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A B S T R A C T

Carbon-based electrodes have emerged as essential components in modern electrochemical systems because of 
their outstanding electrical conductivity, chemical stability, and customizable surface characteristics. In this 
study, we explore the impact of oxygen plasma treatment on the surface properties of screen-printed carbon 
electrodes (SPCE). Plasma exposure durations of 1, 3, and 5 min were applied to systematically investigate the 
extent of surface modification. The treatment effectively introduces oxygen-containing functional groups, 
thereby enhancing surface wettability, promoting faster electron transfer kinetics, and improving overall elec
trochemical performance. Comprehensive characterization was performed using X-ray photoelectron spectros
copy (XPS), scanning electron microscopy (SEM), cyclic voltammetry (CV), and electrochemical impedance 
spectroscopy (EIS). Additionally, contact angle measurements were conducted to assess changes in hydrophi
licity. To correlate wettability with electrochemical behavior, a predictive model was developed in which both 
the electrochemically active surface area (ECSA) and electron transfer rate constant (ket) scale with cos(θ)/Rct. 
The results demonstrate that oxygen plasma treatment significantly increases the number of surface polar groups 
and reduces the charge transfer resistance. These findings highlight the potential of plasma-based surface en
gineering as a powerful and environmentally friendly strategy to optimize the SPCE for high-performance ap
plications in electrochemistry.

1. Introduction

Electrochemical technologies are at the forefront of next-generation 
sensing, energy storage, and catalysis platforms [1,2]. Central to these 
technologies carbon-based electrodes [3], such as screen-printed carbon 
electrodes (SPCEs) [4], plastic chip electrodes (PCEs) [5], boron-doped 
diamond electrodes (BDDs) [6] and some flexible carbon-modified 
electrodes, are used in various applications [7]. Among these, SPCEs 
are widely used in various electrochemical applications because of their 
outstanding electrical conductivity, chemical stability, versatility, 
cost-effectiveness and customizable surface properties [8]. However, the 
electrochemical performance of the electrodes strongly depends on their 
surface characteristics, including functional groups, roughness, and 
wettability [9,10]. To enhance their performance, SPCEs require surface 
modification [11,12]. A variety of techniques have been explored to 
tune the properties of SPCEs, including chemical functionalization, 
coating, and electrochemical treatments [13–15]. Among these 
methods, plasma treatment has gained significant attention as a highly 
effective and environmentally friendly approach [16–18]. Surface 

modification is essential for improving the electrochemical behaviour of 
SPCEs, as it influences key factors such as the diffusion coefficient, 
electron transfer rate, and overall sensitivity of the electrode [19,20]. 
These factors are directly related to surface conditions, which can be 
altered by the introduction of molecular recognition elements and 
blocking materials [21]. While electrochemical activation methods, 
such as the application of specific potentials in acidic or buffered solu
tions, can generate functional groups such as carboxyl groups for co
valent bonding, they often have limitations in terms of process 
complexity and scalability [22,23].

In contrast, plasma treatment-especially oxygen plasma treatment- 
has emerged as a highly convenient and efficient method. This process 
involves exposing the SPCE surface to oxygen plasma, which introduces 
oxygen-containing functional groups [24] (such as hydroxyl, carboxyl, 
and carbonyl groups) onto the electrode surface [25,26]. These modi
fications significantly improve the hydrophilicity, polar group, and 
electron transfer kinetics of the electrode, thereby enhancing its per
formance in applications such as biosensors, supercapacitors, and elec
trocatalysis [27,28]. The simplicity, scalability, and environmental 
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friendliness of plasma treatment make it an ideal choice for surface 
modification [29–31], as it not only enhances the electrochemical 
properties but also facilitates surface cleaning and regeneration, 
ensuring optimal performance in various electrochemical systems [32,
33].

This study introduces a novel, time-controlled approach to modi
fying screen-printed carbon electrodes (SPCEs) using oxygen plasma 
treatment, with exposure durations of 1, 3, and 5 min. Unlike previous 
studies that often apply surface treatments without systematic optimi
zation, our work explores the temporal effects of plasma exposure on 
SPCE surface properties in a controlled manner. A comprehensive set of 
advanced characterization techniques, including SEM-EDX, AFM, XPS, 
ATR-FTIR, contact angle measurements, cyclic voltammetry (CV), and 
electrochemical impedance spectroscopy (EIS), was employed to 
correlate morphological, chemical, and electrochemical changes in 
detail. Importantly, the stability of the modified electrodes was evalu
ated over a 20-day period, addressing a critical but often overlooked 
aspect of practical electrode application. Furthermore, we propose a 
predictive model that quantitatively links surface characteristics with 
electrochemical behavior, offering a valuable framework for optimizing 
SPCE performance in future sensor and analytical device development.

2. Materials and methods

2.1. Materials and apparatus

Commercial SPCEs, specifically graphite screen-printed electrodes 
(Gr-SPE), were purchased from EcoBioService (Italy). As specified by the 
producer, each electrode is produced by screen-printing technology and 
consists of a round-shaped graphite working electrode (3 mm diameter), 
a silver/silver chloride pseudo-reference electrode and a graphite 
counter electrode. All chemicals used were of analytical grade and were 
employed without further purification. The following reagents were 
obtained from Chempur, Poland: disodium hydrogen phosphate 
(Na₂HPO₄), potassium dihydrogen phosphate (KH₂PO₄), potassium 
chloride (KCl), sodium chloride (NaCl), potassium hexacyanoferrate(III) 
(K₃ [Fe(CN)₆], ≥99 %),and potassium hexacyanoferrate(II) trihydrate 
(K₄ [Fe(CN)₆]⋅3H₂O). Deionized water (resistivity: 18.2 MΩ⋅cm) was 
obtained via a reverse osmosis system and used throughout all the 
experiments.

Electrochemical studies were performed using a PalmSens poten
tiostat/galvanostat system (PalmSens BV, The Netherlands) operated 
with PSTrace 5.59 software. Two electrochemical techniques were 
employed: CV, and EIS. Scanning electron microscope ZEISS CrossBeam 
540 equipped with energy dispersive X-ray spectroscopy detector 
(Bruker) was used. Static contact angle measurements were carried out 
using a DSA25 Drop Shape Analyser (KRÜSS GmbH, Hamburg, Ger
many) with deionized water droplets of 5 μL volume. The ATR-FTIR 
measurements were performed using the Thermo Scientific Nicolet 
Summit X FTIR Spectrometer with the Everest ATR accessory. The sur
face of SPCEs was studied with XPS using the Kratos Axis Supra spec
trometer equipped with a monochromatic Al Kα radiation (1486.7 eV) 
source. The spot size of a single analysis was 300 μm × 700 μm. The peak 
fitting was done with the CasaXPS software version 2.3.18 on a Shirley 
background. All spectra were calibrated using the C 1 s peak with a fixed 
value of 284.4 eV. AFM measurements were performed using a Combi
Scope™-1000 SPM system (AIST-NT).

2.2. Oxygen plasma treatment

SPCEs were treated with oxygen plasma using a HARRICK PLASMA 
cleaner. The treatment was carried out at a power setting of 0.30 W, with 
the radio frequency (RF) power level set to medium. The flow rate of 
oxygen gas was maintained at 0.5 SCFH, and the operating pressure was 
set to 575 Torr. The electrodes were subjected to plasma treatment for 
varying durations of 1, 3, and 5 min and the samples were labelled 1 

SPCE, 3 SPCE and 5 SPCE. During the plasma treatment process, the 
SPCE electrodes were placed on a glass substrate to ensure uniform 
exposure to the plasma. After treatment, the electrodes were stored in a 
desiccator to prevent moisture absorption and to preserve their prop
erties until further analysis.

3. Results and discussion

3.1. Physical characterization

3.1.1. SEM/AFM
The surface morphologies of the pristine electrode (SPCE) and the 

plasma-treated electrodes (1 SPCE, 3 SPCE and 5 SPCE) were analysed 
using SEM and AFM. As shown in Fig. 1 and Figs. S1 and S2 in the 
Supplementary file, the SEM image of the pristine SPCE reveals rela
tively uniform, densely packed carbon particles, characteristic of screen- 
printing processes. Limited number of pores and cracks can be seen. 
After plasma treatment, surface became rougher and more granular as 
compared to SPCE. Increased presence of micro-voids and surface ir
regularities, with more distinguishable boundaries and cracks can be 
observed. AFM analysis further supported these observations (see 
Fig. S3). The pristine SPCE has an average surface roughness (Ra) of 15.7 
nm and a root mean square roughness (RMS) of 19.9 nm. After 1 min of 
plasma treatment, the roughness significantly increased, with Ra 
reaching 23.8 nm and the RMS increasing to 30.6 nm. For sample 3 SPCE 
and 5 SPCE Ra equals to 17.3 nm and 23.0 nm, respectively, with RMS of 
22.3 and 29.6 nm, respectively. Analysing the results, it can be 
concluded, that plasma treatment can peel-off carbon layer in some 
period of time, and 1 min of plasma treatment changes porosity and the 
roughness at the highest level. This is enough to remove surface impu
rities and uncover graphite layers, keeping however the uniformity of 
the electrode area. Higher RMS and Ra values often correlate with better 
sensor sensitivity in electrochemical applications, due to increased 
active surface area and electron transfer sites, which was further proved 
in electrochemical analysis.

3.1.2. Elemental analysis
XPS was utilized to investigate the surface elemental composition 

and chemical states of the pristine SPCE, 1 SPCE, 3 SPCE and 5 SPCE. All 
the spectra were normalized and deconvoluted, with a detailed focus on 
the C 1s and O 1s regions, as shown in Fig. 2. The survey spectrum of the 
pristine SPCE (Fig. 2A) reveals that the surface primarily comprises 
carbon and oxygen, with some amounts of chlorine (c.a. 5 %), likely 
originating from manufacturing residues such as solvents or components 
of the Ag/AgCl reference electrode ink. Carbon is the most abundant 
element, which is consistent with a graphitic surface composition [34]. 
The deconvolution of the C 1s region (Fig. 2a) displays a dominant peak 
at 285.5 eV attributed to graphitic C=C bonds, along with a significant 
contribution (~29 %) from sp³ hybridized carbon (C–C/C–H), suggest
ing the chemisorption of hydrogen. The O 1s region (Fig. 2a1) indicates 
the presence of hydroxyl (C–OH) and carboxylic acid (O–C=O) groups at 
ratios ranging from approximately 61.7 % to 38.3 %, respectively. 
Contact angle measurements (Fig. 4) support the hydrophobic nature of 
the untreated SPCE surface. After plasma treatment (1 SPCE, 3 SPCE and 
5 SPCE), there was a slight reduction in the total carbon content and a 
notable increase in the oxygen concentration (see Table 1 and Fig. 2 A) 
indicating successful surface oxidation and functionalization. The C/O 
ratio for SPCE was equal to c.a. 17 and was substantially reduced after 
plasma treatment (C/O ≈ 6) Notably, the amount of chlorine was also 
reduced for all plasma-treated samples, proving effective cleaning action 
of plasma. Detailed analysis of C 1s and O 1s spectra of 1 SPCE, 3 SPCE 
and 5 SPCE samples revealed some changes in their chemical composi
tion. The C 1 s spectra of 1 SPCE, 3 SPCE and 5 SPCE sample, (Fig. 2 b,c 
and d) show a noticeable decrease in the sp³ carbon content (C–C/C–H 
reduced to ~1.2 %, 0.38 % and 3.2 %, respectively), highlighting the 
effective removal of surface hydrocarbons by plasma etching. The 
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prominent graphitic C=C peak is retained, accompanied by an increased 
presence of C–OH and O–C=O groups, confirming the introduction of 
oxygen-containing functionalities. Oxygen plasma is a highly reactive 
form of oxygen created by applying energy to O₂ molecules, leading to 
their ionization and dissociation into a mixture of reactive species. Ox
ygen plasma consists of neutral species (atomic oxygen, molecular ox
ygen, and ozone), ions (O₂⁺, O⁺, and O⁻), excited species and free 
electrons. Plasma species play a critical role in selectively removing sp³ 
carbon, contributing to surface purification, structural ordering, and 
improved electronic properties [32,35]. The selectivity arises due to 
differences in bond strength, reactivity, and local energy absorption 
between sp² and sp³ carbons. Plasma-generated species (e.g., O⋅, O₂⁺) are 
more likely to break weaker sp³ C–H bonds first, resulting in selective 
etching of these regions. It is well seen in the XPS results: a reduced C–C 
(sp³) peak and increased C=C (sp²) content was observed for 
plasma-treated samples, confirming chemical selectivity. Moreover, 
reactive oxygen radicals preferentially oxidize sp³ carbon to form 
oxygen-containing functional group (e.g. carbonyl, carboxyl, hydroxyl), 
which was also evidenced by XPS analysis. As can be seen in Fig. 2A, O 
1s signal displays a significant increase in intensity. The detailed anal
ysis of O 1s spectra of 1 SPCE, 3 SPCE and 5 SPCE showed increased 
contributions from hydroxyl, carboxylic acid, and newly appearing 
peaks corresponding to adsorbed water (H₂O). This supports a transition 
from a hydrophobic to a hydrophilic surface. Analysing the data for O 1s 
region, summarized in Table 2, some trend can be observed. There is a 
clear shift from hydroxyl-dominant to carboxyl-dominant oxygen 
chemistry for increased time of plasma treatment. Gradual loss and/or 
transformation of hydroxyl groups to more stable lactones and quinones 
occurs. According to the well-known reactions, phenol/catechol groups 
that are placed on the edges of the graphite sheets can be further con
verted into quinone groups. Moreover, prolonged exposure to O₂ plasma 
(5 min) can cause carboxyl groups located near hydroxyl groups to 
undergo condensation, forming lactone structures. This process involves 
the elimination of a water molecule, resulting in the loss of one oxygen 
atom. Consequently, a decrease in the overall oxygen atomic content is 

expected in 5 SPCE sample, along with increased content of O-C=O, 
which aligns with the data presented in Table 1 and Table 2 for 5 SPCE. 
We observed similar behaviour for reduced graphene oxide as reported 
previously in [36]. Overall, the progressive plasma treatment effectively 
increased the surface density of the oxygen-containing groups. This 
modification enhanced surface wettability and reactivity and is expected 
to improve the electrochemical performance of the SPCE. These results, 
summarized in Fig. 2 and Tables 1 and 2, clearly demonstrate that ox
ygen plasma treatment is a successful strategy for surface cleaning, 
oxidation, and functionalization of SPCE.

Additionally, we performed EDX analysis which typically probes 
deeper into the sample and thus showed remarkable differences as 
compared to XPS data. The results are summarized in Table 3. The ox
ygen content slightly increased after plasma treatment (1 SPCE, 3 SPCE 
and 5 SPCE) as compared to pristine SPCE. Small differences in the 
oxygen content among samples indicate, that the functionalization oc
curs mainly on the surface and deeper parts of the carbon material 
remain non-functionalized. Carbon remains dominant, confirming that 
the SPCE’s structural integrity is preserved despite surface modifica
tions. The gradual reduction of Cl content with increased time of plasma 
treatment suggests its removal, which is in line with XPS data.

3.1.3. FTIR/ATR
FTIR ATR spectra for all samples are shown in Fig. 3. The pristine 

SPCE spectrum reveals sharp and well-defined bands in the 700–1200 
cm⁻¹ region, which are attributed to C–O stretching vibrations from 
aliphatic ethers, phenols, and epoxy groups [37]. Sample 1 SPCE, 3 SPCE 
and 5 SPCE exhibit similar bands in this region, indicating the presence 
of diverse and overlapping oxygenated functionalities [38].

In the 1600–1750 cm⁻¹ region, a sharp band near 1700 cm⁻¹ observed 
in all the samples corresponds to the C=O vibrations. In the 2300–2400 
cm⁻¹ region, a weak band appears across all samples, due to the asym
metric stretching of atmospheric CO₂ (O=C=O). Although not associ
ated with specific surface functionalities, its presence is common in ATR 
spectra measured under ambient conditions. The 2900–3000 cm⁻¹ 

Fig. 1. SEM images of pristine SPCE and plasma treated samples (1 SPCE, 3 SPCE and 5 SPCE).
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Fig. 2. A) XPS survey scan of the electrodes before (SPCE) and after plasma treatment (1 SPCE, 3 SPCE and 5 SPCE). High-resolution C 1s spectrum of the pristine 
SPCE (a), 1 SPCE (b), 3 SPCE (c) and 5 SPCE (d). High-resolution O 1s spectrum of the pristine SPCE (a1), 1 SPCE (b1), 3 SPCE (c1) and 5 SPCE (d1).
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region features low-intensity bands, corresponding to asymmetric and 
symmetric C–H stretching, indicating the chemisorption of hydrogen on 
the graphitic surface [39]. The small differences observed in the FTIR 
spectra of pristine and modified samples may be due to the fact that FTIR 
measures the bulk of the material rather than being surface-specific. 
Since infrared radiation can penetrate into the sample, any surface 
modifications may not be strongly reflected in the spectrum if the bulk 
composition remains largely unchanged (surface-only changes may 
have minimal impact on the overall spectrum). This interpretation is 
consistent with the EDX results, which also probe beyond just the surface 
and showed minimal variation in C/O ratio.

3.1.4. Contact angle
Contact angle measurements were conducted to evaluate the 

wettability changes in the SPCE surfaces upon plasma treatment. As 
shown in Fig. 4, the pristine SPCE displayed a high average contact angle 
of ~124±5◦, indicating a hydrophobic surface. This hydrophobic nature 
corresponds well with the XPS results, which revealed the dominant 
presence of graphitic carbon (C=C) and surface hydrocarbons (C–C/ 

Table 1 
Elemental composition of the samples analysed by XPS.

Sample 
Element

SPCE 1 SPCE 3 SPCE 5 SPCE

Position %At Conc. ±SD Position %At Conc. ±SD Position %At Conc. ±SD Position %At Conc. ±SD

O 1s 532.34 5.18±0.23 532.61 13.96±0.23 532.58 12.28±0.26 532.75 12.68 ± 0.20
C 1s 284.50 89.80±0.26 284.50 84.71±0.26 284.50 85.93±0.28 284.50 83.99 ± 0.24
Cl 2p 200.01 5.02±0.11 200.12 1.33±0.05 199.95 1.79±0.08 199.75 1.91 ± 0.06

Table 2 
XPS data analysis of the C 1s and O 1s peaks.

Sample 
Moiety

SPCE 1 SPCE 3 SPCE 5 SPCE

Position %At Conc Position %At Conc Position %At Conc Position %At Conc

C 1s C=C 284.50 61.16 284.50 91.33 284.50 91.88 284.44 74.00
C-C, C-H 284.90 28.94 284.89 1.22 284.89 0.38 284.84 3.32
C-OH 286.56 7.69 286.88 4.02 286.80 4.09 286.80 12.28
O-C=O 289.07 1.83 289.15 2.96 289.15 3.00 288.92 8.33
pi-pi* 290.93 0.39 290.93 0.46 290.93 0.64 290.87 2.06

O 1s C-O, -OH 532.24 61.70 532.40 57.80 532.35 53.76 532.09 47.20
O-C=O 533.60 38.30 533.45 39.84 533.36 44.31 533.25 49.37
H2O adsorbed – – 535.28 2.36 535.61 1.93 535.39 3.43

Table 3 

Sample 
Element

SPCE 1 SPCE 3 SPCE 5 SPCE
%At Conc. 
±SD

%At Conc. 
±SD

%At Conc. 
±SD

%At Conc. 
±SD

O 2.32±0.79 2.91±2.89 3.20±0.96 3.23 ± 0.93
C 94.47±10.91 94.21±10.69 94.06±10.75 93.91 ± 10.60
Cl 3.22±0.33 2.89±0.30 2.75±0.29 2.68± 0.29

Fig. 3. FTIR ATR spectra of SPCE, 1 SPCE, 3 SPCE and 5 SPCE. Fig. 4. Contact angle measurements of the SPCE, 1 SPCE, and 3 SPCE. The bar 
chart shows the change in surface wettability with standard deviation. Insets 
display representative water droplet images of (a) SPCE, (b) 1 SPCE, and (c) 3 
SPCE, highlighting the transition from hydrophobic to hydrophilic surface after 
plasma treatment.
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C–H), as well as limited surface oxygen functionalities. The FTIR-ATR 
spectra also revealed strong peaks in the 2900–3000 cm⁻¹ region (C–H 
stretching), confirming the presence of aliphatic hydrocarbons that 
contribute to the hydrophobic character. In the case of 1 SPCE, the 
contact angle dropped significantly to an average of ~20◦±5◦ and 
further decreased to ~7◦±5◦ for 3 SPCE, clearly demonstrating a tran
sition to a hydrophilic surface. This transition is attributed to the 
introduction of oxygen-containing polar groups (–OH, –COOH), as evi
denced by XPS O 1 s deconvolution and the appearance of broad O–H 
and C=O features in the FTIR region between 1600–1750 cm⁻¹ and 
700–1200 cm⁻¹. Notably, ten measurements were taken consecutively 
on the same electrode at different points to assess reproducibility and 
surface uniformity. These findings, in correlation with the XPS and FTIR 
data, confirm that oxygen plasma treatment effectively cleans and 
functionalizes the SPCE surface, significantly enhancing its wettability, 
which can improve the electrochemical performance due to increased 
surface reactivity. Sample 5 SPCE exhibited complete wetting behavior, 
characterized by a contact angle of approximately 0◦ Upon deposition, 
the water droplet did not retain a defined shape but spread instantly 
across the surface to form a continuous thin film. This indicates a highly 
hydrophilic surface with strong adhesive interactions between the water 
and the substrate.

3.2. Electrochemical properties of the pre- and post-treated electrodes

3.2.1. Cyclic voltammetry (CV)
CV was employed to investigate the electrochemical behavior and 

redox kinetics of the screen-printed carbon electrode (SPCE) before and 
after plasma treatment. Measurements were carried out using a 40 mM 
[Fe(CN)6]3− /4− redox couple in a 0.1 M KCl electrolyte, with scan rates 
ranging from 10 to 150 mV/s. The selected concentration was chosen to 
ensure a strong electrochemical response from the electrode while 
remaining within its linear detection range (see Fig. S4). Although 
higher redox probe concentrations may raise concerns about non-ideal 
diffusion or ion pairing [40], no such effects were observed within the 
tested range. As shown in Fig. 5a–d, the untreated SPCE exhibited the 

lowest anodic and cathodic peak currents, indicative of a limited elec
troactive surface area and slower electron transfer. In contrast, the 
plasma-treated electrodes (1 SPCE, 3 SPCE, and 5 SPCE) presented 
consistent and marked increases in both the anodic and cathodic peak 
currents with increasing scan rates (Fig. 5b–d). This enhancement is 
attributed to surface activation via oxygen plasma, which introduces 
oxygen-containing functional groups (e.g., –OH and –COOH) and 
modifies the surface morphology, as supported by FTIR (Fig. 3) and XPS 
analysis (Fig. 2). These chemical modifications increase surface hydro
philicity and wettability (discussed in Section 3.1.4), facilitating better 
accessibility of redox species to the electrode surface. To further analyse 
the kinetics of the redox reaction, the dependence of the peak current 
(Ip) on the square root of the scan rate (ν1/2) was examined (Fig. 5e). The 
linear relationship observed for all electrodes confirms that the electron 
transfer process is diffusion-controlled, which is consistent with the 
Randles–Sevcik equation Eq. (3.2.1) for an irreversible system [41], 

Ip =
(
2.99×105)n3/2AD1/2Cv1/2 α1/2 (3.2.1) 

where 

I p is the peak current (A),
n is the number of electrons transferred (n = 1 for the ferro/ferri 
system),
A is the electroactive surface area (cm²), used as an ECSA
D is the diffusion coefficient (~7.6 × 10⁻⁶ cm²/s for [Fe (CN)6]3− /4− ),
C is the concentration (mol/cm³),
ν is the scan rate (V/s)
α = charge transfer coefficient (dimensionless, α =0.3, determined 
according to [41])

In a truly reversible electrochemical redox reaction, the separation 
between the anodic and cathodic peaks (ΔEp) is approximately 59.2 mV 
divided by the number of electrons transferred. The studied systems 
show irreversible redox behaviour based on ΔEp values >59 mV, as can 
be seen in Fig. 5 a-d. However, linearity of I = f(ν 1/2) proves, that 
Randles-Sevcic equation can be used to describe the redox behaviour of 

Fig. 5. Cyclic voltammetry curves of (a) SPCE, (b) 1 SPCE, (c) 3 SPCE, and (d) 5 SPCE recorded in 40 mM [Fe(CN)6 ]3− /4− solution containing 0.1 M KCl at scan 
rates ranging from 10 to 150 mV/s. (e) Corresponding anodic and cathodic peak current vs. square root of the scan rate plot showing diffusion-controlled kinetics.
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the studied system on pristine and functionalized SPCE with good 
approximation. Based on this assumption, using the above Eq. (3.2.1)
and the slope of the Ip vs. ν1/2 plot, the electrochemical active surface 
area (ECSA) was calculated. The calculated approximate areas increased 
from 0.069 cm² for SPCE to 0.096 cm² for 1 SPCE, 0.102 cm² for 3 SPCE, 
and 0.106 cm² for 5 SPCE, demonstrating a significant increase in the 
electrochemical surface area upon plasma treatment.

3.2.2. Electrochemical impedance spectroscopy (EIS)
EIS was employed to study the interfacial electron transfer behavior 

of the bare and plasma-modified screen-printed carbon electrodes 
(SPCEs). The measurements were carried out in a frequency range of 100 
mHz to 100 kHz with an AC amplitude of 10 mV. The Nyquist plots 
(Fig. 6A) were analyzed using the Randles equivalent circuit model, 
which includes a solution resistance (Rs), charge transfer resistance 
(Rct), constant phase element (CPE), and Warburg impedance (W), ac
counting for both kinetic and diffusion-controlled processes. The Rs 
remained nearly constant at around 300±15 Ω for all electrodes, indi
cating consistent electrolyte conditions. However, a significant differ
ence in Rct was observed: the bare SPCE exhibited a high Rct of 2606 
±10 Ω, suggesting limited electron transfer due to its hydrophobic and 
less conductive surface. This is typical for untreated carbon surfaces, 
which generally show sluggish kinetics of redox reactions due to limited 
surface functionality and lower ECSA.

After plasma treatment, the electrodes (1 SPCE, 3 SPCE, and 5 SPCE) 
showed a dramatic decrease in Rct, with values dropping to 33.4±0.5 Ω, 
3.2±0.2 Ω, and 2.1±0.1 Ω, respectively. This improvement is attributed 
to the surface activation and functionalization induced by plasma 
exposure, which enhances surface wettability and introduces oxygen- 
containing functional groups, thereby facilitating faster electron trans
fer. These findings were supported by corresponding increases in ECSA, 
estimated using the Randles–Sevcik equation from cyclic voltammetry 
data Eq. (3.2.1).

To quantify the electron transfer efficiency, the heterogeneous 
electron transfer rate constant (ket) was estimated Eq. (3.2.2)using a 
modified form of the Randles–Sevcik equation based on EIS data: 

ket =
RT

n2F2ACRct
(3.2.2) 

Where: 

• R = 8.314 J mol⁻¹ K⁻¹ (gas constant),
• T = 298 K (room temperature),
• n = 1 (number of electrons transferred),
• F = 96,485 C mol⁻¹ (Faraday constant),

• A = electrochemically active surface area (calculated from CV),
• C = 0.04 mol L⁻¹ (40 mM redox species),
• Rct = charge transfer resistance (from Nyquist plots).

Using the electrochemically active surface area (ECSA) values 
determined from cyclic voltammetry - 0.069 cm² for SPCE to 0.096 cm² 
for 1 SPCE, 0.102 cm² for 3 SPCE, and 0.106 cm² for 5 SPCE, the cor
responding heterogeneous electron transfer rate constants (kₑₜ) were 
calculated as approximately 3.70 × 10⁻7 cm/s, 2.08 × 10⁻5 cm/s, 2.06 ×
10⁻4 cm/s, and 2.99 × 10⁻4 cm/s, respectively. These values clearly 
indicate a marked improvement in charge transfer kinetics as a result of 
plasma treatment. This enhancement is attributed to plasma-induced 
modifications, including increased surface roughness and porosity, the 
incorporation of oxygen-containing functional groups, and improved 
surface wettability-all of which contribute to a greater electrochemical 
active area and more efficient interfacial electron transfer.

The enhanced performance of modified electrodes is thus a combined 
effect of increased active surface area (due to increased porosity) and 
improved surface conductivity. These modifications significantly 
improve the kinetics of the redox reaction, making the modified SPCEs 
highly suitable for electrochemical sensing applications

4. Correlation analysis of surface and electrochemical 
parameters

To explore the synergy between wettability and electrochemical ki
netics, we propose a performance model where ECSA and ket are related 
to the Rct and the cosine of the contact angle (cos(θ)). This model sug
gests that oxygen plasma treatment improves both electrode-electrolyte 
interaction and charge transport properties by modifying the surface 
morphology and enhancing the wettability of the electrode. Specifically, 
plasma-treated SPCEs demonstrated a remarkable reduction in Rct by a 
factor of 1000, indicating improved charge transfer kinetics, and a more 
than 10-fold increase in ECSA, highlighting an enhanced surface area for 
electrochemical reactions. The pristine SPCE (with a contact angle of 
124◦ and Rct of 2606 Ω) exhibited the lowest ECSA (~0.069 cm² and the 
lowest kₑₜ (~3.70 × 10⁻⁷ cm/s) (Fig. 7). In contrast, the 1 SPCE (contact 
angle = 20◦, Rct = 33.4 Ω), 3 SPCE (contact angle = 7◦, Rct = 3.17 Ω), 
and 5 SPCE (contact angle = 5◦, Rct = 2.1 Ω) progressive enhancement in 
electrochemical performance, with the electroactive surface area 
increasing from 0.069 cm² for SPCE to 0.096 cm² for 1 SPCE, 0.102 cm² 
for 3 SPCE, and 0.106 cm² for 5 SPCE. Correspondingly, the heteroge
neous electron transfer rate constants (kₑₜ) were estimated to be 
approximately 3.70 × 10⁻⁷ cm/s, 2.08 × 10⁻⁵ cm/s, 2.06 × 10⁻⁴ cm/s, 
and 2.99 × 10⁻⁴ cm/s, respectively. Fig. 7).

Fig. 6. (A) Nyquist plots of the fitted EIS data for SPCE, 1 SPCE, 3 SPCE, and 5 SPCE electrodes recorded in 40 mM [Fe(CN)6] 3− /4− solution; inset shows the 
equivalent Randles circuit used for fitting. (B) Bar diagram illustrating the charge transfer resistance (Rct) values for each electrode; 3 SPCE and 5 SPCE to emphasize 
the significant reduction in Rct after plasma treatment.
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Based on these observations, the following empirical relationships 
are proposed to quantitatively describe the electrochemical perfor
mance of the plasma-treated electrodes: 

ECSA = k1.
cos(θ)
Rct

, ket = k2.
cos(θ)
Rct

(4.1) 

In these equations, k₁ reflects the effectiveness of surface wettability 
in promoting electrochemical accessibility. It quantifies how efficiently 
a given increase in cos(θ) translates into an increased ECSA. Higher 
values of k₁ suggest a more porous, roughened, or chemically func
tionalized surface that takes greater advantage of improved wettability. 
k₂ represents the intrinsic electronic and electrochemical properties of 
the electrode material that influence charge transfer at the interface. It is 
governed by factors such as surface conductivity, availability of reactive 
sites, and the density of states. A higher k₂ value indicates more efficient 
charge transport mechanisms inherent to the electrode architecture. 
This model provides a robust framework for optimizing plasma treat
ment conditions, which can be tailored to fabricate high-performance 
electrochemical sensors. The relationship highlights the importance of 
surface modification for improving sensor efficiency, particularly for 
applications in biosensing, energy storage, and electrocatalysis.

5. Repeatability and stability

To evaluate the repeatability and stability of the plasma-treated 
electrodes, CV measurements were performed using SPCE, 1 SPCE, 3 
SPCE, and 5 SPCE electrodes. Repeatability was assessed by performing 
five consecutive CV scans for each electrode under identical conditions. 
The corresponding bar diagram representing the anodic and cathodic 
peak currents (Fig. 8A) demonstrates excellent reproducibility, with a 
standard deviation (n = 5) of less than 3 % for all electrodes. This 
confirms the robustness of the redox behavior and the consistent surface 
activity of the electrodes. The associated cyclic voltammograms sup
porting these findings are provided in Supplementary Fig. S5, which 
shows overlapping curves with negligible deviation across cycles. For 
the stability study, electrodes were stored under ambient conditions 
(room temperature, 20 ± 3◦C) and tested at six days intervals: 0, 1, 3, 5, 
7, and 20 days. Each sample was analyzed in triplicate (n = 3) to ensure 
statistical reliability. The stability data are illustrated in Fig. 8B, which 
presents the bar diagram of anodic and cathodic currents over time. The 
corresponding CVs are shown in Supplementary Fig. S6. Plasma-treated 
electrodes particularly 3 SPCE and 5 SPCE exhibited significantly 
greater retention of redox current over the 20-day period, with minimal 
degradation compared to the pristine SPCE, which showed a noticeable 

Fig. 7. A) shows 3D bar plots comparing the electrochemical performance of SPCE, 1 SPC E, 3 SPCE, and 5 SPCE electrodes, highlighting a significant increase in 
ECSA and an enhancement in electron transfer rate constant (ket) with increasing plasma treatment cycles. B) illustrates a marked decrease in charge transfer 
resistance (Rct)-presented on a logarithmic scale-further confirming improved electrode kinetics. In both cases, the ECSA consistently increases with successive 
plasma treatments.

Fig. 8. A) Repeatability of SPCE, 1 SPCE, 3 SPCE, and 5 SPCE electrodes showing anodic and cathodic peak currents with <3 % standard deviation (n = 5). B) 
Stability of electrodes over 20 days under ambient conditions (n = 3), indicating minimal degradation in plasma-treated electrodes.
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decline in both cathodic and anodic responses. The small error bars 
across time points reflect high consistency and support the effectiveness 
of plasma treatment in enhancing surface stability.

6. Conclusion

In this study, we presented a simple and scalable oxygen plasma 
treatment strategy that markedly improved the electrochemical perfor
mance of screen-printed carbon electrodes (SPCEs). Surface analysis 
confirmed the successful incorporation of oxygen-containing functional 
groups, which significantly enhanced the electrodes’ wettability and 
polar groups. Contact angle measurements revealed a clear shift from 
hydrophobic to hydrophilic behaviour, highlighting improved in
teractions at the electrode–electrolyte interface. Electrochemical char
acterization demonstrated a substantial increase in the ECSA and 
enhanced redox kinetics with increasing plasma exposure. CV, particu
larly scan-rate-dependent studies, confirmed a diffusion-controlled 
process through the linearity between the peak current and the square 
root of the scan rate. EIS further validated these enhancements, with Rct 
dramatically decreasing from approximately 2600 Ω in pristine SPCEs to 
as low as 2 Ω in plasma-treated variants by a factor of 1000. Corre
spondingly, the ket significantly increased, indicating improved charge 
transfer efficiency. To capture the synergistic effect of wettability and 
electrochemical performance, we proposed a predictive model where 
both ECSA and ket scale proportionally with the cosine of the contact 
angle (cos θ) and inversely with Rct. This model provides a quantitative 
basis for optimizing plasma treatment parameters to fine-tune electrode 
performance. To ensure the stability and repeatability of the electrodes, 
both pristine and plasma-treated SPCEs were evaluated. The plasma- 
treated electrodes demonstrated superior reproducibility (n = 5) and 
minimal degradation over time, confirming enhanced electrochemical 
stability. Collectively, these findings underscore the potential of plasma 
surface engineering as a powerful tool for developing high-performance, 
cost-effective, and disposable electrochemical platforms, with promising 
applications in biosensing, energy conversion, and environmental 
monitoring.
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Figure  S1. SEM images of pristine SPCE and plasma-treated samples (1 SPCE, 3 SPCE, and 

5 SPCE) captured at different magnifications. 
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Figure S2. SEM images of pristine SPCE and plasma-treated samples (1 SPCE, 3 SPCE, and 

5 SPCE) captured at the same magnification at different locations. 
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Figure S3.  AFM images of pristine SPCE and plasma-treated samples (1 SPCE, 3 SPCE, and 5 

SPCE). 
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Figure S4.  A) Cyclic voltammetry (CV) responses of screen-printed carbon electrodes (SPCEs) 

recorded in equimolar K₃[Fe(CN)₆]/K₄[Fe(CN)₆] solutions with varying concentrations (5 mM 

to 100 mM) in 0.1 M KCl. Measurements were performed over a potential range of –1.0 V to 

+1.0 V at a scan rate of 50 mV/s. B) Calibration plot showing anodic peak currents as a function 

of K₃[Fe(CN)₆]/K₄[Fe(CN)₆] concentration. C) Calibration plot potential differation of 

K₃[Fe(CN)₆]/K₄[Fe(CN)₆] concentration Data are presented as mean ± standard deviation (n 

= 3), with error bars below 5%. Inset: linear regression curve with corresponding equation 

and R² value, demonstrating strong correlation and electrode sensitivity across the tested 

concentration range. 
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Figure S5. Cyclic voltammograms of SPCE, 1 SPCE, 3 SPCE, and 5 SPCE. Measurements 

were performed in an equimolar 40 mM solution of potassium ferricyanide/potassium 

ferrocyanide (K₃[Fe(CN)₆]/K₄[Fe(CN)₆]) solution containing 0.1 M KCl using a potential 

range of −1 V to +1 V at a scan rate of 50 mV/s. Each electrode was tested over five 

consecutive cycles to assess electrochemical behaviour and reproducibility. 
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Figure S6. Cyclic voltammograms of untreated SPCE, and 

plasma-treated electrodes: 1 min plasma (1 SPCE), 3 min 

plasma (3 SPCE), and 5 min plasma (5 SPCE). 

Measurements were performed in an equimolar 40 mM 

solution of potassium ferricyanide/potassium ferrocyanide 

(K₃[Fe(CN)₆]/K₄[Fe(CN)₆]) containing 0.1 M KCl, using a 

potential range of −1 V to +1 V at a scan rate of 50 mV/s. 

Electrodes were evaluated at five different time points: (A) 

Day 0, (B) Day 1, (C) Day 3, (D) Day 7, and (E) Day 20. 

Each condition was tested in triplicate (n = 3) to assess the 

effect of plasma treatment duration and storage time on 

electrode performance and stability. 
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