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A B S T R A C T   

This manuscript presents an approach to sculpture high electrochemical activity of the 3D printed electrodes 
with poly(lactic acid) (PLA) matrix and carbon black (CB) filler by femtosecond laser (FSL) ablation. CB-PLA 
utility for electrochemical applications depends on a surface modification aiming to remove the PLA and un
cover the conductive CB. We have discussed how laser pulse energy is critical for such an activation process. The 
best performance was obtained for 4.1 J cm− 2, while scanning electron microscopy (SEM) shows only partial 
evaporation of PLA at lower energy densities. Next, we have confirmed the efficiency of locally sculptured CB- 
PLA surface activation by FSL treatment, obtaining high linearity between electrochemically active surface and 
FSL-treated surface from cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) studies. 
The electrode’s efficient sculpturing of stripes 0.2 mm in width was confirmed with electrochemical microscopy 
(SECM). Finally, by using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy, we confirmed no 
significant oxidation of the CB filler after FSL treatment. We revealed significant differences with ablation by 
longer nanosecond laser pulses, where significant heat transferred to the electrode surface contributed to partial 
melting and re-solidification of the PLA, negatively influencing the activation efficiency.   

1. Introduction 

3D printing technology has found numerous applications in everyday 
life, offering easy access to printing various shapes and objects at home 
cheaply and straightforwardly, as well as different industry branches, 
such as automotive [1], aviation [2], and space [3]. The creation of new 
3D printable materials is performed in medicine, where antibacterial [4] 
or biocompatible filaments are printed to replace human bones [5], 
tissues, and organs [6]. Commercially available filaments from ther
moplastic polymers with electrically conductive fillers are available for 
3D printing and have been used in electronics to build simple temper
ature, stress, and touch sensors [7]. Thus, a rapidly developing trend is 
to create new materials for 3D printing with better mechanical and 
functional properties, and conductivity [8–10]. 

Fused deposition modelling (FDM) is the most popular amongst 3D 
printing technologies [11]. It is a type of additive manufacturing tech
nology in which the material filament is introduced from spools through 
an extruder into a pre-heated printer head, where the polymer becomes 

semi-liquid. The filament is pressed out by the head and distributed on 
the worktable, layer-by-layer, forming a three-dimensional object [12]. 
The technology offers the unique opportunity of printing simple 
free-standing structures, where different electrically conductive carbon 
fillers are currently being investigated for their suitability in electro
chemistry. The cost of producing a single electrode in this technology is 
meagre, offering an attractive alternative to more demanding electrode 
materials in electrochemical research. The available literature includes 
the use of 3D printed electrodes as energy storage devices [13–16], and 
in electroanalysis, where the detection of compounds such as ascorbic 
and picric acid [17], Pb2+ and Cd2+ ions [18,19], TNT [20], dopamine 
[21], caffeine [22] and H2O2 [11] were reported. The most commonly 
studied polymer in this regard is polylactic acid (PLA). 

The use of the PLA-based 3D prints in electroanalysis requires the 
removal of the polymer matrix and exposure of the conductive carbon 
filler. This operation activates the surface, improving (or, in some cases, 
providing) the electrochemical response. Only a few available studies 
[23–25] indicate the electrochemical activity of these electrode surfaces 
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immediately after the printing process. Here, one should consider the 
limited transfer efficiency at the electrode/electrolyte interface and the 
type of the redox probe used, varying in the charge transfer mechanism. 
The process is further influenced by different conductive carbon filler 
types, such as graphene [17], carbon black [26], or carbon nanotubes 
[27]. 

Surface activation can be carried out by immersing the electrode in 
an aprotic solvent [28,29], where the best results are obtained for 
dimethylformamide [17,30,31]. Different activation routes include 
electrolysis in aqueous electrolytes [32], and enzymolysis in proteinase 
K [26,33]. In a previous work, our group focused on a new surface 
activation protocol of CB-PLA electrodes by laser ablation [22]. A Nd: 
YAG laser was used for this process. After optimising the process pa
rameters, we have reported that the laser ablation process effectively 
removes the polymer matrix from the CB-PLA electrodes’ surfaces, 
significantly enhancing the kinetics of the redox process and the avail
able electrochemically active surface area (EASA). In addition, the 
activation protocol is time-efficient and does not require the use of toxic 
chemicals. 

On the other hand, nanosecond laser treatment may lead to unde
sirable, thermally induced surface effects, such as changes in the 
composition, or carbonisation, or melting and resolidification of the 
material [34,35], and generate active sites when using filament fillers 
for electrocatalysis [36]. Here, femtosecond laser (FSL) offers significant 
advantages, allowing precise ablation with zero or negligible thermal 
influence on the surrounding material [37]. FSL ablation may thus 
constitute a promising approach to micro- and nanostructurisation of 3D 
printouts. Laser pulses allow high-density energy to be deposited into 
the material in a short time, thereby minimising thermal effects on the 
surface during the ablation process [35]. Due to its unique processing 
properties, FSL has wide application in many fields, such as materials 
processing [38,39], and microcomponents production [40,41]. In their 
work, Kanasaki et al. [42] observed that the excitation of graphite with 
FSL leads to the appearance of sp3-carbon nanodomains. The charac
terised structure differed thermodynamically from conventionally 
formed diamond and may correspond to a new carbon structure. Sai
kiran et al. used FSL to produce nanogratings on a bulk graphite surface 
in air and to create various carbon nanostructures such as graphene 
quantum dots, nano graphitic sheets, and few-layered graphene, by 
straightforward, single-step FSL irradiation of the graphite surface in 
water [43]. Ultra-short laser pulses were studied by Moreno et al. [44] to 
assess the influence on microstructuring of polymer composites with 
carbon fillers. It was found that the polymers exhibit different behaviour 
depending on whether the filler is carbon black or carbon fibres. The FSL 
processing gave rise to high-quality structures for carbon black, while 
the energy was absorbed in the case of the fibres and transferred to the 
surrounding polymer, resulting in sub-optimal effects, such as waviness 
and irregular shapes. Moreover, the changes observed in materials 
subjected to laser micromachining can be characteristic of both pico- 
and femtosecond interactions. 

In light of the above reports, our goal was to evaluate how FSL used 
as the ablation source for CB-PLA 3D printout surface activation affects 
the charge transfer kinetics. Furthermore, FSL offers strict and precise 
local control of the ablated surface area, providing the unique oppor
tunity to study the possibility of local surface activation. The locally- 
activated surface can be further used for locally-sculptured surface 
functionalisation, i.e. electrodeposition. Thus, to the best of our 
knowledge, we present the first study of tailoring micropatterns with 
different electrochemical characteristics at the surface of 3D-printed 
electrodes. The electrochemical and physicochemical characteristics of 
the CB-PLA electrodes obtained as a result of Nd:YAG and FSL ablation 
were compared. 

2. Experimental 

2.1. Electrode material 

The filament material for 3D printed electrodes was commercially 
available Proto-Pasta Conductive PLA. It contains 26.4 wt.% of carbon 
black filler, which results in 30 Ω•m of electric resistivity [22]. Flat 
electrodes with dimensions of 11×11×2 mm, were printed on a Zmorph 
Fab (Zmorph, Poland). The 3D printing process parameters were as 
follows: printing temperature 210 ◦C, bed temperature 60 ◦C, layer 
height 0.2 mm, nozzle diameter 0.4 mm, printing speed of the two first 
and two last layers 20 mm/s, printing speed for the middle layers 40 
mm/s, infill density 100%, and extrusion multiplier 1.1. The electrode 
designs were sketched in 123D Design (Autodesk, Inc., USA) and sliced 
with the Voxelizer software (Zmorph, Poland) which is dedicated for 
Zmorph printers. 

2.2. Laser ablation 

The laser processing of the 3D-printed CB-PLA electrodes was carried 
out by means of two lasers: Nd:YAG (neodymium-doped yttrium 
aluminium garnet) operating at 1064 nm with 8 ns pulse duration 
(LaserBlast 500, Quantel, France) and an FSL operating at 1030 nm with 
356 fs pulse duration (ORIGAMI XP, NKT Photonics, Denmark). The Nd: 
YAG laser was equipped with diffractive optics delivering a top-hat 
beam profile and square laser spot. The samples were scanned with a 
spot of 5 × 5 mm2 while the energy density on the sample surface was set 
to 0.64 J cm− 2. The laser pulse repetition was set to 2 Hz to avoid 
thermal effects on the sample. The best results were obtained with these 
parameters, as presented in our previous work [22]. In turn, the FSL 
delivered a Gaussian beam with pulse energy between 4 µJ and 44.4 µJ 
depending on the pulse repetition rate adjustable from 1 MHz to 50 kHz, 
respectively. In the case of the current research, the pulse frequency was 
set to 200 kHz corresponding to a maximal pulse energy of 20.1 µJ. The 
laser beam was focused on the sample surface to a spot of 25 µm 
diameter and the sample surface was scanned by means of an XY 
galvanometer scanner. The samples were processed in an air atmo
sphere. The number of laser pulses per one point, resulting from the scan 
rate (833, 1000, or 2500 mm/s) as well as the laser energy (see Table 1), 
were tuned individually to obtain the desired processing parameters. 

It can be seen that, although the values of energy density on the 
sample surface (Ei/S) do not differ much between both lasers, there is a 
significant difference (5 orders of magnitude) in the power density (Pi/S) 
resulting from a combination of differences in parameters such as the 
laser pulse duration (ti), repetition rate (f) and energy (Ei) as well as the 
surface area of the laser spot on the sample (S). 

2.3. Electrochemical measurements 

The electrochemical measurements were carried out in the three 
electrode setup system with the CB-PLA as the working electrode, Ag| 
AgCl (3 M KCl) as the reference electrode, and a Pt mesh as the counter 
electrode after initial conditioning for 10 min. Electrochemical imped
ance spectroscopy (EIS) and cyclic voltammetry (CV) were performed on 
a Gamry Reference 600+ potentiostat (Gamry Instruments) in a 5 mL 
electrochemical cell in a naturally aerated solution. 

The diameter of the electrochemical cell was 0.8 cm, which corre
sponds to a 0.503 cm2 geometrical area of the tested electrodes. To 
assess the effect of locally-sculptured modification of the electrode 
surface area, only a fraction X of the surface area exposed to the elec
trolyte and subjected to electrochemical tests was laser-ablated, where X 
was equal to 0% (reference), 10%, 25%, 50%, 75%, 90% or 100%. For 
the Nd:YAG laser, it was impossible to directly activate only a small 
portion of the electrode surface area. Thus, masks were put over the top 
of the 3D printed CB-PLA, with the X fraction exposed, as presented in 
Scheme 1. 
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The CV scans were conducted in two different solutions. The 1 mM 
hexaammineruthenium ([Ru(NH3)6]2+) in 0.1 M KCl solution was used 
to determine the EASA. The scan rates were performed between 5 and 
800 mV s− 1 and in the polarisation range from − 0.6 to 0.2 V vs Ag|AgCl. 
The hexacyanoferrate system (1.25 mM [Fe(CN)6]4− + 1.25 mM [Fe 
(CN)6]3− in 0.1 M KCl) solution was used to determine the optimal laser 
parameters because of its inner sphere electron transfer mechanism (see 
Supplementary Information file, Section S1). The EIS studies were 
tested with elementary perturbation signals in the frequency range from 
10 kHz to 0.3 Hz, with 10 perturbation signals per frequency decade. 
The amplitude of the perturbation signal was 14 mV, and the mea
surements were carried out in potentiostatic mode after 10 min condi
tioning to reach the open circuit potential conditions. The EIS study was 
performed in the same two different electrolytes for a better under
standing of the reaction kinetics. 

Imaging of electrochemical activity was performed with a custom- 
built scanning electrochemical microscope (SECM) composed of an 
Ivium CompactStat potentiostat and a mechOnics 3D micropositioning 
system. The SECM system was controlled and operated through the 
SECMx software [45]. A 100 µm diameter inlaid disk Pt microelectrode, 
acting as the SECM tip (working electrode), was obtained by sealing a 
0.1 mm diameter Pt wire (Mint of Poland) into borosilicate glass capil
laries using a PC-10 micropipette puller (Narishige) according to the 
procedure described elsewhere [46]. A 0.5 mm diameter Pt wire and Ag| 
AgCl|KCl(3 M) were used as the counter and reference electrodes, 
respectively. The sample with laser-ablated lines was mounted in the 
bottom of a custom-made Teflon SECM cell so that the SECM scanning 
area covered both the ablated lines and the intact sample surface. 
Constant height imaging was performed with the unbiased sample in 
0.8 mM of ferrocenemethanol containing 0.1 M KCl as a supporting 
electrolyte. The tip was polarised at +0.5 V vs. Ag|AgCl to assure 
diffusion-limited electrooxidation of the ferrocenemethanol. The 
tip-to-sample distance was adjusted to 50 µm (normalised distance d/rT 
= 1). 

2.4. Physico-chemical characterisation 

A FEI Quanta 250 FEG (ThermoFisher Scientific) equipped with a 
Schottky field emission gun was used to acquire scanning electron mi
croscopy (SEM) micrographs. The microscope was operating with sec
ondary electrons, under a 20 kV accelerating voltage and in high 
vacuum mode. 

High-resolution X-ray photoelectron spectroscopy (XPS) spectra 
were recorded with an Escalab 250Xi multispectroscope (ThermoFisher 
Scientific). The spectroscope was operating with an AlKα X-ray source, 
and a spot size of 650 μm. The spectra were collected in the C1s and O1s 
binding energy range, with a 20 eV pass energy. The flood gun emitting 
low-energy electrons and low-energy Ar+ ions served for charge 
compensation, with final spectra calibration for adventitious carbon 
(C1s at 284.8 eV). 

A Raman analysis was performed using a Raman microscope (InVia, 
Renishaw, UK). Spectra were recorded in the range of 150–3200 cm− 1 

using an argon-ion laser emitting at 514.5 nm and operating at 1% of its 
total power (50 mW) to avoid melting the PLA. Each sample was 

analysed at five randomly selected points on its surface using a 50x 
objective lens microscope. The spectrum of each point on the samples 
were recorded as an accumulation of five scans. Each sample was ana
lysed in the area irradiated with the laser, and reference measurements 
for each sample were recorded from the untreated surface. 

A 3D reconstruction of the topography of the sample with the laser- 
ablated stripe (Fig. 6c) was recorded with a Nikon Ti2-U inverted op
tical microscope equipped with a Hamamatsu ORCA 4 v3 greyscale 
camera and CFI Plan Fluor 10x objective (NA = 0.3). The topography 
image was obtained by stacking the sharpest regions of a series of images 
recorded at different vertical positions of the objective versus the sample 
using dedicated Nikon NIS AR software. 

3. Results and discussion 

3.1. Topography and structural modification by the femtosecond laser 
ablation 

The EIS and CV results obtained for different FSL energies are shown 
in Fig. 1. The optimisation study of other tested parameters was less 
significant and is presented in the Supplementary Information file, 
Section S1. The minimum proposed laser energy equal to 2 µJ (E10) was 
appropriately increased. For the CV scans (Fig. 1a), the untreated CB- 
PLA electrode did not show [Ru(NH3)6]2+/3+oxidation/reduction 
peaks, manifesting a restricted, irreversible charge transfer process. The 
increase of the electrochemical response is visible even for the minimum 
FSL energy and further rises with the increasing laser energy. The best 
results were obtained at the highest pulse energies for samples E75 and 
E100. For each study, the peak-to-peak ΔE value equals 128.1 mV and 
96.2 mV, decreasing with the laser energy increase and indicating a 
quasi-reversible character of the electron transfer. The ΔE parameter 
allows for estimation of the heterogeneous rate constant, k0, which was 
done using the Nicholson approach [47,48], see Eq. (1). 

k0 = Ψ
(

πD0
nFv
RT

)1/2

(1)  

where ψ is the dimensionless kinetic parameter estimated from the 
literature based on peak potential separation ΔE [47], D0 is the diffusion 
coefficient (9.10•10− 6 cm2 s− 1), n is the number of electrons transferred, 
υ is the applied scan rate (100 mV s− 1), R is the gas constant, F is the 
Faradaic constant and T is the temperature. The results (see Table 2) 
suggest that the FSL energy influences the heterogeneous rate constant, 
increasing it to some extent. On the other hand, the simultaneously 
observed increase in the redox probe peak currents (Ia, Ic) suggests EASA 
development with the FSL energy increase. It appears that the laser 
ablation is optimal if the Ei is not less than 15.1 µJ. Compared to Nd:YAG 
ablation, the FSL seems to offer comparable yet slightly smaller EASA 
development, with significantly higher rate constants. On the other 
hand, for the untreated CB-PLA electrodes, the electrochemical response 
is practically invisible. 

The EIS measurements are another tool to verify the optimal FSL 
energy used. The obtained EIS results are summarised in Fig. 1b. It can 
be seen that the spectra of each ablated CB-PLA sample are composed of 

Table 1 
Differences in lasers and parameters.  

Laser ti / fs F / Hz T=1/f / s Ei / µJ Pi / W S / cm2 Ei/S / J cm− 2 Pi/S / W cm− 2 Label 
FSL 356 2•105 5 •10− 5 20.1 5.6•107 4.9•10− 6 4.1 12•1012 E100 

15.1 4.2•107 3.1 8.6•1012 E75 
10.1 2.8•107 2.1 5.8•1012 E50 
5.0 1.4•107 1.0 2.9•1012 E25 
2.0 5.6•106 0.4 1.2•1012 E10 

Nd:YAG 8•106 2 0.5 1.7•105 2.1•107 0.26 0.64 8•107 Nd:YAG 

where: ti – laser pulse duration, f – pulse repetition rate, T – period (time between two pulses), Ei – pulse energy, Pi – pulse power, S – surface area of the laser spot on the 
sample 
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a single capacitive time constant at a mid-to-high frequency range and 
with characteristic 45◦ tail in the low-frequency range, representing 
diffusion through a semi-infinite medium. The diameter of the semi- 
circle loop decreases with the increased FSL energy, indicating the 
decrease of charge transfer resistance and thus confirming previously 
obtained conclusions. However, to perform a detailed spectral analysis, 
one needs to carry the fitting procedure with the equivalent electric 
circuit (EEC), representing the electric parameters at the electrolyte/ 
electrode interface. The EEC selected for this purpose was a modified 
Randles circuit, Re(CPE(RCTW)), with a constant phase element (CPE) 
instead of a capacitor to properly consider the electric and geometrical 
heterogeneities of the studied CB-PLA electrode [48]. Here, Re stands for 
the series resistance, primarily attributed to the electrolyte resistance, 
while RCT represents the charge transfer resistance through the inter
face. The CPE impedance is given by Eq. (2) [49] 

ZCPE = [Q(jω)α
]
− 1 (2)  

and represented by two parameters, quasi-capacitance of the electrical 
double layer Q, and CPE exponent α. For α = 1, the CPE describes the 
ideal capacitor behaviour; thus, it is often called the heterogeneity fac
tor. Finally, Warburg element W models the diffusion process. A 
simplified Re(CPE-RCT) EEC was used for the reference, untreated sam
ple only, where the diffusion tail was not seen in the studied frequency 
range due to the hindered electrode kinetics and irreversibility of the 
charge transfer process. The fitting procedure results are summarised in 
Table 2, and the fit quality is visualised as a solid line in Fig. 1. 

The RCT decrease with the FSL energy increase is noticeable, con
firming its importance during CB-PLA surface activation by laser abla
tion. Similar to peak current ip in the CV results, the highest electrode 
response is obtained for the E75 and E100 samples, with RCT decreasing 
by over an order of magnitude compared to the reference, untreated 
sample. A consecutive increase in quasi-capacitance Q assists in changes 
in the RCT values. This character is to be expected and should be 
explained with notable differences in the EASA values and the EASA 
increase with the FSL energy according to Eq. (3). 

C =
ε0εA

d
(3)  

where  ε0 and ε represent the permittivity and dielectric constant, 
respectively, A is the surface area (EASA), and d is the electrical double 
layer thickness. On the other hand, the results obtained for the CB-PLA 
after Nd:YAG ablation reveal RCT to be nearly identical as in the case of 
the FSL-ablated E100 sample. At the same time, the Nd:YAG-processed 
sample shows significantly higher quasi-capacitance Q, which hints to
ward altered charge accumulation and transfer within the electric 
double layer. 

The SEM study of the topography of the FSL-ablated CB-PLA elec
trodes confirms the origin of the altered electrochemical response when 
treated with different laser energies Ei, as visualised in Fig. 2. It becomes 
clear that operating at insufficiently low energies, the PLA matrix does 
not evaporate during the treatment duration, as seen for Ei equal to 2 and 
5 μJ (Fig. 2a and 2b, respectively). The PLA covers the CB nanoparticles, 
and only higher FSL energies allow their effective exposure, thus 
increasing the electrochemically active surface area available for the 
redox process. 

Next, the high-resolution XPS analyses were performed for the CB- 
PLA samples ablated at different FLS energies and compared with Nd: 
YAG surface processing. The C1s and O1s spectra are presented in 
Fig. 3a and 3b, respectively. 

The XPS spectra were deconvoluted for in-depth analysis of the 
surface changes resulting from FSL ablation. The C1s spectra shape 
(Fig. 3a) suggests complex carbon chemistry with at least four different 
components, partially overlapping. The primary C1 peak was recorded at 
approx. 283.7 eV and ascribed to the CB nanoparticle filler in the PLA 
matrix. The following three components, C2–C4, are characteristic of the 
chemical bonds present in the poly(lactic acid). The signal peaking at 
284.8 eV is common for C-C aliphatic bonds, while C3 and C4 are peaking 
at the binding energies most often ascribed to C-O and C=O bonds, 
respectively [50]. The theoretical C2:C3:C4 ratio in PLA should be 1:1:1, 
yet a slightly higher C2 share is expected due to the adventitious carbon 

Fig. 1. (a) CV scans (at 100 mV s− 1) and (b) EIS spectra in the Nyquist projection for Nd:YAG and FSL ablation, the latter with different energies used. In EIS spectra, 
the points mark experimental results, the solid line the EEC fitting. The redox probe was 1 mM [Ru(NH3)6]2+ in 0.1 M KCl. 

Table 2 
CV and EIS spectra parameters estimated for CB-PLA electrodes treated by FSL under different ablation energies and Nd:YAG, EIS analysis based on the discussed EEC’s.  

Parameter FSL-abated Nd:YAG 
E100 E75 E50 E25 E10 Untreated ablated 

ΔE / mV 92 97 105 121 136 - 138 
Ia / µA 34.24 33.68 28.61 24.28 22.08 - 43.18 
k0 / cm s− 1 7.98•10− 3 5.32•10− 3 5.32•10− 3 3.72•10− 3 2.66•10− 3 - 2.66•10− 3 

Q / µF sα-1 0.36 0.30 0.20 0.16 0.15 19.6 1.97 
α / - 0.92 0.92 0.94 0.95 0.93 0.82 0.82 
RCT / kΩ 7.84 8.47 15.93 24.13 28.87 199.95 7.41 
W / µS s1/2 17.3 19.5 17.4 14.7 16.2 - 25.1  
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contamination from atmospheric air exposure [51]. 
On the other hand, the O1s spectra consist of two main components, 

ascribed to C=O (O1 at 531.1 eV) and C-O (O2 at 532.5 eV) bonds within 
the PLA matrix. Two minor features were noted: the first, O3, at low 
binding energies, represents metal oxide contamination during filament 
fabrication [52], and the latter, O4, due to the presence of chemisorbed 
water molecules [53]. The results of the deconvolution are summarised 
in Table 3. 

It appears that increasing the FSL energy during the ablation leads to 
a slight but progressive decrease in the C1 component share, from 27.2 to 
22.1 at.% between the E10 and E100 samples. An increase in the C2 
species share assists this trend, while C3 and C4 appear to be unaffected. 
Similar behaviour was previously observed for various activation 
treatments [22,26] and connected to partial oxidation of the CB 

Fig. 2. SEM micrographs of the 3D-printed G-PLA electrode topography after surface modification with femtosecond laser under different ablation energies Ei, i.e.: 
(a) E10, (b) E25, (c) E50, (d) E100. Samples labels are explained in Table 1. 

Fig. 3. High-resolution XPS spectra recorded for FSL-ablated CB-PLA samples E10, E25, E50, E100 and Nd:YAG-ablated CB-PLA sample in the core-level binding 
energy range of (a) C1s and (b) O1s, with peak deconvolution. 

Table 3 
FSL and Nd:YAG-ablated CB-PLA surface chemical composition based on high- 
resolution XPS spectra, deconvoluted using the proposed fitting model.  

Deconvoluted peak BE / eV FSL-ablated Nd:YAG 
ablated E10 E25 E50 E100 

C1s C1 sp2-C 283.7 27.2 25.5 23.2 22.1 16.9 
C2 C-C 284.8 16.0 17.3 18.4 17.3 28.2 
C3 C-O 286.0 15.4 15.7 15.6 16.2 13.8 
C4 C=O 288.1 14.3 14.8 15.2 15.6 12.7 

O1s O1 C=O 531.1 10.4 10.0 10.2 11.0 12.3 
O2 C-O 532.5 14.3 14.9 15.4 15.8 14.4 
O3 Me- 

O 
529.9 0.9 0.5 0.4 0.5 1.8 

O4 H2O 533.8 1.4 1.4 1.6 1.5 –  
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nanoparticle filler and/or rapid surface area development under laser 
treatment with consecutive adventitious carbon adsorption. Thus, the 
most apparent C1:C2 shift, which is observed for Nd:YAG ablation, may 
suggest CB filler oxidation by the nanosecond laser. A notable increase in 
O1 share after Nd:YAG treatment suggests carbonyl species formation at 
the electrode surface. These results corroborate earlier discussed 
changes in rate constant k0 and quasi-capacitance Q. On the other hand, 
under the FSL treatment, the oxygen chemistry is nearly unaffected, 
regardless of the ablation happening in an air atmosphere, with the O1: 
O2 ratio remaining at 0.7:1 for each studied laser power. Moreover, the 
increase in total [O] was negligible, only reaching 1.8 at.%. In our 
previous reports and other ablation studies in O2 plasma [54], changes 
in oxygen chemistry were more prominent. 

It appears that unlike the work of Kanasaki et al. [42], the FSL action 
did not result in the transformation of CB, forming sp3-carbon nano
domains, as it would have shifted the primary C1s component towards 
higher binding energies. Moreover, it should be noted that as a result of 
the FSL ablation, regardless of laser power, the C2:C3:C4 ratio is much 
closer to that expected for poly(lactic acid), compared with the Nd:YAG 
laser (28.2:13.8:12.7), where the C2 component was twice the share of 
the C3 and C4 features [22]. This effect is most possibly related to the 
combustion of the adventitious carbon under FSL action and will be 
discussed further. Overall, the FSL ablation did not lead to significant 
structural differences. On the other hand, the surface chemistry alter
ation was the most negligible amongst the reports available to date. 

Both the SEM and XPS analyses explained the electrochemical find
ings, concluding that FSL ablation primarily affects the EASA uncover
ing the CB nanoparticles and is highly laser energy-dependant. Changes 
in charge transfer kinetics are negligible as the CB chemistry is most 
likely unaffected throughout the process. 

3.2. Efficiency of area-localised CB-PLA surface activation 

After selecting the optimal FSL operating parameters (E100: Ei =

20.1 µJ, v = 2500 mm s− 1, single scan), the next step was to evaluate the 
efficacy of the localised CB-PLA electrode surface ablation and electro
chemical activation of locally-sculptured specific areas. We decided to 
ablate circular areas at the CB-PLA surface, ranging between 10 and 
100% of the total surface area exposed to the electrolyte. The idea of this 
experiment is schematically presented in Fig. 4a. The red spot in the 
middle of the studied CB-PLA electrode surface is an FSL ablated surface 
area, while the rest of the electrode was untreated. The EIS measure
ments were carried out in the presence of two different redox probes, i.e. 
[Ru(NH3)6]2+/3+ (Fig. 4a) and [Fe(CN)6]3-/4− (Fig. 4b), which made it 
possible to examine the effect of the electron transfer mechanism using 
the redox probe. 

There is a significant difference in the shape and size of the surface- 
treated CB-PLA electrodes depending on the redox probe used, regard
less of the share of the locally ablated surface area. Notably, in the 
hexacyanoferrate system, the low-frequency impedance response is 
heavily affected, introducing an artificial spectral shape. Thus, to reduce 
the level of the fitting error, we decided to restrict the studied frequency 
range up to 1.77 Hz (red and blue arrows in Fig. 4b mark 1.77 Hz for 
laser ablated electrode share of 25% and 50%, respectively) and utilise 
Re(CPE-RCT) EEC. For the hexaammineruthenium system, the EEC was 
Re(CPE(RCTW)). The EIS analysis results are presented in Table 4. 

As a general trend, the expected outcome was achieved – the higher 
the FSL-modified surface area, the lower the charge transfer resistance 
RCT; however, the observed changes had a significantly more random 
character when [Fe(CN)6]3-/4− was used as the redox probe. Here, 
activation of 10% of the electrode surface resulted in a two-times RCT 
decrease compared to an untreated electrode, and a further four-times 
drop when the ablated area share was 25%. However, when 
comparing between 10%- and 100%-modified electrodes, one order of 
magnitude of RCT difference was preserved. A similar result was ob
tained for [Ru(NH3)6]2+/3+. Here, however, the RCT changes were more 
representative of the actual changes in the share of the 
electrochemically-activated CB-PLA surface. These data are visualized in 
Supplementary Information file, Section S2. 

Such a difference between both probes is expected. Hexaamminer
uthenium has the outer sphere electron transfer (OSET) mechanism and 
does not require direct contact before or during the electron transfer 
event [55]. On the other hand, commonly used hexacyanoferrates are 
characterised by the inner sphere electron transfer (ISET) mechanism, 
thus requiring a covalent bond to be formed at the electrode surface 
[56]. The necessity of such adsorption makes the ISET probes signifi
cantly more reliant on the subtle changes in surface chemistry, the 

Fig. 4. (a) The scheme of the electrochemical cell used for the measurements, with FSL-ablated area marked in red; (b,c) EIS Nyquist plots of CB-PLA with different 
FSL-ablated electrode shares between 10 and 100%, studies in the presence of (b) 1 mM [Ru(NH3)6]2+/3+ and c) 2.5 mM [Fe(CN)6]3-/4− . Laser ablation parameters 
for E100 sample: Ei = 20.1 µJ, v = 2500 mm s− 1, 1 scan. 

Table 4 
EIS spectra parameters calculated for CB-PLA electrodes with different FSL- 
ablated electrode shares, based on the studies with [Ru(NH3)6]2+/3+ and [Fe 
(CN)6]3-/4− redox probes.  

Parameter Laser ablated electrode share 
100% 90% 75% 50% 25% 10% 

Redox probe 1 mM [Ru(NH3)6]2+/3+

Q / µFsα-1 1.56 1.56 1.48 0.96 0.98 0.13 
α / - 0.83 0.81 0.80 0.79 0.79 0.94 
Rct / kΩ 5.80 4.74 6.25 9.08 28.86 49.18 
W / µSs1/2 37.8 38.1 31.8 23.6 13.1 - 
Redox probe 2.5 mM [Fe(CN)6]3-/4−

Q / µFsα-1 0.29 0.28 0.22 0.19 0.15 0.16 
α / - 0.95 0.95 0.95 0.96 0.96 0.93 
Rct / kΩ 12.92 13.25 18.97 18.04 23.26 94.25  

M. Cieslik et al.                                                                                                                                                                                                                                 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Electrochimica Acta 416 (2022) 140288

7

electrode modification history, etc. The discussed difference is why the 
RCT values in the presence of [Ru(NH3)6]2+/3+ are always lower than for 
[Fe(CN)6]3-/4− , and more representative of the introduced EASA 
changes. The difference between the ISET and OSET redox probes is 
further visible in the case of the quasi-capacitance changes, where only 
OSET probes reveal some Q linearity with the FSL-ablated electrode 
share. 

The CV studies in a wide scan rate (υ) range may shed some light on 
the exact values of the EASA and compare them to the shares of FSL- 
ablated CB-PLA electrode surfaces. The polarisation curves recorded 
for two different FSL-ablated surfaces, i.e. 25% and 90%, are shown in 
Fig. 5a and 5b, respectively. It can be observed that the ip value in
creases significantly between different areas of locally activated CB-PLA 
surfaces, testifying to the EASA development. The kinetics of the redox 
process (represented by ΔE and k0) are also affected, as seen in Sup
plementary Information file, Section S3. The effective EASA estima
tion is based on the modified version of the Randles-Sevcik equation 
(Eq. (4)), for non-reversible one-step, one-electron reaction [57,58]. 

ip = 2.99⋅105α∗
1/2ACOD1/2

O υ1/2 (4)  

where υ is the scan rate in V s− 1, α* is the transfer coefficient, assumed as 
0.5, A is the EASA, DO is the diffusion coefficient of the redox probe 
oxidised form (DO = 9.10⋅10− 6 cm2 s− 1 for [Ru(NH3)6]3+ [22]), and CO 
is the redox probe concentration in mol cm− 3. The ip = f(υ1/2) charac
teristics of each studied FSL-ablated surface share are presented in 
Fig. 5c. 

The relationship given in Fig. 5c allowed the EASA to be estimated 
using Eq. (4). The calculated EASA values are plotted versus the FSL- 
ablated surface area in Fig. 5d. Using the peak current equation for an 
irreversible linear diffusion system, we only used data for υ1/2 > 0.25. In 
the case of a heterogeneous electrode surface area, the diffusion profiles 
of the electrode reaction are partially overlapping, in particular at low 

scan rates, thus consequently lowering the recorded currents. The graph 
presented in Fig. 5d makes it possible to extract the relevant information 
regarding the efficiency of locally-sculptured CB-PLA surface activation 
by FSL. Most notably, there is a linear relationship between both of these 
parameters in a wide range of surface activation areas. Moreover, within 
this range, the EASA is approximately 2.5 times smaller than the FSL- 
ablated surface area, which suggests that activation efficiency by FSL 
is lower compared to the most efficient activation procedure reported, i. 
e. electrolysis in an alkaline media [26], where the EASA was nearly 
equal to the geometric surface area. 

Only in the boundary conditions, when the FSL-ablated area of the 
CB-PLA samples was equal to a 10% and 90% share of the electrolyte- 
exposed surface area, a deviation from the linearity of the discussed 
relationship is visible. The sample at 90% of the FSL-ablated electrode 
area highly resembles the one with full surface activation. The resem
blance between these electrodes holds regardless of the CV scan rate and 
is preserved in the EIS studies (see Table 4), and may result from the 
sample fixing in the electrochemical cell (see Fig. 4a). The FSL-ablated 
surface area for the 90% sample was a circle with a diameter of 7.58 mm, 
while the electrochemical cell had a diameter of 8.00 mm, leaving only 
approx. 5 mm2 of the unactivated electrode area. On the other hand, the 
FSL-ablated circle for the 10% sample had a diameter of 2.5 mm, thus 
suggesting the presence of boundary effects, breaking the linearity of the 
above-discussed characteristics. 

In order to evaluate the charge transfer differentiation at the 
boundary between the FSL-ablated and unactivated surface areas as well 
as the spatial resolution of the proposed treatment, we performed the 
SECM measurements. The FSL ablation was performed in a 200 μm wide 
linescan. The SECM electrochemical activity maps are presented in 
Fig. 6a and 6b, together with the topographic profile of the structure in 
Fig. 6c. 

A relatively large SECM tip (50 µm radius Pt disk) was selected for 

Fig. 5. (a,b) CVs at different scan rates for CB-PLA electrodes with FSL-ablated shares of 25% and 100% of the electrolyte-exposed surface, respectively, (c) peak 
current ip vs scan rate square root υ1/2 relationship for different FSL-ablated electrodes, (d) resultant relationship between EASA and FSL-ablated electrode area. 
Electrolyte 1 mM [Ru(NH3)6]2+/3+ in 0.1 M KCl. FSL ablation conditions: E100, v = 2500 mm/s, 1 scan. 
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imaging the sample due to its intrinsic topography caused by the 
fabrication technology with FDM printing. The topography map in 
Fig. 6c reveals an average peak-to-peak roughness of the intact part of 
the sample as ~20 µm. The depth of the laser-ablated line is of a similar 
magnitude as the roughness (~20 µm). The results of constant height 
SECM imaging of such a sample with smaller microelectrode tips could 
be substantially affected by the sample topography since the signal at 
the SECM tip is a function of both the sample activity and the tip-to- 
sample distance. Constant height scanning with the SECM tip posi
tioned above the sample at a distance the same as its radius (here 50 µm) 
obtains a decent contrast. For a sample with vertical topographic fea
tures shorter than the tip radius, the recorded current corresponds 
mainly to the local activity of the sample. The influence of the topog
raphy is minimised for a tip-to-sample distance as high as 50 µm for this 
particular sample. One can state that the SECM image in Fig. 6a rep
resents mainly the distribution of electrochemical activity at the sample 
with little influence on its topography. Moreover, the tip current of 11.5 
nA for the SECM tip positioned at a long distance from the sample 
(electrolyte bulk) was lower than when the tip was positioned close to 
the sample. This positive feedback confirms the regeneration of the 
mediator at the sample. A slightly recessed area of the laser-ablated line 
results in a bit longer tip-to-sample distance when scanning over this line 
in the constant height mode. Nevertheless, the current recorded at the 
tip positioned above the activated surface was higher. This confirms 
increased activity towards the regeneration of ferrocenemethanol at the 
stripe fabricated by laser ablation. It can be seen in the right part of the 
SECM micrograph parallel to the Y-axis in the image, centred around X 
≈ 1.5 mm. These results demonstrate local surface activation of the 3D- 
printed CB-PLA electrode for charge transfer processes by FSL ablation. 

We also made an attempt to estimate the effective rate constant of 
regeneration of the ferrocenemethanol (reduction of its oxidised form, 
FcMeOH+) in the scanned area. The map of this kinetic parameter 
(Fig. 6b) was calculated numerically from the current map using an 
equation from [59], with a rough assumption of a constant distance of 
50 µm. The fastest kinetics corresponding to an activated area shows the 
effective rate constant of keff = 3.6⋅10− 3 cm s− 1, whereas the lowest (keff 
= 5⋅10− 4 cm s− 1) was detected on a pristine CB-PLA part. Laser acti
vation can accelerate the electron transfer kinetics for ferrocenemetha
nol more than 7-fold. 

While the FSL-ablated stripe was 200 μm in width, the SECM maps 
could suggest that the increased charge transfer kinetics also occurs in 
the vicinity of an approximately 500 μm stripe width. This effect is 

caused by the quite large size of the active part of the SECM tip 
(diameter 100 µm) and relatively long tip-to-sample distance (~50 µm). 
Both the distance and tip size affect the lateral resolution of feedback 
mode SECM imaging [60]. Notably, the electrochemical behaviour in 
the untreated electrode zone reveals a certain level of electric hetero
geneity, as is expected, given that the CB nanoparticles are randomly 
located at different depths within the PLA matrix. The result explains the 
partial response of the untreated CB-PLA electrode. 

The edge of the FSL-ablated stripe sculptured during sculptured 
linear activation is visualised in the SEM micrograph in Fig. 7a. At the 
same time, the laser-ablated and unaffected CB-PLA electrode surface 
areas are shown in Fig. 7b and 7c, respectively. 

The micrograph reveals the repeatable topography features, and the 
remainder of the local FSL treatment. The boundary between both areas 
is approximately 50 μm wide; less than is seen on the SECM map. The 
laser treatment evaporates the PLA matrix, uncovering the CB nano
particle clusters, as seen in Fig. 7b. However, the CB nanoparticles 
located directly under the surface are easily recognisable, including for 
the untreated CB-PLA surface (Fig. 7c), which explains the local het
erogeneities in the electrochemical response, particularly when using 
outer sphere redox probes [23,25]. 

3.3. Influence of thermal modification factor 

The efficiency of the ablation treatment with an Nd:YAG nanosecond 
laser was recently reported by us [22]. However, in the work mentioned 
above, we focused on determining the CB-PLA activation efficiency, 
allowing for the successful electroanalysis of organic compounds 
(caffeine). In light of the above-discussed results, it is interesting to 
evaluate whether the Nd:YAG laser also makes locally-sculptured and 
designed CB-PLA surface activation possible. However, to successfully 
restrict the ablation zone, masks were also 3D-printed to cover the 
CB-PLA electrodes throughout the laser treatment (see Scheme 1). As in 
the previous case, the uncovered electrode area X ranged from 10 to 
100% of the total electrolyte-exposed surface area. The results of the 
electrochemical studies after local Nd:YAG laser treatment of the 
CB-PLA electrodes are summarised in Fig. 8. 

The electrochemical response when tracking the hexaamminer
uthenium oxidation/reduction process was only noticeable at high 
percentages of Nd:YAG-activated CB-PLA surface areas, i.e., 75% and 
above (see Fig. 8a–c). The inefficiency of local surface activation of the 
smaller zones by Nd:YAG was the primary observed difference 

Fig. 6. (a) SECM image of FSL (E100) local ablation at CB-PLA surface recorded with a 100 µm diameter Pt disk microelectrode tip with (b) map of effective rate 
constant keff of ferrocenemethanol reduced form regeneration estimated from SECM image, and (c) topography map of the ablated surface. Electrolyte 0.8 mM 
ferrocenemethanol in 0.1 M KCl. Tip-to-sample distance: 50 µm. Scanning rate: 25 µm s− 1 (50 µm from pixel to pixel with 1 s stabilisation before current sampling). 
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compared with FSL, where the electrochemical response was achieved 
even when only 10% of the electrode surface area was subjected to 
modification. The ip vs scan rate square root υ1/2 function (Fig. 8d) re
veals a similar trend as in the case of the FSL treatment (Fig. 5d), with 
deflection and loss of function linearity around the 80 mV s− 1 scan rate 
range. Another important conclusion should be drawn when comparing 
the ip values registered for the various laser-ablated electrode fractions. 
This is best observed based on the EASA characteristic changes shown in 
Fig. 8e, and estimated using Eq. (4). While the EASA still tends to in
crease with the fraction of the activated CB-PLA surface area, no line
arity is visible, and the resultant electrode characteristics are more 
random. The EIS results support these conclusions (see Fig. 8f). The 
three electrodes with the lowest fraction of laser-ablated surface area 
present nearly identical impedance characteristics. A significant drop in 
the registered impedance values is only visible for samples at 75% of the 
Nd:YAG-ablated surface area and above. 

When trying to identify the reason for the altered behaviour, we used 
the XPS (as already discussed in Section 3.1) and Raman spectroscopy 
studies. The Raman spectra recorded for both untreated (pristine) and 
FSL-processed CB-PLA electrode surfaces are presented in Fig. 9a. 

The spectra are dominated by a D band centred at 1361 cm− 1, 
associated with disordered sp3-hybridised carbon featured as defects or 
impurities in the carbon materials, and a G band centred at 1596 cm− 1, 
associated with the E2g phonon modes of the sp2-bonded carbon. Both of 
the mentioned bands derive from carbon black filling [61,62]. Raman 
spectroscopy cannot provide direct information from the PLA matrix due 
to the big difference in laser radiation absorption and scattering co
efficients in PLA and CB components. The most visible effect of laser 
processing of the electrode surface was the increase of background 
photoluminescence. This phenomenon, which originates from structural 
defects caused by thermal quenching and re-solidification [63,64], in
dicates degradation of the PLA during laser ablation in the presence of 
oxygen. The amount of fluorescence slightly differs depending on the 
laser used, and the background signal becomes more intense if the 
samples are processed with the FSL. This effect may be related to the 
dynamics of the thermal quenching and re-solidification processes, 
which are significantly different for the ns and fs laser pulses. 

The energy densities of both lasers differ just within one order of 
magnitude. Yet, a significant difference in laser pulse duration (see 

Table 1) entails a huge difference in power densities, which in turn may 
have resulted in the generation of more surface defects in the polymer 
structure. The background-corrected spectra, shown in Fig. 8b, 
confirmed the results of XPS measurements that the laser treatment does 
not cause any modification of the chemical structure of CB nano
particles. Likewise, the above-discussed XPS results allow it to be 
concluded that there was only slight variation in the CB-PLA surface 
chemistry depending on the laser used, with the FSL notably leading to a 
lower share of oxidised species present at the electrode surface. 

The physics and mechanisms of the ablation process in the ultra- 
short pulse regime of the FSL are significantly different from those of 
nanosecond lasers, as the duration of the femtosecond laser pulse is 
shorter than the thermal relaxation time (on the order of 10− 12 s). The 
ablation model specific to nanosecond and longer pulses is not appli
cable. The interaction of ultra-short pulse radiation with matter is very 
complex. It is necessary to consider that the processed materials’ optical 
and thermodynamic properties change non-linearly under the influence 
of ultra-short laser pulses due to thermodynamic imbalance. The FSL 
pulses of high intensity are absorbed by electrons in a thin layer of 
material, leading to rapid ionisation [65]. At the end of the pulse, 
phonons are emitted during the relaxation of the electrons, and their 
temperature increases rapidly, approaching critical. The material is then 
in an unstable and unbalanced state, leading to the expansion of the 
material due to high pressure. In this way, most of the absorbed laser 
energy can be removed from the material by the ejection of matter, and 
thus the heat-affected zone in femtosecond micromachining generally is 
so narrow that only minor damage to the material can occur (Fig. 10). 

4. Conclusion 

Within this work, we have studied the possibility of localised 
sculpture of the electrochemical activity of 3D-printed CB-PLA elec
trodes, and have differentiated the ablation effects by femtosecond (FSL) 
and nanosecond laser. 

Our measurements made it possible to optimise the operating con
ditions by the FSL and conclude that the electrochemical behaviour 
largely depends on the laser pulsed energy used. The CV and EIS data 
analysis revealed that modifying this parameter significantly influences 
the electrochemically active surface area (EASA) and to a less extent the 

Fig. 7. (a) SEM micrographs of the G-PLA 3D-printed electrode, locally surface treated with femtosecond laser under optimised operating conditions, showing the 
boundary region between (b) laser-ablated and (c) unmodified G-PLA surface. 
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charge transfer kinetics. In the case of the optimised FSL ablation con
ditions – 4.1 J cm− 2 – the RCT parameter dropped down to 7.8 kΩ, over 
one order of magnitude compared to the untreated electrode, with the 
CV peak separation ΔE = 96 mV for the hexaammineruthenium redox 
probe system. In this case, the estimated heterogeneous rate constant 
reaches 7.98•10− 3 cm s− 1. Importantly, CVs revealed hindered charge 
transfer mechanism and lower rate constants after Nd:YAG ablation (k0 

= 2.66•10− 3 cm s− 1). This effect is followed by the rise of electric double 
layer quasi-capacitance Q. The PLA evaporation by FSL ablation reveals 
conductive CB nanoparticles, with only negligible changes due to 
oxidation by the FSL, as confirmed by SEM and XPS examination, 

respectively. 
Next, localised sculpture of only a fraction of the electrolyte-exposed 

surface area reveals high linearity with an efficient EASA value, as 
calculated from the CVs. The EASA was approximately 40% of the 
geometric surface area, lower than in the case of surface activation by 
electrolysis in an alkaline media, based on other literature reports. The 
linearity of the above-mentioned function was only limited in the 
boundary conditions, when the activated area diameter was not greater 
than 2.5 mm. Notably, these conditions were only achieved in the case of 
the OSET probe, while the ISET probe revealed significantly higher 
randomisation of the results. We have also confirmed the local CB-PLA 

Fig. 8. (a,b) – CVs at different scan rates for CB-PLA electrodes with Nd:YAG-ablated shares of 25% and 100% of the electrolyte-exposed surface, respectively, and (c) 
CVs comparison (at 100 mV s− 1) for different shares of Nd:YAG-ablated areas, (d) peak current ip vs scan rate square root υ1/2 relationship, (e) resultant relationship 
between EASA and FSL-ablated electrode area, (f) EIS spectra for CB-PLA with different shares of Nd:YAG-ablated surface areas. In EIS spectra points mark 
experimental results, solid line the EEC fitting. Electrolyte 1 mM [Ru(NH3)6]2+/3+ in 0.1 M KCl. Nd:YAG operating parameters: number of pulses = 20, Ei = 0.64 
J cm− 2. 
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sculpturing with the SECM images, after activating the surface area with 
a width as small as 0.2 mm, achieving the fastest kinetics with the 
effective rate constant keff of the FSL-ablated area reaching 3.6⋅10− 3 cm 
s− 1, as measured for ferrocenemethanol. On the other hand, the het
erogeneous rate constant estimated for the hexaammineruthenium sys
tem from CVs reach up to 5.3⋅10− 3 cm s− 1

, but is smaller and equal to 
1.06 cm s− 1 for small FSL-ablated electrode areas. 

The significant differences in the heat-affected zone provide the most 
plausible conclusion about the different effects of the FSL and Nd:YAG 
laser ablation at the CB-PLA electrode surface. Unlike the FSL, when 
most of the absorbed laser energy contributed to the PLA evaporation, 
the heat transferred to the electrode surface during Nd:YAG treatment 
contributed to partial melting and re-solidification of the PLA. These 
thermal processes lead to CB-PLA surface oxidation and introduced a 
random factor to the resultant electrochemical activity of the electrode. 
The effect was particularly visible in the case of the localised surface 
ablation process by the Nd:YAG laser, as the polymer that melted within 
the heat-affected zone re-covered the conductive CB nanoparticles, 
hindering the electrode kinetics. 
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Fig. 9. (a) Raman spectra of a CB-PLA electrode surface before and after laser processing with FSL and Nd:YAG, (b) background corrected spectra.  

Fig. 10. Scheme visualising the differences between femto- and nanosecond laser beam interactions with matter.  

Scheme 1. Masks applied to CB-PLA electrodes to partially cover the surface area prior to activation.  
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