external electronic system can
detect and manually shutdown the cell. Additional studies into the trade-off between room
temperature resistivity and maximum PTCR intensity with their effects on cell capacity would be

beneficial to the practicality of the percolating composites.
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Chapter 6 Conclusion

The overall aim of this research was to improve lifetime performance and safety of lithium-ion
batteries through the application of functional polymer materials to prevent thermal runaway.
PTCR effects to induce a shutdown were investigated to facilitate this aim. To this end two
different material systems were studied, electrodeposited film coatings of PAN and percolating
polymer-composites. Ideally these materials would fulfil the role of inducing a PTCR with minimal

impact on the capacity and other performance metrics of the electrode materials.

Electrodeposited PAN coating production onto graphite-composite anodes was studied in
Chapter 3 along with an in depth study on the effects of said PAN coatings on lithium-ion half-cell
performance in Chapter 4. Several literature has been published investigating electrodeposition
methods for PAN onto glassy carbon [41] [42] and other conductive surfaces [67]; however, no
attempts had been performed onto standard electrode materials for use within lithium-ion cells.
Standard electrodes are not typical planar surfaces as often studied for electrodeposition, but are
a composite of powders. The materials that form an electrode are typically: active materials,
conductive additives, and binders. The stability of these materials under electrodeposition
techniques was unknown. Therefore, the novelty for electrodeposited PAN-based gel-electrolytes

onto graphite-composite anodes within lithium-ion cells was explored.

Work in Chapter 3 showed electrodeposition of PAN onto a graphite-composite anode was
possible whilst maintaining the structure of the anode itself. An understanding of the underlying
electrochemistry of the PAN coatings on graphite-composite anodes was established. An initiator
was required for PAN nucleation to occur, in the case for these studies this was superoxide anions
produced via electro-reduction of oxygen. An applied potential was also required to facilitate film
growth even after the production of superoxide. Film growth was found to be non-faradaic,
therefore film thicknesses could not be directly controlled by passing a known amount of charge
through the electrodes. Another method of controlling film thickness via electrodeposition is by
controlling the concentration of the depositing solvent [70]. However, a commonly used solvent
for the AN monomers, acetonitrile, was found to delaminate the composite electrode ink from
the substrate surface due to swelling of the polymeric binder. This means control of monomer
concentration was difficult. Water contamination was found to greatly promote PAN deposit mass
but caused blistering of the electrode ink surface and facilitated side reactions such as
polymerisation in solution that was not adhered to the electrode surface. It is advised that any
future upscaling of the electrodeposition procedure would therefore have to be performed within

a dry environment, something easily achievable within a dry room.
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Chapter 3 further expanded upon work by Lacey et al. [41] and reliably quantified the film growth
of PAN electrodeposits to allow controlled film thicknesses as well as studying the impurities
created by the manufacturing route. Film thickness growth was apparent as a linear pattern
between 1 and 100 seconds of having a potential applied during chronoamperometry studies,
with good coverage and minimal cracking of the PAN films appearing around 20 seconds.
Performing depositions at more negative potentials produced PAN films with less
dehydrogenation impurities but more cyclization impurities. The increase in cyclization to
dehydrogenation resulted in more thermally stable PAN films with less mass loss in TGA studies.
Thermal degradation is detrimental for preventing pressure build-ups and thermal runaway within
a lithium-ion cell so more negative potentials were concluded to be more desirable. However,
thermal degradation resulted in around 10 % higher mass loss than commercial PAN standards.
Further refinement of the level of impurities is therefore possible and advised by exploring

deposition potential and other parameters such as monomer concentration.

The chemistry and structure of these PAN films was far simpler compared to other competitive
polymers used to prevent thermal runaway. For instance, commonly used Celgard separators
make use of a trilayer of PP/PE/PP that are formed through several manufacturing stages such as
coating and calendaring laminated layers [36] as opposed to a single-step electrodeposited PAN
layer. For electrodeposited PAN, no cross-linking or co-polymerisation was required unlike PAN
separator materials for thermal runaway prevention reported on by Huai et al. [34]. The Teflon
cell design employed in many of the electrodepositions produced electrodes of uniform film
thickness across a circular area. Altering the size and shape of the deposition area is simply
tailorable by editing the Teflon cell design and could be used in future manufacture to facilitate

electrodepositions to any two-dimensional geometry required, such as that of a pouch cell.

Dry cracking was a persistent problem for the PAN films. Several methods were identified that
improved this, including producing thinner films by reducing deposition time and two post-
treatment methods. Annealing removed all cracking by encouraging polymer chain movement.
Redeposition at lower deposition times also removed cracks. However, both the post-treatment
methods adversely affected the uniformity of the PAN films. It was found that the presence of air
above the electrodeposition chemistry facilitated the production of clear and continuous PAN
films, with white discontinuous films produced in the absence of air. Annealing of both
morphologies produced clear films and facilitated polymer chain movement causing changes in
the film structure. It was these clear and white films, either annealed or non-annealed, that were
tested within a lithium-ion half-cell arrangement. Standard electrodes of 11 mm diameter were
punched out from the graphite-composite deposition areas and studied within a Swagelok cell

arrangement.
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Graphite and annealed graphite samples were found to have capacity near to theoretical in
Chapter 4. On the other hand for graphite samples with an electrodeposited PAN film, white PAN
films and any annealed PAN films showed incredibly poor capacity below 5 % of the theoretical.
Only non-annealed clear PAN films showed a suitable capacity for lithium-ion performance that
decreased with increasing film thickness. Capacity of pristine graphite was 366 mA h g (98 %
theoretical) and fell to 186 mA h g (50 % theoretical) for graphite coated with 32 pm PAN, or a
fall of 5.63 mA h gt per um. This result was promising as annealing the PAN films at temperature
clearly reduced capacity of the cell, whilst annealing the pristine graphite had negligible effect on
performance. Should exposure to annealing temperature during cell cycling produce a similar
effect on a non-annealed clear PAN sample then a shutdown effect would be easily obtained in
response to thermal runaway conditions. The reasons for lower capacity of PAN coated samples
were linked to greater uncompensated resistances to ionic transport. Annealed samples in
particular were thought to reduce porosity due to polymer chain rearrangement resulting in
poorer infiltration of the LP57 electrolyte. However, capacities as close to theoretical were still
the ideal for the non-annealed clear PAN coated graphite-composites. Further investigations into
the tailoring the pore structure and film thickness are necessary to produce an electrode that is

competitive to standard materials.

Studies into the shutdown possibilities of the graphite-composites coated with PAN in Chapter 4
found an inverse relationship between capacity at room temperature and the intensity of the
shutdown with changing film thickness. Thinner film samples provided greater capacity under
normal operating conditions whilst thicker films proved better at shutdown receiving far lower
capacity between 80 °C and 100 °C. This loss of capacity was not due to thermal degradation, as
electrodeposited PAN films were found to be stable up until 120 °C despite the presence of
impurities. Pristine graphite cycling was also found to be stable up until 120 °C. Therefore, the
shutdown was likely a response due to the glass transition of PAN around 95 °C [35]. This
shutdown was irreversible upon returning to room temperature. Whilst this was not necessarily a
problem, as other thermal runaway prevention methods such as Celgard separators result in the
permanent shutdown of the cell, it would be ideal to recover the cell after a thermal runaway

event as damage is often caused by external factors such as overcharging and overpotentials.

Coulombic efficiencies of samples that returned to room temperature were comparable to
annealed samples under normal operating conditions implying an annealing process had occurred
for the non-annealed clear PAN films at elevated temperatures. The shutdown was therefore due
to the structural changes that occurred during the annealing process. Temperature of shutdown
around 80 °C to 100 °C was competitive to other shutdown coatings, with LCO-P30T by lJi et al.

[31] seeing shutdown around 90 °C down to 4 % theoretical. Baginska et al. [32] reported on
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shutdown for graphite coated with PE microspheres at 110 °C, this shutdown was incredibly
effective reporting a remaining 7 % theoretical capacity. Celgard shutdown separators experience
shutdown around 130 °C [36]. For the graphite-composites coated with PAN in Chapter 4, capacity
only fell to under 5 % for samples of 24 um thickness PAN, samples around 18 um to 22 pm had

around 50 % capacity. 9 um saw a fall only down to 85 % of the maximum capacity.

Despite thinner films showing poorer shutdown it may be possible to still pursue them in practical
applications to prevent thermal runaway. Further studies are required, but a complete shutdown
is not necessary to prevent thermal runaway. External systems can be used to detect measurable
changes in resistance and manually turn off the cell. A study of the impedance of the PAN films
introduced at these elevated temperatures was not performed but a measurable increase in
resistance could be monitored by a battery management system to isolate cells, a potential area
for future study for practical application. Alternatively, research into improving capacity for
thicker films could alleviate this issue. By better understanding the exact working mechanism for
the shutdown the PAN film porosity could be tailored or the pore structure enhanced in some

way to enhance performance at ambient temperatures.

The other set of materials studied to prevent thermal runaway, the percolating composite route,
also showed promise. The manufacture of these percolating composites was studied in Chapter 5.
PAN, PVDF, HDPE, or LDPE polymer matrix materials were mixed with carbon or TiC conductive
fillers. The resultant composites were studied for any PTCR response resulting from an increase in
resistance to electron transport, as opposed to the resistance to ionic transport experienced for
electrodeposited PAN films. These percolating composites were therefore suited as a coating of

current collectors rather than the electrodes of the lithium-ion cell.

Percolation thresholds were identified for each of the composites studied in Chapter 5, with
carbon filler composites experiencing this threshold around 45 % to 55 % less mass by weight
than TiC filler composites. A link was made between this result and the particle sizes of the fillers,
carbon filler was uniformly at 100 nm particle size whilst TiC varied between 20 nm and 100 nm.
For these studies particle size was determined by the supplier. However, further studies using
carbon and TiC fillers of the exact same size would be ideal to confirm if the change in percolation
threshold was indeed due to particle size or some inherent property of the material itself. TiC
composites around the percolation threshold were naturally more brittle due to the lower mass
percentage of the polymer matrix leading to greater variation in surface roughness. Additionally,
the molten cast HDPE and LDPE composites were much thicker than the solvent cast PAN and
PVDF composites. Both these issues may be addressed through compression moulding at high

temperature after forming the composite, such post-treatment is recommended for further study.

192



Chapter 6

PTCR responses were found to occur near to the transition temperatures of the composites.
Whilst no PTCR was identified for the glass transition of PAN composites, a PTCR was identified
for the melting point of the other materials. PTCR of percolating composites is caused by the
thermal expansion of the polymer matrix and it was likely that the thermal expansion of the PAN
material was much less as it is a second-order expansion leading to an increase change in the rate
of volume with temperature. Meanwhile, melting points are a first order expansion involving a
large increase in volume at the transition point. Additional studies are required to quantify the
thermal expansion of different composites to verify this understanding. It should be noted that
PTCR responses have been previously reported for glass transition materials, poly(styrene-co-
acrylonitrile composites were studied by Kar et al. [33] and found to have a PTCR near to the glass
transition at 107 °C. Therefore, glass transition materials such as PAN should not be ruled out for
percolation applications. Filler materials can be hugely influential, Kar et al. [33] reported 130 °C
for a PTCR with carbon particles and 97 °C for PTCR with stainless steel particles. Therefore, PTCR
may be induced in a PAN-composite with selection of alternative filler materials and may be a

subject of future study.

The effect of filler materials on transition temperatures in Chapter 5 was quantified with DSC
measurements. TiC and carbon fillers largely had the same effect, increasing the temperature of
glass transition whilst decreasing the temperature of melting. TiC composites were found to have
a far greater PTCR intensity than carbon composites for the same room temperature resistivity,
indicating a far greater possibility for application of polymer-TiC in the prevention of thermal
runaway. This was a very significant result as there is currently limited research papers on the
effects of TiC in such an application with many focusing solely on the room temperature
percolation thresholds of TiC composites. The data on polymer-composites with PAN, PVDF,
HDPE, and LDPE is therefore significant to help the understanding of polymer-TiC and with further

research TiC may prove a valuable competitor to other conductive filler alternatives.

Whilst both PVDF and PE experienced a PTCR, the temperature for maximum intensity of the
PVDF was too extreme. PVDF experienced a maximum at 180 °C while HDPE and LDPE
experienced a maximum at 120 °C. Therefore, LDPE was selected for initial lithium-ion studies.
Carbon was chosen as the filler due to known electrochemical stability. The results of these
studies showed a far greater capacity of the first charge cycle of LDPE-carbon. This was likely a
result of the significant carbon mass within the composite. Possible solutions involve reducing the
thickness of the composite through manufacturing or post-processing methods such as
compression moulding. Thinner composites would naturally reduce the volume of carbon present.

This may also remove the issues encountered of the polymer matrix melt covering the anode.
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However, this would also impact the resistance of the composite perhaps effecting the magnitude

of resistance at PTCR.

Future work should be considered to reduce thickness of the LDPE composites before application
within a Swagelok arrangement. Lithium-ion testing should then be performed to gather data
similar to that in Chapter 4. Comparisons may then be made with the PAN electrodeposited films
on normal operating performance and the effectiveness of shutdown. Additionally, data may be
gathered on the change in resistance at elevated temperatures. Should this change be
measureable then external system may be employed to shut down the cell, such as a battery
management system to monitor the impedance of individual cells. This would allow any trade-off
between room temperature capacity of the cell and maximum PTCR intensity to be minimised for

the best possible performance of both metrics.
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