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With the demand for energy storage predicted to grow significantly, the limited supply of lithium for lithium-
ion batteries presents a challenge that needs to be solved urgently by other forms of sustainable energy storage
technology. Electrochemical double layer capacitors (EDLCs) offer a promising solution, with longer lifetimes
and rapid charge/discharge capabilities. They suit intermittent renewable sources and remote energy supply.
This study explores sustainable EDLCs using activated carbon derived from Maris Piper Potato peelings, a
waste source rich in lignocellulosic content. The process involved physical activation with steam over chemical
methods, aiming for eco-friendliness. The EDLCs’ electrochemical performance was evaluated using Cyclic
Voltammetry (CV) and Galvanostatic Charge/Discharge (GCD). While commercial AC outperformed potato
peel-derived AC in specific capacitance and specific energy, their specific power was comparable and further
refinement of the physical activation method could yield superior performance over commercially available ac-
tivated carbon. The project’s time-frame limited further exploration, but microwave-assisted physical activation
holds promise for future work. This research introduces an innovative approach to sustainable energy storage us-
ing food waste, highlighting the potential for waste reduction and the possibility of an environmentally-friendly

solution to the energy crisis at hand.

I. INTRODUCTION

The demand for sustainable energy storage technology has
reached critical importance as we face the challenges of deplet-
ing resources and climate change. One such challenge lies in
the finite supply of lithium, a crucial component in the produc-
tion of lithium-ion batteries (Li-Ion). To put this into perspective,
global energy storage capacity is projected to increase fifteen-fold
between 2021 and 2030, with estimates reaching 1,194 GWh in
2030 compared to 56 GWh in 2021 [1]. Further, the International
Renewable Energy Agency (IRENA) has stated that the share of
non-fossil fuel-based generation sources, i.e., renewable energy
sources should increase to 57% globally by 2030 to remain within
the Paris Agreement’s target of keeping the average global tem-
perature rise below 2 °C [2]

In the pursuit of sustainable energy storage solutions, electro-
chemical double layer capacitors (EDLCs) emerge as a promising
alternative. These EDLCs demonstrate significantly longer life-
times, surpassing conventional batteries by an order of magnitude
(e.g., 108 vs. 103 charge/discharge cycles). Furthermore, their re-
markable ability to rapidly charge and discharge made them par-
ticularly suitable for harnessing energy from intermittent renew-
able sources like solar and wind, and they have been highly used
in recent times for regenerative braking systems in electric vehi-
cles. These renewable energy sources often generate substantial
energy in short bursts, aligning perfectly with the fast-charging
capabilities of EDLCs.[3] Additionally, the resilience of EDLCs
enable their operation under harsh conditions, facilitating energy
supply to remote areas that were previously disconnected from
conventional grids, ultimately improving livelihoods for a more
diverse range of people living in harsher conditions.[4]

To create sustainable EDLCs, the research focused on utiliz-
ing activated carbon derived from biomass food waste sources to
develop a sheet like material that could be cut into electrodes.
Activated carbon is a form of carbon that has a sponge-like struc-
ture that allows electrolyte to penetrate the carbon structure. A
UK government orchestrated inquiry found that 9.5 Mt (mega-
tons) of food waste was generated in the UK across all the supply
chain in 2018, leading to the greenhouse gas emissions of more
than 25 Mt[5]. Thus using food waste as a primary component
of EDLC electrode material, if the project were scaled industri-
ally, would be an excellent food waste reduction strategy for re-
ducing both the amount of wasted food destined for landfill and
reducing the volume harmful greenhouse gases released, such as

methane, in the decomposition process of food waste. Commonly
wasted items of food in the UK were identified, and after a rig-
orous selection process(see literature review) Maris Piper Potato
peelings were selected as the strongest candidate waste material to
be converted into activated carbon to be ultimately used for creat-
ing activated carbon electrodes with a large pore size distribution
with larger macropores(> 50nm) all the way down to the smallest
micropores(< 2nm), referred to as hierarchical porosity.

II. LITERATURE REVIEW

The 3 key stages of the experiment were identifying suitable

food waste materials, identifying a method of carbon activation
and the creation of the EDLC test cell.
The selection process for suitable food waste materials involved
firstly identifying the most wasted foods in the UK. By targeting
domestically available waste sources, the research aimed to
establish a scalable and sustainable approach that avoided the
importation of food waste from overseas. This strategy not only
minimized environmental burdens associated with transportation
but also ensured a more self-sufficient and efficient waste man-
agement system. Promising candidate materials were identified
through the literature based on their carbon content. Notably,
lignocellulosic food wastes/biomass emerged as superior options
due to their high carbon content and relatively lower ash content
[8] meaning that a higher yield of activated carbon could be
achieved through the activation process (See literature review
matrix of candidate biomass waste materials at end of Literature
Review section)

Potato peelings were identified as a strong candidate material
due to their high lignin and cellulose content producing activated
carbon with hierarchical porosity [6] whilst also being abundantly
available in the UK, with the volume of harvested potatoes in the
UK at 5.31 million metric tons[7]

To activate the carbon and maximize its electrochemical prop-
erties, the choice primarily favoured physical activation methods,
where environmentally friendly reagents such as carbon diox-
ide and water were used at high temperatures, instead of chem-
ical activation, where expensive and potentially toxic chemical
reagents such as concentrated acids are utilised. Chemical ac-
tivation can yield higher surface areas[9], which is desirable as
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a greater surface area is conducive to higher specific capacitances
in EDLCs[10]. However, the environmental and sustainability im-
plications associated with the use of concentrated chemicals such
as hydrochloric acid and concentrated phosphoric acid necessi-
tated a more eco-friendly approach to align with the project’s mo-
tivations. Physical activation processes were selected to minimize
potential hazards and reduce the environmental footprint.

Carb Preparati Chemical
Material arvon reparation | Method of Carbonisation Method of Activation emica Availability
Content of material Requirements
Clean One of the most wasted
D :1655 UK foods - BUT not easy
Bananas aven), Crush Pyrolysis 700C, 1 hour open-air to source from
30-mesh manufacturer (little
Sl banana growth in UK]
ox e el o ket i
y ies @ 450C g
Hulls 500, 1.55 in series @ 3ml/hour of water " bulk)
Washed, Air- |500C 1H Argon atmosphere, )
dried @ 60C |5C/min ramp. [400C 30min
12H, Mixed w/ KOH + water 1:4 600C 1h Catering Companies
Onion autoclave @ B e
Peel 000 441 then 05wt 1 for 288 th KOH, Hel Supermarket Suppliers,
eel : E for en Domestic Households
90C12H-  |Dried @ 70C for 12 H washed until neutral w/
making distilled
Hydrochar
i CO2 2500cmA3/min (~40%
"
Barley 2500cm*3/min N2 more effective than steam) FARMING WASTE (easy to|
L llul 500C Temp 800C temperature obtain in large amounts
Straw 10C/min rate 10C/min rate from single source)
1Hat 1H at.
‘The raw
sample was |activation with H3PO4 1st(11.4 g of potato peel waste with 11.9
Potato oven-dried at mL 85% phosphoric acid +150 mL deionised water) Catering Companies,

H3PO4 Hospitality Companies,

Domestic Households

Lignocellulosic |around 100
Peel ground Lo a
small particie:| Pyrolysed using fixed bed reactor, then Potassium Hyrdroxide
>300 um

cut :";'V' Available from retailers
it 100c | Meated in tube furnace @ 900 °C 2 W, under N2 atmosphere (zaCi2 and farmers with waste
for 24 hour produce
Rotten |
Lignocellulosic Pestle and
Carrot mortar
washed with 10% HCI, and repeatedly with warm water until )
crushed + ‘ HCl Potentially in the home
neutral pH for filtrate
mixed w/
znci2, 1:2
Ground and | Impregnated by conc. H3PO4(Bio:Acid 1:2) Pyrolysed @ 800C, Can be locally sourced
Pecan sieved 14.5C/min in Solar Furnace BUT not grown in
Lignocellulosic H3PO4 UK(Mexico, Texas, New
Nut © Hot water(80 | . 1 finced in Soxhlet reflux condenser(neutral pH) ->Leave M
€) to remove e Mexico(southern US
un
oly-phenols v states))
Commonly consumed
Spinach Activation with KOH —OR— DSLw/ K250 12 masstovol. | o a"“[“'?"‘f";" ‘:‘? ?K 4
refluxed in oil bath @ 100C - refluxed for 6H then left tosit for | . =" ::;ss‘t'i‘(‘:e;i‘"”al:r"y
Leaves 18H w/ H2504 in mix. Dried @ 70C in convection oven 24H - e LT
quantities of salad waste
in UK
Cube blocks, Tube furnace 5C/min to 850C under CO2 atmosphere @ .
dry @ s0c . e " Wasted in domestic and
¢ 200mL/min. Temperature maintained for 90min then cooled Wasted In dort
Bread 24Hin N " HCI industrial setting. Most
polyethyi under CO2 stream. Washed w/ HCI then Dist. water until ted faod in UK
olyetnylens neutral. Dried @ 105C 8H wasted food In UK.
bag at RTP
c i d
Boiled(simula |fixed-bed quartz reactorin N2 |2g of biochar + 2 g of K2C204 32:‘":::: ﬁ:’:::':',i
te cooking  |atmosphere @ 60mL/H. Heated |mixed and ground , activated s ustrial and
Lettuce process) then [to 350C/550C @ 5C/min - (no  |in fixed-bed reactor heating |K2C204 e st e
dried @ 105C |need to collect volatiles) - grind [to 800°C @ 10°C/min and s of f‘d & N
Ifor 24H up final product maintained 1H quantities of salad waste
in UK
Not grown in UK, BUT
Washed, widely consumed in the
Coconut Dried in microwave oven (EMW2001W, Sweden) to heat sample UKand a waste product
Shell Lignocellulosic |Oven, Ground under CO2 gas @ flow rate 150 cm”3/min with no alternative use.

500 g of dried precursor in tubular furnace, heated to
carbonization @ 700 *C w/ purified N2 flow (150 cm*3/min).
The char produced was mixed with K2CO3 pellets. Modified
w/ Deionised microwave oven - 2.45 GHz for activation w/ N2 @ 300
water. Cut cm3/min(oven had power dial and timer). The resultant AC
Orange and screened | (OPAC) washed repeatedly w/ 0.1M HCI & distilled water until
Peel 'to 1-2mm pH 6-7 reached in the residual liquid

Washed
Exhaustively
Not grown in bulk in UK.
BUT available from food
suppliers, domestically
and commercially

K2C03, HCl

FIG. 1: Table of biomass waste sources and the procedure followed in

the literature to produce activated carbon from them. Note that where a

chemical that is environmentally unfriendly has been used, it has been
listed in red

III. METHODS

Establishing a method to follow throughout the whole exper-
iment involved formulating a series of steps, based off common
methods used in the literature to successfully activate carbon from
Biomass waste sources by physical activation with steam. Phys-
ical activation using carbon dioxide gas rather than steam has, in
some cases, yielded a greater surface area when activating some
Biomass waste sources [11]. However given the environmental
burden of ordering compressed C'O2 gas and releasing it into the
atmosphere, steam was pursued in spite of the fact it would po-
tentially yield an inferior product. However, steam was a reagent
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that had no environmental concerns surrounding it, with the only
environmental burden being the energy required to heat the water
bath, containing the bubbler, to 50°C.

The Maris Piper potatoes were initially purchased from a local
Tescos Supermarket, after which they were then stored in a dark
cupboard for 3 weeks. At the point of peeling the potatoes they
had slightly softened and were growing considerable numbers of
shoots with some potatoes beginning to show mould on the sur-
face. The potato peel was washed thoroughly with gentle agitation
by hand and ultra pure water before then being submerged in an
ultrasonic cleaner for 15 mins at room temperature. An oven set
to 100°C was used to dry out the potato peel, where it remained in
residence for 12 hours until crispy and brittle. Further the potato
peel waste was then crushed into a fine powder by first a pestle and
mortar by hand until chunks were roughly a couple of millimetres
in diameter, and then secondly by a ball mill for 30 minutes, un-
til the dried potato peel(DPP) was a fine powder with no pieces
> 1mm in diameter. Any DPP that would not reduce to a suffi-
ciently small size was manually filtered out using a sieve.

DPP was then shovelled into a ceramic boat, before being in-
serted in a 10mm quartz glass reaction vessel which was then it-
self inserted in the tube furnace for pyrolysis. Nitrogen gas at a
flow rate of 500ml/minute, was passed through the DPP contain-
ing quartz glass tube to create the inert atmosphere required for
carbonisation. The DPP was pyrolysed at 600°C for 2.5 hours
with a ramp rate of 10°C/min

The experimental setup was adjusted for the carbon activation
to allow for the nitrogen gas flow to first pass through the distilled
water in the bubbler. As the nitrogen gas flow bubbled through
the distilled water, it would carry with it water vapour causing
steam activation of the potato peel biochar. Given the nature of
the gas source to bubbler setup, it was difficult to determine the
exact mass of steam that passed through the quartz glass reaction
vessel. The potato peel biochar was activated at 700°C for 1 Hour
at a ramp rate of 25°C/min.

- 5

Nag

FIG. 2: Diagram of experimental setup for Activation, arrows represent
direction of gas flow: 1)/N> gas pipeline for inert conditions 2)Valve and
mass flow controller, controlling flow of gas through system 3)Bubbler
to bubble N2 gas flow through ultra pure water 4)Quartz glass reaction
tube inserted through tube furnace 5)Tube furnace with controllable
temperature ramp rate 6)Ceramic boat containing sample 7)Gas passed
into fume hood.

For the production of the activated carbon cloth electrodes us-
ing the commercially produced AC, 250mg of the AC was mixed
with 12.5mg of carbon black conductive additive. Carbon black is
used, as alone, the activated carbon is not conductive and would
not act as an effective electrode, and thus it is mixed in solution
at a 1:20 ratio to the potato peel AC. Sml of ethanol was added to
the mixture and mixed on a hot plate at 30°C' to homogenise the
mixture for 1 hour until a thick slurry remained. 16 pL (micro
litres) of polytetrafluoroethylene(PTFE) was added to solution to
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act as a binder and a pestle and mortar used for 10 minutes to fully
mix the solution before being rolled out using a rolling pin on a
hot plate. The putty like substance was continually rolled out and
folded, until a cohesive sheet was present. Using a set of shims,
the AC cloth was rolled out to 75m thickness, and after being left
to dry for 24 hours, circular electrodes 15mm in diameter were cut
out of the material using a punch. Likewise for the production of
the activated carbon cloth using the potato peel derived activated
carbon, the same ratio of activated carbon to carbon black and
PTFE was used. Given that a 10mm quartz glass reaction vessel
was used due to the inner diameter of the tube furnace, 3 suc-
cessive rounds of carbonisation and activation were carried out
resulting in 70mg of activated carbon, meaning adjustments had
to be made from the original method to the quantities of PTFE
and Carbon Black added to the mixture. After being weighed, the
AC electrodes formed part of the assembly of the EDLC test cell
using 6M Potassium Hydroxide (KOH) as the electrolyte with a
20mm glass fibre disk soaked in KOH separating the electrodes

The potato peel derived activated carbon EDLC test cell was
assembled in an identical fashion to that way which the com-
mercially produced activated carbon EDLC test cell was and thus
any similarities or differences between the electrochemical perfor-
mance of both cells was due to differing quality of the activated
carbon used.

IV. RESULTS

To analyse the electrochemical performance of the EDLC test
cells Cyclic Voltametry(CV) and Galvanostatic Charge/Discharge
(GCD) were used. CV was performed at 3 different scan rates for
each test cell: SmV/s ,15mV/s and 25mV/s. Subsequently, GCD
was performed on the test cell using a charge rate of 1 Amp per
Gram (A/g) up to a voltage of 0.6V. The initial testing was per-
formed on a test cell assembled using the industrially produced,
commercially available AC, to create a benchmark for EDLC per-
formance to compare with the potato peel derived AC EDLC. The
results of the following tests can be found in Fig.3, with a verdict
of comparison between the commercial AC EDLC test cell and
the potato AC EDLC test cell in the final column.

COMMERCIAL AC POTATO AC

74.66 + 0.10 48.707 + 0.015 INFERIOR
13.44 £ 0.02 8.767 + 0.003 INFERIOR

0.2222 + 0.0003 0.21761 + 0.00005 COMPARABLE
98.83 + 0.07 98.43 + 0.06 COMPARABLE

Energy Efficiency(%) - CV 98.87 + 0.07 98.49 + 0.06 COMPARABLE
0.4288 + 0.0005 2.04£0.02 INFERIOR
0.38 +0.04 2.14 +0.03 INFERIOR
99.29 + 0.09 INCONCLUSIVE

Energy Efficiency(%) - GCD 88.1£0.1 INCONCLUSIVE

FIG. 3: Using CV, the commercial AC test cell was found to have a
specific capacitance 74.66 = 0.10F/g, specific energy 13.44 £ 0.02J/g
and specific power 0.2222 + 0.0003 with a coulombic efficiency of
(98.83 & 0.07)% and an energy efficiency of (98.87 £ 0.07)%. Using
GCD it was found that the same test cell had a coulombic efficiency
(99.29 £ 0.09)% and the energy efficiency was (88.06 & 0.11)% with a
charging ESR of (0.4288 £ 0.0005)<2 and a discharging ESR of
(0.38 4 0.04)<2. Then the same testing procedure for the potato AC
EDLC test cell yielded a specific capacitance (48.707 + 0.015)F/g, a
specific energy (8.767 £ 0.003) J/g and a specific power
(0.21761 4 0.00005) W/g with coulombic efficiency at
(98.43 + 0.06)% and energy efficiency at (98.49 & 0.06)%. Using
GCD in the same way, impossible results were obtained and thus the
verdict of comparison was inconclusive.

A possible reason for the differing values for efficiencies from
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each test, when both were performed on the same test cell is
that GCD directly involves energy transfer between the electro-
chemical system and an external circuit. Energy losses can oc-
cur due to resistive heating, polarization, and inefficiencies in the
electrochemical reactions themselves. CV provides information
about the reversible redox processes and capacitive behavior of
the system. When performing CV it may not directly involve en-
ergy exchange with an external circuit in the same way that GCD
does.[12] While CV can provide insights into the electrochemical
performance of materials, it might not directly give you informa-
tion about energy efficiency in the same manner as GCD measure-
ments.

When GCD was carried out initially on the Potato AC test cell,
with a charging and discharging current of 1 A/g up to a volt-
age of 0.6V, the specific parameters appeared to yield erroneous
data. Subsequent repeats of the GCD on the potato peel test EDLC
test continued to yield erroneous data. The coulombic efficiency
was found in each of the 3 repeat tests to be (100.2 + 0.1)%,
(100.9 £ 0.1)% and (100.3 £ 0.1)% and the energy efficiencies
(107.17 £ 0.03)%, (100.5 £ 0.5)% and (104.5 £ 0.3)% respec-
tively. Intuitively, the results are physically impossible given that
an efficiency greater than 100% would imply that the EDLC is
outputting more energy than it has had inputted which would be
a violation of the conservation of energy and thus is impossible.
Thereby it is likely the error was due to equipment error. The
most likely error was that the sampling rate of the Raspberry Pi
computer used for GCD was not high enough causing key data
points to be missed. Thus the GCD testing was repeated on a
PalmSens device that had a much higher sampling rate. The same
testing procedure was repeated exactly 1 week after the origi-
nal GCD testing was done with the same voltage window and
charge/discharge current of 1A/g. By then plotting the data in
Microsoft excel the following graph was visualised.

FIG. 4: Graph showing 4 complete GCD cycles(y-axis: Voltage,
X-axis: time) with a voltage window of 0.6V and a charging/discharging
rate of 1A/g. The ESR can be calculated using the voltage drop seen
after the peaks and troughs of the graph.

Using the equation:

AU
R =—13
psn = S(13]
with AU taking the value of the mean average voltage drop ob-
served at the charge/discharge transitions, and [ taking the value
0.0202001 £ 0.0000001A, the Charging ESR and Discharging
ESR were both calculated(see Fig.3).

(1

V. DISCUSSION

The results demonstrate that potato peel emerges as a viable
precursor to activated carbon with hierarchical porosity. Whilst
the specific capacitance of the EDLC test cell assembled us-
ing the commercial AC had a greater specific capacitance of
(74.66 £ 0.10)F/g compared to the specific capacitance of the
potato peel test cell of (48.707 + 0.015)F/g, it still does not dis-
credit the merits of the potato peel derived activated carbon. The
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experimental procedure used to activate the potato peel requires
much greater refinement but this could not be performed in the
time frame of the project. The temperature and time for which the
biomass waste is carbonised and activated for is very sensitive in
terms of altering the performance limitations of the final activated
carbon quality[14]. After the first complete run of potato peel
carbon activation where carbonisation was completed at 500°C
for 3 hours and activation completed for 2 hours at 800°C), the
result, as privately discussed, is what was referred to as ’over-
activation”: after steam activation had completed, there remained
< 5mg of substance which was a grey-blue colour. Thus in sub-
sequent runs, to avoid the case of ’over-activation’ again, a tem-
perature of 600°C for 2.5 hours was used for carbonisation and a
temperature of 700°C' for 1 hour was used for physical activation
with steam. Through 3 repetitions of the carbonisation-activation
procedure, a sufficient quantity of activated carbon was obtained
to create the activated carbon cloth. This method allowed for an
EDLC test cell to be constructed from potato peel derived acti-
vated carbon, but no further experimentation was carried out to
find the optimum conditions for the carbonisation and activation
of the potato peel. The potato peel derived AC test cell did how-
ever have a specific power of (0.21761 +0.00005)W/g which was
the same as the specific power of the commercial AC test cell to 2
s.f. meaning that the performance was very much comparable.

To visually analyse the porosity of the potato peel derived acti-
vated carbon, scanning electron microscopy(SEM) was used to
image the varying size scales of pores in the carbon structure
from macropores(> 50nm) to micropores(< 2nm). Images were
taken of both the dried potato peel that had been only pyrolysed at
600°C and the dried potato peel that had been pyrolysed at 600°C
and also physically activated by steam at 700°C. The images be-
low show the difference in the carbon structure.

(a) Image of the dried potato peel (b) Image of the potato peel after
after carbonisation and activation carbonisation only displaying the
displaying the macropores. macropores of the structure

FIG. 5: Images showing the macroporous structure of the carbon
post-carbonisation (b) and post-carbonisation and post-activation(a)

(a) Image of the dried potato peel (b) Image of the potato peel after
after carbonisation and activation carbonisation only displaying the
displaying the microporosity. micropores of the structure

FIG. 6: Images showing the microporous structure of the carbon
post-carbonisation (b) and post carbonisation & activation(a)

In Fig.5 (b) the initial development of the pores can be seen at
a macroscopic level with pores visible on the surface due to the
heat from pyrolysis causing the start of porosity within the carbon
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structure. The porosity, however, can visually be seen to be more
plentiful and ”sponge-like” in Fig.5 (a) where the carbon has been
also activated, highlighting how the steam has reacted with the de-
fect sites in the carbonised potato peel and has caused more of the
sample to evaporate away. The extent to which the structure has
been activated cannot be determined from just the one image. In
Fig.6(a) it can be seen that micropores have formed in the car-
bon structure which serves as evidence, in conjunction with the
results from the electrochemical analysis, that the potato peel is a
valid precursor to activated carbon with hierarchical porosity, as
the microporosity is required to get any capacitive performance
from the EDLC test cell. Fig.6 (b) shows the potato peel that was
only carbonised, had no visible microporosity in the particular re-
gion of the sample that was imaged at this resolution, suggestive
that microporosity develops in the activation stage and not in the
carbonisation stage.

Further analysis of the activated carbon structure was carried out
using energy dispersive x-ray(EDX) analysis. EDX is a form of
elemental analysis that calculates the elemental composition of
the sample based on the characteristic x-rays of each of the ele-
ments present[17]. See below a colour coded image of a region of
the activated carbon sample that was mapped using EDX.

FIG. 7: Elemental map of a region of activated carbon sample:
carbon=red, oxygen=turquoise, potassium=dark orange, chlorine=green,
magnesium=pink, phosphorus=blue, sulphur=yellow

From a visual examination of Fig.7, the majority of the sample
can be seen to be carbon with a considerable amount of potas-
sium and chlorine present in lumps together, possibly indicative
of a reasonable amount of potassium chloride present which is
agreeing with expected composition of potatoes being that they
are naturally high in potassium.[18] The exact proportion of each
of the elements available could not be calculated due to there be-
ing only one x-ray detector on the electron microscope at the time
of data collection, which caused a considerable amount of shad-
owing, where shadowing is the blocking of signal from the mate-
rial due to the topography of the surface. Therefore, the elemen-
tal composition of the surface was mapped(see Fig.7) but the %
proportion of each of the elements present could not be exactly
calculated.

VI. CONCLUSIONS

Conclusively, given that the performance of the potato peel de-
rived AC test cell had comparable specific power, coulombic and
energy efficiency and also a reasonably similar specific energy
and capacitance to the commercial AC test cell, potato peel does
in fact present itself as a high performing precursor material for
AC to be used in EDLCs. Given that potato peel is so abundantly
available: in the UK alone approximately 4.4million whole pota-
toes are thrown away daily [5], using potato peel for industrial
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scale production, if the process were done efficiently, could be a
plentiful, sustainable source of green energy storage technology.
To make the process more efficient, reviewing and continuing the
investigation to evaluate the effect of varying hold temperature,
temperature ramp rate and hold time during the activation and car-
bonisation steps could yield a greater specific capacitance in the
final EDLC test cell given the effect of varying conditions on the
porosity of the activated carbon [14] [15][16] [19].

VII. FURTHER WORK

Given that the project was completed in the short time frame of
6 weeks, there were alternative routes for the project, that took a
more energy conscious approach, that could not be explored. A
method that could hold potential, based on the literature, is using
a microwave, as opposed to conventionally using a tube furnace,
for physical activation of potato peel to create AC with hierar-
chical porosity. This would be a highly efficient technique com-
pared to conventional heating methods. Due to the fact that mi-
crowaves heat substances more uniformly, efficiencies of 80-85%
can be achieved [20], resulting in significantly reduced pyrolysis
and activation times. While pyrolysing and activating a small food
waste sample in a tube furnace took up to eight hours, microwave
technology could allow for the pyrolysis and activation of larger
food waste samples in less than an hour. For the one-step activa-
tion of carbon from 5.0g dried bamboo impregnated with phos-
phoric acid was completed in 20 mins at 350W [22]. This expe-
dited process would have not only contributed to the sustainability
of the production method but also improved overall productivity.
For further experimentation the possibility of microwave radiation
leakage must be appropriately dealt with. The following diagram
shows a potential experimental setup.

2

1

FIG. 8: Diagram of experimental setup for microwave assisted
activation. 1) Source of inert gas (Nitrogen Gas supply), 2) Valve and
mass flow controller for nitrogen gas pipeline, 3) Panasonic Inverter
Microwave Oven, 4)Tube bung connecting silicon pipe and reaction
chamber, 5)Quartz reaction vessel, 6)Crucible, 7)Cleaned and dried
biomass food waste sample, 8)Ceramic stage, 9)100mm of aluminium
casing around tube, 10) Frequency detector

Additionally, refinement of the original method should be com-
pleted. Whilst the conditions that were used (carbonisation at
600°C for 2.5 hours and activation at 700°C for 1 hour) had been
successful in creating activated carbon with hierarchical porosity,
further investigation could identify at which carbonisation and ac-
tivation temperatures the highest surface area would be obtained
for Maris Piper potato peelings. Further, the length of time of each
of the steps should be studied to find what length of time would
be the most optimal.

Development of Sustainable Electrochemical Supercapacitors from Food Waste

ACKNOWLEDGMENTS

The author would like to thank Rhys Williams, for providing
wisdom throughout the project and teaching the standard method
of AC electrode production.

REFERENCES

[1] Veronika HENZE, Global Energy Storage Market to Grow 15-Fold

by 2030, Bloomberg NEF, https://about.bnef.com/blog/global-

energy-storage-market-to-grow-15-fold-by-2030/ ac-
cessed:04/07/2023

J. Mitali, S. Dhinakaran, A.A. Mohamad, Energy stor-

age systems: a review, Energy Storage and Saving, Vol-

ume 1, Issue 3, 2022, Pages 166-216, ISSN 2772-6835,

https://doi.org/10.1016/j.enss.2022.07.002.

Nikola Vukajlovi¢, Dragan Mili¢evié, Boris Dumni¢, Bane Popadié,

Comparative analysis of the supercapacitor influence on lithium

battery cycle life in electric vehicle energy storage, Journal of

Energy Storage, Volume 31, 2020, 101603, ISSN 2352-152X,

https://doi.org/10.1016/j.est.2020.101603.

Pietro Zaccagnini, Mara Serrapede, Marco Armandi, Ste-

fano Bianco, Stefano Carminati, Massimo Zampato, Gi-

anluca Melis, Candido Fabrizio Pirri, Andrea Lamberti, A

high-temperature high-pressure supercapacitor based on ionic

liquids for harsh environment applications, Electrochim-

ica Acta, Volume 447, 2023, 142124, ISSN 0013-4686,

https://doi.org/10.1016/j.electacta.2023.142124.

[5] WRAP, Food surplus and waste in the UK — key facts, updated

January 2020 https://wrap.org.uk/sites/default/files/2020-11/Food-

surplus-and-waste-in-the-UK-key-facts-Jan-2020.pdf

Dinda Pertiwi et al 2022 J. Phys.: Conf. Ser. 2193 012019 DOI

10.1088/1742-6596/2193/1/012019

[7] Department for Environment, Food and Rural Affairs, Agriculture
in the United Kingdom, workbook 7, Table 7.11

[8] 13. Mohd Adib Yahya, Z. Al-Qodah, C.W. Zanariah Ngah, Agricul-
tural bio-waste materials as potential sustainable precursors used for
activated carbon production: A review, Renewable and Sustainable
Energy Reviews, Volume 46, 2015, Pages 218-235, ISSN 1364-
0321, https://doi.org/10.1016/j.rser.2015.02.051

[9] JLA. Macid-Agulls, B.C. Moore, D. Cazorla-Amords, A.
Linares-Solano, Activation of coal tar pitch carbon fibres:
Physical activation vs. chemical activation, Carbon, Vol-
ume 42, Issue 7, 2004, Pages 1367-1370, ISSN 0008-6223,
https://doi.org/10.1016/j.carbon.2004.01.013.

[10] Wang, Chih-Ming & Wen, Chih-Yu & Chen, Ying-Chung & Chang,
Jui-Yang & Ho, Chia-Wei & Kao, Kuo-Sheng & Shih, Wei-Che &
Chiu, Chun-Ming & Shen, Yu-An. (2015). The Influence of Specific
Surface Area on the Capacitance of the Carbon Electrodes Superca-
pacitor. 439-442. 10.12792/iciae2015.077.

[11] M. Molina-Sabio, M.T. Gonzalez, F. Rodriguez-Reinoso, A.
Sepilveda-Escribano, Effect of steam and carbon dioxide activa-
tion in the micropore size distribution of activated carbon, Car-
bon, Volume 34, Issue 4, 1996, Pages 505-509, ISSN 0008-6223,
https://doi.org/10.1016/0008-6223(96)00006-1

2

—

3

—

[4

—_

[6

[l

[12] Sethi, Meenaketan. (2019). Re: What is the differ-
ence between Cyclic Voltammetry(CV) and Galvano-
static Charge-Discharge (GCD)M7. Retrieved from:

https://www.researchgate.net/post/What-is-the-difference-between-
Cyclic-VoltammetryCV-and-Galvanostatic-Charge-Discharge-
GCD/5da5f3f32ba3a1280e225787/citation/download.

[13] Vicentini R, Da Silva LM, Cecilio Junior EP, Alves TA, Nunes
WG, Zanin H. How to Measure and Calculate Equivalent Se-
ries Resistance of Electric Double-Layer Capacitors. Molecules.
2019 Apr 12;24(8):1452. doi: 10.3390/molecules24081452. PMID:
31013767, PMCID: PMC6515551.

[14] Kwiatkowski M, Serafin J, Booth AM, Michalkiewicz B. Com-
puter Analysis of the Effect of Activation Temperature on the



Oliver PUGH

[15]

[16]

[17]

(18]

Microporous Structure Development of Activated Carbon De-
rived from Common Polypody. Materials (Basel). 2021 May
30;14(11):2951. doi: 10.3390/ma14112951. PMID: 34070730; PM-
CID: PMC8199042.

Yusuf Hendrawan et al 2019 IOP Conf. Ser.: Earth Environ. Sci.
239 012006

Osman Uner, Yiiksel Bayrak, The effect of carbonization temper-
ature, carbonization time and impregnation ratio on the properties
of activated carbon produced from Arundo donax, Microporous and
Mesoporous Materials, Volume 268, 2018, Pages 225-234, ISSN
1387-1811, https://doi.org/10.1016/j.micromeso0.2018.04.037.
Scimeca M, Bischetti S, Lamsira HK, Bonfiglio R, Bonanno E.
Energy Dispersive X-ray (EDX) microanalysis: A powerful tool
in biomedical research and diagnosis. Eur J Histochem. 2018 Mar
15;62(1):2841. doi: 10.4081/ejh.2018.2841. PMID: 29569878; PM-
CID: PMC5907194.

Jekayinfa, Simeon and Linke, Bernd and Pecenka, Ralf. (2015).
Biogas production from selected crop residues in Nigeria and es-
timation of its electricity value. International Journal of Renewable

[19]

(20]

(21]

[22]

Development of Sustainable Electrochemical Supercapacitors from Food Waste

Energy Technology. 6. 101-118. 10.1504/IJRET.2015.068593.
Bergna, D., Hu, T., Prokkola, H. et al. Effect of Some Process Pa-
rameters on the Main Properties of Activated Carbon Produced from
Peat in a Lab-Scale Process. Waste Biomass Valor 11, 2837-2848
(2020). https://doi.org/10.1007/s12649-019-00584-2

Li, S., Li, C. and Shao, Z. Microwave pyrolysis of sludge:
a review. Sustain Environ Res 32, 23 (2022). https:/doi-
org.ezphost.dur.ac.uk/10.1186/s42834-022-00132-z

Harish K. Jeswani, Gonzalo Figueroa-Torres, Adisa Azapagic,
The extent of food waste generation in the UK and its en-
vironmental impacts, Sustainable Production and Consump-
tion, Volume 26, 2021, Pages 532-547, ISSN 2352-5509,
https://doi.org/10.1016/j.spc.2020.12.021.

Wenya Ao, Jie Fu, Xiao Mao, Qinhao Kang, Chunmei Ran,
Yang Liu, Hedong Zhang, Zuopeng Gao, Jing Li, Guangqing
Liu, Jianjun Dai, Microwave assisted preparation of activated car-
bon from biomass: A review, Renewable and Sustainable En-
ergy Reviews, Volume 92, 2018, Pages 958-979, ISSN 1364-0321,
https://doi.org/10.1016/j.rser.2018.04.051.



