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Recycled Additive Manufacturing Feedstocks for Fabricating
High Voltage, Low-Cost Aqueous Supercapacitors

Phatsawit Wuamprakhon, Robert D. Crapnell, Evelyn Sigley, Nicholas J. Hurst,
Rhys J. Williams, Montree Sawangphruk, Edmund M. Keefe, and Craig E. Banks*

The first recycled conductive poly(lactic acid) (PLA) filament derived from
post-industrial waste sources for additive manufacturing (AM) is reported
herein, presenting a paradigm shift in plastic waste recycling, AM filament
production, and AM energy storage architectures. Filaments utilizing a base
of recycled PLA, carbon black (CB) as a conductive filler, and polyethylene
glycol (PEG) as a plasticizer are used to produce aqueous AM symmetric
supercapacitor platforms that can reach capacitance values 75 times higher
than commercially available conductive PLA filaments. Furthermore, through
the rapid prototyping capabilities of AM and GCode modification, it is seen
that changing the electrode architecture from solid to a mesh with additional
inter-layer spacing is able to further enhance electrode performance by

3.5 times due to improvements in the surface area, ion accommodating capa-

day life. However, managing the end-
of-life of plastic materials has become
an increasingly urgent topic due to the
reliance of most virgin plastics produc-
tion on non-renewable resources like oil,
and the significant, harmful effects that
environmentally persistent waste plastic
can have on the natural world.! Lim-
iting these effects requires consumption
of virgin plastic to be reduced wherever
possible, and where not possible, plastic
waste should be recycled into new prod-
ucts such that it does not enter traditional
waste streams (e.g., by being sent to land-
fill). With regards to plastics recycling, the

bilities and faster ion diffusion. The symmetric full cell device is capable of
delivering 7.82 mF cm2, 4.82 uWh cm2 and 433.32 pW cm2 of capacitance,
energy, and power density, respectively. Moreover, the material cost is

£0.15 per electrode. This work represents a new direction for plastic waste
recycling, in which low-value recycled base products can be manufactured

into high-value end products in their second cycles.

1. Introduction

Plastics, i.e., materials consisting of synthetic organic poly-
mers, are extremely convenient, low-cost, lightweight, and
durable materials that are utilized in many aspects of day-to-
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ideal situation is one in which innovation
facilitates “upcycling” of plastic waste into
products that retain high value and lon-
gevity, such that the material flow from
raw material to waste product is slowed
significantlyZl Seeking upcycling in this
way can be especially effective when
incorporated into Circular Economy (CE)
practices;??! while the precise definition of
CE has not been formalized, in broad terms, it is a new eco-
nomic model intended to cause a sea change in the way society
approaches sustainable development.!

Additive Manufacturing (AM), otherwise known as 3D
printing, refers to a group of technologies that manufacture
objects by incremental addition of layers of material, rather
than by subtraction or formation of material as in traditional
techniques such as milling or molding, respectively. The AM
workflow begins with design of the object using Computer-
Aided Design (CAD) software, which is then digitally “sliced”
into pseudo-2D layers, and finally sent to a 3D printer to be
built. Production of parts in this way has a number of advan-
tages, for example, the ability to manufacture locally and on-
demand, plus it affords a high degree of part complexity and
easy customization of objects. These design advantages in par-
ticular mean that polymer AM has significant potential for the
upcycling of plastic waste since complex and/or bespoke parts
are inherently high value.

In particular, the bespoke part production afforded by AM
is becoming increasingly popular in the field of electrochem-
istry,¥ electrochemical equipment,® electroanalysis,®! reaction
mechanistic studies,”! electrosynthesis,®! electrocatalysis!?) and
electrochemical energy storage.l'”) More specifically, there has
been an increasing number of publications detailing the use of
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relatively low-cost Fused Filament Fabrication (FFF) 3D printers
to produce inventively designed fixtures, sample holders, and
even electrodes when a conductive polymer composite material
is used."™ Producing electrochemical components by AM is not
only convenient and cheap but also can afford electrode archi-
tectures not normally accessible by traditional techniques.!?
This can be especially useful in electrochemical energy storage
applications.

Development of effective energy storage applications has
become the subject of intense research over recent decades.!!3!
This is because, although sources of clean and sustainable
energy such as hydroelectricity, wind, and solar are readily
accessible, they are dependent on changeable environmental
conditions and hence provide inconsistent power. Superca-
pacitors (SCs) or electrochemical capacitors (ECs) in particular
have shown promise for high-power applications such as
high voltage automotive, smart grids, and robotics since they
can provide high specific power, long cycle life, fast charging,
and high-rate capability due to their non-diffusion controlled
charge storage mechanisms;™ supercapacitors contribute to
the United Nation’s Sustainable Development Goals: 7: Afford-
able & Clean Energy, providing cutting-edge solutions to meet
energy demands. Charge storage in SCs occurs either via
adsorption of ions with capacitive electro-sorption at the elec-
trode/electrolyte interface (so-called electrochemical double
layer (EDL) capacitance), and/or via fast redox reactions on the
electrode surface (pseudo-capacitance).™ This allows charge-
discharge at an extremely high rate. However, the energy den-
sity of such devices is relatively low compared to batteries,
where the charge storage occurs via bulk faradaic reactions.
Thus, the development of SCs demands a methodology for
enhancing their energy density.'® Since the amount of the
stored energy (E) in SCs is directly proportional to capacitance
(C) and the cell voltage (V) squared (i.e., E = ¥2 CV?), the ideal
system for electrochemical energy storage would consist of an
electrode with high capacitance and an electrolyte that is stable
over a large potential window.#“" Using AM can contribute
in part to achieving this, specifically by allowing the produc-
tion of electrodes designed to have a high surface area and
hence a high area for creation of an EDL and/or redox reactions
with electrolyte. However, while there have been a number of
reports regarding the implementation of polymer AM toward
making such capacitive energy storage devices, there are still
several unresolved issues that limit performance.

One of the major obstacles in using polymer AM to produce
electrochemical energy storage devices arises from the limited
range of materials available for use in FFF. Specifically, conduc-
tive FFFs filaments consist of a major thermoplastic polymer
component, which is non-conductive, and a minor, gener-
ally carbonaceous, conductive component. Typical materials
include poly(lactic acid) (PLA) or acrylonitrile butadiene sty-
rene (ABS) as the major, insulating component, and graphene
(GP) or carbon black (CB) as the minor, conductive component.
The conductive filler is usually only present in relatively small
quantity, as adding too much can compromise the filament’s
ability to be printed. While there are commercially available
conductive FFF filaments, such as Black Magic (GP/PLA) and
Proto-Pasta (CB/PLA), these generally show suboptimal per-
formance. For example, Foster et al. reported the low perfor-
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mance of Black Magic when printed to make stand-alone elec-
trode in lithium-ion battery and supercapacitor.’¥! Therefore, an
aim of some researchers has been the development of bespoke
filaments with increased concentrations of the conductive/elec-
troactive components but which retain suitable properties for
printing.'l Some examples include the addition of active mate-
rial integrated into AM feedstock to manufacture a sodium ion
battery!?%l and increasing the graphene content in an FFF fila-
ment used to make a current collector for metal oxide decora-
tion in supercapacitor applications./?"

In addition to simply improving viability for electrochemical
energy storage, the manufacture of bespoke FFF filaments for
such applications provides the perfect opportunity for upcy-
cling of plastics waste; in Additively Manufactured Electrodes
(AMEs), the polymer is essentially expected to act as an inert
component, and since AMEs are expected to be neither load
bearing nor aesthetically pleasing, deteriorations in polymer
properties caused by environmental factors or thermal pro-
cessing should not represent a particular concern. Further-
more, being relatively complex, electrochemical energy storage
devices are likely to be of higher value than the original use of
the polymer. However, as far as we are aware, there are not yet
any reports of recycled polymer feedstock being used to create
FFF filament for use in the manufacture of bespoke energy
storage devices.

Herein, we provide the first report of Additively Manufac-
tured SCs derived from a recycled polymer feedstock. Firstly,
waste PLA recovered from coffee pods via a post-industrial
waste stream was melt compounded with a plasticizer,
poly(ethylene glycol) (PEG), and conductive filler, CB, with the
mixture subsequently being melt extruded to make a filament
suitable for FFF (Figure 1A). This material was then printed
into a mesh-type design (Figure 1B) only achievable using AM
alongside GCODE modification, which was shown to perform
better as an SC than a solid electrode (Figure 1B) when ana-
lyzed as part of a half cell in a water-in-salt (WIS) electrolyte
(17 m NaClO,). Furthermore, meshes of bespoke material were
compared to meshes printed from the commercially available
conductive filament, ProtoPasta, and using the bespoke mate-
rial was found to produce a better-performing SC than the com-
mercial material, despite being obtained from recycled waste
polymer. Finally, it is demonstrated how two mesh electrodes
can be combined with other 3D printed components to make
a fully Additively Manufactured cell for electrochemical energy
storage. Overall, this work not only demonstrates how polymer
AM can be used to create inventive and highly effective energy
storage devices but also illustrates how waste plastics can be
used strategically to address environmental issues while simul-
taneously creating added-value products.

2. Experimental Section

2.1. Materials and Chemical Reagents

Post-industrial waste poly(lactic acid) (PLA) was purchased from
Gianeco (Turin, Italy) and was dried in an oven at 60 °C for at
least 2.5 h before use. All further chemicals were used as received
with no further purification. Sodium hydroxide (NaOH) (99%),
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Figure 1. A) Schematic representation of the workflow, highlighting the mixing of recycled PLA, carbon black, and polyethylene glycol before filament
extrusion and finally FFF printing into the desired electrodes. B) CAD images and dimensions of the additively manufactured solid and mesh electrodes
used in this work. C) Thermal gravimetric analysis of the recycled PLA, commercial conductive filament, and bespoke recycled conductive filament.

polyethylene glycol (PEG, MW = 3000), and sodium perchlorate
(NaClOy) (98%) were purchased from Sigma Aldrich (Gillingham,
UK). Carbon black (Super P, 99+%) was purchased from Fisher
Scientific (Loughborough, UK). Commercial conductive CB/PLA
filament (1.75 mm, Protopasta, Vancouver, Canada) was purchased
from Farnell (Leeds, UK). Deionized (DI) water (18 MQ.cm) was
received from Milli-Q system (Merck, Gillingham, UK).

2.2. Preparation of Recycled Conductive Filament

Prior to mixing, the PLA pellets were dried in an oven at 60 °C
for a minimum of 2.5 h to remove any residual water from the
polymer. Compositions for the conductive filament were pre-
pared based on a mixing chamber of 63 cm? to produce a fila-
ment with PLA (675%v/v), CB (22.5% v/v), and PEG (10%v/v).
The chemicals were blended in a heated chamber (170 °C) with
Banbury rotors at 70 rpm for 10 min using a Thermo Haake
Poydrive dynameter fitted with a Thermo Haake Rheomix 600
(Thermo-Haake, Germany). The resultant sample was allowed

Adv. Sustainable Syst. 2022, 2200407 2200407 (3 of 12)

to cool to room temperature before being granulated prior
to filament extrusion using a Rapid Granulator 1528 (Rapid,
Sweden). This sample was collected and added to the hopper
of the EX6 extrusion line (Filabot, VA, USA), with the four
heat zones set to 60, 190, 195, and 195 °C respectively. The
molten polymer strand was pulled along an Airpath cooling
line (Filabot, VA, USA), through an inline measure (Mitutoyo,
Japan), and collected on a Filabot spooler (Filabot, VA, USA).

2.3. Additive Manufacturing

The solid electrodes used in this work were designed in
Autodesk Fusion 360 (California, US) and exported as ST files.
The electrodes (Figure 1B) were 10 mm x 10 mm faces with a
12 mm x 2 mm stem, all extruded to a depth of 1.2 mm. These
STL files were imported into the open-source slicing software
PrusaSlicer (Prusa Research, Prague, Czech Republic) where
the printing parameters were defined (outlined below) and
sliced to create the GCODE file ready for printing.
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The Mesh electrodes, Figure 1B, were designed using Full-
Control G-Code Designer (FullControl).?2l Using cartesian coor-
dinates, each layer was designed to follow an alternating path of
+ 10 mm and + 2 mm lines along the x and y-axis, connection
to a stem of 12 mm in the x-axis and 2 mm in the y-axis, all to a
height of 0.2 mm in the z-axis. This design was repeated in the
z-axis for 6, 12, and 24 layers, and visualized in Repetier-Host,
a 3D printer host and slicing software, to visualize the subse-
quently generated G-Code.

All AMEs were produced using FFF printing of the con-
ductive filaments using a Prusa i3 MK3S+ 3D-printed (Prusa
Research, Prague, Czech Republic). The printing parameters
for all prints (using both filaments) were kept constant, using a
0.4 mm brass nozzle, 0.5 mm layer width, 0.2 mm layer height,
220 °C nozzle temperature, 65 °C bed temperature, 17 mm s~
print speed and 0 fan speed.

2.4. Material Characterizations

Scanning Electron Microscopy (SEM) measurements were
recorded on a Supra 40VP Field Emission (Carl Zeiss Ltd.,
Cambridge, UK) with an average chamber and gun vacuum of
1.3 x 107 and 1 x 10~ mbar respectively. Samples were mounted
onto aluminum SEM pin stubs (12 mm diameter, Agar Scientific,
Essex, UK) and sputtered with a thin layer of Au/Pd (8 V, 30 s) was
sputtered onto the electrodes using an SCP7640 coater (Polaron,
Hertfordshire, UK). Thermogravimetric Analysis (TGA) was
performed using a Discovery Series SDT 650 controlled by Trios
Software (TA Instruments, DA, USA). Samples were mounted in
alumina pans (90 pL) and tested using a ramp profile (10 °C min™)
from 0 — 800 °C under N, (100 mL min~Y). X-ray Photoelectron
Spectroscopy (XPS) data were acquired using an AXIS Supra
(Kratos, UK), equipped with an Al X-ray source (1486.6 eV) oper-
ating at 300 W in order to perform survey scans and 450 W for
narrow scans. All X-rays were mono-chromated using a 500 mm
Rowland circle quartz crystal X-ray mirror. The angle between
X-ray source and analyzer was 54.7° with an electron energy ana-
lyzer: 165 mm mean radius hemispherical sector analyzer oper-
ating in fixed analyzer transmission mode, pass energy 160 eV for
survey scans and 40 eV narrow scans. A detector with delay line
detector with a multichannel plate was utilized.

2.5. Electrochemical Activation

The AMEs were treated in 0.5 v NaOH by using Chronoamper-
ometry at +1.4 and -1 V with various time treatments (200 and
1200 s per each step, respectively) in an asymmetric setup. Ni
wire and Ag/AgCl were used as counter and reference elec-
trodes, respectively. The solution was purged in N, for 10 min
before electrochemical treatment.

2.6. Electrochemical Evaluations
To optimize the condition of electrode treatment before use in

a full cell supercapacitor, experiments were performed utilizing
an asymmetric set-up. For the full cell measurements, a sym-
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metric setup was used. The electrochemical evaluations were
carried out in 17 m NaClO,. A length of Ni wire and Ag/AgCl
(3 M KCl) were used as counter and reference electrode, respec-
tively. The solution was purged in N, for 10 min before the
electrochemical test. The areal capacitance obtained from CV
(C,) was found using Equation (1),23 where [IdV is the integral
area in the discharge region of the CV response, v is the sweep
rate (V s7}), AV is the window voltage of discharge region (V),
A is the geometrical area of the electrode from the CAD file
(in cm?).

C.= J1dv v )
AAV

The areal capacitance obtained from the Galvanostatic
charge—discharge technique (C¢p) was estimated corresponding
to Equation (2), where I is the applied current (in amps), At is
the time of discharging step (in s), AV is the discharging poten-
tial window (excluding Ohmic drop).

Co=— (2)

The energy (E) and power (P) densities of the SCs were cal-
culated according to Equations (3) and (4), respectively,?324

1 o 1

E —ECCD (AV) (—3600) (3)
E

p _5(3600) )

Electrochemical impedance spectroscopy (EIS) was collected
in the frequency range of 0.01 to 100000 Hz at open circuit
voltage, with an amplitude of 10 mV. The entire electrochemical
tests were measured using Metohm AUTOLAB potentiostat
(PGSTAT302N, Eco-Chemie, Utrecht, The Netherlands running
NOVA (version 2.1.5)).

The b-value can be calculated from the following equation.**!

i=kv’ (5)

where i is peak current at applied V and v is scan rate

In case of b values representing the kinetic of charge storage
in system, the capacitive-controlled (fast diffusion) and diffu-
sion-controlled (slow diffusion) processes contain the b values
of 1and 0.5, respectively. After taking the log over equation, the
b value is obtained in the slope of log current versus the loga-
rithm of scan rate (log i = b log v + k).

To find the contribution of the capacitive-controlled (fast
diffusion) and diffusion-controlled (slow diffusion) processes,
Equation S2 (Supporting Information) can be expressed to the
below equation.

i=kv' +k0% (6)
where k; and k, are constants. k;v' and k,1"° are attributed to

the current contribution from capacitive-controlled (fast dif-
fusion) and diffusion-controlled (slow diffusion) processes,
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respectively. multiplying by 1/0°° on both sides of Equation S3
(Supporting Information) provides,

0 =k +k, (7)

The slope and y-intercept of linear plot of i v and 1°° are k,
and k,, respectively.

3. Results and Discussion

3.1. Workflow

Figure 1A shows a schematic illustrating each step of pro-
cessing recycled PLA waste into a high-performance, Additively
Manufactured SC. First, recycled PLA, PEG, and conductive
CB were melt compounded in a volume ratio of 675:10:22.5
using a high-shear mixer. The composite material was cooled
and shredded before being melted and extruded into a fila-
ment suitable for printing by FFF. This filament was then
used to print electrodes as either non-porous, solid electrodes,
or porous, mesh-like structures, as shown in Figure 1B. The
printed electrodes were activated using chronoamperometry in
an alkali solution, as this has been shown to remove surface
PLA thereby exposing an increased amount of conductive filler
and improving electrode performance.?’l Once activated, the
capacitive properties of the electrodes were measured in a 17 m
NaClO, WIS electrolyte either as part of a half-cell alongside
standard reference and counter electrodes or as part of a fully
3D printed, full cell consisting of two Additively Manufactured
electrodes plus other non-conductive 3D printed components.

3.2. Thermal Characterization of Recycled Filament

After compounding, the thermal properties of the bespoke fila-
ment were analyzed by simultaneous TGA/DSC and compared
to both the neat, recycled PLA and commercially available CB/
PLA. This information is important for several reasons: first, to
establish whether the historical thermal processing of the recy-
cled PLA and subsequent processing into a conductive filament
affected its thermal stability; second, to determine the effects
of PEG on the thermal properties of the polymer composite;
and finally, to determine the mass of conductive filler present
in each composite filament, which would be expected to directly
influence its electrical properties.

TGA data for the recycled PLA, bespoke filament, and com-
mercial CB/PLA are shown in Figure 1C and the onset tem-
peratures (T;) of degradation, final masses, and non-polymer
filler contents for each material are given in Table 1. Qualita-
tively, the presence of CB filler causes a reduction in the rate
of thermal decomposition, and CB is presumed to make up
most of the final mass of the sample after heating has been
completed. However, the initial onset temperature (T;;) for each
material is similar, with all T;; being at =300-305 °C. This sug-
gests that the presence of CB does not change the chemistry of
the decomposition process, but rather the particles act as phys-
ical barriers for gas diffusion out of the polymer.?”] Further-
more, the similarity in T, indicates that the recycling process
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Table 1. Compilation of the data obtained through TGA analysis on the
recycled PLA feedstock, recycled conductive filament, and commercial
CB/PLA filament. Highlighting the degradation onset temperatures, final
masses, and filler content levels.

Sample To/°C To/°C Final mass/wt.% Filler content/%
Natural PLA  305+5 n/a 3+2 0
Bespoke 301+2 n/a 28.70+0.03 26+2
ProtoP 304+2 436 +4 24+2 21+3

and further thermal processing have not caused deterioration
to the thermal stability of the PLA. The commercial sample also
shows a second onset of decomposition (T,,); this is speculated
to be a decomposition of the plasticizer listed by the manufac-
turer to be a component of the material.[?]

The filler contents listed in Table 1 are lower than the final
mass for each material as it is necessary to consider charring of
the PLA in the nitrogen atmosphere, which means that some
residual mass is left in the sample pan even for pure PLA.
Filler content is simply taken as the final mass of the composite
minus the average charred mass of PLA left in the sample
pan. Using this method, the filler content of the commercial
filament was found to be (21 + 3) %, which is consistent with
the 21.43% filler content listed by the manufacturer.?8] The
filler content of the bespoke filament was found to be higher at
(26 % 2) %.

3.3. Production of the AMEs and optimization of Alkaline
Treatment

As outlined in the experimental, the solid electrodes studied
in this work were produced using standard CAD software to
produce an STL file, which was then sliced into the required
GCODE for printing. Production of the Mesh electrodes was
performed using FullControl G-Code Designer,?”l an open-
source software that allows the user to design free from typical
FFF restraints, such as the tool path direction which is com-
monly automated within the slicing process. In this way, the
user can individually define each segment of a 3D printer’s
tool path, with specific printing parameters, to generate the
desired GCODE. The Mesh electrodes were drawn using car-
tesian coordinates with the first layer alternated between 10 in
the x-axis and +2 in the y-axis, and the second layer alternated
between %10 in the y-axis and %2 in the x-axis. Each layer had a
height of 0.2 mm and was repeated in the z-axis. This created
a base Mesh pattern with a stem, which could then be repeated
in the z-axis to create an electrode of 6, 12, and 24 times for the
different Mesh sizes. The produced GCODE was then printed
on a standard FFF printer. Initial characterization of the elec-
trodes was performed using the 6-layer Mesh electrodes, where
the activation was optimized first.

To remove non-conductive PLA from as-printed electrode
and expose conductive CB filler, electrochemical activation
via chronoamperometry in 0.5 M NaOH was carried out for
all electrodes. However, the process was first optimized for
a mesh of the bespoke filament. This is because, although
such activation has been shown to be effective for commercial
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conductive filaments and standard electrode shapes, it was
unknown the extent to which it affected the properties of the
bespoke filament in a high-surface area porous structure. From
our previous work,?l we used the time activation of 200 s for
each applied potential. Herein, the time treatment was varied
between 200 and 1200 s to observe the suitable condition for
this electrode design. After treatment, the electrochemical
performance of the electrodes was demonstrated via cyclic
voltammetry (CV) in an asymmetric configuration. CV was
performed under the window potential in range of -1 to 1.2 V
versus Ag/AgCl at 5-100 mV s as shown in Figure S1 (Sup-
porting Information). CV profiles show that a small peak was
obtained post-activation (Figure SID,E, Supporting Informa-
tion) from the pseudocapacitive current. The a,., capacitance
of the Mesh-1200s, Mesh 200s, and Mesh-0s is presented in
Table S1 (Supporting Information) and was found to be 70.3,
46.2, and 3.2 mF cm™ at a scan rate of 5 mV s7, highlighting
how activation of the electrodes significantly increases the per-
formance. This a,., capacitance is a function of the electrode
thickness and volumetric capacity.?”! Both the Mesh-200s and
Mesh-1200s electrodes exhibited good rate capabilities of ~84%
and =60% respectively. A cell with high rate capability is able
to generate a considerable amount of power, whilst suffering
from little polarization even at high current loads.% The lower
rate capability of the Mesh-1200s electrode is attributed to the
impact of activation on the structural integrity of the electrode,
as seen in Figure S1F (Supporting Information). Therefore, the
Mesh-200s electrode was chosen for further study due to the
improved structural integrity and better rate capability.

3.4. Characterization of Activated Electrodes

The effect of electrochemical activation on the morphology,
physical, and chemical properties of the mesh electrodes was
studied by characterization of a Mesh-200s sample and com-
parison with a pristine (i.e., untreated) electrode. SEM images
of the Mesh pattern, alongside insets of the surface structure,
are presented in Figure 2A,B for the pristine and Mesh-200s
electrode, respectively. The low magnification images demon-
strate that the macroscopic, geometric mesh shape of the elec-
trode was not significantly altered by electrochemical activation.
By contrast, the high magnification images suggest that the
surface of the electrode has been altered, specifically showing
a comparatively rougher surface with exposed particle struc-
tures which is consistent with removal of surface polymer by
the electrochemical treatment. It should be noted that in some
cases the lines printed can be smaller than the nozzle width of
0.4 mm due to natural variation in the filament diameter when
loading with high levels of filler.

XPS was performed to investigate the chemical composition
of the bespoke electrode before and after activation, and the
spectra are shown in Figure 2C-F. For the pristine Mesh elec-
trode, in the C 1s environment specifically (Figure 2C), there is
a major peak at a binding energy of 286.0 eV, and three progres-
sively smaller minor peaks at 286.8, 2878, and 289.1 eV. There
is also one especially small peak on the low binding energy
shoulder of the major peak, and this has been assigned as sp?
graphitic carbon, although it could also represent the sp? adven-
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titious carbon impurities, which might have slightly higher
binding energy. Nonetheless, this peak is used to calibrate the
rest of the spectrum by setting its center to 284.3 eV in accord-
ance with graphitic carbon. Ordinarily, the system of four con-
secutively higher binding energy peaks demonstrated in the C
1s spectrum would be interpreted as four increasingly oxidized
carbon environments, for example, in this case, the single envi-
ronment of PEG plus the three carbon environments of PLA.
However, this is not consistent with the corresponding O 1s
spectrum, Figure 2E, which shows the same asymmetry toward
high binding energies, whereas high binding energy peaks in
the C 1s spectrum representing carbon-oxygen bonds should
correspond to low binding energy peaks of similar relative
intensity in the O 1s spectrum. Instead, it is suggested that the
asymmetry in both C 1s and O 1s spectra of the pristine sample
are caused by vibrational transitions in PEG alone, which are
known to in other polymers to cause asymmetry toward high
binding energies.?!l Therefore, it is concluded that XPS of the
bespoke filament material shows that it consists mainly of PEG
with a small contribution from CB, at least down to the depths
resolved by XPS (i.e., a few nm). It is speculated that this PEG-
enriched surface is caused by the phase separation of the two
polymers during melt processing and subsequent cooling.

By contrast, the surface of the activated bespoke electrode is
confirmed with it consisting largely of PLA and CB; fitting this
spectrum, Figure 2D requires three peaks of similar intensity
which correspond to the three environments in PLA, as well
as a larger, lower binding energy peak with asymmetry indica-
tive of graphitic carbon sp? environments, plus a small peak at
291.7 eV which is consistent with 7—7* transitions in graphitic
material. Similarly, the O 1s spectrum, Figure 2F, of the acti-
vated bespoke filament demonstrates two similar intensity
peaks which correspond to the main C=0 and C—O environ-
ments in PLA, plus two small peak shoulders at opposite sides
of the main peaks which are consistent with carboxyl groups
at PLA chain ends (and possibly increased in concentration
by hydrolysis of PLA during activation). XPS, therefore, dem-
onstrates that the bespoke filament has a surface chemistry
dominated by PEG and that this surface PEG is removed by
activation to expose a surface consisting of a large amount of
CB along with PLA.

3.5. Effect of Electrode Design and Material on SC Properties

To determine the role of electrode design, the performance of
solid and mesh designs was evaluated. Moreover, the mesh elec-
trode from commercial CB/PLA filament was also studied. The
electrochemical storage performance of the supercapacitor can
be governed by either diffusion-dominated processes or sur-
face-controlled behavior.? Through manipulation of the elec-
trode design from solid electrode to mesh electrode (Figure 1B),
the surface area would be enhanced, and also the diffusion to
the electrode surface improved. The cyclic voltammetric per-
formance of these variants at different scan rates is presented
in Figure S2 (Supporting Information), with a comparison at
50 mV s highlighted in Figure 3A. This shows that signifi-
cant improvements in the electrode performance are obtained
from both the use of a bespoke filament and through altering
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Figure 2. A) SEM image at 50x magnification and (inset) 25000x magnification of the not activated mesh electrode made from recycled conductive
PLA. B) SEM image at 50x magnification and (inset) 25000x magnification of the activated mesh-200s electrode made from recycled conductive PLA.
C) XPS Cls spectrum for the not activated mesh electrode made from recycled conductive PLA. D) XPS Cls spectrum for the activated mesh-200s
electrode made from recycled conductive PLA. E) XPS O1s spectrum for the not activated mesh electrode made from recycled conductive PLA. F) XPS
OTs spectrum for the activated mesh-200s electrode made from recycled conductive PLA.

the electrode design. The a,, capacitance from CV demon-
strated that the mesh electrode from commercial CB/PLA
has very poor charge storage, while the electrode from recycled
filament provided a capacitance of 37-74 times of the commer-
cial one at 5 mV s~ Moreover, the mesh electrode obtained
not only a higher capacitance but also a better rate capability,

Adv. Sustainable Syst. 2022, 2200407 2200407 (7 of 12)

Figure 3B, as compared with the solid electrode. In the detail,
the mesh electrode achieved double the capacitance and rate
capability (at 100 mV s7!) compared with the solid electrode
design. This indicated that the mesh design of electrodes can
enhance the overall performance of the supercapacitor. To fur-
ther understand, the Electrochemically Active Surface Area

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85UB017 SUOLUWIOD aA 118D 3ol dde ay) Aq peuenob aJe sopoiLe VO 85N JO Son. 10y Afeld1T8UIIUQ AB]1M UO (SUONIPUCO-PUB-SWR)ALI0Y"AB | 1M Afe.d 1 jBul Uo//Sdiy) SUOTpUOD pue swie 1 8y} 88S *[£202/T0/70] uo AreiqiTauluo A(Im ‘Aiseaun ueljodosie N seissyoue N Ad 20¥002202 TSPe/Z00T OT/I0p/L0d A8 | im" Afe.d Ul |uo//Sciy Wo.j pepeojumod ‘0 ‘987299€2



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

www.advsustainsys.com

A 41 Bespoke Mesh
3 Bespoke Solid
Commercial Mesh
a2
€ 2
o
< 11
E
2 0
2 -1-
S
£ 2
e
3]
-4 T T T T T 1
1.5 -1.0 -05 0.0 0.5 1.0 1.5
Potential (V vs . AMCI)

w"\*\‘\‘

N (2] H
o o o
1 1 1

-
o
1

Areal capacitance (mF cm?) E
n
o

o

e Dy -
0 20 40 60 80 100
Scan rate (mV s™)

Figure 3. A) Cyclic voltammograms and B) Rate capability comparisons of the asymmetric half cells using mesh AMEs from commercial filament
(black) and bespoke recycled filament (red), and solid electrodes from bespoke recycled filament (blue).

(ECSA) of the electrode was determined by using Cdl in the
narrow window potential as shown in Figure S3 and Table S3
(Supporting Information). The results exhibited that the mesh
electrode provided 3.5 times of ECSA as compared with the
solid one (900 and 256 cm? for Mesh and Solid, respectively),
whilst reducing the amount of filament used by 13.7 + 0.2%.
Thus, by changing the electrode design, a reduction in mate-
rial and 3.5 times the ECSA can be achieved whilst resulting in
improving the overall performance of the supercapacitor. This
indicated how changing the electrode design simply using AM
can greatly increase the ECSA available, to further investigate
the effect of this change, the electrochemical storage mecha-
nism was explored.

3.6. Full Cell Investigation

The symmetrical supercapacitor was assembled from all printed
components to demonstrate the cell fabrication via an additive
manufacturing process (1 mm of distance between the two elec-
trodes, 900 uL fill volume of electrolyte). The solid design was
also fabricated to be a control experiment for investigating the
effect of electrode design. The supercapacitor showed 2.2 V of
cell voltage. Both the solid and mesh electrode supercapacitor
provided pseudo-rectangular shape cyclic voltammograms
and isosceles triangle charge-discharge curves, representing
the pseudo-capacitance in this cell, Figure 4A, Figure S4A B
(Supporting Information). The performances of superca-
pacitors are presented in Figure 4, Figure S4, and Table S4
(Supporting Information). The results indicated that the
performance and rate capability of a mesh-supercapacitor
(782 mF cm™ at 0.1 mA and 75% at 2.5 mA cm™?) were sig-
nificantly higher than a solid-supercapacitor (5.28 mF cm™
at 0.1 mA and 42% at 2.5 mA cm™2), correlating to the per-
formance measured using the half-cell configuration. This
improvement in performance is attributed to the larger ECSA
of the mesh electrodes. This confirmed that the highly porous
structure of the mesh-supercapacitor allowed for increased ion
accessibility compared to the solid electrode design. Moreover,
a high a,., capacitance of 782 mF cm™ was obtained using a
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mesh-supercapacitor leading to the highest power and energy
densities of 406.43 UW cm™ and 4.82 uWh cm™2, respectively,
Figure 4C. Furthermore, the long cycling stability of the AM
supercapacitor was determined through Galvanic Charge-
Discharge (GCD) at a current density of 1 mA cm~ for 5000
cycles, Figure 4D. The mesh-supercapacitor obtained excellent
capacitance retention of 92.86% with 98.48% coulombic effi-
ciency, while the solid full cell provided only 76.89% and 88.24%
of capacitance retention and coulombic efficiency, respectively.
To further study the reason behind the high performance
of the mesh-supercapacitor, kinetic analysis including CV and
Electrochemical Impedance Spectroscopy (EIS) was performed
to calculate the b-value, and percentage of capacitance contri-
bution in both electrodes, Figure 5. The b-value of a system
gives evidence toward the electrochemical process occur-
ring in the system; if the b-value is equal to 0.5, then diffu-
sion dominated intercalation processes are implied, whereas
a b-value approaching 1 suggests surface-controlled capaci-
tive behavior.?233 To evaluate the b-value, the CV of mesh-
supercapacitor and solid-supercapacitor was collected at various
scan rates (Figure S5, Supporting Information). The b-value
revealed information about the kinetics of charge storage in
device.l?’l The capacitive and diffusion-controlled processes pro-
duced b values of 1 and 0.5, respectively. Figure S5A,B (Sup-
porting Information) present the graphs used to calculate the
b-value of solid and mesh-supercapacitor at 1 V. The results
indicated that mesh-supercapacitor provided a b value close to
1, an increase compared to the solid-supercapacitor, indicating
that the highly porous network of mesh design could encourage
fast ion-diffusion to the active surface of the electrode, leading
to increased capacitive contribution in the system. The b-value
calculated for the mesh-supercapacitor of 0.98, Figure 5B, dem-
onstrates that the electrochemical Na* storage process is domi-
nated primarily by surface-controlled capacitive behavior."!
The EIS technique revealed information about the ion-
diffusion resistances of supercapacitors. The Warburg coef-
ficient (o) was evaluated from the plot of the real part of the
impedance (Z') and the reciprocal of the square root of fre-
quency (@), as shown in Figure 6A. The impedance spec-
trum consists of semi-circular and linear regions at the high
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Figure 4. A) GCD responses at 0.1 mA, B) Areal capacitance versus applied current, C) Ragone plot at applied current (0.1 to 2.5 mA), and D) Stability
at 2 mA in 17 M NaClO, of the symmetric full cell supercapacitor using the bespoke recycled filament as a mesh (red) or solid (black) electrode.

and low-frequency regimes, respectively. The X-intercept refers
to the equivalent series resistance or internal resistance of the
electrode including the resistances of the active material and
electrolyte. The semi-circular region is attributed to the charge-
transfer resistance (Rcy), derived from the charge-transfer pro-
cess of the electrolyte with the surface of the carbon providing
functional groups or dopants. The linear region represents the
electrolyte diffusion process, where a steeper slope corresponds
to faster ion diffusion.’ The simplest and most common cir-
cuit element for modeling diffusion behavior is the Warburg
impedance, which models semi-infinite linear diffusion. From
the EIS spectrum, the Warburg coefficient (o) was determined
from a plot of the real part of impedance (Z’) as a function of
the square root of the frequency. These linear slopes are indica-
tive of the ion diffusion resistance.l’*! The mesh-supercapacitor
provided a small value of o (10.34 Q s7%5), which was signifi-
cantly lower than the solid-supercapacitor (50.90 Q s9).
In addition, Equivalent series resistance (ESR) was also
obtained from Nyquist’s plot by rough observation. The mesh-
supercapacitor had lower ESR than the solid one representing
the lower internal resistance in mesh-full cell than mesh
(Figure 6B). Both charge transfer resistances (R) of the fabri-
cated cells were found to be similar as the same material was
used to fabricate each electrode. Thus, the shape of electrode
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was not changing the properties of material but just encour-
aging the ion diffusion in the system. The results indicated that
the 3D-printed electrode design plays an important role in the
production of a high-performance supercapacitor. By designing
a mesh electrode with a highly porous structure, the overall
performance of supercapacitor was increased due to the larger
ECSA and faster kinetic charge storage. This work highlights
how high-value products can be produced from recycled post-
industrial plastic waste, whilst being further improved through
the flexibility of additive manufacturing. Further work in this
field can go in various directions from varying the plastics recy-
cled, incorporating other recycled additives, or improving the
design of platforms through AM.

4, Conclusions

In this study we present an additively manufactured full
cell symmetric supercapacitor produced from recycled post-
industrial plastic waste, presenting a paradigm shift in how
waste plastic can be utilized to produce high-value products. The
additive manufacturing feedstock was produced through the
incorporation of carbon black (CB, 22.5 v/v%) as the conductive
filler and polyethylene glycol (PEG, 10 v/v%) as a plasticizer into
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Figure 5. A) CV responses at 50 mV s~ for the symmetric solid-full cell (black) and mesh-full cell (red), B) b value at 1 V of applied voltage,
C,D) b value at various applied potentials (Solid and Mesh design respectively), and E,F) Histograms of the capacitance contribution at 1V with average
value from charge and discharge current through the capacitive and diffusion processes in 17 M NaClO,4 of symmetric full cell supercapacitor (Solid

and Mesh design respectively).

the base polymer or recycled coffee pod poly(lactic acid) (PLA,
67.5 v/v%. It was seen that the recycled bespoke filament was
capable of capacitance of over 75 times a commercially available
PLA/CB filament in 17 M NaClO,. Additionally, we show how
the performance of additively manufactured supercapacitors
can be drastically improved through the manipulation of the
electrode geometries. Utilizing FullControl software allowed for
the generation of a mesh design, which significantly increased
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the electrochemical surface area of the electrode. This led to a
vast improvement in ion adsorption and rapid ion accessibility
compared to a solid electrode of the same dimensions, with a
13.7% reduction in material usage and a material cost of £0.15
per electrode. This work demonstrates a paradigm shift in the
fabrication of low-cost and high-performance supercapacitors
from recycled waste that could be applied in the field of energy
storage architectures.
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