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The water oxidation is the limiting step in the water-splitting process. Given this scenario, the 
development of new catalysts is essential in this field. The emergent demand is the use of Earth-
abundant elements and catalysts with high performance under mild conditions. Because of this, 
catalysts such as Prussian Blue analogues (PBA) have been receiving a lot of attention in recent 
years. In addition, working under neutral conditions allows us to take advantage of the modification 
of conductive polymeric 3D printed electrodes (3DPE) with Prussian Blue. Thus, we described 
in this work the development of the polymeric 3D printed electrodes modified by cobalt-Prussian 
Blue and their performance in the water oxidation process. The 3D printed electrodes modified 
with Co3[Co(CN)6]2 (Co-Co PBA) have a Tafel slope of 343 mV dec−1 while those modified with 
Co3[Fe(CN)6]2 (Co-Fe PBA) have a Tafel slope of 378 mV dec−1. This means that both catalysts 
have the same mechanism for the water oxidation process. On the other hand, the overpotential 
of Co-Co PBA in 3DPE is lower than the value observed by Co-Fe PBA in 3DPE suggesting the 
best electrocatalytic activity for Co-Co PBA catalyst.

Keywords: water oxidation, water splitting, oxygen evolution reaction, 3D printed electrodes, 
Prussian Blue analogues

Introduction

Our society is going through a huge transition in 
terms of the energy matrix. Fossil fuels have been 
the driving force of the last two centuries due to their 
abundance, density of energy, processing technology 
and, especially, the price.1 Consequently, the emission of 
CO2 and other greenhouse gases, such as CH4, N2O and 
chlorofluorocarbons (CFCs), increased substantially and 
is contributing to the heating of the planet.2 There are a 
lot of options to minimize the problem, but the consensus 
is the urgency in the development of new sources of clean 
and renewable energy.3-5

Nature gives us countless sources of energy and the 
challenges are how to convert, store and use them. Among 
these available options, water splitting can be highlighted by 
the fact that it is possible to produce hydrogen from water. 
In addition, the byproduct of the combustion or reaction 
with oxygen is water. However, the limiting step of water 
splitting is the oxidation of water to molecular oxygen. 

The global water splitting reaction is thermodynamic 
(E0 = −1.229 V vs. normal hydrogen electrode (NHE)) and 
kinetic unfavorable. Because of this, the water oxidation 
needs a catalyst.6,7

The current challenges in the development of water 
oxidation catalysts are materials that work in low 
overpotential conditions, good performance under mild 
conditions, use of Earth-abundant elements, high stability, 
and robustness.8,9 The reaction mechanism comprehension 
is also essential to develop new catalysts. Furthermore, 
these catalysts must be economically viable and capable 
to be produced on an industrial scale. The water splitting 
process is dependent on the pH and significative results 
are described using alkaline and acid conditions. However, 
strong conditions of pH do not meet the green chemistry 
rules. Because of this, the emergent demand is to work 
under mild conditions such as pH = 7. Under these 
conditions, it is important to feature the catalysts based on 
Prussian Blue and its derivatives.10,11

Cobalt, for example, is a first-row transition metal, 
relatively Earth-abundant and can be used as a catalyst 
for water oxidation in homogenous and heterogeneous 
medium. Cobalt-Prussian Blue as a catalyst for water 
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oxidation under mild conditions has been getting attention 
in the last years due to its performance, stability and simple 
process of preparation.10-14 After the pioneering work of 
Sutin and co-workers15 in 1983 about the mechanism of 
water oxidation by aquocobalt(II) and the presence of 
cobalt(IV) as an active species, the efforts are focused 
on proving the formation of active species and in the 
development of new high-performance cobalt catalysts.

Besides shape control in Prussian Blue catalysts, size 
and chemical composition are being investigated in order 
to improve the performance of these catalysts.16 Another 
important aspect of operating under mild conditions is 
the possibility to use conductive plastic electrodes as 3D 
printed electrodes (3DPE).17-19

3D printing technology has grown exponentially in recent 
years, and it allows the construction of structural models 
through software, advancing the manufacture of various 
devices with applications covering areas of medicine,20 
engineering,21 chemistry,17,18,22 electrochemistry,23,24 etc. The 
manufacture of 3DPE for electrochemical applications such 
as sensors,25-29 supercapacitors,30,31 batteries,17,32,33 fuel cells,34 
solar cells,35 and modified electrodes for electrocatalysis as 
well as water splitting is widely reported and are considered 
state-of-the-art in the field of 3DPE.19,36,37

3DPE are produced from 3D printers and commercial 
filaments of PLA (polylactic acid) filled with additives 
for polymers and conductive materials such as TiO2 
nanotubes and graphene. Although they are conductive, 
they do not have a suitable electrochemical response. 
Given this limitation, we reported the first method of 
activation of 3DPE in literature.26 The electrochemical 
activation was used to remove the surface layer of the 
polymer and expose graphene sheets, as a result, the 
3DPE had a performance similar to the conventional 
electrode,26,38-40 and the electrochemical response of the 
3DPE change according to the activation method. Similar 
to the activation, the impurities from filaments can have 
catalytic activity.41

In order to solve this limitation, to modulate the 
electrocatalytic response and take advantage of the 
modification of the 3DPE under mild conditions, we 
reported herein the development of the 3DPE modified by 
cobalt-Prussian Blue and their performance in the water 
oxidation process.

Experimental

Chemicals

Potassium chloride (KCl) was purchased from Synth 
(Diadema, SP, Brazil). Potassium dihydrogen phosphate 

(KH2PO4) and di-potassium hydrogen phosphate (K2HPO4) 
were purchased from Dinâmica (Indaiatuba, SP, Brazil) 
and potassium hydroxide (KOH) was purchased from 
Synth (Diadema, SP, Brazil). They were used to prepare 
phosphate buffer solution (0.1 mol L−1 PBS, pH = 7.4). 
Chloride cobalt(II), potassium hexacyanidocobaltate(III) 
(K3[Co(CN)6]), potassium hexacyanidoferrate(III) 
(K3[Fe(CN)6]) and 4-methylpyridine were purchased from 
Sigma-Aldrich (Saint Louis, MO, USA). The conductive 
graphene PLA filament was purchased from Black Magic 
3D (volume resistivity: 0.6 Ω cm) (Ronkonkoma, NY, 
United States of America). Aqueous solutions were 
prepared using ultrapure water (18 MΩ cm, resistivity 
at 25 °C, Milli-Q Plus system (Millipore, Darmstadt, 
Germany)). All chemicals were of analytical grade and 
used without any further purification.

Synthesis of the Cox[Co(CN)6]y and Cox[Fe(CN)6]y Prussian 

Blue analogues (PBA) catalysts

The respective catalyst of Prussian Blue analogues 
Co3[Co(CN)6]2 (Co-Co PBA) and Co3[Fe(CN)6]2 (Co-Fe 
PBA) were prepared based on the method reported in 
the literature.13 A schematic view of the structure of 
the catalysts can be seen in Figure S1 (Supplementary 
Information (SI) section). In our case, the aqueous 
solution of chloride cobalt(II) was added to the potassium 
hexacyanidometallate(III) (K3[M(CN)6], where M = Co 
or Fe) aqueous solution. The precipitates were collected 
by centrifugation, washed with Milli-Q water and dried 
at 60 °C for 12 h. 

Equipments and methods

Modification of the filaments and electrodes-3D printed 

fabrication

The PLA/graphene conductive filaments were modified 
with Prussian Blue analogues catalysts Co-Co PBA and 
Co-Fe PBA by heating the mixture of the PLA/graphene 
(previously triturated) with the microcrystalline powder 
of the respective catalysts in the ratio of 80:20 (PLA/
graphene/PBA) to 180 °C until a homogeneous mixture 
was obtained. After this step, the mixture was cooled to 
room temperature in small portions. For the production 
of the modified filaments, the mixture was extruded 
using a Filmaq 3D benchtop extruder at a temperature of 
approximately 190 °C to obtain 1.75 mm diameter filaments 
(Figure 1). To produce 3DPE, the modified filaments were 
used in a RepRap brand 3D printer, Graber I3 model with 
the temperature of the 90 °C of the base. The electrodes 
were drawn using the software AutoCAD design tool,42 
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the head in the form of discs with diameters of 5 mm and 
thicknesses of 1 mm. The geometric area is about 0.55 cm2.

Activation of the modified 3DPE

The working electrodes Co-Co PBA-3DPE and Co-Fe 
PBA-3DPE were activated by two processes. The first 
process consists in the treatment of the 3DPE electrodes 
with 4-methylpyridine under magnetic stirring for 
20 min. In the second process, the 3DPE were submitted 
to electrochemical activation of the surface of working 
electrodes applying a constant potential of 1.8 V (for 
oxidation) and −1.8 V (for reduction) vs. Ag/AgCl by 900 
and 90 s, respectively, in 0.1 M KCl/0.1 M HCl solution 
by chronoamperometric method. For the electrochemical 
activation step, an Ag/AgCl (3.5 M KCl) and platinum 
wire were used as the reference and counter electrodes, 
respectively. The 3DPE electrodes were sonicated in 
ethanol:water (1:1) for 20 min, washed with Milli-Q 
water after each step and allowed to dry in vacuum. The 
electrochemical response of the electrodes before and after 
activation was verified by cyclic voltammetry (CV) using 
the redox probe of the 1 mM [Ru(NH3)6]3+ containing 0.1 M 
of KNO3 as supporting electrolyte.

Materials characterization

The chemical and morphological characterizations of 
the modified filaments and 3D printed graphene electrodes 
(3PDE) were investigated by Raman spectroscopy 
and scanning electron microscope (SEM). The surface 
morphology of the 3PDE modified before and after the 
activation was analyzed by a FEI Quanta 250 field emission 

scanning electron microscope (FE-SEM). The mapping 
Raman was performed on the electrode surface before and 
after solvent and electrochemical treatment on a confocal 
Horiba Jobin Yvon T64000 Raman confocal spectrometer 
using a 532 nm laser at 15 mW power and ×50 lens. 
Surface samples mapping was acquired with 144 points 
and laser incidence time over 30 s in wavenumbers of 
2105 and 2198 cm−1 for Co-Fe PBA and Co-Co PBA, 
respectively. XRD (X-ray diffractograms) were collected 
in a Shimadzu 7000 XRD diffractometer (40 kV, 30 mA) 
with Cu Kα radiation (λ = 1.5418 Å). The diffraction data 
were recorded at a scanning rate of 2.0° min−1 and 2θ angles 
between 5 and 70°.

The thermal degradation of the filament PLA/graphene 
and the modified filament with respective PBA catalysts 
Co-Co PBA and Co-Fe PBA were investigated by 
thermogravimetric analysis (TGA), performed by TG 
analyzer (Seiko Instruments TG/DTA 6200) from 25 to 
500 °C at a heating rate of 10 °C min−1 under oxidant 
atmosphere. The mass loss of samples was recorded and 
plotted as a function of temperature. The thermal properties 
were analyzed by differential scanning calorimetry (DSC) 
measurements performed with TA Instruments (DSC 2910), 
heating from 25 to 250 °C at 10 °C min−1 under oxidant 
atmosphere. An empty aluminum pan served as a reference. 
The electrode specimens (8-10 mg) were analyzed under 
argon atmosphere (flow rate of 50 mL min−1). The melting 
temperature (Tm) was taken at the end of the melting peak, 
whereas crystallization temperature (Tc) was considered as the 
minimum of the exothermic peak. The area under the curve 
was calculated as the enthalpy from the instrument software.

Figure 1. Scheme of modification and production of filaments containing the respective catalysts Co-Co PBA and Co-Fe PBA.
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Electrochemical and electrocatalytic properties of 3D printed 

electrodes

Electrochemical assessments on the 3D printed 
electrodes were carried out using a three-electrodes 
system: Ag/AgCl (3.5 M KCl) was the reference electrode, 
a platinum wire counter electrode and the 3D printed 
electrodes Co-Co PBA-3PDE or Co-Fe PBA-3PDE were 
the working electrodes. All the electrochemical experiments 
were carried out using an Autolab Potentiostat (EcoChemie 
PGSTAT101 instrument and PGSTAT 302N). The 
electrochemical features of the 3DPE were assessed using 
the redox probe of 1 mM of [Ru(NH3)6]3+ solution and 0.1 M 
of KNO3 as supporting electrolyte. The electrochemical 
active surface area (ECSA) and the heterogeneous electron 
transfer rates (k°) of the electrodes were calculated from the 
cyclic voltammograms at different scan rate between 5 and 
500 mV s−1 in a solution of 1 mM of [Ru(NH3)6]3+ solution 
and 0.1 M of KNO3, using the Randles-Ševčík equation. In 
addition, the heterogeneous rate constants were determined 
by Nicholson method26,43 (Figures S2b and S2c, SI section).

Electrochemical impedance spectroscopy (EIS) 
measurements were performed in a solution of phosphate 
buffer solution (KPi) and 1 M of KNO3 at an applied 
potential equal to the onset potential of water oxidation 
analyzed in linear sweep potentiostat voltammetry (LSV). 
A frequency range of 100 kHz to 0.01 Hz and an amplitude 
of 5 mV were utilized. The capacitance of the double 
layer (Cdl) of the 3PDE and the solution resistance (Rs) 
measurements were carried out by EIS.

The study of the water oxidation or oxygen evolution 
reaction (OER) were carried out by the linear sweep 
voltammetry (LSV) and by cyclic voltammetry in the 
potential range of 0-2 V (Ag/AgCl (3.5 M KCl)) in KPi and 
1 M of KNO3. The OER potential results were converted 
from Ag/AgCl (3.5 M KCl) to reversible hydrogen electrode 
(RHE) using ERHE = EAg/AgCl + 0.205 + (0.059 × pH).10,14 The 
ohmic drop was compensated using the positive feedback 
compensation method implemented in the instrument.

Results and Discussion

The Co-Co PBA and Co-Fe PBA catalysts were 
characterized by XRD to identify the structure of the 
composite samples. Figure S3 (SI section) shows that the 
XRD pattern is consistent with the face-centered cubic 
(fcc) structure of Prussian Blue.11,44 In the Cox[M(CN)6]y  
(M is Co3+ or Fe3+) structures, cobalt(II) is bonded 
through N atom of the hexacyanometalate complex. As 
a consequence, a tridimensional coordination polymer is 
produced and the obtained material can be called a metal-

organic framework (MOF). UV-Vis electronic spectra 
of the catalysts are presented in Figure 2. The prepared 
Co-Co PBA has a pink color which indicates the presence 
of the hydrated form45 and its spectrum consists of three 
main bands in the 300-900 nm range that can be assigned 
to ligand field (LF) transitions. The electronic transition at 
around 300 nm can be assigned to the 1A1g → 1T1g transition 
of the hexacoordinate CoIII ion. The same transition is 
observed in aqueous solutions of [Co(CN)6]3− at 312 nm.46 
The other two bands can be assigned to LF transitions 
from the CoII ion. It is clear from the spectrum that the 
band at 500 nm is composed of multiple transitions which 
may indicate either different coordination sites or more 
likely the splitting of the 4T1g → 4T1g(P) transition as a 
consequence of the distorted geometry around CoII upon 
coordination to both NC− and OH2 groups. The band that 
starts at 700 nm can be assigned to intervalence charge 
transfer.47,48 Assignment of the Co-Fe PBA spectrum is less 
straightforward as a consequence of the very broadband 
observed in the experimental range. As a matter of fact, 
this is consistent with the very dark brown color of the 
solid. This broadband (450-800 nm) may be assigned 
as a superposition of all LF transitions from CoII and 
FeIII ions, the latter also subjected to splitting due to 
geometric distortions of the octahedral coordination 
around the FeIII ion, as observed for the CoII case. In 
addition, charge transfer bands and the intervalence charge 
transfer of Co-Fe PBA (Co2+ → Fe3+) can be found in this 
broadband.46,49-52

3D-printing technologies can be a very useful tool in 
electrochemistry mainly to produce conductive electrodes 
with different shapes, morphologies and compositions. The 
3DPE modified with PBA catalysts reported in this study 

Figure 2. UV-Vis spectra of the catalysts Co-Co PBA and Co-Fe PBA.
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were produced from a commercial conductive filament 
(Black Magic 3DTM). The PBA-modified electrodes can 
increase the performance of electrocatalytic activities by 
the synergic effect of the conductive substrate with the 
catalysts PBA. In this step, the filaments were modified by 
the addition of 20% mass of the respective PBA catalysts 
with graphene/PLA followed by heating of 180 °C to obtain 
a homogeneous mixture. The PBA-modified filaments were 
obtained from an extruder where the system was heated up 
to 190 °C to produce a homogeneous mixture. After this, 
the Co-Co (PBA-3DPE) and Co-Fe (PBA-3DPE) electrodes 
were used as working electrodes to drive water oxidation 
in a single-compartment cell.

Figure 3 shows the TGA and DSC of the Co-Co PBA 
and Co-Fe PBA-modified filaments. In the first stage, the 
DSC analysis reveals the material physical properties in 
the region between 25 and 250 °C, coincident with the 
temperature range to modify the filaments to produce the 
3DPE. The dTG (derivative thermogravimetry) curves 
indicate the number of thermal decomposition processes. 
The first large mass loss occurs between 300 and 350 °C 
and is observed in a two-step process for the Co-Co PBA 
filament, the first mass loss corresponding to the PBA 
decomposition with C–N cleavage and, consequently, the 
loss of the cyanide ligands, released as CO2 and NO2. The 
next step is assigned to PLA/graphene degradation with 
a unique process in Tmax = 353 °C. The high rate of mass 
loss indicates that the decomposition of PBA catalysts 
to form metal oxides is occurring concurrently with the 
filament polymer matrix decomposition. For the Co-Fe 
PBA filament, a behavior similar to the unmodified PLA/
graphene filament is observed but in a lower temperature 
(42 °C lower) than the pure filament PLA/graphene. DSC 
analyses reveal the phase transitions processes of the 
material between 25-250 °C and correspond to the glass 
transitions (Tg) at temperatures close to 50 °C, temperature 
of crystallization phase is observed at temperatures about 
75 °C and the curves on high temperatures at 163 °C are 
the melting temperature (Tm) of the polymer.53 Figure 3a 
represents the TG, dTG and DSC analysis for the pure PLA/
graphene in the same parameters.

Scanning electron microscopy (SEM) images reveal 
that the catalysts were incorporated into the graphene/
PLA polymeric matrix. As presented in Figures 4a and 
4b, the images of the cross-section of the filaments reveal 
the uniform distribution of the catalyst into the polymer. 
In the high magnification of SEM (Figures 4c and 4d), it 
is found that the morphology of particles is irregular, and 
the size is around 0.1 µm. Energy dispersive X-ray spectra 
(EDS) analysis in both filaments showed the elemental 
composition of the catalysts.

The modified filaments with the catalysts were used 
in a 3D printer to produce the respective electrodes 
with a circular geometry head with a diameter of 5 mm 
and 1 mm thick, and a rod with a length of 25 mm. 
After printed, the PLA/graphene/PBA electrodes were 
subjected to cyclic voltammetry measurements using 
the [Ru(NH3)6]3+ redox probe solution to verify the 
electrochemical response. However, the PLA polymeric 
layer that involves the conductive substrate minimizes 
the electrochemical response. To solve this problem, 3D 
printed electrodes were subjected to a two-step activation 

Figure 3. TGA, dTG and DSC curves of the filaments: (a) graphene/PLA 
without modification; (b) Co-Co PBA and (c) Co-Fe PBA-modified, in 
oxidant atmosphere.
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process: (i) the treatment with solvent immersion, such as 
4-methylpyridine, and (ii) the electrochemical activation 
applying high oxidation and reduction potentials over 
a time period of 90 to 900 s in an aqueous solution of 
HCl/KCl. The treatment of these electrodes with solvent 
ensures easy removal of the PLA polymer matrix layer 
and the consequent exposure of the graphene conductive 
substrate and adhered nanoparticles under this substrate. 
The electrochemical activation is very important to 
increase the electrochemical activity of the conductive 
substrate of the 3DPE increasing the electronic transfer 
kinetics.26,27,38

It is worth mentioning that the characterization 
performed by SEM and Raman spectroscopy was essential 
to analyze the surface morphology of the 3DPE and 
was adequate to verify the exposure of catalysts on the 
electrode’s surface, as presented in Figure 5. In Raman 
spectroscopy, the peaks of the Prussian Blue analogues 
appear approximately in 2155 cm−1, and our cyanometallates 

compounds show peaks in similar wavenumbers compared 
to the νCN− (stretching) of the PBA compounds. For the 
CoII−CN−FeIII, the peak appears at 2105 cm−1 while for the 
CoII−CN−CoIII it appears at 2198 cm−1, with the mapping 
performed following this peaks.54

An important point is that before chemical activation 
(4-methylpyridine) and electrochemical treatment (in 
both modified 3D printed electrodes), a surface with low 
cyanide peak intensity is observed, which shows the low 
exposure of the catalyst in the post-extrusion filaments. 
This can be explained if during the extrusion process, the 
denser catalyst particles are remaining occluded within 
the filament, while the surface will have lighter materials 
regardless of the mode of filament modification and the 
mass of the catalysts. After the filament treatment process, 
the signal intensity of the cyanide peak from the catalysts 
increases. This happens because the PLA surface layer is 
removed by dissolution, leaving the previously occluded 
catalyst nanocrystals more exposed.

Figure 4. SEM images: (a, b) cross-section of the modified filaments Co-Co PBA and Co-Fe PBA, respectively; (c, d) high magnification of the SEM 
images of the filaments modified with PBA catalysts and EDS analysis of these catalysts. 
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It is also observed that in the Co-Fe PBA-3DPE, the 
surface homogeneity is greater than the Co-Co PBA-3DPE 
(Figure 5). This is characterized by the fact that the Co-Fe 
PBA particles are smaller and more evenly distributed 
over the polymer during the extrusion process, while the 
Co-Co PBA catalyst has larger particles and low dispersion 
during the filament extrusion. However, because it has 
larger particles, the Co-Co PBA catalyst is exposed on the 
surface even before the treatment, which does not occur 
for the other modified filament. Figures 5a and 5b show the 
increase of the exposition of the Co-Co PBA catalyst after 
the activation process. In addition, Figures 5c and 5d show 
the same feature for the Co-Fe PBA catalyst.

The SEM images were collected to study the surface 
morphology of the non-activated and activated 3D-printed 
electrodes modified with Co-Co PBA and Co-Fe PBA, 
Figure 6. The surface of Co-Co PBA-3DPE and Co-Fe 
PBA-3DPE (Figures 6a and 6c, respectively) before 
treatment had a uniform morphology due to the presence 
of a dense layer of PLA, however, it is possible to observe 
some particles of catalysts adhered to the surface. After 
the activation process, an effective exposure of catalysts 

is observed on the surface of the electrode (Figures 6b and 
6d) because of the dissolution of the polymer that involved 
the graphene and fillers. Consequently, porosity and surface 
roughness were increased after activation. EDS analysis 
was used to confirm the chemical composition of the 
highlighted region as can be seen in Figure 6. These results 
show the EDS analysis of the sites selected and confirm 
the presence of the catalysts Co-Co PBA and Co-Fe PBA 
in the respective electrodes.

Electrochemical activities of Co-Co (PBA-3DPE) and Co-Fe 

(PBA-3DPE)

The electrochemical response of the electrodes was 
investigated using a 1 mM [Ru(NH3)6]3+ redox probe 
containing 0.1 M KNO3 as support electrolyte carried out 
by CV. Figure 7 shows the electrochemical response of 
the Co-Co PBA-3DPE (Figure 7a) and Co-Fe-PBA 3DE 
(Figure 7b) before and after activation treatment. 
Non-activated electrodes do not have a significative 
electrochemical response as a result of the low electron 
transfer rate. After the activation process, as mentioned 

Figure 5. Surface characterization by Raman spectroscopy mapping of the 3D-printed electrodes Co-Co (PBA-3DPE) (a) non-activated and (b) activated; 
Co-Fe (PBA-3DPE) (c) non-activated and (d) activated. Colors represent the intensity of ν(CN−) in each sample.
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before, the surface layer of PLA is removed, and the 
electrode behaves as a conventional electrode (i.e., 
glass carbon electrode). It is caused by the exposition of 
conductive fillers such as graphene and titanium dioxide 
nanotubes. In addition, the catalysts are also exposed. A 

complete comparison of the modified 3DPE before and 
after the activation process is found in Figure 7.

The Co-Co PBA-3DPE and Co-Fe PBA-3DPE 
electrodes were directly used as working electrodes for 
water oxidation studies. The performance of the modified 

Figure 6. Scanning electron microscopes images of Co-Co PBA-3DPE (a) before the activation and (b) after the activation; Co-Fe PBA-3DPE (c) before 
the activation and (d) after the activation.
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electrodes with Co-Co PBA and Co-Fe PBA catalysts 
was compared with the activity of the commercial Black 
Magic (unmodified), Figure 8a. The CVs of the 3DPE 
were measured in a KPi solution containing 1 M KNO3 in 
the potential range 0.75-2.5 V versus RHE (Figure S2a, SI 
section). The faradaic process at η (overpotential) = 0.38 V 
is assigned to Co2+/Co3+ for Co-Co PBA catalyst and the 
process at η = 0.68 V (purple curve) is assigned to the 
same process for Co-Fe PBA catalyst. The performance 
of the catalyst to water oxidation was evaluated based on 
the values of overpotential for water oxidation at a current 
density of 2 mA cm−2. The values of overpotential found 
were η(2 mA cm−2) = 0.859 and 1.109 V for Co-Co PBA 
and Co-Fe PBA, respectively. The difference between the 
overpotential of the catalysts is 0.250 V which suggests a 
lower energy barrier for water oxidation for Co-Co PBA 
catalyst. An explanation would be the better stabilization 
of the radical MIII–CN–CoIII–O• by the Co-Co PBA 
catalyst. This radical would be the active species generated 
during the catalysis, i.e., this is the species that suffers the 
nucleophilic attack from water and promotes the formation 
of the O2 molecule.14

The kinetics of the water oxidation by Co-Co PBA-3DPE 
and Co-Fe PBA-3DPE was performed by the analysis of 
Tafel curves. To determine Tafel slope values, the current 
density was normalized by ECSA previously calculated 
(Table 1). The relationship between the current density and 
the overpotential is given by the Butler-Volmer equation.56 
A linear equation y = b + ax is plotted from log j and η, 
this curve is called the Tafel plot. The Tafel slope in the 
water oxidation for Co-Co PBA-3DPE was 343 mV dec−1 
whereas it was 378 mV dec−1 on Co-Fe PBA-3DPE as 
shown in the Figure 8c. These results suggest a mechanism 
very similar to the two catalysts and provide insight into 
the kinetics of the electrocatalytic process. Thus, the Tafel 

slope indicates that water oxidation is being effectively 
performed with the electrocatalytic species present on the 
interface of the electrode.

The electrochemical properties of the surface of the Co-
Co PBA-3DPE and Co-Fe PBA-3DPE printed electrodes 
were evaluated by EIS. The EIS experiments were 
performed in a phosphate buffer solution (KPi), pH = 7 
and 1 M of KNO3. Figure 8d shows Nyquist plots for the 
Co-Co PBA-3DPE and Co-Fe PBA-3DPE electrodes. From 
this analysis were obtained the uncompensated solution 
resistance (Rs) and interfacial charge-transfer resistance 
(Rct). The Warburg component describes the semi-infinite 
diffusion of the redox solutes from the bulk solution to 
the electrodes at a low frequency and it is characterized 
by a 45° linear region in the Nyquist plot. The Nyquist 
plot profile does not have this element and indicates that 
the electrochemical reactions are controlled by the charge 
transfer, not by mass transfer.57

Electrochemical parameters were obtained from the 
Randle circuit (Figure 8d, inset) and are described in 
Table 1. The constant phase element (CPE) describes the 
surface roughness and porosity of the electrodes, such as 
is the case of Co-Co PBA-3DPE, wherein this element 
is added to the circuit due to the profile of the diffusive 
part having a smaller angle of π/4 with respect to the 
actual axis of the Nyquist semi-circle. The double-layer 
capacitance (Cdl) data indicates the charge accumulation 
on the electrode-electrolyte interface when the potential is 
applied. Furthermore, the results reflect the homogeneity 
of the materials due to the print process.57

Conclusions

In general, our printed electrodes produced from 
conductive PLA/graphene filaments modified with Prussian 

Figure 7. Electrochemical response of the 3D-printed electrodes before and after the activation with 1 mM [Ru(NH3)6]3+ redox probe containing 0.1 M KNO3 
as supporting electrolyte carried out by cyclic voltammetry (CV) at scan rate of 500 mV s−1. (a) Co-Co PBA-3DPE and (b) Co-Fe PBA-3DPE.
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Blue analogues catalysts can be manufactured and used in 
processes of water oxidation under mild conditions. The 
incorporation of the described catalysts to the conductive 
substrate provided significant electrocatalytic performance 
for the water oxidation reaction. After activated, the 
3D-printed electrodes showed improved electron transfer 
rates for redox probe dependent on electroactive species 
present on the surface. The electrochemical performance 
of the electrodes shows the synergistic effect between the 
conductive substrate and the catalysts.

The improvement of the performance of the 3D-printed 
electrodes for water oxidation was significant for both 
materials, Co-Co PBA-3DPE and Co-Fe PBA-3DPE, in 
phosphate buffer solution at pH 7. From LSV measurements, 
the Tafel slope was extracted to describe the water 
oxidation kinetics of these electrodes. Both electrodes have 
a considerably low Tafel slope in the case of polymeric 
electrodes. However, Co-Co PBA-3DPE present low 
overpotential (η = 0.325 V) at the current density of 
1 mA cm−2 and show the best electrocatalytic activity. 
Electrochemical impedance spectroscopy data corroborate 
the electrocatalytic performance and characterize the 

Table 1. Electrochemical parameters for Co-Co PBA-3DPE and Co-Fe 
PBA-3DPE electrodes

Parameter Co-Co PBA-3DPE Co-Fe PBA-3DPE

OER activity

Tafel slope / (mV dec−1) 343 379

η(Co2+/Co3+) / V 0.380 0.682

η(1 mA cm−2) / V 0.325 0.997

η(2 mA cm−2) / V 0.859 1.109

Electrochemical property

Electroactive surface area 
(ECSA) / cm2

0.0492 0.0713

k° 1.03 × 10−3 1.52 × 10−3

EIS parameter

Rs / Ω 334 504

Rct / kΩ 7.59 5.37

Cdl / µF 110 16.1

CPE / (µS sα (α = 0.695))a 94.7 −
aThe α parameter describes the surface properties of the materials (α = 0.5 for 
porous and α = 1 for smooth surface).55 PBA-3DPE: Prussian Blue analogue-
3D printed electrode; OER: oxygen evolution reaction; η: overpotential; 
k°: heterogeneous electron transfer rate; EIS: electrochemical impedance 
spectroscopy; Rs: solution resistance; Rct: charge-transfer resistance; 
Cdl: double-layer capacitance; CPE: constant phase element.

Figure 8. Electrochemical experiments of Co-Co PBA-3DPE and Co-Fe PBA-3DPE in KPi buffer solution with 1 M KNO3: (a) water oxidation performance 
evaluated by the plot of overpotential vs. current density from LSV measurements; (b) details of the process Co2+/Co3+; (c) Tafel plot at the scan rate of 
5 mV s−1; (d) Nyquist plot of the EIS at onset potential. Inset: Randle circuit with their elements.
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electroactive surface, complementing the information about 
the roughness and the internal structure of the materials. 
For both electrodes, Nyquist plots present a characteristic 
profile of charge transfer processes and no differences in 
charge transfer resistance were observed. Although there is 
a significant difference in the capacitance values between the 
electrodes, those ones modified with Co-Co PBA presented 
the highest Cdl value, which suggests an increase of the 
roughness of the surface of these electrodes in comparison 
with the others modified with Co-Fe PBA catalyst.

Overall, our results indicate that the development of 
3D-printed electrodes modified with PBA catalysts is a 
promising field for studies of high-performance systems 
to water oxidation in mild conditions.
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