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A B S T R A C T   

In highly porous carbon electrodes, a large fraction of pores can be inaccessible to the electrolyte, which 
translates into lower specific capacitances. This is accentuated at high current densities. To circumvent this, 
channels can be opened to enhance ionic diffusion. In this work, ionic channels were created using a pulsed laser. 
Nine sets of laser-scribing parameters (pulse fluence and spot spacing) were applied on two sets of carbon-based 
supercapacitor electrodes: K-bar hand-coated electrodes (“K”) and screen-printed electrodes (“SP”). Profilometry 
and scanning electron microscopy revealed that, before laser-scribing, the latter already had several holes and 
trenches, whilst the former were compact films. Electrochemical measurements in Na2SO4 indicate improve
ments in the rate capability of the laser-scribed SP electrodes, namely an up to 50% reduction of the rate at which 
energy density decreases as power densities increase. For laser-scribed K electrodes, the slope of the Ragone plot 
only decreased by ca. 20% in the best set of conditions. However, for both sets of electrodes, a negative trade-off 
is observed: laser processed electrodes seem to have a lower specific capacitance. This might be caused by the 
entrapment of debris in the laser-drilled holes, which could lead to the overestimation of the active mass. 
Moreover, X-ray Photoelectron Spectroscopy analysis suggests that this may also be explained by the decrease in 
the oxygen functionalities and by its impact on the electrodes’ wettability. On the other hand, for electrodes 
tested in an organic electrolyte (tetrabutylammonium perchlorate in acetonitrile), the specific capacitance at 2 
A/g was up to 66% higher for laser-scribed electrodes and an energy density of 13 Wh/kg was achieved even at 
2.8 kW/kg.   

1. Introduction 

One of the largest challenges for supercapacitors is to increase their 
energy density without sacrificing their power density nor their cycla
bility [1]. The energy density of a supercapacitor is proportional to its 
capacitance and to the square of its stable voltage range [2]. Despite the 
obvious importance of the latter, the former is perhaps the easier one to 
tackle and most researchers try to improve this by using pseudocapa
citive materials (e.g. MnO2 and RuO2) [3] and hybrid configurations (e. 
g. Li-ion capacitor). However, this trendy strategy often comes at the 
expense of a reduced cyclability, rate capability [4] and increased cost. 
Thus, it is reasonable to admit that, in the near future, the industry will 
continue to favour purely capacitive materials, such as activated carbon 
(in which the capacitance is proportional to the electrode’s accessible 
surface area) [5]. 

Another aspect in which the scientific literature greatly diverges 
from real-world devices is the electrode thickness (which is often much 

lower than the 200 µm typically used in commercial supercapacitors) 
[6]. Unlike in literature-reported results, the industry calculates the 
gravimetric performance based on the whole device (i.e. including the 
casing, current collector, etc.) [7]. As such, in order to prevent a pro
hibitively low ratio of active to inactive mass, commercial super
capacitors typically have very high mass loadings (ca. 10 mg/cm2) [8]. 
However, in very thick activated carbon electrodes, a significant per
centage of the supposedly active mass actually ends up as a “dead 
weight”, since the electrolyte does not efficiently penetrate the elec
trode’s pores, and, consequently, this dead weight does not contribute to 
the device’s capacitance [9]. This effect is particularly relevant at high 
(dis)charge rates – at lower current densities, the ions are allowed more 
time to penetrate deeper into the electrode [10]. 

The accessibility of the electrolyte to the electrode’s pores depends 
on many factors, including the pore size distribution, the size of the 
solvated ions and the morphology of the electrode [11]. In this sense, a 
few years ago, templated carbons gained some attention since they 
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enabled hierarchical configurations of the pore structure [12]. These 
promoted access of the electrolyte to the inner parts of the electrode, 
which translated into an increase in the capacitance [13]. However, the 
production of templated carbons typically involves long and complex 
procedures [14], complicating integration in existing mass-production 
lines. 

Lasers are an interesting alternative to tailor the electrode 
morphology, due to their high efficiency and high speed. Hwang et al. 
[15] have laser-scribed activated carbon electrodes and demonstrated a 
fourfold increase in their specific capacitance at high current densities 
by creating microtrenches that acted as electrolyte “highways” . Their 
results have motivated a more detailed study on the relationship be
tween laser-processing conditions and their impact on the performance 
of high mass loading electrodes. The goal is to remove just enough mass 
to increase the electrolyte’s accessibility to the inner parts of the elec
trode without sacrificing a significant amount of active mass and also 
without compromising the mechanical stability of the electrode. In this 
work, the laser fluence and the spacing between adjacent channels were 
varied (in a total of nine different sets of conditions) and the electro
chemical performance of the laser-scribed (LS) electrodes in an aqueous 
electrolyte was compared to that of non-laser-scribed (NLS) electrodes. 
This study was done on two sets of electrodes: screen-printed electrodes 
and on K-bar printed electrodes (which had a more compact stacking 
geometry). Finally, the latter were also tested in an organic electrolyte. 
This work aims at exploring the feasibility of a simple, cheap and effi
cient route for obtaining supercapacitor electrodes with a high 
performance. 

2. Experimental 

The electrodes were composed of 70 wt.% activated carbon (Norit 
DLC Supra 50), 20 wt.% of polyvinylidene fluoride (PVDF) (Merck) and 
10 wt.% of carbon black (Super C65, TIMCAL). To disperse the com
ponents for slurry formation, ca. 2 mL of propylene carbonate (Merck) 
was added for every gram of the dry mixture. The slurry was further 
homogenized in a three-roll mill (EXAKT 50 I) and mixed for ca. 20 min 
at the maximum speed (500 rpm) and at the maximum distance between 
the rolls (15 µm, this defines maximum particle size). The composition 
and preparation procedure of the carbon paste was identical for the two 
different sets of electrodes. 

For the first set (henceforth referred as “SP”), several squared elec
trodes with an area of 1 cm2 were fabricated with an automated screen- 
printer (ATMA, AT-45PA), using stainless steel as the substrate (Hol
linbrow Precision Products, 25 cm × 30 cm, 50 µm-thick, grade 1.4310/ 
301/X10CrNi18- 8/X12CrNi17- 7). This technique (schematised in Fig. 1) 
permits the fast production of a large number of electrodes with well- 
defined areas and similar thicknesses. 

The screen (SAATI, PE AM 36.90PW) had a 190 µm mesh opening, 
90 µm of nominal thread diameter and the theoretical thickness of the 
wet film is almost twice this value (ca. 150 µm). However, the resultant 
thickness of the deposited film after drying is obviously lower and de
pends on the slurry’s solvent content. To obtain thicker electrodes, two 
layers were printed on top of each other. Between the consecutive prints, 
the electrodes were dried in the oven at 120 ̊C for 10 min. After the 
second print, the electrodes were dried for ca. 12 h in the oven at 120 ̊ C. 
Finally, individual electrodes were formed by manual cutting of the 
screen-printed sheets.(1) 

The second set of electrodes (henceforth referred as “K”) were hand- 
printed with a 100 µm(2) K-bar on top of stainless steel sheets identical to 
the ones used in the first set. To obtain thicker electrodes, two layers 
were printed on top of each other. Between the consecutive prints, the 

electrodes were dried in the oven at 120 ̊C for 10 min. After the second 
print, the electrodes were dried for ca. 12 h in the oven at 120 ̊ C. Finally 
individual 0.5 cm2 electrodes were hand-cut. 

Electrodes were then subjected to a preliminary electrochemical 
characterization (as described below) and then carefully washed with 
deionized water and dried. Based on these preliminary measurements, 
their capacitances were calculated, and the electrodes were distributed 
in groups of 5. Each group was composed to maximize the standard 
deviation amongst the capacitances of its elements while ensuring that 
their average capacitance was as similar as possible to that of other 
groups. In total, 10 groups were constituted: one had non-laser-scribed 
electrodes (NLS) and the other groups were laser-scribed with a 1064 
nm Nd:YAG pulsed laser (SPI Lasers, G3.1 SM Series), with a 
S4LFT0202/094 f-Theta Lens coupled to a Raylase galvano head with 2- 
axis subsystems for laser beam deflection, using a pulse width of 45 ns, 9 
different combinations of three pulse energies and three interchannel 
spacings: (257 µJ, 100 µm); (314 µJ, 100 µm); (371 µJ, 100 µm); (257 µJ, 
120 µm); (314 µJ, 120 µm); (371 µJ, 120 µm); (257 µJ, 140 µm); (314 µJ, 
140 µm); (371 µJ, 140 µm). The laser spot’s full-width-half-maximum 
was ca 40 µm. The channels were equidistantly drilled, according to 
the pattern depicted in Fig. 2. In the K set, some electrodes were also 
scribed with the maximum available pulse energy (571 µJ) and a 140 µm 
spacing. Others were scribed at 257 µJ, but scanned at a much lower 
speed (1104 mm/s), to form continuous trenches (with a 140 µm dis
tance between parallel lines) instead of individual holes. 

Micrographs of the samples’ surface were acquired using a field 

Fig. 1. Printing process. (1) The flooding blade moves slightly downwards and 
starts moving rightwards, spreading the ink onto the mesh; during this step, the 
screen never touches the substrate; (2) When the whole mesh is already floo
ded, the squeegee moves downwards and starts moving leftwards, pushing the 
ink out of the screen and onto the substrate; (3) As the squeegee keeps moving 
forward and depositing the ink on the substrate, the residual ink is collected to 
be reused in the next print. 

Fig. 2. Laser-scribing pattern with equidistant channels. d is the interchannel 
spacing. For d = 100 μm, the irradiated area is ca. 13%; for d = 120 μm, the 
irradiated area is 9% and for d = 140 μm it is 6%. 

1 A portion of the coated stainless steel was left bare to enable the connection 
to a crocodile clip for 3-electrode electrochemical measurements.  

2 Wet film thickness 
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emission scanning electron microscope (SEM) model JEOL JSM-7001F 
at an accelerating voltage of 15 kV. 

For set SP, profilometry measurements have been performed with an 
InfiniteFocus G5 plus (Bruker Alicona) at a 10x magnification with a 
lateral resolution of ca. 1 µm. The raw data was plane levelled, and the 
images generated using Gwyddion software (version 2.59). For set K, a 
Sensofar S neox non-contact 3D optical profiler (software version 
6.2.0.0) was used under focus variation imaging mode. A 10x lens was 
also used, enabling maps with an area of 1747×1313 µm2 and lateral 
resolution of ca. 1 µm. 

The surface compositions of the reference NLS and the 314 µJ laser- 
scribed samples were measured through X-ray Photoelectron Spectros
copy (XPS) analysis using a Thermo Scientific K-Alpha X-ray Photo
electron Spectrometer equipped with a monochromatic Al Kα X-ray 
source. The excitation sampling spot size was 400 µm, and the high- 
resolution spectra were collected with 0.1 eV spectral resolution. The 
spectra were deconvoluted using the Avantage software while the 
elemental concentration quantification was applied using standard sin
gle element sensitivity factors. 

To probe the chemical composition of the carbon-based material 
developed in this work, Raman spectra were measured using a Jobin 
Yvon HR800 (Horiba, Japan) apparatus fitted with a 442 nm He-Cd laser 
line (Kimmon IK Series, Japan). The laser light was focused on the 
samples by using a 50x (0.7 NA) objective lens that resulted in a spot 
analysis of ca. 1 µm in diameter, while the Raman signal is collected by a 
multichannel CCD detector. Here, each spectrum was collected using a 
total acquisition time of 30 s. In the SP set, no well-defined laser craters 
were visualized during Raman inspection, and thus, for these samples, a 
total of three spots were randomly measured throughout the sample 
surface. Since laser induced craters in the K set were clearly identified, it 
was possible to probe their periphery as well as their inner areas. A total 
of 3–4 craters were measured for these samples. 

The baseline of all spectra was removed using a 4th degree poly
nomial fit, and the corresponding bands identified and deconvoluted 
using LabSpec software. 

The electrochemical measurements have been performed with an 
Autolab PGSTAT302N (Metrohm) operated with NOVA 2.1 software. 
The electrodes were submerged in aqueous solutions of Na2SO4 (1 M), in 
a 3-electrode setup using a Ag|AgCl (3 M) reference electrode and a 
mixed metal oxide-coated titanium counter electrode (De Nora). In the 
working electrode, the stainless steel substrate was masked with Kapton 
tape to prevent its direct contact with the electrolyte. All the electro
chemical measurements initiated with 60 wetting cycles performed at 
30 mV/s between −0.4 V and 0.5 V. Next, the electrodes were tested 
within this same range at varying scan rates (10, 20, 40, 50, 60 and 75 
mV/s) and then galvanostatic charge-discharge tests were carried out 
(also from −0.4 V to 0.5 V) at several current densities (1–8 mA/cm2). 
Only the 10th voltammogram/charge-discharge cycle was considered 
for calculations. Finally, the electrodes were also characterized by 
potentiostatic electrochemical impedance spectroscopy, at open circuit 
potential with a 10 mV amplitude, from 500 kHz to 40 mHz. For the 
measurements carried out in 0.2 M of tetrabutylammonium perchlorate 
(TBAP) in acetonitrile, a silver wire was used as a pseudo-reference and 
a 1 cm2 Pt plate was used as the counter electrode. The measurements 
were carried out between −1 V and 1 V vs Ag pseudo-reference. 

The specific capacitance (Csp), the energy density (Esp) and power 
density (Psp) during discharge were calculated, respectively, via Eqs. 
(1)−(3): 

Csp[F / g] =
i
(
tf − t0

)

[
V
(
tf
)
− V(t0)

]
m

(1)  

Esp[Wh / kg] =
0.5 Csp

[
V
(
tf
)

− V(t0)
]2

3.6
(2)  

Psp [kW / kg] =
3.6 Esp

tf − t0
(3)  

where, t0 and tf are, respectively, the time at the start and end of the 
discharge, i is the (constant) value of the current, V(tf) and V(t0) are, 
respectively, the potential at the end and at the start (i.e., after the initial 
IR drop) of the discharge, and m is the electrode mass (in g). 

Symmetric CR2032 coin cells (16 mm electrode diameter) soaked in 
1 M Na2SO4 aq were measured with an Autolab PGSTAT302N (Met
rohm) operated with NOVA 2.1 software, between 0 and 0.9 V, using a 
procedure identical to the one described above. The cyclability mea
surements have been performed with a BTS4000–5V10mA battery tester 
(Neware), where the cells were tested for 10,000 cycles at 2 mA/cm2. 
The presented results correspond to average of 5 samples from each 
group set. 

To determine the active mass of the electrodes, these were carefully 
rinsed with deionized water, dried and weighed. Subsequentially, the 
active electrode material was removed, and the current collector was 
also weighed. The electrode mass is the difference between the 
measured masses before and after the removal of the electrode active 
material. The average mass loading was found to be 5.1 ± 0.7 mg/cm2 

(1 σ). 

3. Results and discussion 

3.1. Morphology 

Fig. 3a) shows that, prior to laser-scribing, the SP electrodes already 
contained some trenches due to their fabrication method. A thin grid 
was placed on top of the topographical images to assist the visualization 
of the marks left by the screen. In Fig. 3(b)−(d), in addition to the screen 
mesh, some laser-drilled channels are also visible. These figures show 
two different patterns, which are superimposed. However, it was 
impossible to control the type of superposition, namely the exact trench 
orientation resultant from the screen’s mesh, and the alignment between 
these trenches and the laser-scribed pattern. The result is that some 
channels were created within the trenches, others not, and others on the 
slopes of the trenches. In these trenches, the effect of the laser is obvi
ously less important due to the low local thickness of the film. In Fig. 4, 
the grey scale enables an easier identification of surface changes induced 
by the laser (b), but it also demonstrates the existence of a high mac
roporosity in the NLS electrode (a). Figs. 5 and 6 show that K electrodes 
were considerably smoother before irradiation, hence enabling a clear 
identification of the laser-scribed pattern. As the pulse energy increases, 
the channels tend to get wider and deeper. However, even when the 
maximum available pulse energy (571 µJ) is used, the maximum depth is 
between 60 and 70 µm (only roughly half the electrode’s thickness), as 
demonstrated in Fig. 5(d) and in Fig. 6(f). As the laser beam travels 
through the highly opaque electrode, it is quickly absorbed, its fluence 
decreases and, consequently its “ablation ability” as well. As a result, the 
channels are not as deep as intended. Another possible explanation is 
that the apparent bottom of the channel is partially composed of trapped 
debris – this would lead to an underestimation of the lost mass (and thus 
to an overestimation of the active mass). 

Fig. 7 shows that, for most sets of conditions, the percentage of lost 
mass is typically 5–10%. For a 40 µm spot size and a 100 µm spacing, the 
fraction of irradiated area is ca. 13% and thus the measured mass losses 
appear reasonable (which does not exclude the possibility of existing 
trapped debris). For a pulse energy of 571 µJ, the lost mass is about the 
same as the one recorded for the trenched pattern (ca. 16%). 

3.2. Electrochemistry 

3.2.1. Screen-printed electrodes 
Fig. 8(a)−(c) show that, as the scan rate increases, the laser-scribed 
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electrodes manage to retain a more rectangular shape when compared to 
NLS ones, which suggests facilitated ionic diffusion. Fig. 8(d) aims to 
quantify this observation by comparing the “fill factors” (FF) of the 
voltammograms obtained for LS and NLS electrodes at increasing scan 
rates. FF is defined by Eq. (4): 

FF =

∫ tf
t0

i(t)dV(t)
ΔV(imax − imin)

(4)  

where t0 and tf are, respectively, the instant when the cycle begins and 

when it finishes; i is the instantaneous current and dV is the step in the 
potential (which depends on the scan rate and which is positive in the 
forward sweep and negative in the backwards sweep); ΔV is the dif
ference between the maximum and the minimum potentials and imax and 
imin are, respectively the maximum and the minimum currents recorded 
during the cyclic voltammetry. 

Fig. 9 shows that, at low current densities, the (dis)charge time is ca. 
25% shorter for the LS electrodes, meaning that the areal capacitance is 
smaller than that of NLS. This is probably due to the fact that, at low 
current densities, the ionic diffusion in NLS electrodes is sufficient to 

Fig. 3. Profilometry measurements performed in (a) non-laser-scribed electrode ; (b) laser-scribed at 314 μJ with an interchannel spacing of (b) 140 μm; (c) 120 μm; 
and d) 100 μm. In (a) some trenches are already visible due to screen-printing. The grid represents the trenches resultant from the screen’s mesh. 

Fig. 4. Stitched micrographs at low magnification of a screen-printed (a) non laser-scribed electrode and (b) an electrode laser-scribed with a 140 µm spacing (b).  

Fig. 5. Profilometry measurements of (a) non laser-scribed electrode and electrodes laser-scribed with a 140 µm spacing and (b) 257 µJ, (c) 371 µJ and (d) 571 µJ 
(K set). 
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enable access to the inner pores. Since, in these conditions, practically 
all the surface area is available to the electrolyte, the removal of active 
mass leads to a capacitance decrease. As the current density increases, 
the ohmic drops of both the NLS and LS electrodes increase, but that of 
LS electrodes is always lower, as shown in Table 1. 

As shown in Fig. 10, all the sets of laser-scribing conditions resulted, 
on average, in Ragone plots with lower slopes than the non-laser-scribed 
electrodes. There is, however, an unexpected caveat: the fact that, at low 
power densities, the energy density is always lower for the laser-scribed 
electrodes. As explained earlier, one expects to obtain lower absolute 
capacitances at low power densities due to the removal of active ma
terial. However, when normalized by the electrodes’ masses (for each 
electrode, its mass was determined after the measurements, as detailed 
above), this effect should no longer be visible – i.e., at low power den
sities, the energy density of NLS and LS electrodes was expected to be the 
same. The energy density is proportional to the specific capacitance and 
to the square of the operational range of potentials and, as such, to 
understand this behaviour, those two variables were plotted separately 
versus power density, as shown in Fig. 10, together with the electrodes’ 
rate capability (Fig. 11a). 

Fig. 11(b) shows that, for the LS electrodes, although the specific 
capacitance decreases more slowly with increasing power densities, it is 
always lower than that of NLS electrodes. At the same time, due to a 
decrease in the ohmic losses, the operational ΔV is always higher for the 

LS electrodes and this difference becomes accentuated at higher power 
densities (Fig. 11c)). 

Fig. 11 only shows the comparison between NLS electrodes and 
electrodes laser-scribed @ 314µJ, with an interchannel spacing of 100 
µm and 140 µm, but similar behaviours were found for the other laser- 
scribing conditions. This suggests a trade-off between specific capaci
tance and ΔV which explains the trends observed in Fig. 11: at low 
power densities, the voltage drop is negligible and thus, since the NLS 
electrodes have a higher specific capacitance, their energy density is 
higher; at high rates, the voltage drop is more significant and there is a 
smaller difference between the specific capacitances of LS and NLS 
electrodes, which causes the energy density to be higher in laser-scribed 
electrodes. However, this only happens for very high-power densities 
and, for some sets of laser-scribing conditions, it does not happen at all 
(or at least not within the range of tested power densities). The set of 
electrodes laser-scribed @ 314 µJ with a 140 µm interchannel spacing 
demonstrate the more promising results as their energy density starts 
exceeding that of non-laser-scribed electrodes at lower power densities 
(>250 W/kg). This is mainly attributed to their greater average specific 
capacitance (although still lower than that of NLS electrodes). It is worth 
stressing that, for an interchannel spacing of 140 µm, the number of 
channels per unit area (5102 cm−2) is approximately 50% of the value 
obtained when a 100 µm interchannel spacing is employed (10,000 
cm−2). Despite the absence of a clear trend (most likely due to the pre- 
existing trenches), the data seems to suggest that a lower areal density of 
channels is more beneficial to the overall performance. 

Fig. 12 shows noticeable differences between the Nyquist plots of the 
LS and NLS electrodes. An equivalent electric circuit (shown as an inset) 
was fitted to the data. One of the most important parameters to inves
tigate mass transfer limitations is the Warburg coefficient (W), which 
relates to the diffusion coefficient by Eq. (5) [16]: 

W =
RT

n2F2A
̅̅̅
2

√

(
1
̅̅̅̅̅̅
D

√
C∗

)

(5)  

where R is the gas constant, T is the absolute temperature, n is the 
charge-transfer number, F is the Faraday constant, A is the area of the 
electrode’s surface, D is the diffusion coefficient, and C∗ is the electrolyte 
concentration. 

Fig. 6. K-bar set: micrographs taken at a 710x magnification of (a) non laser-scribed electrode and electrodes laser-scribed with a 140 µm spacing and 257 µJ, 314 µJ, 
371 µJ and 571 µJ (b, c, d and e, respectively); (f) Cross-sectional micrograph (1433x) demonstrating the depth of holes in laser-scribed electrode identical to the one 
shown in (e). 

Fig. 7. Percentage of electrode mass lost upon laser-scribing with each set of 
conditions (K-bar set). 
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To apply this equation requires knowledge of the electrode’s surface 
area. However, since W is inversely proportional to 

̅̅̅̅̅
D

√
, a lower War

burg coefficient translates into a higher diffusion coefficient. The War
burg coefficient was found to be 15.1 Ω/

̅̅
s

√
for the NLS electrode and 

12.4 Ω/
̅̅
s

√
for the LS electrode, indicating a higher diffusion coefficient 

for the latter. 
To investigate if the preliminary 3-electrode results held true for 

complete devices, cells were fabricated with LS and NLS electrodes. 
Fig. 13(a) shows that, despite a modest performance, the average slope 
of the Ragone plot obtained for the LS cells is lower than that obtained 
for the NLS cells. More importantly, at 80 W/kg, the LS cells managed to 
maintain an energy density twice as high as the NLS cells tested at the 
same rate. Fig. 13(b) shows that the laser-scribing does not affect the 
cyclability, since the capacitance retention after 10,000 cycles is 
essentially the same for the LS and for the NLS cells. 

Despite these promising results, the pre-existing trenches of the 
electrodes make the results uncertain and preclude the establishment of 
a clear trend amongst the various sets of conditions. Section 3.2.2. 
presents the electrochemistry results obtained for the K-bar electrodes. 

Fig. 8. Average voltammograms of cyclic voltammetries performed in screen-printed laser-scribed (LS) and non laser-scribed (NLS) electrodes at (a) 10 mV/s, (b) 40 
mV/s, (c) 75 mV/s and (d) "Fill factors" obtained for LS and for NLS electrodes at different scan rates. 

Fig. 9. Galvanostatic charge-discharge plots obtained at 1 mA/cm2 (pink), 4 
mA/cm2 (green) and 8 mA/cm2 (black) for screen-printed non laser-scribed 
(solid lines) and laser-scribed (LS) electrodes (broken lines) with 314 µJ pulse 
energy and 100 µm interchannel spacing (broken lines). 

Table 1 
Voltage drops (in mV) obtained at different current densities for non-laser- 
scribed (NLS) electrodes and for electrodes laser-scribed with a pulse energy 
of 314 µJ and an interchannel space of 100 µm (LS).   

Discharge time (s) IR drop (mV)  

NLS LS NLS LS 

1 mA/cm2 182 135 54 47 
4 mA/cm2 34 26 196 173 
8 mA/cm2 14 11 335 301  

Table 2 
Simulated parameters obtained for the equivalent electric circuits corresponding 
to the non-laser-scribed electrode and electrode laser-scribed at 314 µJ and an 
interchannel space of 100 µm (LS) – SP set.   

NLS LS 

R1 (Ω) 5.7 7.5 
R2 (Ω) 14.6 11.6 
R3 (Ω) 8.3 6.0 
CPE (sN/Ω) 7.5 × 10−5 7.9 × 10−5 

N 0.74 0.75 
W (Ω/

̅̅
s

√
) 15.1 12.4 

C (mF) 209 134  
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3.2.2. K-bar electrodes 
To enhance the behaviour at diffusion-limited conditions, these 

measurements were performed for wider current ranges. The same was 
not done in the previous section to prevent potential damage to the 
electrodes (not brought on directly by the high currents, but by an 
eventual overpotential, in case the high currents caused the electrodes to 
overcharge too fast hence evading the instrument’s cut-off mechanism). 
Yet, given the importance of comparing the rate capability of the elec
trodes in this study, the electrodes were tested up to almost 4 A/g. 
Fig. 14 (a−c) shows the Ragone plots obtained for the K electrodes laser- 
scribed under the various conditions and Fig. 14d) shows the slopes 
obtained for these plots at high current densities. Similarly to Fig. 10, 
Fig. 14 also suggests that larger interchannel distances (i.e. a lower areal 
density of holes), is more advantageous than shorter distances. Yet, even 
for the best conditions (which seem to be for electrodes laser-scribed 
either with trenches or with 571 µJ and a 140 µm spacing), the slopes 
of the Ragone plots only decrease by ca. 20% when compared to NLS 

electrodes 
Fig. 15 shows that, for the best conditions, the specific capacitance is 

essentially the same as that of NLS electrodes (for the other conditions, 
the specific capacitances are lower than the reference’s). 

Fig. 16 and Table 3 reveal that the Warburg coefficients of the LS 
electrodes are lower (11.1 Ω/

̅̅̅̅
s

√
for the electrode processed with 571 µJ 

and 7.5 Ω/
̅̅̅̅
s

√
for the electrode laser-scribed with trenches) than that of 

the NLS electrode (16.5 Ω/
̅̅
s

√
), which suggests an improved ionic 

diffusion. However, this positive effect seems to be counterbalanced by 
another factor that renders the overall impact negligible. 

These results suggest that the ionic diffusion at high currents is not a 
significant limitation for these electrodes when tested in Na2SO4. 
Indeed, it is widely known that the solvated radii tend to be considerably 
larger in organic than in aqueous electrolytes and thus the diffusion- 
related limitations should be more evident. Fig. 17 shows that, in 0.2 
M of TBAP (in acetonitrile), the performance is visibly improved in LS 

Fig. 10. Average Ragone plots obtained for screen-printed non laser-scribed (NLS) electrodes and for electrodes processed with the 3 different pulse energies and 
interchannel spacing of (a) 100 µm, (b) 120 µm and (c) 140 µm; (d) shows the spread of the values obtained for the slopes of the Ragone plots of individual electrodes 
belonging to the non laser-scribed (NLS) group and to the 9 laser-scribed groups. 

Fig. 11. Average evolution of specific capacitance with current density (a) and with power density (b) and the square of the operational ΔV (c) with current density 
for screen-printed non laser-scribed (NLS) and for laser-scribed (LS) electrodes @ 314µJ with an interchannel spacing of 100 µm and 140 µm. 
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electrodes. For example, at 2 A/g the specific capacitance was up to 66% 
higher for laser-scribed and an energy density of 13 Wh/kg was achieved 
even at 2.8 kW/kg. 

3.3. Surface composition 

A possible explanation for the detrimental effect of the laser on the 
specific capacitance is the alteration of the surface chemistry. Indeed, in 
addition to the morphological changes, it is also important to consider 
the impact of subjecting the material to highly energetic pulses. In the 
formation of the channel, parts of irradiated surface are vaporized, while 
the adjacent material (activated carbon, carbon black and binder) suf
fers considerable heating which can translate into the chemical trans
formation of the surface of the channels [17]. For example, assuming a 
40 µm spot diameter, a 314 µJ pulse results in a local irradiation of 25 
J/cm2 - this is the same order of magnitude of fluence values which have 

been reported to induce a local graphitization of amorphous carbon 
films [18]. XPS and Raman measurements can provide useful informa
tion on this. 

3.3.1. XPS 
In Fig. 18a), the deconvoluted C1s peaks seem to be almost identical 

for the non-laser-scribed (NLS) and laser-scribed (LS) electrodes. How
ever, peak fitting is not always a straightforward task and thus some 
subtle differences - particularly regarding the relative importance of 
graphitic and diamond-like bonds - might be unclear [19]. In amorphous 
carbons (such as activated carbon), there is usually a mixture of these 
two types of peaks and the best way to identify the preferential hy
bridization is with the D parameter [20]. This parameter is basically the 
difference between the binding energies corresponding to the maximum 
and the minimum of the first derivative of carbon’s Auger peak [21]. 
Diamond-like materials (mainly sp3) typically have a D parameter of 
11–13 eV whilst graphite (mainly sp2) has a D parameter of 21–23.0 eV 
[22]. Based on the plots of the differentiated CKL1 peaks obtained for 
the NLS and LS samples (Fig. 18b)), the D values were found to be 18.9 
eV and 19.4 eV, respectively. This suggests that the laser might have 
induced a partial graphitization of the sample - an effect that has already 
been described in the literature [23]. However, since the increase in D is 
small, this change should be interpreted cautiously and with the assis
tance of complementary techniques. Also, it is worth stressing that the 
XPS data presented here were acquired for a relatively large spot 
diameter (400 µm) and thus include both laser-scribed and 
non-laser-scribed regions (for an interchannel distance of 100 µm and 
assuming a 40 µm laser spot diameter, the fraction of irradiated area is 
only ca. 13%). Moreover, since this technique is highly superficial (it 
only describes the first few nanometres of the surface), the signal coming 
from the laser-scribed regions is expected to be smaller compared to that 
of the non-laser-scribed regions. Most of the detectable chemical 
changes will be from the borders of the channels. Although the energy of 
the laser pulse decreases with the penetration depth (due to absorption), 
it is still reasonable to admit that the results provided by XPS underes
timate the effect of the laser (i.e., if greater depths were visible, the 
differences between LS and NLS would be more striking). Yet, it is very 
clear that, as expected, the laser had an impact on the binder (PVDF), as 
shown by the smaller size and slight shift in the F1s peak (Fig. 18c)). Also 
noteworthy is the reduced size of the O1s C–O and C = O peaks ob
tained for the laser-scribed sample (Fig. 18d)), suggesting that the ox
ygen functionalities have been significantly affected. These functional 
groups are known to contribute to capacitance by promoting fast and 

Fig. 12. Nyquist plots obtained for screen-printed non laser-scribed (NLS) 
(black dots) and laser-scribed (LS) electrodes (grey dots) at 0 V vs AglAgCl (3 
M), their respective fits (solid lines) to the equivalent electric shown. R1 is the 
contact resistance, R2 is the charge transfer resistance and the constant phase 
element (CPE) represents the admittance of the double layer (the higher the 
associated N value, the more similar it is to a perfect capacitor), R3 and the 
Warburg component represent the impedance associated to the ionic diffusion 
within the electrode and C is the absolute capacitance of the electrode. Fitting 
parameters can be found in Table 2. 

Fig. 13. (a) Average Ragone plots obtained for cells fabricated with non laser-scribed (NLS) electrodes and with laser-scribed (LS) electrodes; (b) Average evolution 
of the ratio between the capacitance and the maximum capacitance along 10,000 charge-discharge cycles in symmetric coin cells (LS and NLS) cycled at ca. 2 mA/ 
cm2. These results were smoothed with a moving average of 100 elements. 
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reversible faradaic reactions [24] and also by enhancing the wettability 
of the electrode [25,26] and thus their decrease could partially account 
for the observed performance loss. 

Fig. 19 complements the information provided in Fig. 18, by pre
senting the relative abundance of the as-described bonds. In general, 
there seems to be an increase in the carbon content and a decrease in the 
oxygen and fluorine content, as expected. Table 4 shows that most of the 
peak positions and shapes remained essentially unaltered. The only 
noteworthy exceptions are the O1s O-Fx and the F1s peaks (which suf
fered a −0.4 eV and a −0.2 eV shifts after processing). 

3.3.2. Raman spectroscopy 
Fig. 20 shows representative Raman spectra for screen-printed 

electrodes under NLS and LS (314 µJ and 100 µm) conditions. The 
spectra are represented for a Raman shift range from 1100 to 3200 cm−1. 
The D-band and G-band are clearly identified in both spectra, having 
comparable intensities. The D-band at 1364 cm−1 is related to lattice 
defects and low symmetry in the carbon structure while the G-band at 
1587 cm−1 is usually attributed to a characteristic first-order mode of 
graphite and stretching of C = C bonds [27]. The degree of graphitiza
tion of a certain carbon material can be obtained from the ratio between 
D-band and G-band peak intensities (ID/IG), where a higher degree of 

Fig. 14. Average Ragone plots obtained for non laser-scribed (NLS) electrodes and for electrodes processed with the 3 different pulse energies and interchannel 
spacing of (a) 100 μm, (b) 120 μm and (c) 140 μm; (d) shows the spread of the values obtained for the slopes of the Ragone plots of individual electrodes belonging to 
the NLS group and to the 9 laser-scribed groups (K-bar set). Slopes calculated between 1.6 A/g and 3.2 A/g, by least squares fitting. 

Fig. 15. Average rate capability of non laser-scribed (NLS) and laser- 
scribed electrodes. 
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graphitization material should present a low ratio (typically below 1). 
Here, the representative spectra are thus chosen as the ones with ID/IG 
ratio closer to their average within the same sample. The ID/IG ratios are 
also included for the presented spectra. The results show that no 
detectable differences are introduced by laser-scribing the 
screen-printed electrodes. 

In addition, the spectra show two more bands at higher Raman shifts, 
namely the 2D-band at 2718 cm-1 and the combined overtone of the D- 
band and G-band at 2936 cm−1 (both second-order bands) [28]. The 
2D-band is the overtone of the D-band and is associated to a 
double-resonance process, which reveals layered carbon. Thus, a second 
figure of merit that can be used to evaluate the quality of the films is the 
I2D/IG intensity ratio [29]. Here, also no major changes can be detected 
on such parameter due to the use of the laser. 

Fig. 21 shows the results for films produced with K-bar. As already 
demonstrated in previous sections, craters are easily identified, and so it 
was possible to collect spectra at the very centre of the craters and at 
their periphery. There seems to be an increase of the average ID/IG ratio 
in the periphery of craters in LS electrodes when compared to NLS ones 
(0.90 to 0.99) as the laser ablation may result in the introduction of extra 
defects. However, the major difference is detected when probing the 
inner region of the craters, where the 2D band seems to have a consid
erable increase. Here, the ID/IG ratio is similar to the periphery region, 
and corresponds to 0.97, while a clear decrease of the full width at half 
maximum (FWHM) of the D-band between periphery and inner crater 
regions is also observed (99.0 vs 81.6 cm−1). The average I2D/IG in
tensities ratio for the craters in the LS electrodes is 0.25 and 0.14 for the 
inner and periphery areas of the craters, respectively, while for NLS it is 
of 0.12. 

A higher intensity D-band reveals that sp2 bonds may be broken and 
more sp3 bonds are present when compared to unirradiated samples. 
Although small, differences between the intensity ratio ID/IG of pro
cessed and unprocessed samples are still noticeable. It should be high
lighted that the original intensity ratio is already characteristic of a 
defective carbon structure that appears to worsen when activated 
carbon-based films are laser-irradiated under air. Since the samples were 
processed under such experimental conditions, structural and chemical 
defects (originated from oxide species) may still be created during laser 
ablation and partial film heating [29]. Once defects are present and/or 
the material is partially oxidized, a portion of the carbon atoms are 
sp3-bonded and the rise of ID/IG can be seen. However, the transition 
from sp2 to sp3 bonds can lead to a maximum of the ID/IG ratio before 
experiencing a drop [30]. The larger differences are detected between 
unprocessed samples and the inner region of the ablated craters where 
both D-band and 2D-band intensities seem to increase, with emphasis on 
the last one. It can be attributed to the fact that the laser ablation can 
cause removal of several carbon layers, leading to a clear higher 
2D-band signal, and subsequent edge defects exposure. 

Raman spectroscopy allows a more localized (spot size of ca. 1 µm 

Fig. 16. Nyquist plots obtained for non laser-scribed (NLS) and for laser- 
scribed (LS) electrodes at 0 V vs AglAgCl (3 M) and their respective fits to 
the equivalent electric circuit shown. R1 is the contact resistance, R2 is the 
charge transfer resistance and the constant phase element (CPE) represents the 
admittance of the double layer (the higher the associated N value, the more 
similar it is to a perfect capacitor), R3 and the Warburg component represent 
the impedance associated to the ionic diffusion within the electrode and C is the 
absolute capacitance of the electrode. Fitting parameters can be found 
in Table 3. 

Table 3 
Simulated parameters obtained for the equivalent electric circuits corresponding 
to the non-laser-scribed (NLS) electrode and laser-scribed (LS) electrodes (571 µJ 
140 µm and trenches) – K set.   

NLS LS 571 µJ 140 µm LS trenches 

R1 (Ω) 4.0 3.0 3.1 
R2 (Ω) 4.8 5.9 5.1 
R3 (Ω) 13.3 10.5 5.5 
CPE (sN/Ω) 8.7 × 10−5 6.2 × 10−5 12.5 × 10−5 

N 0.86 0.87 0.83 
W (Ω/

̅̅
s

√
) 16.5 11.1 7.5 

C (mF) 143 118 120  

Fig. 17. Ragone plots (a) and rate capability (b) obtained for non laser-scribed (NLS) and for laser-scribed electrodes in 0.2 M tetrabutylammonium perchlorate (in 
acetonitrile). 
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diameter) and deeper surface analysis when compared to XPS, showing 
that chemistry of regions inside craters and craters periphery seem to be 
rather different for samples produced with K-bar. Although significant 
changes were detected with the Raman when probing the surface of 
these samples, the detected increase of the D parameter in the XPS re
sults due to laser-scribing cannot be reinforced with the Raman results 
since a higher degree of graphitization was not verified when compared 

to as-produced samples. Also, the contribution from the sample upper 
surface levels to the XPS signal is expected to be higher when compared 
to the contribution from the inner regions of the craters. Given that the 
surface area unaffected by the laser is also larger than the one that 
suffered some degree of chemistry change due to the direct incidence of 
the laser beam (i.e., mostly craters’ periphery), it is expected that the 
XPS signal has a larger contribution from unprocessed areas and thus, 
the verified increase in the D parameter may be a result of the shallow 
graphitization (few surface nanometres) in areas that do not belong to 
craters periphery or even a potential variability in surface chemistry 
between different surface areas of as-produced electrodes. 

4. Conclusions 

Two sets of thick carbon-based supercapacitor electrodes were laser- 

Fig. 18. Comparison of XPS results obtained for non laser-scribed (NLS) and for laser-scribed (LS) electrodes (K-bar set) with a pulse energy of 314 µJ and a spacing 
of 100 µm: (a) C1s peaks, (b) Differentiated CKL1 peaks (Auger). The D parameter is 18.9 for NLS and 19.4 for LS, (c) F1s peaks and (d) O1s peaks. The C/O ratio was 
found to be 21.8 for NLS and 19.9 for LS. 

Fig. 19. Relative abundance of different chemical bonds, estimated by XPS, for 
non laser-scribed (NLS) and for laser-scribed (LS) electrodes (K-bar set). Laser 
parameters were 314 µJ laser pulse energy and 100 µm interchannel spacing. 

Table 4 
Binding energies and FWHM of each peak.   

Binding Energy (eV) FWHM (eV)  

NLS LS NLS LS 

O1s C–O 531.4 531.4 1.9 1.9 
O1s C = O 532.9 532.8 1.9 1.9 
O1s O-Fx 535.2 534.8 1.9 1.9 
C1s C–C sp2 284.4 284.4 1.1 1.0 
C1s C*H2-CF2 286.8 286.8 1.7 1.7 
C1s CH2-C*F2 290.7 290.7 1.7 1.7 
F1s CF*2CH2 687.7 687.5 1.9 1.9 
C1s C–H 285.2 285.2 1.6 1.7  
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scribed with nine different sets of parameters (combinations of three 
pulse energies and three interchannel distances) and their respective 
performances were compared to those of non-laser-scribed electrodes. 
The first set of electrodes were screen-printed (SP electrodes) and 
already possessed a high macroporosity, even before laser-scribing 
whilst the second set (electrodes K) had more compact films. Howev
er, even for SP electrodes, all the laser-scribing conditions resulted, on 
average, in improved rate capabilities. Amongst the best results, the 
Ragone plots obtained for the electrodes laser-scribed at 314 µJ with an 
interchannel distance of 100 µm had a slope of only −4.1 Wh/kW, 
compared to −8.2 Wh/kW obtained for the non-laser-scribed electrodes, 
without any apparent damage to the cyclability. We attribute this 
improvement to a facilitated ionic diffusion (Warburg coefficient 
decreased from 15.1 Ω/

̅̅
s

√
to 12.4 Ω/

̅̅
s

√
) and consequent decrease in the 

electrode’s internal resistance, which leads to a lower potential drop. 
Since this enables wider potential ranges at high current densities, the 
energy density increases because it is proportional to the square of the 

operational ΔV. However, at low rates, the energy density is negatively 
affected because the overall specific capacitance of the laser-scribed 
electrodes is ca. 30% lower. Despite having a less impressive improve
ment in the rate capability, the electrodes processed at 314 µJ with an 
interchannel distance of 140 µm have their energy density starting to 
exceed that of non-laser-scribed electrodes at lower power densities 
(>250 W/kg). For laser-scribed K electrodes, the slope of the Ragone 
plot only decreased by ca. 20% in the best set of conditions. However, 
for both sets of electrodes, a negative trade-off is observed: laser pro
cessed electrodes seem to have a lower specific capacitance. This might 
be caused by the entrapment of debris in the laser-drilled holes, which 
could lead to the overestimation of the active mass. Moreover, XPS 
analysis suggests that this may also be explained by the decrease in the 
oxygen functionalities and by its impact on the electrodes’ wettability. 
On the other hand, for electrodes tested in an organic electrolyte (TBAP 
in acetonitrile), the specific capacitance at 2 A/g was up to 66% higher 
for laser-scribed electrodes and an energy density of 13 Wh/kg was 

Fig. 20. Raman spectra for non laser-scribed (NLS) and laser-scribed (LS) electrodes (SP set).  

Fig. 21. Raman spectra of non laser-scribed (NLS) and laser-scribed (LS) electrodes (K set).  
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achieved even at 2.8 kW/kg. 
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