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ABSTRACT  
 
In this study, Cu-polylactic acid (PLA) composite filaments were produced with an extruder and three-dimensional (3D) Cu/PLA electrodes were 3D 
printed with Fused Deposition Modelling (FDM) method. To improve the electrochemical performance of the 3D-Cu/PLA electrode, a novel 

electrochemical activation method, which differentiates from complex activation methods in the literature, was applied in 1 M KOH solution without 
using any solvent. Field emission scanning electron microscopy (FE-SEM), Energy-Dispersive X-ray Spectroscopy (EDX), Fourier Transform 

Infrared Spectroscopy (FT-IR), and RAMAN techniques were used to characterize the 3D-Cu/PLA electrode before and after activation. The results 

showed that Cu particles were released after the degradation of PLA after activation.  In addition, the thermal stability of the 3D electrode was 
demonstrated by the TGA technique.  The performance of the 3D Cu/PLA electrode before and after activation in the hydrogen evolution reaction 

(HER) in 1M solution was measured using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and cathodic polarization curves 

methods. The EIS results showed that the charge transfers resistance values of the 3D-Cu/PLA electrode in 1 M KOH decreased significantly after 
activation. Post-activation hydrogen content measurements of the 3D-Cu/PLA electrode after electrolysis at different potentials and energy efficiency 

tests at different current densities were also carried out. The results indicate that the electrocatalytic properties of 3D-Cu electrodes were improved for 

HER through the activation process. 
 

Keywords: Cu-PLA, 3D electrode, FDM, hydrogen, Activation.
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

 

1. INTRODUCTION  

Hydrogen is the most abundant element and accounted 

for approximately 90 % of all atoms in the universe.
1
 It 

is a clean, versatile, and energy-dense fuel, which can 

be used to power a plethora of applications; including 

fuel cells, backup power systems, and industrial 

processes. Hydrogen has a calorific value of 120-142 

MJ/kg, which is nearly three times as large as gasoline
2
, 

which makes it a potentially important substitution for 

mainstream energy carriers. In addition, hydrogen has 

the potential to play a significant role in the transition to 

a cleaner, more sustainable energy future; since it only 

emits water and heat when combusted, can be obtained 

from a variety of resources including methane, biomass 

and natural gas. Especially, the use of renewable energy 

sources to produce hydrogen will facilitate the transition 

to a cleaner and zero-carbon future.
3
 

 

There are different established methods in the literature 

and industry to produce hydrogen from different 

sources. These methods include gasification
4
, steam 

methane reforming
5
, pyrolysis

6
, and water electrolysis.

7
 

However, the selected method for production should 

have a near-zero carbon footprint and low cost to make 

hydrogen a commercially viable alternative to fossil 

fuels. Among these methods, Steam methane reforming 

from natural gas has the lowest cost for hydrogen 

production with the drawback of a high carbon 

footprint. In contrast, the hydrogen cost of water 

electrolysis is the highest; but the carbon footprint of 

this method approaches zero when it is carried out with 

renewable energy.
8
 The importance of electrolysis in 

hydrogen production lies in the fact that it can be used 

to produce hydrogen from renewable energy sources 

such as solar and wind power. When electricity 

generated from these sources is used to power the 

electrolysis process, the resulting hydrogen is 

considered to be "green" or "renewable" hydrogen, 

which is a clean alternative to fossil fuels. 
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Therefore, reducing the hydrogen cost from water 

electrolysis is one of the most direct routes to elevate 

hydrogen as the main energy carrier in industrial and 

transport applications. 

 

3D printing is a promising potential method for building 

electrodes for water splitting.
9-11

 Fused deposition 

modeling (FDM) is the most commonly used, extrusion-

based 3D printing method and proliferated to the point 

where it is used in custom home-built 3D printers. In 

this process, wire-shaped thermoplastic commonly 

referred to as filament, is fed through a hot heating 

block which leads to an extrusion nozzle. This extruder 

hot-end moves in vertical and horizontal directions 

based on the geometry to be printed, on a platform. 

Thus, the part is “printed” layer by layer on that 

building plate.
12

  

 

3D printing has several advantages for producing 

complex electrode structures that can improve the 

efficiency and performance of water electrolysis 

systems. One advantage of 3D printing is that it allows 

for the production of customized and intricate electrode 

designs, which can optimize the surface area and 

distribution of active catalysts on the electrode 

surface.
13-15

 This can increase the efficiency of water-

splitting reactions and reduce the energy required for 

electrolysis. Another advantage of 3D printing is that it 

can facilitate the integration of multiple materials and 

components into a single electrode structure. For 

example, a 3D-printed electrode can incorporate 

different catalysts, conductive materials, and supports in 

a way that maximizes their effectiveness and improves 

the overall performance of the electrode. Additionally, 

3D printing can enable the production of electrodes with 

unique geometries and architectures, such as porous or 

interconnected structures, that can enhance mass 

transport and improve the overall efficiency of water-

splitting reactions.
16-18

  

 

Graphene and carbon black are the fillers used for 

Polylactic Acid (PLA) thermoplastic filament material
16

. 

Foster et al. were the first group to utilize 3D printing to 

produce electrodes for energy storage. They found that 

graphene-PLA electrodes show promising catalytic 

activity toward hydrogen evolution reaction (HER).
19

 

However, these commercial graphene filaments only 

contain 8 wt % of graphene, therefore design and 

catalytic improvement are essential.
20

 In 2018, Browne 

et al. applied an activation procedure that involves 

soaking in dimethylformamide (DMF) and applying 

constant potential for a certain period to their electrodes, 

which 3D printed with commercial PLA/Graphene 

filament. They reported that the solvent-electrochemical 

route significantly improves electrocatalytic activity.
21

 

Gusmão et al. spray-coated graphene/PLA electrodes 

with two-dimensional MoS2  an obtained a 500 mV shift 

in the required overpotential at 10 mA cm
−2

 current 

density.
22

 Browne and Pumera electrodeposited Nickel 

oxide to their DMF-treated graphene/PLA electrodes. 

They detected Ti, Fe, and Al impurities in their 3D 

printed electrodes through EDX analysis and argued that 

these impurities significantly increase catalytic 

activity.
23

 Hughes et al. also reported that 2D-MoS2, Pt 

and electro-conductive carbon increase the 

electrocatalytic activity of 3D-printed electrodes.
24

 

Several studies indicate that transition metal 

dichalcogenides increase the catalytic activity of 3D 

printed catalysts in both HER and oxygen evolution 

reactions (OER). 

 

The catalyst plays a crucial role to lower the activation 

energy and increase the rate of the electrochemical 

reaction in the water-splitting process.  Therefore, 

several catalyst materials were explored to make the 

process more efficient and cost-effective. For example, 

due to low cost and high conductivity, Copper is a 

highly preferable hydrogen evolution reaction (HER) 

electrode material. However, the introduction of 

catalytically active materials is crucial, since copper has 

low electrocatalytic activity.
25

 Bui et al. 3D printed their 

electrodes from a conductive carbon-PLA filament and 

placed copper wires by stopping the print halfway. After 

the printing process, they electroplated the electrode 

with Nickel using Watt's nickel-plating solution. In their 

study, 50 mA cm
−2

 current density required the 

overpotentials of -0.6V and 0.8 V for HER and OER 

respectively.
11

 Hüner et al. electrodeposited Nickel and 

copper on the commercial conductive filament and 

observed a 40.12 50 mA cm
−2

 current density at -1.4 V 

constant voltage.
26

 Iffelsberger et al. used a commercial 

Copper/PLA filament to 3D print electrodes and doped 

different electrodes with Al2O3, TiO2 and graphite 

through sinterization. They reported that Al2O3-doped 

photoelectrodes show the highest photo-electrochemical 

activity.
27

 

 

To realize the industrialization of a process, scalability 

has the utmost importance. However, electrodeposition, 

solvent activation, and treatment with plating solutions 

and chemicals would be challenging and not cost-

effective at the industrial scale. In addition, ready-to-use 

commercial conducting filaments are not sufficient for 

an effective water-splitting process. Instead, we propose 

a single-step production of a Cu/PLA composite catalyst 

with FDM 3D printing. Also, rather than a sophisticated 

activation process, we present a simple single-step 

activation. Therefore, we put forward a simple and 

scalable process to produce a catalyst for water splitting. 

In this study, the electrochemical activation process of 

the 3D Cu/PLA electrode produced by the FDM method 

from the prepared Cu/PLA filaments was carried out in 

1M KOH solution. Characterization of the produced 3D 

Cu/PLA electrodes and Electrochemical measurements 

(EIS and TAFEL) in 1M KOH solution were taken 

before and after activation. The efficiencies of 3D 

Cu/PLA electrodes in hydrogen evolution reaction 

(HER) after the activation were demonstrated by 
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measurements of hydrogen amount at different 

potentials and energy efficiency tests performed at 

different current densities. Also, the stability of the 

activated 3D electrode at low current density at different 

electrolysis times was also investigated.

2.EXPERIMENTAL 

2.1. Materials 

Copper powder (<63µm), chloroform (>99.95%), and 

potassium hydroxide (KOH) were purchased from 

Sigma Aldrich (St. Louis, Missouri, USA).  PLA 

granules were supplied by Filameon Company (Kayseri, 

Turkiye). All chemicals were analytical grade and used 

without further purification or treatment. 

2.2. Composite Filament Production 

Initially, PLA granules (12 g, %30) were dissolved in 

chloroform (150 mL) at 55 
o
C in a closed container. 

Complete dissolution was achieved by stirring at regular 

intervals until a smooth homogenous solution is 

obtained. Following that, Copper powder (Cu percent 

by mass adjusted to 70 (28 g)) was subsequently 

introduced to the PLA solution and completely mixed 

via vigorous stirring. The mixture was dried in an oven 

until it takes a viscous dough form. The filament dough 

was cut into small pieces and dried under a vacuum 

until chloroform completely evaporates. Finally, the 

granular mixture was fed to a single screw Wellzoom 

extruder at (195°C, 1.75 mm) to produce composite 

filaments.  

2.2.1. Electrode Production with 3D Printing 

Electrode geometry was designed with open-source 

Free-CAD (version 0.20.2) software (Figure 1). 

Electrode Gcode generation was carried out with 

Repetier Host (version 2.3.1) software. Temperature 

settings were set to 215 
o
C and 55

° 
C for the nozzle and 

print bed respectively. 3D printing was conducted with a 

custom-built Tronxy p802m printer. Nozzle diameter 

and layer thickness were selected as 1mm and 0.2 mm 

respectively. The surface area of the obtained 3D 

Cu/PLA electrode was calculated as 14.18 cm
2
. Figure 1 

shows electrode geometry designed with open-source 

FreeCAD, and images of Cu/PLA composite filament 

and 3D Cu/PLA electrode. 

 

  
 

Figure 1. Electrode geometry designed with open-source FreeCAD (a), and images of Cu-PLA composite filament (b) and 3D Cu-

PLA electrode (c). 

 

2.2.2. Activation of the 3D-printed Electrode 

The Cyclic voltammetry (CV) experiments were 

performed in the range of 0 V to -3 V at a scan rate of 

100 mV/s for 4 cycles using a 3D electrode soaked in 

1M KOH solution for one hour as the working 

electrode. In the second step, the process was repeated 

by attaching the electrode from the reverse side in order 

to activate the non-activated end of the 3D electrode. 

2.2.3. Characterization of the 3D Cu/PLA 

Surface features of 3D electrodes were analyzed by FEI 

Model Quanta 650 Field Emission-Scanning Electron 

Microscope (FE-SEM) at 10.00 kV EHT. Energy 

dispersive X-ray spectroscopy (EDX) integrated into the 

FE-SEM device was used to establish the percentage 

distribution of elements on the electrode surface. In 

order to determine the crystallography of activated 3D 

Cu/PLA using PANalytical EMPYREAN X-ray 

diffractometer (XRD), measurements were taken in the 

range of 2-theta values 20-85° under 45 kV and 40 mA 

Cu Kα radiation conditions. FT-IR spectra of the 

electrodes were obtained utilizing a JASCO FT/IR-6700 

spectrometer in the wavelength range 4000-400 cm
-1

. 

The thermal behaviour of the electrodes was 

investigated using a Shimadzu DTG-60H 

thermogravimetry/differential thermal analysis 

(TG/DTA) device at a heating rate of 10 °C/min under 

air atmosphere. Finally, Raman spectra (Renishaw in 

Via Qontor model) was acquired with a laser 

wavelength of 532 nm. 

2.2.4. Electrochemical Measurements 

The electrochemical properties of the 3D electrodes 

were investigated using electrochemical impedance 

spectroscopy (EIS), cyclic voltammetry (CV), and 

cathodic polarization curves recorded with an 

electrochemical analyzer (CHI604E) device with a 

three-electrode setup in 1M KOH solution before and 

after the activation. The reference electrode used was 

Ag/AgCl (3 M KCl), while a platinum plate with a 

surface area of 2 cm
2
 was utilized as the counter 

electrode. EIS experiments were carried out at OCP, and 

(c) (c) (a) 
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the Zview software was employed to fit the impedance 

spectra results.  

 

In order to calculate the overpotentials of the electrodes, 

the potentials were converted to reversible hydrogen 

electrode (RHE) utilizing equation (1). 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0 + 0.059 𝑥 𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙

0        (1) 

                                                                                           

E
0

Ag/AgCl and EAg/AgCl in Equation 1 are the standard and 

experimental potential values at room temperature, 

respectively. The current-potential measurements were 

obtained from open circuit potentials to -2 V with a scan 

rate of 5 mV s
-1

. The CV analyses were conducted at a 

scan rate of 100 mV s
-1

 in the potential range of -2 to 0 

V. Measurements of H2 evolution of 3D Cu/PLA 

electrodes before and after activation were carried out 

under a voltage of -1.8, 2.0, and -2.2 V for 30 seconds. 

The H2 gas formed during the 30 min treatment in 1 M 

KOH media was measured using an inverted burette. 

The amount of H2 gas was expressed in mL. Energy 

consumption and efficiency tests of the electrodes for 

alkaline water electrolysis were carried out at current 

densities of 2.5, 5, and 10 mA cm
-2

 after 30 min 

electrolysis time in 1 M KOH media at 25 °C. In order 

to evaluate the stability of activated 3D Cu/PLA 

electrodes, a constant current of 5 mA cm
-2

 was applied 

to the electrode in 1 M KOH media at 25 °C for 

different times. After different electrolysis times (1 h, 2 

h and 4 h), cathodic current-potential plots and EIS 

experiments (at open circuit potential) were performed 

utilizing CHI 604E A.C. electrochemical analyser. 

 

3.RESULTS and DISCUSSION 

Figure 2 demonstrated the activation CV measurements 

saved for 4 cycles of the 3D-Cu electrode in 1 M KOH 

media. Looking at the curves of the 3D-Cu electrode 

(Figure 2); It was observed that after -1.5 V in the first 

cycle, as seen from the increase in current intensity, the 

activation of the 3D electrode begins. After the third 

cycle, there is a sudden current increase from -0.6 V to -

1.2 V. From -1.2 V to -1.4 V, the current decreases due 

to the conversion of copper to its oxide form. The 

increasing current values as a result of the cathodic 

cycle display that; As a result of the activation of the 

3D-Cu electrode, PLA is broken down into sodium 

lactate and lactic acid as a result of alkaline hydrolysis 

of PLA (probability degradation reactions of PLA 

alkaline hydrolysis in Figure 3 
28

 and the Cu particles 

embedded in PLA rise to the surface, increasing the 

conductivity of the 3D electrode. The FE-SEM results 

of the 3D-Cu electrode before and after the activation 

are presented in Figure 4 a and b, respectively. Before 

activation, the 3D-Cu electrode has indented layers on 

the surface of the electrode, in which PLA and Cu 

particles are embedded in each other, as shown in 

Figure 4 a. 

 

After the activation process, the surface of the 3D-Cu 

electrode became much rougher. And on the surface of 

the 3D-Cu electrode, some degradation of polymeric 

chains occurred and Cu particles were exposed Figure 4 

b. The EDX spectrums of the 3D-Cu electrode before 

and after the activation are given in Fig. 5 a-b. 

 

 
Figure 2. The cyclic voltammogram (CV) recorded for 

activation of the 3D-Cu/PLA electrode for 4 cycles at a scan 

rate of 0.1 V s-1 in 1 M KOH solution. 

Accordingly, Cu contents before activation and after 

activation were determined as 47.06% and 49.04%, 

respectively. While the amounts of C and O before 

activation were 35.20% and 17.74%, respectively, the 

amounts of C and O after activation were found to be 

34.79% and 16.17%. According to the EDX results, a 

partial increase was observed in the Cu content on the 

electrode surface as a result of the activation process, 

while a significant decrease was not observed in the 

amount of C and O. This shows that the degradation 

products (such as oligomers, lactic acid, and sodium 

lactate) formed after the activation process of polylactic 

acid are still trapped on the electrode surface. Also, with 

the degradation of the polymeric structure, the copper 

particles on the surface were exposed, causing a partial 

increase in the copper percentage. As a result, EDX 

spectra supported FE-SEM images. 

 

 
Figure 3. Probability degradation reactions of PLA alkaline 

hydrolysis. 
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Figure 4. The FE-SEM images of the 3D-Cu/PLA electrode before (a) and after (b) the activation.

The XRD result recorded for the activated 3D Cu/PLA 

electrode is presented in Figure 6. The XRD peaks were 

indexed using JCPDS files (PDF card no. 04-0836) and 

the peaks at 42.88°, 49.95° and 73.75° corresponding to 

Miller indices (111), (200) and (220) are consistent with 

metallic copper and represent the face-centred cubic 

structure of copper. The XRD results showed that the 

3D Cu/PLA electrode after activation has a pure copper 

phase without any impurity phase such as CuO, Cu2O 

and Cu(OH)2. 

 
Figure 5. The EDX results of the 3D-Cu/PLA electrode before (a) and after (b) the activation. 

Figure 7 displays FT-IR results of the obtained3D-Cu 

electrodes.It was observed that PLA peaks were 

dominant in the FT-IR spectra of 3D-Cu electrodes. The 

three bands at 1745, 1081 and 1180 cm
-1

 can be 

attributed to the characteristic strain frequencies for 

C=O, C–O, and C–O–C of PLA, respectively.
29, 30

 In 

addition, peaks of two different bending frequencies 

were detected at 1380 cm
-1

 for –CH3 asymmetric and 

1555 cm
-1

 for –CH3 symmetrical.In addition, it is clear 

from Figure 7 that these peak intensities of PLA 

reduced after activation of the 3D-Cu electrode.Thus, as 

a conclusion of activation in 1M KOH media, PLA 

degradation occurs in the 3D electrode and the existence 

of Cu particles is disclosed.

Cu

Cu

Cu

Au

C

O

 
EDX  Cu  C O 

wt. % 47.06 35.20 17.74 

(a)

Cu

Cu

Cu

C

O
Au

 

EDX  Cu   C   O 

wt. % 49.04 34.79 16.17 

(b)
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Figure 6. The XRD results of the 3D-Cu/PLA electrode after  

the activation. 

 
Figure 7. The FT-IR spectra of the 3D-Cu/PLA electrode 

before and after the activation. 

Figure 8 illustrates Raman spectra for 3D-Cu electrodes 

before and after the activation. All the peaks 

demonstrated in Figure 8 are attributed to the chemistry 

of PLA macromolecular chains. These specific spectra 

of PLA; C-COO vibration at 869 cm
-1

, CH3 deformation 

vibrations at 1450 cm
-1

, stretching vibrations of 

asymmetric C=O carboxylate groups at 1579 cm
-1

 and 

CH3 at 2944 cm
-1

 show symmetrical and asymmetric 

stretching vibrations.
31

 Moreover, it was observed that 

the broad flat peaks of PLA decreased significantly after 

the activation of the 3D-Cu electrode. Thus, the 

activation process of the 3D-Cu electrode in 1M KOH 

electrolyte significantly reduced the amount of PLA in 

the overall electrode. 

 

The thermal decomposition of obtained 3D-Cu 

electrodes in the air atmosphere is presented in Figure 9. 

It shows a one-step decomposition (% weight loss) 

process. A weight loss of 30% between 350 and 450°C 

indicates that degradation of PLA has occurred.
32

 The 

increase in mass between 400 and 500°C is related to 

the conversion of copper to its oxide form. In addition, 

while the mass loss of PLA was 30% before activation 

in the TGA curves of the 3D-Cu electrode, this value 

decreased to 27% after activation. This confirms that 

PLA decreases in the 3D electrode after activation. 

 
Figure 8. The Raman spectra of the 3D-Cu/PLA electrode 

before and after the activation. 

 
Figure 9. The TGA curves of the 3D-Cu/PLA electrode 

before and after the activation. 

The OCP value as a function of time in 1 M KOH 

solution for the activated 3D-Cu electrode is given in 

Figure 10. It can be seen from Figure 10 that the 

activated 3D-Cu electrode shifts towards the more 

negative open circuit potential for up to about 600 

seconds. This shows that: Activated 3D-Cu electrode 

shifting to negative potential begins to be active in the 

hydrogen formation reaction (HER). After about 1000 

seconds, it shifts slightly to positive potentials and 

becomes stable after 3000 seconds. Electrochemical 

impedance spectroscopy (EIS) gives very significant 

information about the kinetic studies of electrochemical 

events. The EIS results recorded at open circuit 

potential for un-activated and activated 3D-Cu 

electrodes after 1 h immersion in 1 M KOH solution are 

presented as Nyquist and Bode plots in Figure 11 a-b. 

The Nyquist plots given in Figure 11 a consist of two 

parts, a semicircle, and a linear section. At high 

frequencies, the semicircle symbolize the electron 

transfer process, while the small linear part formed in 

the low-frequency region represents ion 

diffusion/transport in the electrolyte.
33
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Figure 10. The open circuit potential-time curve of the 3D-

Cu/PLA electrode in 1 M KOH solution at 25C. 

 
Figure 11. The Nyquist (a) and Bode (b) curves recorded at 

steady-state open circuit potential in 1 M KOH solution for 

3D-Cu/PLA electrode before and after the activation, The used 

equivalent circuit model (c). 

The obtained EIS plots were fitted utilizing the 

equivalent circuit models (Figure 11 c). The resulting 

fitting parameters are listed in Table 1. In the presented 

equivalent circuit model, two parallel combinations of 

Rct/CPE1, representing the charge transfer resistance and 

stationary phase element for the electrode reaction, and 

Rad/CPE2, representing the mass transfer resistance and 

stationary phase element for hydrogen adsorption, are 

used in series with a resistor (Rs) representing the 

solution resistance. In the equivalent circuit used, the 

stationary phase element was converted into a double-

layer capacitance.  The double-layer capacitance (Cdl) 

was calculated with the help of the parameters (Y, n) 

and resistance (R) values of the CPE using the 

following equation.
34

 

  𝑙 =  
 

 ⁄  
     

  ⁄                                                                

 
Figure 12. The cathodic polarization curves (a) and Current 

density-potential (vs. RHE) curves (b) of the 3D-Cu/PLA 

electrode before and after the activation obtained at steady-

state open circuit potential in 1 M KOH solution at a scan rate 

of 0.001 V s-1. 

When the data obtained for the 3D-Cu electrode in 

Table 1 were examined, it was observed that the Rct 

before activation was 10806 Ω cm
-2

, while it decreased 

to 170 Ω cm
-2

 after activation. It was determined that 

while the Rad value was 8707 Ω cm
-2

 before activation, 

it decreased to 735 Ωcm
-2

 after activation.The reduce in 

resistance values in this way can be attributed to the 

improvement of the electron transfer property of the 3D-

Cu electrode by exposing the Cu particles embedded in 

PLA after activation. And thus, with the activation 

process, the H
+
 adsorption in the active cathodic sites of 

the electrode increases, and the catalytic activity of 

HER is improved. Hüner et al. researched the hydrogen 

efficiency of the electrodes prepared by doping the 

surface of 3D electrodes synthesized with conductive 

graphene-based filament with different metal ratios of 

Nickel (Ni) and Platinum (Pt) in an alkaline medium.
35

 

They reported the charge transfer resistance (Rct) values 

of NiPt1, NiPt2 and NiPt3 coated 3D printed electrodes 
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as 0.07502, 0.07561, and 0.07688 kΩ.cm
2
 and hydrogen 

adsorption resistance (Rad) values as 0.6324, 0.5766 

and 0.5704 kΩ.cm
2
, respectively. Similarly, in another 

study, Hüner et al. deposited Ni and Cu metals at 

different volume ratios on the surface of 3D electrodes 

made with conductive PLA filament at 10 V to obtain 

high kinetic activity.
26

 They reported the Rct values of 

these 3D electrodes (NixCux, NixCu2x, and NixCu3x) 

as 39.667, 0.262, 0.193, and 0.187 kΩ and Rad values 

as 0, 1.52, 1.13, and 0.62 kΩ, respectively, obtained 

from Nyquist curves in alkaline medium.Comparing the 

studies summarised above with the presented work, it is 

seen that the activated three-dimensional conductive 

Cu/PLA composite electrodes exhibit resistance values 

low enough to compete with 3D electrodes doped with 

elements such as nickel and platinum, which are known 

to be highly active in HER. In addition, with this 

method, it is possible to produce HER-active electrodes 

at more affordable prices with fewer procedures. 

 

Table 1. The parameters obtained from fitting the EIS data in 1 M KOH test solution at open circuit potential. 

 

In addition, it was determined from Table 1 that there 

was a significant increase in the Cdl1 and Cdl2 values of 

the 3D-Cu electrode after activation. This is attributed 

to the trap states where the injected electrons are widely 

dispersed after activation, with the Cu particles in the 

Cu-PLA composite being exposed from the surface. 

Thus, the increase of copper on the electrode surface, 

which is released from the Composite after activation, 

increases the capacitance of the space charge layer by 

providing higher electron donor states. Other than that, 

the single peak in the Bode curve shown in Figure 11 b 

ascribed to relaxation,that is associated with the charge 

transfer phenomenon.
36

 In addition, the optimum 

oscillation frequency of the impedance semicircle of the 

3D-Cu electrode after activation was found to be lower 

compared to pre-activation; This indicates that the post-

activation 3D-Cu electrode has a higher electron 

recombination lifetime.
37

 

 

Potentiodynamic polarization experiments was 

performed for researching the electrocatalytic activity of 

the obtained 3D-Cu electrodes toward HER and the 

results are presented in Figure 12 a. The cathodic Tafel 

slopes (c), Open Circuit Potential (Eocp), and exchange 

current densities (Jo) were determined from these curves 

and listed in Table 2. It is clear from Figure 12 a and the 

values in Table 2 that the current density of the 

activated 3D-Cu electrode significantly increased 

compared to the un-activated 3D-Cu electrode. This 

increase shows that as a result of activation in 1 M KOH 

media, the appearance of Cu particles providing 

conductivity in the structure of the 3D-Cu electrode, the 

pores in the electrode structure clogged during hydrogen 

formation are opened and the electrocatalytic active 

surface area increases.  Volmer, Heyrovsky, and Tafel 

deterministic rate steps corresponding to Tafel slopes of 

-120, -40 and -30 mV dec 
-1

, respectively, are widely 

used for kinetic models of HER. The Tafel slopes for 

un-activated and activated 3D-Cu electrodes were found 

as -75 and -120 mV dec
-1

, respectively. As investigated 

the cathodic Tafel slopes given in Table 2, indicates that 

the charge transfer (Volmer) reaction is the rate-

determining step for HER, and HER is limited by the 

hydrogen adsorption reaction to form M-Hads 

intermediates
38

. As shown in Figure 12 b, the 

overpotential values for the HER of the 3D Cu/PLA 

electrode after activation at 10 mA/cm
2
 were determined 

as -0.262 V (vs RHE). The results displayed that there 

was a significant decrease in the overpotential of the 3D 

Cu/PLA electrode after activation compared to before 

activation.  

 

Table 2. The parameters obtained from Cathodic 

polarization measurement results. 
3D-Cu/PLA 

Electrodes 

Eocp 

(V) 

Jo 

(mA cm-2) 

c 

(mV dec-1) 

Before 

Activation 
-0.941 4.36x10-4 75 

After 

Activation 
-0.599 0.173 120 

 

Figure 13 showed that the CV measurements saved for 

4 cycles of the 3D-Cu electrodes in 1 M KOH solution 

before and after the activation. When the CV 

measurements of the 3D electrode before activation are 

examined, it is seen that there is a peak belonging to the 

oxidation of copper (Cu2O and Cu(OH)4
-2

 ) with a very 

low current density value of around -0.4 V in the anodic 

direction in the first and second cycles in accordance 

with the literature
39

 and in the 4th cycle, it is seen that 

Cu2O and Cu(OH)4
-2

 species are reduced to Cu with 

very low current density values at -0.9 V. Before 

activation, as can be seen from the CV, the current 

increases as you go towards the cathodic direction at -

1.8 V in the 4th cycle and the current density values 

were determined as -0.15 mA/cm
2
, -0.21 mA/cm

2
 and -

0.27 mA/cm
2
 at -1.8 V, 2 V, and -2.2 V, respectively. 

After activation, the formation peaks of Cu2O and 

Cu(OH)4
-2

 species were observed at about -0.5 V in the 

anodic direction due to the copper particles released by 

the breakdown of PLA molecules, while the reduction 

peaks of Cu2O and Cu(OH)4
-2

 species to Cu at 

approximately -1 V and -1.3 V in the cathodic direction 

are seen. After activation, it is seen that the current 

density values are -8.67 mA/cm
2
, -12.44 mA/cm

2
 and -

15.57 mA/cm
2
 at -1.8 V, 2 V, and -2.2 V respectively in 

the fourth cycle. The CV results show that as a result of 

3D Cu/PLA 

Electrodes  

Rct 

(Ω cm2) 
CPE1 

(Sn Ω -1cm-2) 
n1 

(Ω cm2) 

Cdl1 

( F cm-2) 
Rad 

(Ω cm2) 

CPE2 

(Sn Ω -1cm-2) 

n2 

(Ω cm2) 

Cdl2 

( F cm-2) 

Before Activation 10806 4x10-4 0.88 1940 8707 2x10-5 0.71 1170 

After Activation 170 1x10-3 0.64 26200 735 7x10-3 0.86 25100 
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the activation process applied, the copper active centers 

on the surface of the 3D electrodes come to the surface 

and come into contact with the solution, resulting in an 

increase in current density by approximately 57 times. 

 

 
Figure 13. The cyclic voltammograms of the unactivated (a) 

and activated 3D-Cu/PLA electrode (b) recorded for 4 cycles 

at a scan rate of 0.1 V s-1 in 1 M KOH solution. 

The amount of hydrogen gas measured at different 

potentials was determined as 10 mL at -1.8 V, 20 mL at 

-2 V, and 32 mL at -2.2 V. As can be seen from Figure 

14 b-c, the total amount of charge passing through the 

circuit for -1.8 V, -2 V, and 2.2 V during hydrogen 

evolution before activation was -5.39x10
-7

C, -2.53x10
-1

 

C and -2.59x10
-1

 C, respectively, and after activation -

8.97x10
1
C, -1.53x10

2
C and -2.30x10

2
 C after activation, 

respectively. As can be seen from the results, the 

hydrogen volume is zero at all potentials before 

activation, and as a result of activation, the electrode is 

activated due to the Cu particles released as a result of 

the breakdown of PLA on the surface, and the total 

charge and hydrogen gas volume passing through the 

circuit increases in proportion to the potential increase. 

 

The energy consumption (Q) and energy efficiency 

(ⴄHHV) for HER on activated 3D-Cu electrodes  at 2, 5, 

and 10 mA cm
-2

 current densities at 25 °C were 

determined using the following equations:
34, 40

 

. .Q I U t                                                                                                                             (3) 

283.3 /

. .
HHV

kJ mol

U I t
                                                                                 (4) 

Where U is the cell voltage (V) and as well as A is the 

applied current. t is a time of evolution of1 mol of 

hydrogen in seconds. 

 
Figure 14. Hydrogen evolution amounts obtained on the 3D-

Cu/PLA electrodes before and after the activation in 1 M 

KOH solution at different potentials (a) and Charge-

electrolysis time curves of the unactivated (b) and activated 

3D-Cu/PLA electrode obtained in 1 M KOH solution. 

The obtained results are given in Figure 15. Energy 

consumption values increase considerably with 

increasing current densities as seen in Figure 15. Energy 

consumption values obtained for the activated 3D-Cu 

electrode; It was found to be 285.92 kJ mol
-1

 for 2 mA 

cm
-2

 current density, 301 kJ mol
-1

 for 5 mA cm
-2

 current 

density and 416 kJ mol
-1

 for 10 mA cm
-2

 current 

density. On the other hand, it was observed from Figure 

15 b that the energy efficiency values decreased with 

increasing current density. Energy efficiency values of 

the activated 3D-Cu electrode; It was determined as 

99% for 2 mA cm
-2

 current density, 93% for 5 mA cm
-2

 

current density, and 67% for 10 mA cm
-2

 current 

density.  
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Figure 15. Energy consumption (a) and efficiency (b) on the 

activated 3D-Cu/PLA electrode in 1 M KOH solution at 

different current densities. 

The Nyquist curves recorded after certain times (1 h, 2 h 

and 4 h) after applying a current density of 5 mA/cm
2
 in 

1M KOH solution to the activated 3D Cu/PLA electrode 

are presented in Figure 16 a. The obtained Nyquist 

curves were fitted utilizing the equivalent circuit given 

in Figure 11 c. Rct values calculated after 1 h, 2 h and 4 

h were 49.5, 60.29 and 27.32 Ω cm
-2

and Rad values were 

1462, 1974 and 1196Ω cm
-2

, respectively. After 4 hours 

of electrolysis time, the slight decrease in Rad value 

indicates the activation of the electrode by electrolysis 

and the acceleration of electron transfer in the catalytic 

regions of the electrode after 4 hours of electrolysis. 

However, the disintegration of the Cu electrode due to 

the degradation of PLA molecules in the 3D Cu/PLA 

electrode after 4 h of electrolysis in alkaline medium 

showed that the 3D electrode was not stable even at low 

current densities. 

 

The cathodic current-potential curves of the electrodes 

after 1, 2 and 4 h electrolysis is given in Figure 16 b. 

The cathodic Tafel slopes (βc) of the activated 3D 

Cu/PLA electrode were determined from the linear part 

of the cathodic current-potential curves and the βc 

values were determined as -114.7 mV dec
-1

 250.3 mV 

dec
-1

 and 149.9 mV dec
-1 

after 1 h, 2 h and 4 h 

electrolysis, respectively. 

As can be seen from the calculated values, it is seen that 

the rate determining step is the Volmer step. The lack of 

large changes in Tafel slopes during the 4 h electrolysis 

time shows that the HER mechanism does not change 

during the 4 h electrolysis time and the electrochemical 

stability of the activated 3D electrode for HER is 

limited to 4 h. FE-SEM and EDX images of the 

activated 3D Cu/PLA electrode after electrolysis at a 

current density of 5 mA/cm
2
 for 4 hours are presented in 

Figure 17. As can be seen from the figure, it is clearly 

seen that the PLA molecules, which act as binders in the 

electrode, disintegrate and Cu particles are completely 

exposed.

 

Figure 16. The Nyquist (a), the cathodic polarization (b) and current density-potential (vs. RHE) curves (c) recorded for the activated 

3D-Cu/PLA electrode after the different electrolysis time. 
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Element Weight % Atomic % Net Int. 

C 60.66 76.88 941.72 

O 19.24 18.3 210.76 
Cu 20.1 4.82 82.57 

Element Weight % Atomic % Net Int. 

Cu 100 100 648.8 

Figure 17. The FE-SEM images and EDX results of the activated 3D-Cu/PLA electrode after the electrolysis time of 4 h.

4.CONCLUSION 

As a result of this study, Cu/PLA composite filaments 

were produced and 3D-Cu printed electrodes were 

successfully fabricated by the Fused Deposition 

Modeling (FDM) method. Moreover, a new activation 

method was applied in 1 M KOH solution, different 

from the literature, in order to improve the conductivity 

of the 3D-Cu electrode. The morphology and 

composition of the electrodes were determined by FE-

SEM and EDX techniques. The FE-SEM results showed 

that while PLA and Cu particles were embedded in each 

other on the surface of the 3D-Cu electrode before 

activation, after the activation process, PLA 

decomposed and Cu particles were exposed. In addition, 

after activation of the 3D-Cu electrode, As a result of 

the disintegration of PLA, copper particles on the 

surface were exposed, causing a partial increase in the 

percentage of copper on the surface, and FE-SEM 

images supported the EDX results. In addition, FT-IR 

and Raman analyses of activated and non-activated 3D-

Cu electrodes were performed and the effect of the 

activation process on the changes in the structure was 

investigated. As a result of the TGA measurements of 

the obtained 3D-Cu electrodes in the air atmosphere, a 

mass loss due to the degradation of PLA was observed. 

While this mass loss was 30% before activation, it 

decreased to 27% after activation. The EIS results 

indicated that charge transfer resistance value was 

10806 Ω cm
-2

 before activation, it decreased to 170 

Ωcm
-2

 after activation. The cathodic polarization results 

show that the Volmer mechanism is the rate-

determining step for HER. In addition, it was 

determined that the current density of the activated 3D-

Cu electrodes increased significantly compared to the 

inactive 3D-Cu electrode. Furthermore, the energy 

consumptions of the activated 3D-Cu electrodes were 

increased with current densities. The experimental 

results obtained showed that the activated 3D-Cu 

electrodes improved the electrocatalyst properties for 

HER through the activation process. The stability test of 

the activated 3D Cu/PLA electrode at low current 

density showed that the stability time of the electrode 

was 4 hours due to the disintegration of the PLA 

molecule in alkaline medium.
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