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A B S T R A C T   

Nowadays, additive manufacturing, known as 3D printing, is vigorously employed at various enterprises due to 
the ability of industrial series production and customization in conjunction with geometry freedom. While, 
material design and fabrication of composite materials, meeting the desired architecture and properties, is 
another promising application of additive manufacturing. For instance, additive manufacturing of the material 
exhibiting electrochemical properties is beneficial for the development of freestanding electrodes that might be 
used in electrochemical energy storage systems. Herein, the graphite/nylon composite with a high carbon ratio of 
30 wt% was produced by laser powder bed fusion to promote the development of the additive manufacturing of 
electrochemical energy storage devices. The material characterization of the additively manufactured graphite/ 
nylon electrode demonstrates the porous structure with uniform distribution of the compounds, and the absence 
of chemical interactions between them during laser powder bed fusion. The electrochemical properties of the 
composite were investigated in acidic, neutral, and alkaline electrolytes. The tested additively manufactured 
electrodes demonstrate a capacitive behaviour and a stable electrochemical performance with average capaci
tance retention of 95%. The findings open new frontiers for the development and improvement of the production 
of electrochemically active materials by additive manufacturing with consideration to design freedom and 
customization.   

1. Introduction 

Sustainable and clean energy sources are a worldwide priority 
nowadays [1]. Electrochemical energy storage (EES) systems are 
designated for aiding the development of energy technologies via har
vesting and distribution of the excess produced energy [2]. Among 
different EES systems, supercapacitors (SCs), based on the electrostatic 
double layer (EDL), are of the utmost interest due to the rapid charging 
and discharging, accompanied by excellent cyclability [3,4]. Typically, 
supercapacitors consist of a pair of porous carbon electrodes, separated 
by an insulating material saturated with an electrolyte. Capacitive 
electrodes are a significant part of SCs. The current method of capacitive 
electrode production, carbon slurry casting, is limited by the customized 
architecture [5] and challenges associated with the fluidic properties 

(viscosity, surface tension, and aggregation of carbon particles) and 
toxicity of a slurry [6]. Additionally, an appropriate substrate (current 
collector) is typically required for such electrodes. Thus, there is a 
growing demand for new materials applied in EES [7]. 

Emerging additive manufacturing (AM) techniques, commonly 
called 3D printing, can be incorporated into the production of EES sys
tems. Therefore, components for electrochemical cells or even full sys
tems can be produced via a single-step manufacturing process resulting 
in customizable objects with complex geometries and lower weight [8]. 
The geometry freedom, provided by AM, is particularly topical for 
brittleness carbon materials, ensuring controllable size, shape, flow 
properties, and bringing well-known materials into a new perspective. 
The advanced design and complex geometric shapes, implemented in 
the EES systems, have recently been demonstrated via a rolled capacitor 
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based on the conductive acrylonitrile butadiene styrene (ABS) [9], a 
flexible multilayer composite capacitor [10], and a parallel plates 
capacitor with black polylactic acid (PLA) separator [11], additively 
manufactured in a single print. Nevertheless, specific attention should 
be paid to the material properties of the AM objects to meet the re
quirements of the capacitive electrodes: electrical conductivity, high 
surface area, and electrochemical activity. Despite, about 3800 AM 
materials being commercially available nowadays [12], most of them 
are presented by non-conductive polymers and ceramics, which are 
improper as capacitive electrodes. Therefore, composites consisting of a 
polymer matrix material, supporting the AM process, and reinforcement 
material, introducing required properties, are used to comply with the 
capacitive electrodes. 

AM carbon-based composites have grasped enormous research in
terest recently due to the enhancement of mechanical properties and the 
introduction of electrical conductivity to matrix materials [13]. How
ever, the existing AM carbon-based composites suffer from insufficient 
electrical conductivity, poor porosity, and low hydrophilicity, caused by 
a high ratio of a polymeric material and resulting in dramatic limitations 
for their utilization as electrodes in EES systems. The number of the 
existing carbon-based composites, which were electrochemically tested, 
is not very high nowadays. The electrochemical properties of 
state-of-the-art AM carbon-based electrodes are summarized in Table S1 
(Supplemental materials). It might be noticed that the typical AM pro
cess for the fabrication of carbon-based composites is material extrusion 
(ME), which includes fused deposition modeling (FDM) and direct ink 
writing (DIW). The commonly used polymer and the conductive carbon 
additive are assigned to polylactic acid (PLA) and graphene, respec
tively. It is inappropriate to consider an average value of the specific 
capacitance that the available AM materials could reach because there is 
no universal protocol for the electrochemical investigation. Neverthe
less, the highest possible value of the specific capacitance of 4.79 F cm− 2 

was achieved by graphene oxide/graphene nanoplatelet/fumed silica 
composite additively manufactured by DIW and electrochemically 
tested in 3 M KOH electrolyte at 0.4 A g− 1 applied current density [14]. 
The lowest reported value of the specific capacitance of 17.17 µF cm− 2 

was obtained using 8 wt% graphene/PLA composite, produced by FDM 
and tested in H2SO4 electrolyte under 0.5 µA. 

As it was mentioned above, most studies refer to material extrusion- 
based AM process, because of its easy operation, low cost, and a wide 
choice of materials [15]. Despite the variety of conductive inks and 
filaments, the production of porous electrodes by the ME processes is 
unrealizable without a special design of flow channels providing a vast 
surface area available for an electrolyte. The dense structure of the 
ME-printed objects is caused by the manufacturing method itself, where 
the input materials are completely melted or present in a viscous form, 
and then go through solidification [16]. While originally porous AM 
electrodes can be printed by laser powder bed fusion (L-PBF). This is 
possible due to its operating principle, in which “thermal energy is 
selectively deposited to join powder materials” [17]. Therefore, neither 
pressure nor shear flow affects the dispersion of solid particles in the 
L-PBF printing, and a porous structure is created. The composition of AM 
materials for the L-PBF process can be prepared with minimal 
pre-processing requirements such as mixing of powder input materials. 
Therefore, the polymer/conducting additive material ratio can be easily 
adjusted with the only limitation of the sufficient durability of the 
printed objects. The maximum graphite loading of 40 wt% can be used 
for printing by L-PBF [18]. Whereas, the ME process requires specially 
prepared filaments or inks, in which the concentration of conductive 
additives is limited by 10 wt% because of the inhomogeneous dispersion 
resulting in the agglomeration of solid particles [19]. Additionally, 
L-PBF allows the printing of complex objects without using supporting 
structures, resulting in the reduction of the loss of the printing material. 
While support structures are required for ME processes to prevent the 
overhang deformation of printed objects. 

Carbon-based composites, printed by L-PBF, have been already 

reported and examined for mechanical and thermal properties [20–23]. 
Additionally, these composites demonstrate electrical conductivity, 
which directly depends on the ratio of carbon material [18] and the 
percolation threshold [24]. The recent developments in L-PBF-manu
factured carbon-based composites are presented in Table S2. The num
ber of the reported L-PBF-produced carbon-based composites is less than 
the ME-produced conductive objects (in Table S1). Typically, nylon 
(polyamide 12) is used as a polymer, and carbon black as a conductive 
additive in the printing mixtures in the L-PBF process. Being porous and 
electrically conductive (the listed in Table S2 composites represent an 
electrical conductivity from 14 × 10− 5 S cm− 1 to ~ 1 × 10− 2 S cm− 1), 
these L-PBF-manufactured carbon-based composites might exhibit an 
electrochemical activity that has not been investigated yet, to the best of 
our knowledge. Therefore, this study is motivated by the possibility of 
L-PBF to print originally porous and conductive electrodes aimed to 
bridge the gap in the electrochemical study on this type of electrodes. 

Herein, the research on the AM graphite/nylon electrodes is 
continued within the application of various electrochemical techniques 
to launch the initiative and estimate the prospects of this composite 
material to be used as freestanding electrodes in EES systems. The choice 
of additive manufacturing compounds was caused by the convention
ality and availability of the materials allowing technology adjustment. 
Nylon dominates among other semi-crystalline polymers utilized in L- 
PBF because of its proper mechanical and thermal properties [25], 
providing a durable AM matrix. Whereas graphite with the electrical 
conductivity of (ca. 63 × 10− 2 S cm− 1) [18] is one of the commonly used 
carbon materials, widely applied in the production of EES systems. 

2. Experimental section 

2.1. Additive manufacturing of the graphite/nylon electrodes 

A mixture of commercial nylon (polyamide 12) with an average 
particle diameter of 50 µm, gained from ADVANC3D Materials (Ger
many), and synthetic graphite powder (<20 µm), purchased from Sigma 
Aldrich (USA), were used as a printing material for electrodes. The 
supporting polymer and graphite were mixed carefully by mechanical 
agitation of the components and shaking them in a closed vessel until 
uniform material was obtained. The graphite loading of 30 wt% in the 
printing mixture enables a relatively high electric conductivity (ca. 1 ×
10− 2 S cm− 1) and sufficiently high mechanical strength of the AM 
specimens. 

FreeCAD v.0.16 and Slic3r v. 1.2.9 software were, respectively, used 
to design the electrodes and slice the model into two-dimensional. 
Sharebot SnowWhite 3D printer (Italy) was used for graphite/nylon 
electrode manufacturing by L-PBF. The following process parameters 
were applied: the laser power of 8.4 W, the laser scan speed of 1.28 m 
s− 1, the powder bed temperature of 164 – 167 ◦C, and the power layer 
thickness of 0.08 mm. 

The AM graphite/nylon electrodes were carefully cleaned from all 
unsintered powder, rinsed with DI water, and dried in a vacuum oven at 
50 ◦C overnight before use. Digital images of the AM graphite/nylon 
electrode and its printing dimensions are shown in Fig. S1 and Fig. S2. 
The average mass and active working area of the AM electrode are 6.85 g 
and 27 cm2, respectively. 

2.2. Material characterization of the AM graphite/nylon electrode 

The morphology, microstructure, and elemental composition of the 
AM graphite/nylon composite were observed by scanning electron mi
croscopy (SEM) using Jeol JSM-7900F microscope (Japan) equipped 
with energy-dispersive X-ray spectroscopy (EDX) system, applying an 
accelerating voltage of 20 kV. Thin sample slices from the electrode 
surface and cross-section were coated with a thin layer of Pt before SEM 
analyses. Cross-sections were prepared by cryofracturing a piece of the 
AM graphite/nylon composite under liquid nitrogen and subsequently 
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kept in a desiccator before imaging. JEOL JIB-4700F microscope (Japan) 
was employed for the investigation of the surface morphologies of the 
bare graphite and nylon powders with SEM accelerating voltage of 15 kV 
and 1 kV, respectively. Additionally, a cross-section sample of the AM 
graphite/nylon electrode was prepared with focused ion beam (FIB) 
milling using Ga+ ions accelerated at 15 kV and 0.5 nA beam current by 
a JIB-4700F dual beam system. The analyzed specimen was coated with 
a 0.6 μm thick carbon layer to avoid Ga-ion beam damage. 

A piece of the AM graphite/nylon composite was milled into powder 
(using IKA tube mill (Germany)) and the input materials were analyzed 
as received for the below-listed analyses. Brunauer-Emmet-Teller (BET) 
specific surface area was determined by N2 adsorption/desorption 
measurements at 77 K using Micromeritics 3Flex 3500 analyzer (USA), 
equipped with VacPrep 061 pretreatment unit. The sample materials 
were pre-treated by degassing under a vacuum at 60

◦

C for 20 h. Crys
talline structure was evaluated by X-ray powder diffraction (XRD) using 
Bruker D8 Advance diffractometer (Germany) with Cu Kα irradiation (λ 
= 1.5406 Å). Bragg’s law was applied to calculate d-spacings. Surface 
functionalities were detected using FTIR-spectrophotometer from Per
kin Elmer Frontier (USA) with a universal ATR module (Diamond 
crystal). Further, the composition, phases, and defects of the compounds 
(the AM graphite/nylon electrode was analysed as a sliced sample) were 
observed by Raman spectroscopy using Thermo Scientific DXR3xi im
aging microscope (USA), equipped with a green laser (λ =532 nm). 

The resistivity of AM graphite/nylon specimen (2 × 10 × 10 mm 
(thickness/width/length)) was measured by Keithley 6517A electrom
eter/high resistance meter (USA) at room temperature. As the electrical 
conductivity is inverse to resistivity (R = 1/C, where R is resistivity and 
C is electrical conductivity), the value of the electrical conductivity was 
calculated from this reciprocal proportion. 

2.3. Electrochemical characterization 

The electrochemical characterization has been performed using a 
symmetrical two-electrode cell containing a pair of AM graphite/nylon 
electrodes, separated by a glass microfiber filter (VWR glass microfibres 
filter grade 696 (USA)), saturated with an electrolyte. Three two- 
electrode cells were individually tested in acidic, neutral, and alkaline 
environments using 1 M H2SO4 (0.8 S cm− 1, pH 0), 1 M NaCl (0.09 S 
cm− 1, pH 6), and 6 M KOH (0.6 S cm− 1, pH 14) electrolytes, respec
tively. The electrolyte solutions were prepared from the chemical re
agents of ACS grade, purchased from Sigma Aldrich (USA). The 
electrodes were analysed by cyclic voltammetry (CV), galvanostatic 
charge-discharge (GCD), and electrochemical impedance spectroscopy 
(EIS) using Ivium OctoStat5000 potentiostat (Netherlands). CV curves 
were recorded at the scan rate from 5 to 100 mV s− 1. GCD test has been 
carried out at the current densities, determined by the corresponding 
anodic current at 0.4 V from CV curves. EIS was conducted between 1 
MHz and 1 mHz applying 1 mA amplitude. The value of the current 
density used for the data representation has been calculated based on 
the active working area of two electrodes (54 cm2). 

Capacitance represents the charge, stored between two electrodes, 
resulting in the formation of an electrostatic field at the applied voltage 
[4]. The areal specific capacitances are calculated from the data ob
tained from CV, GCD, and EIS measurements by the equations from 

Table 1. The measurements were repeated with triplicates, and standard 
error bars were attached to the values of specific capacitance. 

3. Results and discussion 

3.1. Material characterization 

A composite containing 70 wt% of nylon and 30 wt% of graphite was 
additively manufactured by L-PBF. To investigate the obtained structure 
of the AM composite SEM analysis was carried out. Primarily, the SEM 
images of bare nylon and graphite particles were taken to identify them 
in the additively manufactured composite. As depicted in Fig. 1(A), 
graphite particles are presented as thin and plate flakes with sharp 
edges. While nylon particles demonstrate semi-spherical geometry with 
an irregular surface, as shown in Fig. 1(B). 

A digital image of the AM graphite/nylon electrode is shown in Fig. 2 
(A). It can be seen that the AM graphite/nylon electrode has a nonuni
form surface. Tiny light spots on the electrode surface correspond to the 
graphite flakes, which reflect daylight. However, a digital shoot cannot 
provide a detailed image of the electrode surface. Therefore, a thin slice 
from the AM electrode surface was investigated by SEM. As shown in 
Fig. 2(B), the electrode surface is presented as a coarse-grain texture 
containing many accessible voids. To demonstrate, that a similar porous 
structure is observed across the whole width of the AM graphite/nylon 
electrode, a cryofractured cross-section imaging has been performed. 
The collated SEM images under increasing magnification from the 
electrode surface and cross-section area are represented in Fig. S3. 

Under the higher SEM magnification, it was observed, that the 
course-grain texture of the composite is formed by spherical shape ag
glomerates with an approximate diameter of 50 – 70 μm (Fig. 2(С)), 
related to the partially fused nylon particles [18]. Furthermore, plane 
particles, attached to the surface of the nylon agglomerates, correspond 
to graphite flakes. The graphite flakes cover the surface of a nylon 
agglomerate irregularly. As shown in Fig. 2(D), the graphite flakes are 
overlayed by each other or placed separately at some sites onto the 
surface of the nylon agglomerate. 

To investigate the distribution of the graphite flakes among the AM 
composite, a cryofractured cross-section area of the nylon agglomerate 
has been imaged by SEM. Graphite flakes, demonstrating a plane surface 
with sharp edges, are observed at the cross-section of the nylon 
agglomerate in Fig. 2 (E and F). Despite, the nylon particles being 
joined, not completely melted, a part of the graphite flakes has been 
encapsulated in the nylon agglomerates during the L-PBF process. 

Additionally, a cross-section area of the graphite/nylon agglomerate 
has been prepared by FIB and further analyzed by EDX to determine the 
elemental composition inside the fused nylon particles. The analyzed 
graphite/nylon agglomerate, composed of several fused particles, as 
depicted in Fig. 3(A). The cross-section area, emphasized with a white 
frame, was positioned in the joining area of the particles. A stick-like 
object different in color, compared to the surrounding, was observed 
by the SEM and shown in Fig. 3(B). 

To identify the nature of the object, EDX mapping was performed. 
Fig. 3(C) represents the distribution of carbon, which trend repeats the 
stick-like shape of the observed object. While that stick-like area remains 
blank in the EDX mapping of nitrogen (Fig. 3(D)) and oxygen (Fig. 3(E)). 

Table 1 
Equations for the calculation of the areal specific capacitance.  

Areal specific 
capacitance (F cm-2) 

CV GCD EIS 

Cs 
∮

idV
s⋅V⋅A 

I⋅dt
dV⋅A 

− 1
2⋅π⋅f⋅Z′′⋅A 

where, A is an active area 
of two electrodes 

(cm2). 

i is the current (A), s is a scan rate (V s− 1), and 
V is the voltage window (V). 

I is the discharge current (A), dV/dt is calculated from the 
discharge curve (excluding IR drop). 

f is frequency (Hz), Ź́ is the imaginary 
impedance component (Ω).  
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Considering the elemental composition of graphite (C – 99.99 At%, Si – 
0.01 At%) and nylon (C – 92.24 At%, O – 6.23 At%, N – 1.21 At%, P – 
0.12 At%, Ti – 0.10 At%, Si – 0.07 At%, Al – 0.02 At%, Cu – 0.01 At%), a 
stick-like object inside the nylon agglomerate was identified as an 
encapsulated graphite flake with the length of about 12 μm. The cor
responding EDX mapping of bare graphite and nylon are illustrated in 
Fig. S4 and S5, respectively. 

Further, under the strongest magnification, various pores with an 
average diameter of 50 nm, demonstrated in Fig. 4(A and B), were 
observed on the surface of nylon particles throughout the whole width of 
the AM composite. The porosity formation among the polymer matrix is 
attributed to the excessive laser energy resulting in extremely high 
temperatures and therefore leading to polymer pyrolysis. Furthermore, 
the presence of carbonous additive intensifies the localized heating and 
facilitates pore formation [20]. 

The SEM images of the AM graphite/nylon electrode reveal the 
macroporous structure of the L-PDF-produced material. Graphite flakes, 
deposited at the surface of the nylon agglomerates, represent the for
mation of the percolating network along the AM graphite/nylon elec
trode, resulting in electrical conductivity [18,20,21]. Some of the 
graphite flakes were encapsulated within the polymer matrix. Isolation 
of the separated conducted particles is considered a dead material in the 
electrode composition. Whereas the prolongation of the conductive 
network among the polymer matrix with further exposition to the sur
face might facilitate the electrical conductivity of the AM electrode [16]. 

The surface area is one of the key parameters affecting the electro
chemical performance. Therefore, the specific surface area of the AM 
composite was measured. A decline of the specific surface area was 
noted for the AM graphite/nylon electrode in comparison with bare 
graphite and nylon powders. Thus, the BET specific surface areas of 
graphite and nylon were calculated to be 7.2 m2 g− 1 and 1.5 m2 g− 1, 
respectively. While the BET specific surface area of the AM graphite/ 
nylon composite was only 0.9 m2 g− 1, provoked by the L-PBF process 
causing the melting of nylon particles and subsequently resulting in the 
clogging of the available pores of the bare input powders [25]. 

The crystal structure of the compounds of the AM specimen has been 
determined via the XRD pattern (Fig. 5(A)). Graphite is characterized by 
a sharp peak at ~27o (d-spacing of 3.3 Å) corresponding to the (002) 
plane. Other peaks related to graphite were noted at ~45o (d-spacing of 
2.01 Å), ~55o (d-spacing of 1.67 Å), and ~78o (d-spacing of 1.22 Å) 
associated, respectively, with the (101), (004), and (110) planes [26]. 
The XRD pattern of the original nylon powder shows two peaks at 21.2o 

and 22.4o, which are related to the γ-crystal form (100) and the α-crystal 
form (010/110), respectively [27]. All the peaks, related to graphite, 
have been observed on the diffractogram of the AM graphite/nylon 
electrode, confirming a high degree of graphitization of the carbona
ceous material. While material transformations, caused by the L-PBF, 

resulted in the nylon crystallization exclusively in the γ-form, as 
observed in the AM composite diffractogram via the appearance of only 
one nylon peak at 21.2o (d-spacing of 4.18 Å). 

The crystallographic structures of the AM graphite/nylon specimen 
and the input materials have been examined via Raman spectra (Fig. 5 
(B)). Graphite in the composition of AM specimen has been represented 
by peaks at 1350 cm− 1, 1580 cm− 1, 2700 cm− 1, and 3250 cm-1 corre
sponding to D and G bands and their overtones D* and G*, respectively 
[28]. The D band, resulting from the breathing modes of disordered 
graphitic rings, indicates the disordered crystalline structure of graphite. 
While the G band, induced by the in-plane bond-stretching motion of 
pairs of sp2 carbon atoms, is associated with the graphitization degree 
[29]. The relative intensity (ID/IG) between the D and G bands is used to 
estimate the number of defects in the material. The lower value of (ID/IG) 
corresponds to fewer defects. Therefore, the decrease in relative in
tensity from 0.48 for graphite to 0.18 for AM graphite/nylon composite 
reveals the positive effect of the temperature during AM process on the 
graphite structure [30]. Nylon has been indicated by the double peaks at 
1063 – 1107 cm− 1 and 2848 – 2883 cm− 1, related to C-C stretch and CH2 
symmetric stretching, respectively. Small peaks at 1296 cm− 1 and 1437 
cm-1 are respectively assigned to CH2 twisting and CH2 bending. NH 
stretching vibrations are represented by peaks at 1636 cm− 1 and 3293 
cm− 1 [31]. 

Further, functional groups, observed in the FTIR spectra of the AM 
graphite/nylon specimen (Fig. 5(C)), belong to nylon. Particularly, a 
peak at 3299 cm− 1 indicates the hydrogen-bonded N–H stretching vi
brations (Amide A). A moderate peak at 3098 cm− 1 relates to C–H 
stretching vibration bond (Amide B). Peaks at 2920 cm− 1 and 2850 
cm− 1 are associated with asymmetric and symmetric C–H stretching 
vibrations, respectively. A band of peaks at 1635 cm-1, 1561 cm− 1, and 
1465 cm− 1 correspond to the C=O stretching vibrations, C=N stretching 
vibration (Amid II band), and CH2 symmetric deformation vibration, 
respectively [32,33]. A peak at 720 cm− 1 indicates ρ(CH2) rocking [25]. 
The absence of recognizable peaks in the graphite spectra reveals its 
chemical inertness [34]. 

According to the conducted material characterization, the positions 
of the peaks in the XRD pattern and Raman spectra, and identified 
functionalities in FTIR spectra individually correspond to the input 
nylon (PA12) and graphite powders. Therefore, no chemical interaction 
between the components during L-PBF occurred. Nevertheless, some 
phase transformations of the input materials, caused by the heat during 
the L-PBF process, were noticed. Thus, the decrease in the number of 
defects in the graphite crystallographic structure was observed from the 
Raman spectra, and the transformation of nylon crystals exceptionally in 
the pseudo-hexagonal phase (γ- form) was defined by the XRD 
diffractogram. 

Fig. 1. SEM images of (A) graphite flakes and (B) nylon particles.  
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3.2. Electrochemical characterization 

Two-electrode cell configuration, used for the electrochemical ana
lyses, allows the simulation of real operating conditions of EES systems 
[2]. The electrochemical study on the AM graphite/nylon electrodes has 
been started from the CV to characterize the electrochemical reactions 
involved and identify sufficient applied electrical current used for GCD. 
Further, GCD cycling has been conducted to estimate the cyclability and 
retention capacity of the electrodes. EIS was carried out for the inves
tigation of the resistive and diffusion characteristics of the materials [3]. 

The energy storage mechanism of the capacitive electrodes is based 
on the EDL formation at the electrode/electrolyte interface. Hence, no 

redox reactions may take place in the applied voltage window [35]. The 
determination of the usable voltage window depends on the decompo
sition of the electrolyte and irreversible reactions with the electrode. 
Therefore, the maximum voltage window for the aqueous electrolytes is 
1 V [36]. Whereas the electrolyte nature determines the electrochemical 
performance of EES devices due to its ionic conductivity and charge 
compensation on the electrodes. To examine the behaviour of the AM 
graphite-nylon electrodes in electrolytes of different natures within 
various voltage windows, the CV has been carried out at 50 mV s− 1 scan 
rate. The effect of the extended voltage windows in acidic, neutral, and 
alkaline electrolytes, respectively, is demonstrated in Fig. 6(A, D, G). 
The inflections observed with the increasing voltage range indicate the 

Fig. 2. (A) Digital image of the AM graphite/nylon electrode and (B) SEM image of its surface under 100 times magnification. SEM images of (C) fused nylon 
particles, covered by graphite flakes, and (D) graphite flakes irregularly distributed on the surface of nylon agglomerate. (E and F) Cryofractured cross-section area of 
the nylon agglomerate representing the encapsulated graphite flakes. 
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Fig. 3. (A) SEM image of a fused particle of the AM graphite/nylon electrode (white frame on the image corresponds to the area of cross-section). (B) A cross-section 
area onto the fused particle prepared by FIB. (C– E) EDX mapping of C, N, and O onto the cross-section area. 

Fig. 4. SEM images of pores resulted from nylon pyrolysis during the L-PBF process. (A) The analyzed sample has been taken from (A) the surface and from the 
cryofractured cross-section area of the AM electrode. 

Fig. 5. (A) XRD pattern, (B) Raman spectra, and (C) FTIR spectra of the AM graphite/nylon electrode and input materials.  
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decomposition of the electrolytes [2], resulting in redox reactions, and 
thus, deviation from the capacitive behaviour. Moreover, the gas evo
lution at a higher voltage may cause a rupture of the cell, provoking 
safety issues and performance degradation [36]. The early inflection has 
been already noticed at 0.6 V at the CV curve attributed to 1 M NaCl. 
While, no inflections have been observed before 0.8 V and 1.2 V, 
respectively, for 6 M KOH and 1 M H2SO4. Typically, a neutral elec
trolyte has a wider voltage window compared to acid and alkaline 
electrolytes, because of the lower activity of H+ and OH− . However, the 
earliest inflection occurred at the CV curve of 1 M NaCl, which might be 
related to the evolution of Cl− [37], resulting in the narrowing of the 
electrochemical window. To avoid the effects of redox reactions 
accompanying the decomposition of the electrolytes and consider only 
the capacitive properties of the AM graphite-nylon electrodes, the 
voltage window of 0.4 V has been adjusted. 

The CV curves recorded for the AM graphite/nylon electrodes in the 
different electrolytes at various scan rates are shown in Fig. 6(B, E, H). 
The obtained CV curves exhibit a quasi-rectangular shape, deviating 
from the ideal rectangular pattern. This might be related to the slowness 
of ion diffusion and/or the increase of the resistance, associated with the 

scan rate increase [38]. The values of anodic current, determined at a 
voltage of 0.4 V, are linearly proportional to the scan rates, as depicted 
in Fig. S6, confirming the electrostatic EDL charging on the electrodes 
[3,39]. The absence of the redox peaks suggests the reversible and 
kinetically facile charge-discharge process [40] and reveals the elec
trochemical inactivity of nylon in the electrode composition. 

The GCD profiles of the AM graphite/electrodes, shown in Fig. 6(C, F, 
I), are quasi-triangular, indicating the deviation from the ideal capaci
tive behaviour and facing disruption with the EDL formation [41]. 
Sudden voltage drops (IR) observed at the discharge curves are directly 
associated with the internal resistance of the tested system, caused by a 
high ratio of insulating polymer in the AM electrode composition. 

The effect of the electrolyte on the electrochemical performance of 
the AM graphite/nylon electrodes can be evaluated through the CV, 
GCD, and Nyquist plots, summarized in Fig. 7(A, B, C), respectively. 
Based on the recorded electrochemical data, the corresponding specific 
capacitances were calculated and presented in Fig. 7(D, E, F). 

From Fig. 7(A), it is seen that the biggest area is covered by the CV 
curves, recorded at 20 mV s− 1 scan rate in the acidic environment. While 
the CV curves obtained in neutral and alkaline electrolytes have smaller 

Fig. 6. Electrochemical characterization of the AM graphite/nylon electrodes in a two-electrode cell using three different electrolytes. (A, D, G) Extending voltage 
windows (at 50 mV s− 1 scan rate). (B, E, H) CV curves at different scan rates. (C, F, I) GCD curves at different current densities. 
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performance areas, affecting the smaller values of the specific capaci
tance as depicted in Fig. 7(D). The higher specific capacitance observed 
in 1 M H2SO4 is in a good correlation with the high ionic conductivity of 
H+ and HSO4

− and their hydrated ion sizes (the parameters of the ions are 
listed in Table S3), which affect the higher current response during the 
CV [42]. While relatively comparable areas of the CV curves and similar 
values of the specific capacitance assigned to 1 M NaCl and 6 M KOH 
electrolytes indicate the unfavourable EDL formation in the alkaline 
electrolyte, even at its high ionic conductivity. From the GCD curve in 
Fig. 7(B) the longest discharged time was observed via using the neutral 
solution, resulting in a higher specific capacitance [43], as corre
spondingly depicted in Fig. 7(E). 

Both Fig. 7(D) and Fig. 7(E) demonstrate unusual behaviour of the 
specific capacitance as a function of the scan rate and the current den
sity, respectively. Generally, the specific capacitance decreases with the 
increase of the applied parameters because of the limited time, required 
for ions to diffuse into the interface of the electrode. However, the first 
points of the specific capacitance, calculated at 5 mV s− 1 scan rate and 
the lowest value of current density, stand out from the general trend. 
Such an abnormality might be associated with the structural collapsing 
of carbon material under slow kinetic processes, causing reduced access 
to the electrode surface and therefore lower capacitance [39]. Never
theless, the values of the specific capacitance decrease from the 61.7 µF 
cm− 2 to 16.7 µF cm− 2 in the acidic electrolyte, and from the 37.9 µF 
cm− 2 to 17.2 µF cm− 2 in the neutral electrolyte, while the scan rate 
increases from 10 mV s− 1 to 100 mV s− 1. In the alkaline electrolyte, the 
highest value of the specific capacitance of 35 µF cm− 2 is detected at 20 
mV s− 1 scan rate, and the lowest one of 20.5 µF cm− 2 was noted at 100 
mV s− 1. Analogously, the specific capacitance decreases from 552.5 µF 
cm− 2 to 42.7 µF cm− 2 in 1 M H2SO4, from 554.6 µF cm− 2 to 136.9 µF 
cm− 2 in 1 M NaCl, and from 76.43 µF cm− 2 to 29 µF cm− 2 in 6 M KOH, 
while the applied current densities increase. 

Data obtained from EIS measurements were interpreted through 
Nyquist plots (Fig. 7(C)) and corresponding to Bode diagrams (Fig. S7(A, 
B, C)). Nyquist plot exhibits the imaginary part of the impedance as a 
function of the real impedance component recorded in the frequency 

range from 1 MHz to 1 mHz. The Bode diagram illustrates the measured 
phase angle and overall complex capacity towards frequency. Because of 
the inductive effects [35], which appeared at the higher frequencies, the 
experimental points above 10 kHz were removed from the plots. The 
Nyquist plots consist of small, compressed semicircles, that appeared at 
high frequencies, and large semicircles towards intermediate and low 
frequencies. The observed semicircles are typically assigned to the 
charge-transfer processes between the electrodes and the electrolytes, 
which are faster than diffusion processes. It means that the applied 
frequencies and the electrical conductivity of the electrolyte and the 
electrodes are insufficient to make a mass transfer available. Addition
ally, the absence of a vertical increase in the imaginary part of imped
ance for the plots of neutral and alkaline electrolytes implies that EDL 
formation has not been achieved [44]. While a non-linear component of 
the plot, recorded in the acidic electrolyte, indicates diffusion processes, 
which are feasible due to the ionic activity of 1 M H2SO4. Being in line 
with Nyquist plots, Bode diagrams confirm a resistive behaviour of the 
AM electrodes with a poor EDL formation [45]. 

A substantial contribution of the electrolyte to the impedance of the 
electrochemical cell has been already noted above. Furthermore, elec
trolyte resistance is the controlling factor of the cell impedance char
acteristics at higher frequencies. The intercepts at Z’ axis provide an idea 
of the electrolyte resistance [46]. It is seen that the acidic electrolyte has 
a lower resistance, which is in correspondence with its higher conduc
tivity. The internal resistances of the tested cell as a function of fre
quency are displayed in Fig. S8. Particularly, the internal resistances of 
the cell, evaluated at 1 kHz, are 476 Ω for the test with 1 M H2SO4, 571 Ω 
for 1 M NaCl, and 638 Ω for 6 M KOH. Considering that the resistance of 
graphite was about 7 Ω [47], a major contribution of the polymer matrix 
to the impedance can be defined. Nevertheless, the internal resistance of 
the graphite/nylon electrodes, printed by L-PBF, is rather low compared 
to 8300 Ω for the electrodes, produced by material extrusion [48]. The 
changes in the capacitance depending on frequencies are presented in 
Fig. 7(F). All the curves demonstrate a typical capacitance decline 
within the frequency increase. Since ions do not have sufficient time to 
diffuse into the pores of the electrode surface under the high frequency. 

Fig. 7. (A) CV curves at 20 mV s− 1 scan rate, (B) GCD curves at 1.19 µA cm− 2, (C) Nyquist plots of the AM graphite/nylon electrodes recorded in different elec
trolytes. Variation of the specific capacitances depending on (D) scan rates, (E) current densities, (F) frequencies. 

O. Pastushok et al.                                                                                                                                                                                                                              



Electrochimica Acta 440 (2023) 141732

9

Cyclic stability is a significant parameter considered for the practical 
application of SCs. The AM graphite/nylon electrodes have been tested 
at current densities of 3.13 µA cm− 2, 2.72 µA cm− 2, and 2.43 µA cm− 2 in 
1 M H2SO4, 1 M NaCl, and 6 M KOH, respectively, during 1000 cycles 
(Fig. 8). 

The electrodes demonstrate excellent capacitive retention using 1 M 
H2SO4 (Fig. 8(A)). The decay of the available capacity of up to 12% has 
been calculated for the electrodes tested in 1 M NaCl (Fig. 8(B)). Some 
intermittent fluctuations of 5% in the capacitive retention have been 
noticed within the operating in 6 M KOH (Fig. 8(C)). The insets in Fig. 8 
illustrate similar GCD curves after the 1st and 1000th charging- 
discharging cycles indicating the stability of the long-term operation 
of the EES device equipped with the AM graphite/nylon electrodes. 

Based on the obtained results, 1 M H2SO4 might be considered a 
preferable electrolyte for the AM graphite/nylon electrodes because of 
the promoting high values of the specific capacitance, low resistance, 
and outstanding cyclic stability. The neutral electrolyte might also be 
recommended for these electrodes, if NaCl will be substituted with an 
alternative electrolyte to avoid chlorine evolution, resulting in the 
narrowing of the operating voltage window. The lower electrochemical 
parameters observed by using the alkaline electrolyte might be defined 
by unfavorable affiliation between OH- ions and the electrode compo
sition. The conducted EIS analyses revealed high resistance of the AM 
graphite/nylon electrodes and poor EDL formation, resulting in quite 
low values of the specific capacitance. These observations might be 
explained by using a non-conductive printing matrix and by the elec
trode geometry. It is known that the electrochemical performance 
strongly depends on the electrode dimensions. Fig. S9 demonstrates the 
electrochemical performance of the AM graphite/nylon electrodes of 
smaller sizes. The key advantage of the electrode size reduction is the 
decrease of the internal cell resistance that contributes to the increase of 
the electrochemical parameters. Therefore, further investigation into 
the effect of the electrode geometry is needed. Despite the listed limi
tations, the electrochemical capability of the freestanding electrodes 
printed by L-PBF was presented. 

Porous and customizable carbon-based electrodes can be produced 
by the L-PBF process. Their efficiency for electrochemical performance 
requires significant improvements and rearrangements. Despite, the 
high weight ratio of the conductive additive in the printing mixture, 
causing the formation of the conductive network at the surface and in
side nylon agglomerates, the electrical conductivity of the whole AM 
graphite/nylon electrode (ca. 1 × 10− 2 S cm− 1) is very low in com
parison with the reference value of graphite pellets (ca. 63 × 10− 2 S 
cm− 1) [18]. The losses of the electrical conductivity of the L-PBF-printed 
electrodes attribute not only to the insulating behaviour of the nylon but 
also to the porous structure of the object. It is known that the electrical 

conductivity rises as the porosity of the object declines [49]. Thus, there 
is a choice between electrical conductivity and porosity here. To go 
around this obstacle, the replacement of the graphite flakes with carbon 
plates of a bigger size or carbon fibers might be proposed. The prolate 
form of conductive additives will form a continuous conductive network 
in line with the percolation theory [20]. 

Other practical recommendations might be considered: 

i) increasing the conductivity of the additive manufacturing mate
rial by the post-treatment focusing on the degradation of the 
polymer matrix by applying chemical reagents. As recently re
ported, the encapsulated active additives were exposed from the 
bulk to the surface due to the partial dissolving of the polymer 
[50,51] resulting in the enhancement of the electrochemical 
properties of the AM electrodes, while keeping the mechanical 
properties unaltered [52]. In addition, the increased conductivity 
of AM electrodes along with the preservation of the 3D structure 
can be achieved via thermal annealing [53];  

ii) increasing the surface hydrophilicity to improve the accessibility 
of the surface to the electrolyte;  

iii) adjusting the AM electrode surface with the suitable porous 
structure to provide the passage of the electrolyte through macro- 
and mesoporous and ions accumulation in micropores;  

iv) functionalizing the surface of AM electrodes with the desired 
species. 

4. Conclusion 

Fabrication of the material ensuring its printability and meeting the 
consumer requirements is the next step in the development and pro
motion of AM technologies for different applications and industrial 
production of the systems. In this research, the electrochemical prop
erties of the freestanding AM graphite/nylon electrodes have been 
studied in order to confirm the concept of the freestanding AM elec
trodes utilized for EES devices. The electrodes reveal their applicability 
for electrochemical applications demonstrating the capacitive behav
iour in acidic, neutral, and alkaline electrolytes. The outstanding cyclic 
stability of the AM graphite/nylon electrodes with an average 95% 
retention of specific capacitance was observed during the experiments. 
The advantages of the choice of the L-PBF for electrodes were confirmed 
by the material characterization study that represented the retention of 
the individual properties of the electrode components, providing the 
conductive network among graphite particles. Despite, the electro
chemical characterization revealing that nylon is an inert component of 
the AM electrode and does not provoke redox reactions, a dramatic ef
fect on the electrode resistance has been observed because of the 

Fig. 8. Cyclic stability of two-electrode cell with the AM graphite/nylon electrodes operating in (A) 1 M H2SO4 at 3.13 µA cm− 2, (B) 1 M NaCl at 2.72 µA cm− 2, (C) 6 
M KOH at 2.43 µA cm− 2 for 1000 cycles. Insets are the 1st and the 1000th charging-discharging cycles. 
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insulating nature of the polymer. The present study is a promising step 
toward the implementation of AM technologies in the production of 
electrochemically active materials. Further research on the increase of 
the carbonous ratio in the electrode composition, the printing of the 
precise structure, and post-printing treatment will facilitate the usability 
of the AM electrodes. 
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