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ABSTRACT 

Composite electrodes are an effective and cheap way to utilise a wide range of carbon materials to 

make electrodes. More recently thermoplastics have been widely used as the binder to make carbon 

composite electrodes, as varying fabrication approaches, such as 3D printing, can make highly 

reproducible electrodes. However, there is a clear need to understand how the electrochemical 

performance of different carbon allotrope materials varies when made into sensors. We accessed 

polylactic acid (PLA) thermoplastic filaments containing carbon black, graphite, graphene, 

multiwall carbon nanotube (MWCNT) and carbon fiber using various electrochemical techniques. 

Graphite/PLA and graphene/PLA electrodes showed the best electron transfer kinetics. 

Graphene/PLA electrodes had the greatest sensitivity and lowest limit of detection for the 

measurement of serotonin. CB/PLA was least prone to electrode fouling from oxidative by-product 

generated from the oxidation of serotonin. 3D printing was used to make various carbon allotrope 

materials into complex shapes to evaluate the batch uniformity of the printed parts. Of all the 

materials explored, CB/PLA had the best resolution and batch uniformity when compared to PLA. 

Overall, our study highlights that the type of the carbon allotrope plays as much influence as 

amount of carbon on the electrochemical performance of carbon thermoplastic electrodes. These 

findings will provide significant guidance on the appropriate choice of carbon thermoplastic 

composite materials when designing electrodes for a wide range of applications.  
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INTRODUCTION 

Carbon electrodes have been used in a wide and diverse range of applications such as fuel cells, 

environmental treatments, biosensors, and chemical sensors1-7. This is mainly because carbon 

electrodes have been shown to have high conductivity, good chemical stability, biocompatibility, 

and low cost8-9. However, the major challenge with carbon-based electrodes is the balance between 

electrochemical activity and the simplicity of making electrodes. These challenges on fabrication 

have become more problematic as applications require the development of more complex electrode 

geometries. Therefore, there remains a significant interest in carbon electrodes that are easy to 

fabricate, have high electrochemical activity and can be made in varying sizes and shapes with 

high precision.  

Since their conception, composite electrodes have provided a simple and effective way to utilise a 

wide breadth of carbon material to make millimeter sized electrode structures10-13. Composite 

electrodes are made from carbon particles held together using a form of binder. Traditionally 

binders consisted of wax14, epoxy resins15-17 or plastics such as Teflon13, 18. Whilst these are easy 

to make, it is difficult to make smaller and complex geometry electrodes. Therefore, recently 

thermoplastics such as poly (methyl-methacrylate)19-20 and poly lactic acid (PLA)21-22 have been 

more widely used as binders and studies have shown these can be patterned and molded to make 

sub-millimeter sized electrodes20, 23-25. Further developments have been achieved through the 

utilization of carbon composite thermoplastics in 3D printing, which has provided the scope to 

fabricate electrodes of complex geometries26-30. Although a host of studies have explored the 

potential of carbon thermoplastic composite conductive electrodes26, 31-33, it is generally unclear 

how the performance of different carbon thermoplastic materials varies when assessed for 

electrochemical sensing. 
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Within this study, we present a comprehensive exploration of different carbon allotrope 

thermoplastic materials for generating electrodes. We compared carbon black/PLA, graphite/PLA, 

graphene/PLA, multiwall carbon nanotube (MWCNT)/PLA and carbon fiber/PLA molded 

electrodes. We evaluated the electrodes using inner- and outer- sphere redox probes using cyclic 

voltammetry. Following this we evaluated the sensing potential of the materials by conducting 

measurements to explore the sensitivity and stability to measure serotonin. Lastly, we explored 

how two different printed parts were made using the different carbon allotropes compared to PLA 

in terms of printing resolution and batch reproducibility. Overall, our study highlights the scope 

of these materials for electrochemical sensing. 

 

RESULTS & DISCUSSION 

The percentage weight of carbon within the commercial carbon composite thermoplastic varied 

(Table 1), with carbon black/PLA filament containing the highest percentage of carbon and the 

carbon fiber/PLA filament containing the lowest.  
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Table 1. The percentage weight of carbon present within the conductive thermoplastic materials and the 

resistance measured of the electrode utilised for electrochemical measurements. 

Material Carbon weight (%) Resistivity (kΩ m) 

Carbon black / PLA 45.4 ± 8.6 4.0 ± 0.3 

Graphite / PLA 25.4 ± 3.1 0.9 ± 0.2 

Graphene / PLA 21.3 ± 4.2 2.6 ± 0.4 

MWCNT / PLA 14.0 ± 5.5 33.7 ± 3.7 

Carbon fiber / PLA 9.3 ± 3.2 Not measurable 

 

The resistivity of the cylinder electrode which was filled using a 3D pen was measured. This 

approach was taken as molding is one of the most effective ways to make electrodes using carbon 

thermoplastics34-38. The electrode depth was 1.2 mm and the diameter was 2 mm. From Table 1, 

there was no significant difference in resistivity of CB/PLA, graphite/PLA and graphene/PLA (one 

way ANOVA). This suggests that even with variations in percentage of carbon, the distribution of 

the carbon material within the thermoplastic may play a key role in determining the conductivity 

of the material. There was a significant increase in resistivity of MWCNT/PLA when compared to 

all materials (p<0.001), which is most likely due to such a low percentage of carbon present in the 

thermoplastic. No resistivity could be measured in carbon fiber/PLA. 

To further evaluate the different materials, SEM images were taken of the residues of the carbon 

allotrope thermoplastic filaments to explore the carbon structures present within the filament and 

particle size distribution was using a Mastersizer. Supplementary Figure 1 shows SEM of the 

residues of the different filaments, where larger clumps of material were observed in CB and 
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graphite, with sheet-like structures evident in the latter. The presence of graphene sheets of varying 

sizes was observed, of which these were often stacked into agglomerated particles. Within the 

MWCNT/PLA filament, there were clusters of nanotubes present with diameters in the range of 

20 -50 nm. We did not observe other carbon-based impurities in the materials from SEM studies. 

Figure 1 shows particle size distribution, where the median particle size by volume was 217 ± 21 

µm for CB, 163 ± 40 µm for graphite, 152 ± 42 µm for graphene and 59 ± 26 µm for MWCNT (n 

= 3). There was a significant increase in the median particle size by volume in CB when compared 

to graphene (p<0.05) and MWCNT (p<0.001, n=3). Median particle size by volume was 

significant smaller in MWCNT when compared to graphite (p<0.05, Figure 1). These variations 

in the particle sizes can influence the probability of forming conductive pathways which in turn 

can impact the conductivity of the carbon thermoplastic filament. Additional different carbon 

materials have been shown to have varying electronic properties8, with studies highlighting 

graphene and carbon nanotubes can show enhanced electrocatalytic behaviour39-41 and 

determination of analytes that adsorb onto the electrode surface for electron transfer42-43. 
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Figure 1. Particle size distribution of different carbon allotrope thermoplastic filaments. Data shown as 

mean ± S.D., n=3 

 

Supplementary Figure 2 shows Energy-dispersive X-ray spectroscopy (EDS) analysis showing the 

presence of trace metals Fe and Mg in graphite/PLA and Fe and Al in MWCNT/PLA. No trace 

metals were observed in CB/PLA and graphene/PLA filaments. The impact of trace metals has 

been previously known to enhance the electrochemical activity of carbon thermoplastic 

materials44-45. 

Cyclic voltammetry responses of the outer sphere redox probe ruthenium hexamine are shown in 

Figure 2A. To compare between the current responses, the cathodic peak current was normalised 

by the percentage weight of carbon present in each different carbon allotrope electrode. No 

detectable current was observed on the carbon fiber/PLA (Figure 2A). There was a significant 

increase in the normalised cathodic peak current response on graphene/PLA electrodes when 

compared to CB/PLA, graphite/PLA and MWCNT/PLA electrodes (p<0.001, n=8, Figure 2B). 
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However, the variance in the current responses was greatest on the graphene/PLA electrodes. The 

normalised cathodic peak current was significantly greater on MWCNT/PLA and graphite/PLA 

electrodes when compared to and CB/PLA electrodes (p<0.001, n=8, Figure 2B). The difference 

between the anodic and cathodic peak potential (ΔE), which provides insight into the electron 

transfer kinetics for the different carbon allotrope materials. The ΔE was significantly increased 

on MWCNT/PLA electrodes when compared to CB/PLA, graphite/PLA and graphene/PLA 

electrodes (all p<0.001, n=8, Figure 2C). The ΔE significantly increased for graphene/PLA 

electrodes when compared to CB/PLA electrodes and graphite/PLA electrodes (all p<0.001, n=8, 

Figure 2C). These findings indicate that faster electron transfer is most likely to be observed on 

CB/PLA and graphite/PLA for outer sphere redox probes. 

Cyclic voltammetry responses were obtained using the inner sphere redox probe 

ferricyanide on the different electrodes (Figure 2D), where once again no response was observed 

for carbon fiber/PLA electrodes. The normalised anodic peak current was significantly greater in 

graphene/PLA electrodes when compared to CB/PLA (p<0.001), graphite/PLA (p<0.01) and 

MWCNT/PLA electrodes (p<0.001, n=8, Figure 2E). The normalised anodic peak current was 

significantly greater on MWCNT/PLA and graphite/PLA electrodes when compared to and 

CB/PLA electrodes (p<0.001, n=8, Figure 2E). These changes were like those observed with 

ruthenium hexamine. The ΔE was significantly greater on MWCNT/PLA electrodes when 

compared to CB/PLA, graphite/PLA and graphene/PLA electrodes (all p<0.001, n=8, Figure 2F). 

The ΔE was significantly greater on CB/PLA electrodes when compared to graphite/PLA and 

graphene/PLA electrodes (both p<0.01, n=8, Figure 2F).  
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Figure 2. Investigation of different carbon allotrope thermoplastic electrodes on outer and inner sphere 

redox probes. (A) Cyclic voltammograms of 1 mM ruthenium hexamine in 1 M KCl on the different carbon 

allotrope thermoplastics. (B) Normalised cathodic peak current and (C) difference between the anodic and 

cathodic peak potentials (ΔE) for ruthenium hexamine. (D) Cyclic voltammograms of 1 mM ferricyanide 

in 1 M KCl on the different carbon allotrope thermoplastics. (E) Normalised anodic peak current and (F) 

difference between the anodic and cathodic peak potentials (ΔE) for ferricyanide. Data shown as mean ± 

S.D., n=8, **p<0.01 and ***p<0.001 

 

To study the electron transfer resistance of the different carbon allotrope thermoplastic 

electrodes, electrochemical impedance spectroscopy (EIS) measurements were conducted. Figure 

3A shows the Nyquist plots for all the different electrodes. Responses for graphite/PLA and 
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graphene/PLA electrodes were dominated by Warburg lines, suggestive of a process that is 

governed by mass transport. The semicircle for MWCNT/PLA was greater than that observed for 

CB/PLA, which indicates poor electron transfer kinetics. These findings strongly support the 

observations on the redox probes in Figure 2. To obtain the Rct values from the Nyquist plots, the 

experimental data was fitted using electrical circuits as shown in Supplementary Figure 3. Figure 

3B shows Bode plots, which confirm the suitability of these electrical circuits for fitting our EIS 

data. The resultant Rct values from the fitted electrical circuits were obtained and are shown for 

the different carbon allotrope thermoplastic electrodes in Figure 3C. There was a significant 

increase in Rct on MWCNT/PLA electrodes when compared to all other materials (p<0.001, n=8). 

The Rct was slightly higher in CB/PLA electrodes when compared to graphite/PLA and 

graphene/PLA electrodes. Our findings are like those observed from studies conducted using 

commercial carbon allotrope thermoplastics46-50, but recent studies have shown Rct can be reduced 

through the fabrication of in-house filaments with varying loads of carbon 51-52.  

 

Figure 3. Electrochemical impedance spectra of conductive carbon allotrope thermoplastic electrodes. (A) 

Nyquist plot and (B) Bode plot. All experimental data was fitted using electrical circuits, in which (C) Rct 

values were obtained. The measurements were carried out in 5 mM ferricyanide and 5 mM ferrocyanide 
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mixture solution 1 M KCl at a modulation amplitude of 5 mV and a frequency range of 20000 Hz to 0.01 

Hz. Data shown as mean ± SD; n = 8; ***p < 0.001. 

 

Our findings from the redox probe and EIS measurements highlight that the percentage of carbon 

present within the electrode does not completely dictate the performance, but the type of carbon 

allotrope also has a significant influence. Although the widest used material53-55, CB/PLA (which 

contains the greatest amount of carbon) had the lowest normalised current response when 

compared to all other carbon allotropes. CB/PLA electrodes also would have a lower current to 

graphite/PLA and graphene/PLA without normalizing the current responses for the amount of 

carbon present. There is a clear threshold in the amount of the carbon present and its influence on 

electron transfer kinetics, with MWCNT/PLA electrodes having the highest ΔE and Rct, and thus 

poor electron transfer kinetics. Once again CB/PLA electrodes had a higher ΔE and Rct than 

graphite/PLA and graphene/PLA on the inner sphere redox probe again potentially highlight that 

the type of carbon allotrope plays a critical contribution to the electrochemical activity of the 

electrode. These findings highlight that above a particular threshold of carbon amount (> 20 %) 

within the thermoplastic the type of carbon allotrope dominate the electrochemical behavior of the 

material. 

Given the interesting findings from the redox probe, we explored the sensing capabilities of the 

different carbon allotrope thermoplastic electrodes were explored. Electrodes were evaluated for 

the determination of 5-HT, which is an important neurotransmitter that plays key roles in signalling 

within the central and peripheral nervous system and thus is of key interest for stable monitoring56-
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60. Our previous studies have shown that micromolar concentration of these molecules have been 

detected from biological tissues35, 61-62.  

 Differential pulse voltammograms of 5-HT at concentrations from 2 to 10 µM were 

obtained on CB/PLA (Figure 4A), graphite/PLA (Figure 4B) graphene/PLA (Figure 4C) and 

MWCNT/PLA (Figure 4D) electrodes. The normalized calibration responses for all materials are 

shown in Figure 4E, where clear linear responses were observed over the concentration range of 

5-HT. Table 2 shows the sensitivity, limit of detection (LOD) and limit of quantification (LOQ) 

for the measurement of 5-HT on the different carbon allotrope thermoplastic electrodes.  

 

Table 2. Sensitivity and detection limits for the detection of 5-HT on the various carbon allotrope 

thermoplastic electrodes, where n=6. For sensitivity values, the current was initially normalised by the % 

weight of carbon present within each filament. 

Material Sensitivity (nA %wt 
µM-1) 

Limit of detection 
(LOD, µM) 

Limit of qualification 
(LOQ, µM) 

Carbon black / PLA 2.1 1.1 3.4 

Graphite / PLA 7.7 1.3 3.9 

Graphene / PLA 14.3 0.2 0.7 

MWCNT / PLA 2.7 0.8 2.3 

 

Overall, the greatest sensitivity and lowest LOD for the measurement of 5-HT was observed on 

graphene/PLA electrodes. MWCNT/PLA electrodes had the second best LOD which is surprising 

given the low percentage of carbon present. These findings further support the unique properties 
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of graphene and MWCNT outweigh having higher percentage load of carbon as observed in 

CB/PLA electrodes. Previous studies have also shown that graphene and MWCNT provide 

sensitive detection of 5-HT when compared to other carbon allotropes40, 63-65. 

 

Figure 4. Relationship between concentration of serotonin (5-HT) and current response on different carbon 

allotrope thermoplastic electrodes. Differential pulse voltammograms of 2 – 10 µM 5-HT from (A) 

CB/PLE, (B) graphite/PLA, (C) graphene/PLA and (D) MWCNT/PLA electrodes. (E) shows normalised 
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current versus concentration calibration response of 5-HT for the different carbon allotrope thermoplastic 

electrodes. Data shown as mean ± S.D and n=6 

 

Fouling studies were conducted to explore the stability of the various carbon allotrope 

thermoplastic electrodes for continuous monitoring of 5-HT. Oxidation of 5-HT has been shown 

to generate by-products which have an affinity to stick onto the carbon material on the electrode 

surface and diminish the current response over time66-68. For measurements, the reduction peak 

current of redox probe ruthenium hexamine was measured as a marker of the degree of electrode 

fouling following exposure to 5 µM 5-HT every 50 s (Figure 5). Differential pulse voltammograms 

of ruthenium hexamine following exposure to 5-HT at varying time points are shown on CB/PLA 

(Figure 5A), graphite/PLA (Figure 5B) graphene/PLA (Figure 5C) and MWCNT/PLA electrodes 

(Figure 5D). The overall percent loss in the ruthenium hexamine current response following 

exposure to 5-HT is shown in Figure 5E. For CB/PLA electrodes there was a significant reduction 

in the current at 250 s when compared to the initial response (p<0.05, n=6). For graphite/PLA 

electrodes, there was a significant decrease in the current when compared to the initial response at 

50 s, 100 s (both p<0.01), 150 s, 200 s and 250 s (p<0.001, n=6). For graphene/PLA electrodes 

there was a significant decrease in the current when compared to the initial response at 100 s 

(p<0.05), 150 s (p<0.01), 200 s and 250 s (p<0.001, n=6). Lastly, for MWCNT/ PLA electrodes 

there was a significant decrease in the current when compared to the initial response at 50 s, 100 s 

(both p<0.05), 150 s, 200 s (both p<0.01) and 250 s (p<0.001, n=6). Overall, from our studies, 

CB/PLA electrodes were shown to be the most stable for sustained monitoring of 5-HT, as no 

significant differences in the current were observed for up to 200 s. This material has been shown 

to be stable previously for measurement in complex biological environments55, 69. For all other 
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materials, there was a loss in the current response within 50 to 100 s, indicating poor stability. This 

was slightly surprising for MWCNT and graphene, given both materials have been indicated to 

provide improved stability for sustained monitoring of neurotransmitters, but this reduced 

performance may be due to the behaviour of these carbon allotropes as composites. The 

graphite/PLA electrode was subject to the greatest degree of electrode fouling, which was expected 

as graphitic materials have been shown to be prone to fouling from oxidative by-products of 5-

HT70.  
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Figure 5. Stability of carbon allotrope thermoplastic electrodes for detection of 5 µM serotonin (5-HT). 

Differential pulse voltammograms of 1 mM ruthenium hexamine were obtained after varying durations that 

the electrodes were exposed to 5 µM 5-HT using amperometry at +0.65 V vs Ag|AgCl. Responses are 

shown on (A) CB/PLA, (B) graphite/PLA, (C) graphene/PLA and (D) MWNCT/PLA electrodes. Overall 

fouling data for the different electrodes is shown in (E) Data shown as mean ± S.D and n=6. 

 

 Many published studies have made carbon thermoplastic shapes as cylinders or 

rectangles19-20, 71. More recently, carbon thermoplastics have been made into sensors using 3D 

printing22, 26, 30, which offers more scope in the geometries which can be made at high precision. 

Therefore, the printability of the different carbon allotrope thermoplastic to make different shapes 

was investigated (Figure 6). Materials were printed into two different designs. Firstly, we made a 

complex star design to investigate which material could provide the best-defined printed part when 

compared to PLA. We then made multiple domes, which were used to understand the 

reproducibility of printing the same shape. Of all the materials utilised, graphite/PLA and 

graphene/PLA were the hardest materials to print due to the brittle nature of the filament and had 

the roughest print lines. Figure 6A shows optical microscopy images of the front and back of a 

printed star shape on PLA and all the different carbon allotrope thermoplastics. The best definition 

of the shape when compared to the PLA print was achieved on CB/PLA. There was a clear 

definition of the star shape on all materials. The raised shapes within the star were also present in 

all materials but well defined in CB/PLA and graphene/PLA. In all cases cob-line features known 

as stringing72 was present in all materials, mainly observed between some of the small internal 

shapes within the star. This occurs when the printer extruder leaks some of the filament in a region 

where material should not be present. In all the carbon allotrope thermoplastic materials, there 
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were gaps present around the edges of the star. When looking at the back of the printed part, the 

print lines can be observed in which CB/PLA and MWCNT/PLA were closest to that of PLA. 

 Figure 6B shows optical microscopy images of a printed dome, made using print layers of 

100 µm to provide the best resolution of the shape73. The best definition of the printing layers to 

form the dome structure was observed on the CB/PLA and graphite/PLA when compared to PLA. 

To explore the uniformity of the different carbon allotrope thermoplastic materials to repeatedly 

print the same shape, a batch of 16 domes were printed. Image analysis was conducted to measure 

the surface area from the side on 2D image of each dome. Figure 6C shows that the surface area 

of graphene/PLA domes were significantly higher than PLA (p<0.01), CB/PLA (p<0.05) and 

MWCNT/PLA domes (p<0.01, n=16). The surface area of graphite/PLA domes were significantly 

higher than MWCNT/PLA domes (p<0.01, n=16). Although there are no differences in the 

absolute height and width of the domes, the differences observed in area are due to variations in 

the printing definition of each layer as the shape of the dome is defined and stringing effects. In 

terms of batch precision (Figure 6C), the percentage relative standard deviation (% RSD) was 

lowest for CB/PLA PEs (7.2 %, n=16), followed by MWCNT/PLA PEs (11.5 %), graphite/PLA 

PEs (11.9 %) and graphene/PLA PEs (11.9 %, n=16). In comparison, PLA printed domes had a 

%RSD of 3.8 % and thus suggestive that addition of carbon into the thermoplastic increases the 

print variability. This may be due to the homogeneity of the carbon particles within the 

thermoplastic filament. Overall, these findings highlight that CB/PLA is slightly better than other 

carbon thermoplastics to make reproducible printed parts. 
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Figure 6. Resolution and batch uniformity of the different carbon allotrope thermoplastic materials when 

3D-printed. (A) optical microscopy image of a star design showing the front and back of the printed part 

on the different carbon thermoplastic materials and PLA, (B) optical microscopy image of the side on view 

of the 3D printed dome printed using 100 µm print layers for the different materials. (C) Analysis of the 

surface area of a batch of dome shapes of PLA and all the different carbon allotrope thermoplastic 

composite materials. Data shown as mean ± S.D, where n=16, *p<0.05, **p<0.01 and ***p<0.001.  
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CONCLUSIONS 

This work showcases the electrochemical comparison of different carbon allotrope thermoplastic 

composite electrodes. Overall, our studies have eluded that different carbon allotrope 

thermoplastics composites have varied performance benefits as electrochemical sensing materials. 

Although, these materials have varying amounts of carbon, there was no direct correlation between 

the current response and amount of carbon present, highlighting the activity of the carbon allotrope 

itself influenced the current response. Graphene/PLA was shown to provide the best sensitivity 

and lowest detection limits for the detection of 5-HT when compared to all other carbon allotrope 

thermoplastic materials investigated. CB/PLA was least prone to fouling from oxidative by-

products from the measurement of 5-HT. CB/PLA was able to print complex shapes with high 

definition and reproducibility when compared to the other carbon allotrope thermoplastic materials 

investigated. These findings will provide significant guidance on the appropriate choice of carbon 

thermoplastic composite material when manufacturing electrochemical sensors.  

 

MATERIALS & METHODS 

Chemical and Materials. Potassium chloride, ruthenium (III) chloride hydrate, potassium 

hexacyanoferrate (III), potassium hexacyanoferrate (II) trihydrate, sodium hydroxide, serotonin 

creatinine sulfate monohydrate was purchased from Sigma Aldrich. Phosphate-buffered saline 

(PBS) solution was prepared with 0.01 M disodium hydrogen phosphate, 0.01 M sodium 

dihydrogen phosphate and 0.9% sodium chloride (Sigma). All the aqueous solutions were prepared 
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in double distilled water from a Milli-Q. For 3D printing materials we utilised carbon black/PLA 

filament (marketed as Protopasta and purchased from filaprint, UK), Multi-walled carbon 

nanotubes (MWCNT)/PLA and carbon fiber/PLA filament (3DX tech, USA) and Graphene/PLA 

and Graphite/PLA filament (Colfeed, Spain). All filaments were 1.75 mm in diameter.  

3D Printing. Electrodes were made using previously published approaches37-38, 54. Briefly, a 3D 

printed cylindrical PLA casing (Raise 3D Pro printer, Irvine, CA), which contained a 2 mm 

diameter by 1.2 mm depth mold. A coiled copper wire was threaded through the cylinder gap to 

make the electrical connection. The mold was filled using the different carbon allotrope 

thermoplastic filaments using a 3D printing pen (SUNLU 300 with a 0.75 mm nozzle) at 180 ºC 

and 20 mm/s, compressed into the mold and then polished using an abrasive sandpaper 1200 grit 

and using alumina suspension of 0.30 μm to a smooth surface. 

Printed star and dome shapes were made using FlashForge Creator Max Dual Extruder 3D Printer 

(FlashForge, CA, USA). The print layer thickness was 0.2 mm for the star and 0.1 mm for the 

dome, printing speed was 3600 mm/s and infill were 100 %. For all materials, the printing 

conditions are set to those indicated by the material manufacturer.  

Apparatus. The optical microscopy was conducted using a stereomicroscope attached to a camera. 

For the dome, a side-on image was taken, and the outline of the dome was carefully measured 

using Image J to measure the area. 

The percentage mass of carbon present within the thermoplastic filaments was obtained by 

dissolving the PLA in tetrahydrofuran (THF) to obtain the carbon mass. The resultant suspension 

was filtered, and sample was weighed dried. To analyze the particle sizes, present in these samples, 

the dried samples were washed a few times in deionized water, followed by sonication in 10 mL 
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of the same to ensure adequate dispersion. The wet mixture was then run in a Malvern Instruments 

Mastersizer (Malvern, UK) with a particle refractive index of 1.416, absorption index of 1.0 and 

dispersant refractive index of 1.33. 

Electrochemical measurements were carried out using CHI760 potentiostat (CH instruments, 

Texas) monitored using CHI software. All electrochemical measurements were carried out in the 

conventional three electrode configuration consisting of Ag|AgCl (3 M KCl) reference electrode, 

Pt wire counter electrode and the varying carbon allotrope thermoplastic electrodes as working 

electrode. Cyclic voltammetry measurements were carried out using redox probes 1 mM ruthenium 

(III) hexaamine in 1 M KCl and 1 mM ferricyanide in 1 M KCl at a scan rate of 100 mV s-1. Prior 

to each measurement, electrochemical precondition of the electrodes was carried out by holding 

the potential at + 1.4 V for 200s and then at −1.0 V for 200s in 0.5 M NaOH. EIS measurements 

were carried out using 5 mM ferricyanide and 5 mM ferrocyanide mixture solution 1 M KCl, where 

the Rct was obtained following fitting the experimental data with a modified Randles-Sevcik 

equivalent circuit. 

Field emission scanning electron microscopy (FE-SEM) images were obtained using a Zeiss 

SIGMA field emission gun SEM equipped with an Everhart-Thornley detector operating in 

secondary electron detection mode, using 5 kV accelerating voltage, a 20 µm aperture, and 8.1 

mm working distance. 
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