Dopamine functionalized activated carbon-based 3D
printed biodegradable electrode for supercapacitors
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Abstract - This study investigates dopamine-grafted
activated carbon (DAC) composites synthesized via chemical
bonding for wuse as biodegradable supercapacitor (SC)
electrodes. This composite approach leverages both electrical
double-layer capacitance and pseudocapacitance to achieve a
significant increase in capacitance. The results of
thermogravimetric, surface area and porosimeter analysis
confirmed the grafting of dopamine on AC. 3D-printed devices
were manufactured utilizing electrode materials based on DAC
and AC to investigate their electrochemical performance. The
DAC-based SC exhibited a specific capacitance of 24 Fg!,
notably higher than the 15 Fg! specific capacitance observed in
AC-based SC under a constant current of 1 mA. This difference
highlights the important role played by the redox reaction
facilitated by the grafted dopamine molecule. DAC holds
promise as a biodegradable electrode material suitable for SCs
for low power wireless sensor application.
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[. INTRODUCTION

Activated carbon (AC) is commonly used as electrode
material in electrical double layer capacitors owing to its
cost-effectiveness and high specific surface area, attributed to
its intricate microporous structure [1]. Extensive research has
been devoted to exploring the correlation between pore size
distribution and electrochemical performance. As efforts to
optimize pore size distribution for increased capacitance
encounter limitations in AC synthesis, it becomes evident that
the useful surface area of AC cannot be infinitely expanded,
thereby limiting its potential for enhancing double layer
capacitance [2]. Alternative strategies for augmenting AC
capacitance involve chemical surface modifications aimed at
enhancing electrolyte wetting and triggering redox reactions
via electrochemically active centers like nitrogen and
phosphorus surface functional groups [3,4]. Another
attractive way is to graft pseudocapacitive materials through
n-n stacking and covalent bonding onto AC resulting in a
composite that leverages the benefits of two distinct charge
storage mechanisms. This approach ultimately boosts the
electrochemical properties of the composite, providing a
synergistic enhancement in performance [5, 6]. Quinones and
their derivatives showcase exceptional redox activity,
electrochemical  reversibility, and cost-effectiveness,
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rendering them highly attractive contenders for
pseudocapacitors [7]. Quinone-based derivatives present a
compelling proposition as they are readily accessible and
cost-effective, typically priced around $3 per kg [8]. This
affordability positions them as appealing alternatives to
expensive materials. Various AC-quinone composite,
including Hydroquinone-AC (prepared via physical
adsorption, 200 Fg'!' at 5 mVs™', 1 M H,SOs (0-0.6V)) [9],
p-Benzoquinone-AC  (formed through impregnation,
350 Fg! at 10 mVs!, 1 M HSOs (-0.2 to 0.8V)) [10],
Anthraquinone-AC (fabricated via the Sublimation Method,
485 Fg' at 1 Ag' 1 M HzSO4 (-0.3 to 0.45V)) [6], and
Naphthoquinone-AC (synthesized using the solution phase
method, 80 Fg!' at 10 mVs™' 1 M H,SO4 (0-1.2V)) [11] have
been studied as an electrode for SC. However, it is important
to mention that very few reports on bioderived and
biodegradable quinone based AC composites are studied as
electrode materials for SCs. To the best of the authors'
knowledge, in the context of bio-sourced quinone-carbon-
based composite electrodes, studies have thus far focused on
sepia melanin and catechin-treated carbon paper, as well as
dopamine-modified reduced graphene oxide, specifically for
SCs [12-14]. The combination of these materials with AC
remains unexplored. In this study, we present the
electrochemical performance of 3D-printed dopamine-
grafted AC using chemical bonding as a biodegradable
electrode for SC. Furthermore, additive manufacturing,
which has seen rapid advances in recent years, allows the
fabrication of complex structures with high precision and
accuracy, is used to fabricate electrode materials. This
strategy enhances the energy performance of electrode
materials and sustainability.

II. EXPERIMENTAL SECTION

A. Materials

A commercial activated carbon powder (YP-80F) was
provided by Kuraray Chemical Co., Japan. Dopamine
hydrochloride, N, N-Dimethylformamide (DMF, 99.5%),
Nitric acid (HNO3, 70%), Triethyl amine, sodium chloride,
and chitosan from crab shells were purchased from Sigma-
Aldrich. All the chemicals were directly used as obtained.
Milli-Q quality distilled water (Millipore, Merck) was
utilized in all experiments.



B. Methods

Oxidation of AC was performed with the treatment of nitric
acid. 10 g of AC was dispersed in the 100 mL of 5 M HNO3
and stirred at 84 °C for 5 h. Following this, the resultant
mixture was subjected to filtration and rinsed with deionized
water until achieving neutral pH. Subsequently, the oxidized
AC was subjected to chlorination to covert carboxylic acid
group to the acid chloride. Briefly, 10 g of oxidized AC was
dispersed to the 40 mL of concentrated thionyl chloride and
stirred at 84 °C for 24 h. The resulting reaction mixture was
neutralized with water carefully followed by the filtration and
washing with deionized water until achieving a neutral pH. In
the final step, the dopamine was functionalized via amine
group reaction of dopamine to the acid chloride groups on the
AC backbone. Precisely, the 10 g of chlorinated AC was
dispersed in the 50 mL of dimethylformamide (DMF), and
dopamine hydrochloride was added to the reaction mixture
that was dissolved separately in 10 mL of DMF, followed by
the addition 1 mL of triethyl amine as a catalyst. The reaction
mixture was stirred at 50 °C for 24 h and then filtered and
followed by washing with deionized water to achieve a
neutral pH. It is imperative to underscore that post each step,
the product underwent drying at 90 °C. Consequently, this
carbon sample was designated as DAC. Fig. 1 shows the
reaction scheme involved in the formation of DAC. To
prepare electrode ink, chitosan was blended overnight with
water and acetic acid in a ratio of 1.7 g chitosan to 67.6 g
water to 0.7 g acetic acid. The prepared mixture was labeled
as chitosan binder. Subsequently, 6.89 g of the chitosan
binder, along with 2.0 g of water, 3.09 g of DAC powder, and
4 g of Texilac ritardante (EPTAINKS), were combined in a
polyethylene éég. The entire mixture was then thoroughly
blended using a roller until achieving a homogeneous
consistency. Following this, the prepared ink was transferred
into a 10 mL cartridge for printing purposes.

HNO,

Dopamine = Dopa

Fig. 1. The reaction mechanisms of dopamine grafting on AC
using chemical bonding.

C. Material Characterization

The structural characteristics of AC and DAC, encompassing
specific surface area (SSA) and porosity, underwent scrutiny
utilizing a Micromeritics 3Flex adsorption analyzer
(Micromeritics Instrument Corporation, USA), employing
nitrogen gas at liquid nitrogen temperatures. Furthermore, the
annealing procedures for AC, DP, and DAC were
meticulously observed through thermogravimetric analysis
(TGA) conducted on a TGA-Q-500 apparatus (TA
Instruments, New Castle, DE, USA), spanning a temperature
range from 30 to 790 °C under a nitrogen (N) atmosphere.

D. Fabrication of symmetrical supercapacitor (SC)

Commercially available polyethylene terephthalate-coated
aluminium foil (PET/AL, Pyroll, thicknesses 50 pym and 9 pm
respectively) was utilized as the substrate, while a graphite
ink (Henkel, LOCTITE, EDAG PF 407C E&C) served as the
current collector. For the electrode inks, a mixture of
electroactive materials (AC and DAC) with a chitosan water-
based binder was prepared. These inks were then transferred
into a 10 mL syringe for printing purposes. The printing
process was executed using the piezo jetting tool of a PJ15X
3D printer (Neotech AMT GmbH, Germany). Initially, a 90
mm x 40 mm rectangle was printed onto the PET foil
substrate using the current collector ink and a 100 um printing
nozzle. The printed ink underwent curing in a hot air oven at
120 °C for 10 minutes, with repeated printing cycles
conducted until achieving the desired thickness of the current
collector (30 pm). Subsequently, an electrode ink rectangle
measuring 38 mm by 48 mm was printed atop the current
collector, utilizing the same nozzle size. Curing was then
performed at 60 °C for 30 minutes, with the printing process
continuing until reaching the desired electrode thickness of
60 pm. Before assembling the devices, both the separator
(Dynacap GT 0.45/40, Glatfelter Gernsbach GmbH) and the
electrode surface were adequately moistened with electrolyte
(NaCl (1): H20 (5) wt.%) to ensure pore saturation. The SCs
were constructed in a sandwiched configuration, aligning the
electrodes face to face and separating them with the separator.
The structure was sealed using 3M 468 MP adhesive tape,
resulting in a device with an approximate thickness of
0.36 mm. The mass loading of active materials was 130 mg.

E. Electrochemical measurements

Cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) analyses were carried out utilizing a Maccor 4300
instrument (Maccor, Inc., USA). The experiments involved
scanning within a potential range of 0 to 1.2 V at various scan
rates including 5, 10, 50, and 100 mVs™ for CV, while GCD
measurements were conducted at current values of 1, 3, and
10 mA. Throughout all electrochemical measurements, NaCl
(1): H20 (5) wt.% served as the electrolyte. Analysis of the
GCD data allowed the determination of equivalent series
resistance (ESR) and capacitance values using formulas[15].

III.LRESULTS AND DISCUSSION

The nitrogen adsorption/desorption isotherms for AC and
DAC, with the inset highlighting the correlation between the
differential pore volume and pore width were displayed in
Fig. 2a. Both AC and DAC exhibit a combination of type I
and type II isotherms at low and high relative pressures
(p/p0), characteristic of microporous materials. Additionally,
a substantial reduction of 35% and 37% in the BET-specific
surface area and pore volume, from 2243 to 1458 m? g™! and
1.35 to 0.85 cm® g! respectively, was observed when
comparing AC with DAC, indicating the successful grafting
of dopamine onto the micropores of activated carbon. The
BET results showed that the pore characteristics of AC were
notably influenced by the dopamine loading. Tisawat et al.
2019 similarly noted these phenomena when AC was
functionalized with anthraquinone and 9,10-
phenanthrenequinone [6]. To examine the thermal stability of



functionalized AC and to estimate the degree of dopamine
functionalization on AC, TGA studies were conducted, as
presented in Fig. 2b. It is evident from Fig. 2b that in the
temperature range from 30 to 600 °C, commercial dopamine
exhibits a 99% mass loss, whereas AC and DAC demonstrate
mass losses of approximately 3% and 27%, respectively. The
results indicate that around ~24% of dopamine functionalizes
the AC backbone. In the temperature region of 300-400 °C,
the thermogram of pure dopamine displays a sharp weight
loss of ~50 wt%, attributed to the elimination of functional
groups containing oxygen moieties such as hydroxyl groups
and fragmentation of the dopamine molecule. However,
covalently dopamine-functionalized DAC shows a lesser
weight loss in this temperature range, indicating the
enhancement of the thermal stability of dopamine due to
increased surface interaction of dopamine molecules with
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Fig. 2 (a) N, adsorption isotherms and desorption isotherms

measured at 77K (inset shows the pore size distribution of AC

and DAC) and (b) TG analysis of AC, commercial dopamine

and DPAC under N, atmosphere.

In assessing dopamine's influence on the electrochemical
properties of AC, comprehensive measurements were
conducted using CV and GCD techniques. The CV and GCD
curves were obtained at a scan rate of 5 mVs™!' and a constant
current of 1 mA, respectively, as illustrated in Fig. 3a and 3b.
In contrast, the GCD curve of AC displayed a distinctly
perfect triangular shape, while that of DAC exhibited a quasi-
triangular pattern, suggesting the manifestation of the
pseudocapacitive effect. A comparative analysis of the CV
and GCD curves between the AC and DAC-based SCs
reveals a significant enhancement in capacitance upon
dopamine grafting onto AC. Fig. 3¢ displaying CV curves of
DAC across a scan rate range of 5 to 100 mVs™!, and Fig. 3d,
illustrating GCD curves of DAC at constant currents of 1, 3,
and 10 mA. All CV curves exhibit a quasi-rectangular shape,
aligning with the zero-baseline current line up to a scan rate
of 10 mVs'!, consistent across different scan rates within the
0 to 1.2 V voltage window. However, beyond 10 mVs™,
distortion in the CV curves occurs due to the limited time
available for solvated ions to reach the active sites, leading to
the formation of leaf-shaped curves. Capacitance values
calculated from the discharge curves at constant currents of
1, 3, and 10 mA show notable improvements in the DAC-
based SCs compared to the AC-based SCs, with values of 15,
13.5, and 12 mF for AC-based SCs, and 24, 22 and 20 Fg!
for DAC-based SCs, respectively. Moreover, the SCs
constructed with DAC showcased a reduced ESR of 12.6 Q
at 10 mA, in contrast to the AC-based SC ESR of 14.0 Q at
the same current level, as evidenced by the GCD curves. The
cycling stability of a SC material stands as a pivotal
characteristic. Illustrated in Fig. 4a, the DAC based SC

retained 90% of its initial capacitance even after undergoing
10,000 charge/discharge cycles at a constant current of
10 mA, showcasing good cycling stability. Additionally, the
evaluation of ESR is commonly achieved by scrutinizing the
IR drop or voltage fluctuation during the early stages of the
discharge curve acquired from GCD tests, a method widely
recognized in literature [16]. Consequently, the ESR was
monitored every 2000 cycles to determine the stability of the
devices as displayed in Fig. 4b. A slight rise in the ESR of
both devices was depicted in relation to the cycling process.
Notably, SCs without metallic current collectors exhibit
considerably higher ESR levels. Overall, the remarkable
stability of dopamine during oxidation fosters a significant
increase in the rate of reversible electron transfer.
Consequently, this leads to a substantial improvement in the
electrochemical characteristics of the DAC-based SCs.
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Fig. 3 (a) CV curves of the AC-based SC and DAC-based SC
compared at a scan rate of 5 mVs™! and (b) GCD curves of the
AC-based SC and DAC-based SC recorded at a constant
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IV. CONCLUSIONS

DAC, a biodegradable electroactive material, was
successfully synthesized by covalently grafting dopamine
onto activated carbon. SCs assembled with DAC electrodes
exhibited a remarkable 1.6-fold increase in capacitance
compared to those with AC alone. This approach of grafting
dopamine onto AC opens new avenues for developing
biodegradable SCs for low-power wireless sensor
applications. Further research is needed to explore the long-
term stability and cycling performance of DAC electrodes.



[10]

[11]

[12]

REFERENCES

C. Schiitter, S. Pohlmann, and A. Balducci,
“Industrial Requirements of Materials for Electrical
Double Layer Capacitors: Impact on Current and
Future Applications,” Adv Energy Mater, vol. 9, no.
25, pp. 1-11, 2019, doi: 10.1002/aenm.201900334.
G. Pognon, T. Brousse, L. Demarconnay, and D.
Bélanger, “Performance and  stability of
electrochemical capacitor based on anthraquinone
modified activated carbon,” J Power Sources, vol.
196, no. 8, pp. 4117-4122, Apr. 2011, doi:
10.1016/j.jpowsour.2010.09.097.

B. Li et al., “Nitrogen-doped activated carbon for a
high energy hybrid supercapacitor,” Energy Environ
Sci, vol. 9, no. 1, pp. 102-106, Jan. 2016, doi:
10.1039/c5ee03149d.

H. J. Denisa, A. M. Puziy, O. L. Poddubnaya, S. G.
Fabian, J. M. D. Tascon, and G. Q. Lu, “Highly stable
performance of supercapacitors from phosphorus-
enriched carbons,” J Am Chem Soc, vol. 131, no. 14,
pp. 5026-5027, Apr. 2009, doi: 10.1021/ja809265m.
C. Mevada and M. Mukhopadhyay, “Limitations and
recent advances in high mass loading asymmetric
supercapacitors  based on  pseudocapacitive
materials,” Ind Eng Chem Res, vol. 60, no. 3, pp.
1096-1111, 2021, doi: 10.1021/acs.iecr.0c04811.

N. Tisawat et al., “Enhancement performance of
carbon electrode for supercapacitors by quinone
derivatives loading via solvent-free method,” Appl
Surf'Sci, vol. 491, no. March, pp. 784-791, 2019, doi:
10.1016/j.apsusc.2019.05.240.

S. P. Ega and P. Srinivasan, “Quinone materials for
supercapacitor: Current status, approaches, and
future directions,” Journal of Energy Storage, vol.
47. Elsevier Ltd, Mar. 01, 2022. doi:
10.1016/j.est.2021.103700.

T. D. Gregory, M. L. Perry, and P. Albertus, “Cost
and price projections of synthetic active materials for
redox flow batteries,” J Power Sources, vol. 499, Jul.
2021, doi: 10.1016/j.jpowsour.2021.229965.

C. Singh and A. Paul, “Physisorbed hydroquinone on
activated charcoal as a supercapacitor: An
application of proton-coupled electron transfer,”
Journal of Physical Chemistry C,vol. 119,n0.21, pp.
11382-11390, May 2015, doi:
10.1021/acs.jpce.5b01322.

A. Méndez, S. Isikli, and R. Diaz, “Influence of
impregnation of activated carbon electrodes with p-
benzoquinone on supercapacitor performance,”
Electrochemistry, vol. 81, no. 10, pp. 853-856, Oct.
2013, doi: 10.5796/electrochemistry.81.853.

C. Y. Bon et al., “2-anilino-1,4-naphthoquinone and
2-benzylamino-1,4-naphthoquinone with activated
carbon composite electrodes for supercapacitor
application,” Colloids Surf A Physicochem Eng Asp,
vol. 687, p. 133445, Apr. 2024, doi:
10.1016/j.colsurfa.2024.133445.

A. Gouda, A. Masson, M. Hoseinizadeh, F. Soavi,
and C. Santato, “Biosourced quinones for high-
performance environmentally benign
electrochemical capacitors via interface

[13]

[14]

[15]

[16]

engineering,” Commun Chem, vol. 5, no. 1, pp. 1-10,
2022, doi: 10.1038/s42004-022-00719-y.

M. Hoseinizadeh, K. E. Salem, A. Gouda, D.
Belanger, and C. Santato, “Tannins for Sustainable
Semi-solid-state Supercapacitors,” Waste Biomass
Valorization, 2023, doi: 10.1007/s12649-023-02125-
4.

T. Purkait et al., “Electrochemically customized
assembly of a hybrid xerogel material: Via combined
covalent and non-covalent conjugation chemistry:
An approach for boosting the cycling performance of
pseudocapacitors,” J Mater Chem A Mater, vol. 8, no.
14, pp. 6740-6756, 2020, doi: 10.1039/d0ta02477e.
X. Aeby, A. Poulin, G. Siqueira, M. K. Hausmann,
and G. Nystrom, “Fully 3D Printed and Disposable
Paper Supercapacitors,” Advanced Materials, vol.
2101328, pp. 1-9, 2021, doi:
10.1002/adma.202101328.

S. Zhang and N. Pan, “Supercapacitors performance
evaluation,” Adv Energy Mater, vol. 5, no. 6, pp. 1—
19, 2015, doi: 10.1002/aenm.201401401.



