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A B S T R A C T

3D printing technologies offer a promising approach for fabricating electrochemical sensors due to their ease of 
operation, design 2exibility, rapid prototyping, minimal waste, and low cost. However, the printed electrode 
surfaces typically lack the ideal electrochemical activity needed for sensitive detection. Here, we introduce a 
novel process called Copper-Driven Laser Graphitization (CDLG), which leverages copper catalysis and femto
second laser treatment to achieve graphitization of polycaprolactone (PCL). The surface morphology of CDLG- 
modi9ed electrodes was characterized by SEM, while EDS, XPS, and Raman spectroscopy were used to 
analyze changes in surface chemical composition. Electrochemical properties, including sensor performance, 
were evaluated through cyclic voltammetry, electrochemical impedance spectroscopy, amperometry and 
potentiometric measurement. Results show that CDLG-modi9ed 3D-printed electrodes exhibit a more than six
tyfold increase in sensitivity compared to unmodi9ed printed surfaces, as demonstrated by amperometric 
measurements of hydrogen peroxide (H₂O₂). Meanwhile, when fabricated into a potassium ion-selective elec
trode, the CDLG-modi9ed electrode exhibits near-Nernstian behavior for K+ detection. Furthermore, the 3D- 
printed electrochemical device can be coupled with a portable smartphone potentiostat, enabling more conve
nient detection applications. These 9ndings highlight the potential of CDLG to advance 3D-printed electro
chemical sensor fabrication, opening new avenues for future sensor designs, expanded applications, and device 
integration.

1. Introduction

In recent years, 3D-printed electrochemical sensors have attracted 
growing attention due to their versatile applications across various 
9elds, including clinical analysis [1], environmental monitoring [2], 
and fouling detection [3]. Among the different 3D printing techniques, 
Fused Deposition Modeling (FDM) stands out as one of the most cost- 
effective and widely adopted 3D printing techniques, making it espe
cially attractive for the fabrication of electrochemical sensors [4,5]. The 
use of FDM in this 9eld offers numerous advantages, including scalable 
digital production, automated electrode encapsulation, and the creative 
2exibility to meet speci9c design requirements [6]. Moreover, FDM 
supports effective device integration, as illustrated by advancements 
such as multi-sensor compatible 3D-printed electrochemical cells for 
drug screening [7], 2uidic 3D-printed electrochemical microcells for 
heavy metal analysis [8], and smartphone-addressable 3D-printed 

electrochemical rings for nonenzymatic glucose monitoring in human 
sweat [9]. It can be even combined with screen printing technologies to 
assemble open source potentiostat for wireless electrochemical detec
tion using smartphones [10]. These innovations highlight the versatility 
and applicability of FDM fabricated electrochemical sensors in di
agnostics [11,12], environmental monitoring [2,13], and industrial 
analysis [14,15].

When utilizing FDM to directly fabricate electrochemical sensors, 
one of the key steps is the printing of both electrically conductive and 
electrochemically sensitive electrodes, which currently faces two tech
nical obstacles. First, currently available FDM 9laments usually have 
insuf9cient electrical conductivity because of a large proportion of non- 
conductive thermoplastics contained in these 9laments to ensure 
acceptable FDM printability. To tackle this issue, recent research efforts 
have explored carbon-based conductive 9laments, which focus on 
incorporating high concentrations of conductive carbon 9llers (graphite 
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[16], graphene [17], carbon black [18], carbon nano9bers [19], carbon 
nanotubes [20], etc.) into thermoplastic polymers (PLA, ABS, poly
styrene, polypropylene, polyethylene terephthalate glycol-modi9ed, 
Nylon, etc.) [21]. For example, Kwok et al. reported a conductive 9la
ment using carbon black 9ller in polypropylene polymeric matrix, 
achieving volumetric resistivity of 0.5 Ω⋅cm [22]. Commercially avail
able 9laments, such as graphene 9lled PLA (sold by Black Magic 3D) and 
carbon black 9lled PLA (sold by Proto-pasta), exhibit volumetric re
sistivities of 0.6 Ω⋅cm and 30 Ω⋅cm, respectively [23]. Similarly, intro
ducing metallic components into polymer matrices is another strategy to 
enhance 9lament conductivity. However, directly incorporating metal 
microparticles into polymer hosts often fails to form continuous 
conductive pathways due to poor interparticle contact, and can severely 
deteriorate the mechanical integrity and printability of the 9lament. 
Moreover, the high density and thermal conductivity mismatch between 
metal particles and polymeric carriers create additional processing 
challenges during FDM printing, such as nozzle clogging or poor layer 
adhesion [24]. Therefore, achieving effective electrical percolation in 
metal-polymer composites typically requires the use of specially engi
neered nanostructures. To this end, recent advances have turned to the 
integration of metal nanowires—particularly silver (Ag) and copper 
(Cu)—as promising candidates to establish continuous conductive net
works within the polymer phase. For example, Tae Hwan Lim et al. 
utilized melt-spinning to fabricate polymer/metal/CNT composite 9bers 
with high conductivities ranging from 4.1 to 7.2 × 10−2 S/cm [25]. 
Mutya A. Cruz et al. synthesized Cu–Ag core–shell nanowires, enabling 
the production of a highly conductive polymer 9lament with a 
remarkably low resistivity of 0.002 Ω⋅cm [26]. Although notable prog
ress has been made in the development of metal-based conductive 9la
ments, their application in the fabrication of functional electrochemical 
devices—particularly through direct FDM printing—remains largely 
unexplored.

The second obstacle is that, when these composite 9laments are 
printed into an electrode, its surface often lack electrochemical activity 
needed for sensitive detection. This issue arises primarily from high 
contact resistance due to excessive polymeric material on the surface, 
which obstructs ef9cient ion-electron charge transfer. Besides, the 9llers 
themselves may not be equipped with abundant electrochemical active 
sites, further limiting the electrode sensitivity and overall performance. 
To address the second obstacle, current research often focuses on using 
electrochemically active graphene or carbon black to 9ll composite 9l
aments. Then surface “cleaning” or “activation” is applied to remove 
residual polymeric materials from electrode surface after FDM printing, 
thus exposing the carbon 9llers for sensitive detection [21]. For 
instance, Cardoso et al. demonstrated that mechanical polishing and 
DMF immersion effectively remove excess PLA, exposing graphitic 
structures on graphene/PLA electrodes for the direct detection of nitrite 
and uric acid [27]. Similarly, Novotný et al. enhanced electron transfer 
rates on graphene/PLA electrodes through thermal annealing, which 
decomposed the PLA binder and enabled the detection of nitroaromatic 
explosives after electrochemical conditioning [28]. Additionally, Jian 
et al. utilized cold plasma treatment with O₂ to enhance the electro
chemical activity of carbon black/PLA electrodes by removing insu
lating PLA residues, exposing conductive carbon black sites, and 
introducing oxygenated functional groups, enabling dopamine detection 
[29].

Inspired by these efforts on the challenges of FDM-printed electrodes, 
in this paper, we propose an alternative solution that starts with 
selecting a composite 9lament made by copper (with a small amount of 
silver) and polycaprolactone (PCL) for electrode printing. With copper 
as the conductive 9ller, the resistivity of this 9lament is remarkably low, 
measuring just 0.006 Ω⋅cm—two to three orders of magnitude lower 
than that of carbon-based 9laments [23]. Despite the exceptional elec
trical conductivity of this copper composite 9lament, printed electrode 
still lacks electrochemical activity. To solve this issue, we discovered 
that applying femtosecond laser treatment to the surface of the printed 

electrode enables the graphitization of PCL. It is hypothesized the 
graphitization is attributed to ultrafast femtosecond laser breakdown of 
PCL molecular chains and following copper-catalyzed graphitization. 
This femtosecond laser treatment, due to its highly ef9cient digital na
ture, not only marks the 9rst successful instance of PCL graphitization 
but also greatly enhances the electrochemical activity of the electrode 
surface. As a result, our FDM printed electrodes demonstrated a nearly 
60-fold improvement in sensitivity for hydrogen peroxide detection 
after femtosecond laser treatment, achieving a maximum sensitivity of 
122.9 mA⋅M−1

⋅cm−2. By enabling smartphone connectivity, this work 
also demonstrates that the laser-treated 3D-printed electrochemical 
sensor can achieve portable detection of hydrogen peroxide and potas
sium ions in aqueous solutions. Compared to techniques such as aerosol 
jet printing, inkjet printing and screen printing, which often require 
complex ink formulations and substrate compatibility constraints 
[30,31]，this novel method combines FDM 3D printing with digital 
laser treatment, presenting a transformative manufacturing technology, 
offering potential for integration of 3D-printed devices to broaden their 
applicability in future in-9eld and real-time analysis.

2. Material and methods

2.1. Chemicals and materials

Valinomycin (99 %), bis(2-ethylhexyl) sebacate (DOS), poly(vinyl 
chloride) (PVC), tetrahydrofuran (THF, 99.9 %), sodium chloride 
(NaCl), potassium chloride (KCl), phosphate buffered saline (PBS), Sil
ver/silver chloride (60/40) paste and hydrogen peroxide (H2O2) solu
tion (30 %) are procured from Sigma-Aldrich. A commercial PCL/Cu 
conductive 9lament (electri9, Multi3D. Inc) in diameter of 1.75 mm is 
purchased to print the electrodes and devices. A natural PCL 9lament is 
purchased from 3D4MAKERS.COM. To print the insulating packaging 
for the electrodes and devices, PLA 9laments in diameter of 1.75 mm are 
purchased from Creality 3D Inc. The 3D printer utilized to print the 
above 9laments is Creality Ender-3 pro (Creality 3D. Inc). The printer is 
upgraded from a single extruder to a dual extruder (Ender IDEX) using 
the extra parts supplied by SEN 3D. Inc. for simultaneous printing and 
packaging of electrodes and devices. Both nozzles of the dual extruder 
are in a diameter of 0.4 mm.

2.2. Electrode and device fabrication

Using Computer-aided design (CAD) software SOLIDWORKS, the 
full-size models of electrodes and devices with external packaging are 
created and saved as single stereolithography (STL) 9les. Then, the STL 
models are sliced into multiple layers to generate G-code 9les by using 
the slicing software Ultimaker Cura. After that, the G-code 9les are input 
into the 3D printer with a dual extruder to command the printing of the 
electrodes and devices with external packaging. The PCL/Cu conductive 
9lament are printed at an extrusion temperature of 175 ◦C. The external 
packaging is printed using the PLA 9lament at an extrusion temperature 
of 210 ◦C. And all 9laments are printed with a layer height of 0.15 mm, 
line width of 0.4 mm, and in9ll density of 100 %.

The electrode structure, measuring 45 mm in length, 5 mm in width, 
and 1 mm in thickness, is printed using PCL/Cu conductive 9lament and 
serves as the electrical conduction component. A 0.5 mm thick encap
sulating layer, printed with PLA, encloses the electrodes, precisely 
de9ning the sensor’s active region. This designated active area features a 
circular geometry with a 4 mm radius, corresponding to an approximate 
planar surface area of 50 mm2. The printing resolution, layer stacking 
consistency, and interfacial bonding quality of this fabrication process 
have been optimized in our previous work [32].

The sensor device consists of 9ve distinct components: two 2uidic 
pipes, three electrodes, a lower container part, and an upper container 
part. These components are individually designed using SOLIDWORKS 
and assembled into a complete sensor device in Ultimaker Cura before 

Y. Dou et al.                                                                                                                                                                                                                                     Chemical Engineering Journal 524 (2025) 168944 

2 



being sliced and printed using a dual-extruder 3D printer. The 9nal 
structure forms a rectangular container with dimensions of 33 mm ×
24.5 mm × 16 mm and a wall thickness of 2 mm. Two 2uidic pipes serve 
as inlet and outlet channels for liquid 2ow at both ends of the container. 
Three electrodes are embedded at the bottom of the container, with a 
circular active area of 4 mm in radius exposed on the lower surface. 
Further details of the device design are provided in Figs. S1 and S2.

2.3. Femtosecond laser processing

Subsequent to printing, the electrodes undergo processing using a 
1030 nm femtosecond laser produced by a Yb: KGW femtosecond laser 
system (PHAROS by Light Conversion). The linearly polarized laser has a 
pulse duration of 165 fs and a Gaussian beam pro9le. A laser scan head 
(intelliSCAN by SCANLAB) is utilized to focus the laser on the electrodes 
and create a circular scanning region that encompasses the designated 
active area. The laser 2uence is varied (1 J/cm2, 5 J/cm2, 10 J/cm2, 15 
J/cm2, 20 J/cm2, and 25 J/cm2) to assess its effect on graphitization, 
while the repetition rate and overlapping ratio are maintained at 10 kHz 
and 85 %, respectively. Noble gas (Ar) is introduced during laser scan
ning to eliminate the ablated big particles and shield the treated surface 
from oxygen in the environment.

2.4. Potassium ion selective electrode (ISE) synthesis

Laser-scribed electrodes are transformed into potassium ISEs by 
depositing a potassium-selective membrane onto the circular section of 
the CDLG electrode. The membrane cocktail comprises 1.0 wt% vali
nomycin, 66 wt% DOS, and 33 wt% PVC, dissolved in 5 mL of THF at a 
concentration of 15 wt%. A 50 μL aliquot of this cocktail is drop-coated 
onto the electrodes and air-dried for 6 h.

2.5. Characterization

The microstructures of the PCL/Cu and CDLG substrate surfaces are 
examined using a Field Emission Scanning Electron Microscope (FEI 
Nova 200 NanoLab, Thermo Fisher Inc.). FE-SEM images are captured in 
secondary electron (SE) mode with an accelerating voltage of 5 kV and a 
beam current of 1.6 nA, maintaining a working distance of 5 mm from 
the 9eld emitter source aperture. Additionally, an EDS detector is 
employed to determine the chemical composition and distribution 
across the samples.

Confocal Raman microscopy is performed using an Acton 300 LN2 
spectrometer. The Raman signal is isolated from laser excitation using 
an Ondax SureBlock™ ultranarrow-band notch 9lter combined with two 
OptiGrate notch 9lters. The samples are analyzed with a 532 nm 
wavelength laser, powered by a 150 mW Coherent Sapphire SF laser. 
Using Raman spectroscopic data, the crystalline size along the a-axis (La) 
can be calculated from the ratio of the integrated intensity of the G peak 
(IG) and D peak (ID). The La value can be obtained using the following 
equation [33]: 

La =
(2.4×10−10)× λ

4 ×
IG
ID 

The X-ray Photoelectron Spectroscopy (XPS) spectra of the electrode 
surfaces are acquired using a Kratos Axis Supra+ X-ray Photoelectron 
Spectrometer, equipped with dual monochromatic Al/Ag sources (Al K- 
alpha 1486.6 eV and Ag L-alpha 2984.2 eV). Binding energy survey 
scans are generated by measuring the photoelectron energies of the 
constituent elements and subtracting the excitation energy.

Cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy 
(EIS), and amperometric sensing are conducted using a CHI Instruments 
potentiostat (660 series) con9gured in a three-electrode setup. The PCL/ 
Cu or CDLG 3D-printed electrodes serve as the working electrode, Ag/ 
AgCl (1 M KCl) is used as the reference electrode, and a platinum wire 
acts as the counter electrode. For EIS and EIS tests, 1× PBS with 0.1 mM 

H₂O₂ is used as the electrolyte to assess electrochemical activity and 
impedance. EIS measurements are performed at open-circuit voltage 
over a frequency range of 1 MHz to 0.1 Hz with an amplitude of 5 mV. 
The equivalent circuit 9tting and the corresponding Cdl values were 
obtained using ZView software.

For H₂O₂ sensing, all electrodes are submerged in a 10 mL test vial 
containing the electrolyte, with the solution continuously stirred at 600 
rpm using a 0.5 cm magnetic stir bar. Incremental increases in hydrogen 
peroxide concentration are achieved by pipetting 10 μL of 100 mM H₂O₂ 
solution into the test vial in ten successive additions. During the ex
periments, a working potential of 0.1 V is maintained between the 
working and counter electrodes.

For potentiometric measurements, CDLG ISEs act as the working 
electrode. Before electrochemical testing, the electrodes are conditioned 
in a 0.01 M KCl solution for 24 h and stored dry at room temperature 
between experiments. The analytical performance of the potassium ISEs 
is evaluated in a KCl solution over a concentration range of 10–5.5 to 
10−2 M. Additionally, a water layer test is conducted by exposing the 
CDLG ISE to a 0.01 M KCl solution for 4 h, followed by a 0.01 M NaCl 
solution for 2.5 h, and then returning to the initial KCl solution for 8.5 h 
while continuously recording the potential. The limit of detection (LOD) 
is determined using the three-sigma method (3σ).

2.6. Measurement

For device measurements, a Sensit Smart potentiostat (Palmsens, 
Houten, Netherlands), controlled via the PStouch Android app, is 
employed. The two laser-scribed areas function as both the working and 
counter electrodes, while Ag/AgCl paint serves as the reference elec
trode. When the H₂O₂ test solution enters the detection chamber, chro
noamperometry is performed at a potential of 0.1 V for 100 s to quantify 
H₂O₂ levels. Similarly, when PBS samples are introduced into the device, 
potentiometric measurements are carried out to determine potassium 
ion K+ concentrations.

For the detection of H₂O₂, an amperometric sensing mechanism is 
employed. At an applied potential of −0.1 V vs. Ag/AgCl, H₂O₂ un
dergoes electrochemical reduction on the carbon-based working elec
trode surface, producing a Faradaic current proportional to the H₂O₂ 
concentration. The magnitude of the steady-state current thus re2ects 
the analyte level.

For K+ detection, a potentiometric mechanism based on ISEs is used. 
The sensor operates under open-circuit conditions, where a selective 
membrane containing valinomycin facilitates K+-selective ion ex
change. The resulting potential difference, measured between the 
working electrode and the reference electrode (Ag/AgCl), follows the 
Nernst equation and varies logarithmically with K+ activity.

2.7. Simulation

Local temperature 9eld is essential for evaluating the graphitization 
process. Consequently, a 2D axisymmetric 9nite element model is con
structed using COMSOL Multiphysics to investigate the local tempera
ture distribution. During the ultrafast laser-matter interaction process, 
the laser energy is 9rst absorbed by free electrons and then transferred 
into the lattice system via the electron-lattice interactions. The local 
(electron and lattice) temperatures can be described and captured by the 
two-temperature model (TTM), with the governing equations shown 
below [34,35]: 

Ce
∂Te
∂t = ∇(ke∇Te)−G(Te −Tl)+ S 

Cl
∂Tl
∂t = ∇(kl∇Tl)+G(Te −Tl)

Here Te and Tl are transient temperatures of electron and lattice 
systems. ke and kl denote thermal conductivities of electron and lattice 
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systems. Ce and Cl are electron and lattice heat capacity and G represents 
the electron-lattice coupling coef9cient. S is the laser energy and t is 
time.

This model represents the printed electrode as a copper slab structure 
overlaid with an imaginary optical absorbing layer composed of PCL. 
The thermal impact of the imaginary PCL layer is minimal due to its low 
thermal decomposition temperature. Initial electron and lattice tem
peratures are set to room temperature (293.15 K). The axisymmetric 
boundary condition is implemented on the left surface, whereas the 
adiabatic boundary condition is applied to both the right and bottom 
surfaces. The upper surface is designated as an open boundary to ac
count for thermal radiation and material ablation.

3. Results and discussion

3.1. Copper-driven laser graphitization

As shown in Fig. 1a, the PCL/Cu composite 9lament is selected for 
the 3D printing of sensor electrodes using FDM technology. FTIR spec
troscopy was performed to characterize the chemical structure of the 
PCL/copper composite electrode surface (Fig. S3). The spectrum ex
hibits characteristic absorption bands of PCL, including the strong 
carbonyl (C=O) stretching vibration at ~1720 cm−1, associated with the 
ester group in the polymer backbone. The asymmetric and symmetric 
CH₂ stretching vibrations appear at ~2943 cm−1 and ~ 2865 cm−1, 
respectively, while the CH₂ bending and scissoring modes are observed 
at ~1465 cm−1 and ~ 1418 cm−1. Additionally, the C–O–C stretching 
vibration of the ester group is identi9ed in the range of 1240–1160 cm−1 

[36]. These characteristic peaks con9rm the presence of PCL as the 
polymer matrix in the composite 9lament, indicating that the melt- 
extrusion process used for 9lament fabrication preserved the funda
mental chemical structure of PCL without detectable degradation. After 
printing, femtosecond laser scribing is applied to the electrode surface 
under ambient conditions. Driven by the catalytic effect of copper and 
the in2uence of the laser, the PCL spontaneously transforms into gra
phene on the copper surface, a phenomenon we term as Copper-Driven 
Laser Graphitization (CDLG). The mechanism of CDLG is fundamentally 
different from traditional laser-induced graphene (LIG) [37]. In LIG, 
polymers are photothermally converted to graphene by pulsed CO₂ laser 
irradiation, but the selection of suitable carbon precursors is limited to 
materials containing aromatic rings or hexagonal structures. For 
example, polyimide (PI) and poly(etherimide) [38], due to their aro
matic and imide repeat units, as well as lignin-containing precursors 
with cross-linked aromatic structures [39], can form LIG. In contrast, 
ablated polymers such as PCL and PLA, commonly used in FDM 3D 
printing, tend to depolymerize and ablate under laser processing rather 
than yielding graphene due to their low melting points and lack of ar
omatic structures [40].

We propose that the underlying mechanism of CDLG involves two 
critical factors: the use of femtosecond pulsed lasers and the catalytic 
role of copper. Femtosecond lasers, with their ultrashort pulse duration 
and high peak power, are capable of cold ablation (as shown in Fig. 1a 
right), which breaks chemical bonds to ionize atoms and leaves low 
residual heating in the material [41,42]. This makes them highly 
effective for processing the PCL polymer in our electrodes, leading to 
carbon bonds breaking and carbon radicals/ions formation [43]. In 
addition to the unique femtosecond laser effect, the catalytic properties 
of copper play a pivotal role in the CDLG process, akin to its function in 
Chemical Vapor Deposition (CVD), where pyrolyzed carbon sources 
absorb onto copper surface to form graphene lattice structure [44,45]. In 
CDLG, copper nanocrystals serve as catalytic templates with excellent 
ef9ciency to absorb the ionized carbon atoms and then form graphitic 
skeletons.

In summary of our proposed CDLG mechanisms as shown in Fig. 1b, 
when femtosecond laser irradiates the surface of PCL/Cu electrodes, the 
ultrashort laser pulses deliver massive, localized energy into PCL 

through multiphoton absorption, rapidly exciting and ejecting electrons. 
This leads to breaking of chemical bonds within the polymer chains, and 
then decomposition of the polymer into reactive carbon species, which 
eventually absorb onto the copper surface and reorganize into sp2-hy
bridized carbon structures, i.e., graphene structure. Notably, Fig. S4 
presents the TEM image and corresponding FFT pattern of the copper 
cross-section after femtosecond laser treatment. It reveals the formation 
of nanocrystals on the copper surface. This phenomenon arises because 
femtosecond laser pulses induce rapid heating and ultrafast cooling, 
which suppresses grain growth and promotes non-equilibrium phase 
transitions. In addition, the high-pressure shock waves generated during 
laser irradiation introduce signi9cant mechanical stress, leading to se
vere plastic deformation and dynamic recrystallization. These combined 
effects re9ne the grain structure and result in the formation of stable 
surface nanocrystals.

To elucidate the in2uence of femtosecond laser irradiation on gra
phene formation, the evolution of lattice temperature induced by a 
femtosecond laser pulse (pulse duration: 165 fs) is investigated using the 
two-temperature model (TTM), as illustrated in Fig. 1c. The laser pulse 
propagates along the negative z-direction and impinges upon the PCL/ 
copper composite at the z = 0 nm plane. Immediately following irradi
ation, rapid heating occurs, initiating intense thermal decomposition of 
the PCL layer, phase explosion within the copper substrate, and subse
quent material ablation con9ned to a narrow region—an event charac
terized as “cold ablation.” The ablation front is distinctly highlighted, 
marking the formation and progression of the ablation crater during and 
subsequent to the ultrafast laser processing. As thermal energy dissipates 
from the ablation front, copper undergoes resolidi9cation, facilitating 
the reorganization and nucleation of absorbed active carbon species on 
its surface. This nucleation process initiates the growth of high-quality 
graphene within an optimized temperature window ranging from 
1357.15 K down to 573.15 K [46–49]. The identi9cation of this gra
phene formation window, outlined in Fig. 1c, validates the capability of 
ultrafast laser irradiation to effectively induce graphene growth, thereby 
supporting the proposed CDLG mechanism.

To con9rm the indispensable role of copper in the CDLG process, we 
have designed a controlled experiment where PCL is thermally pressed 
onto a copper foil, and its surface is then subjected to femtosecond laser 
scribing. Supplementary Fig. S5 depicts a sample of PCL substrate which 
is laser-scribed directly, as well as PCL thermally pressed onto copper 
foil and then laser-scribed. The images clearly show that the color of the 
PCL substrate changes from white to light gray after laser scribing, while 
the sample of PCL coating on copper foil turns from white to black. 
Furthermore, Raman spectroscopy is performed on the PCL, the PCL/Cu 
composite, laser-scribed PCL, and laser-scribed PCL coated on copper 
foil. As depicted in Fig. 1d, characteristic peaks of graphitization, the D 
peak at ~1350 cm−1 (indicative of defect regions, also known as the 
disorder or defect band) and the G peak at ~1580 cm−1 (indicative of 
the planar con9guration of sp2 bonded carbons) [50], are only observed 
in the laser-scribed PCL coating on copper foil. This clearly demonstrates 
that copper is essential for the successful graphitization of PCL subjected 
to femtosecond laser treatment. Similarly, when the same experiment is 
conducted with PLA, the CDLG process is also successfully achieved 
(Fig. S6). Given that both PCL and PLA are widely used materials for 3D 
printing, CDLG can undoubtedly be combined with FDM 3D printing. 
For the electrodes printed using the Cu/PCL 9lament, the corresponding 
Raman spectra, as shown in the upper right corner of Fig. 1d, exhibit not 
only prominent D and G bands but also a weak 2D peak at ~2700 cm−1, 
indicative of a second-order Raman scattering feature. This observation 
suggests that the intimate contact between Cu and PCL within the 
composite 9lament enhances the catalytic effect of copper, thereby 
promoting the formation of low-layer-number graphene with limited 
crystallinity.
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Fig. 1. (a) Schematic of 3D printing and femtosecond pulsed laser surface treatment, and photographs of electrodes before and after laser processing. (b) Schematic 
of the synthesis process of CDLG from biodegradable polymer with the help of copper. (c) Simulated lattice temperature pro9le with laser 2uence at 15 J/cm2 and 
highlighted graphene formation window. (d) Representative Raman spectrum of laser scribed PCL/Cu substrate, laser scribed PCL, PCL/Cu, PCL and laser scribed 
PCL/Cu electrode.
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3.2. Simulation

Graphene fabrication catalyzed by copper through CVD method has 
been extensively investigated. High temperatures are essential to break 
down carbon precursors and facilitate carbon diffusion onto copper 
surfaces, following a surface-mediated growth mechanism [51]. Typi
cally, graphene synthesis via CVD is reported at temperatures ranging 
from 573.15 K to 1357.15 K [46–49]. In addition to elevated tempera
tures, suf9cient reaction time is critical to enable carbon diffusion and 
nucleation. Molecular dynamics simulations indicate that hexatomic 
carbon ring structures generally form within 100 to 200 ps [52,53]. 
However, excessively prolonged reaction times may promote multilayer 
graphene formation [52,54] and increase defect densities [55,56], 
thereby adversely affecting graphene quality. To critically assess the 
proposed CDLG mechanism, especially regarding the roles of tempera
ture and reaction time, numerical simulations using the two- 
temperature model (TTM) were performed to study temperature 
evolution.

As depicted in Fig. 2(a-c), within the initial 500 ps, absorbed laser 
energy rapidly transfers into the copper substrate, signi9cantly raising 
both electron and lattice temperatures. The ablation front, de9ned by 
the isotherm at 0.9 times copper’s critical temperature (0.9Tc = 6926 
K), exhibits a constant peak lattice temperature, whereas the highest 
local electron temperature increases with rising laser 2uence. At a 2u
ence of 10 J/cm2, local temperatures at the ablation front surpass 6500 
K, substantially exceeding the decomposition threshold of PCL 
(~553.15 K). Under these extreme conditions, the catalytic role of 
copper is rendered ineffective since copper is no longer in its solid state. 
Graphene formation occurs predominantly during subsequent rapid 
cooling phases. After 10,000 ps, the localized temperature decreases 

below 1400 K, favoring the synthesis of high-quality graphene.
As shown in Fig. 2(d), a suf9cient reaction duration of approximately 

9894 ps is achieved at a 2uence of 10 J/cm2, suitable for graphene 
formation. Notably, the graphene formation window exhibits a mono
tonic increase with rising laser 2uence. At 15 J/cm2, the reaction time 
extends to 20,112 ps, while a 2uence of 20 J/cm2 results in the longest 
reaction time of 31,422 ps among the three simulated cases. These re
sults indicate that graphene synthesis via CDLG is facilitated by main
taining appropriate temperature and reaction time conditions. 
Furthermore, the selected laser energy plays a critical role in deter
mining the quality of graphene. While increased 2uence supports longer 
reaction times, it may also lead to higher defect densities due to 
enhanced plasma generation, alterations in copper morphology and 
chemical states, and changes in the carbon-to‑oxygen ratio—factors not 
fully captured by the current simulation. Subsequent surface charac
terizations, including Raman spectrum and XPS analysis, reveal that a 
laser 2uence of 15 J/cm2 is effective in creating the highest quality of 
graphene, followed by 10 J/cm2, while 20 J/cm2 yields the least. These 
9ndings suggest that optimal CDLG formation necessitates a balanced 
interplay of thermal history, reaction duration, material ablation, and 
chemical dynamics.

3.3. Surface morphological characterization

Although CDLG can form graphene on the surface under ambient 
conditions; to elucidate the precise material changes induced by 
femtosecond laser treatment and minimize the interference of oxygen in 
elemental analysis, the entire femtosecond laser processing has been 
conducted in an argon atmosphere. To further investigate the in2uence 
of laser 2uence on the graphitization of PCL, the surface of the 3D- 

Fig. 2. Simulated electron and lattice temperature at ablation front under laser 2uence at (a)10 J/cm2, (b)15 J/cm2, (c)20 J/cm2 and (d) graphene forma
tion window.
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printed PCL/Cu composite electrodes is scribed using lasers with 2u
ences of 1 J/cm2, 5 J/cm2, 10 J/cm2, 15 J/cm2, 20 J/cm2, and 25 J/cm2.

The SEM images of the surface at various magni9cations clearly 
demonstrate the morphological evolution of the PCL/Cu composite as a 
function of laser 2uence. As shown in Fig. 3(a,e), the surface of the 
untreated 3D-printed PCL/Cu composite is characterized by densely 
packed 2akes of varying sizes and shapes. With an increase in laser 
2uence to 5 J/cm2, as depicted in Fig. 3(b,f), several surface 2akes 
disintegrate due to the laser energy, while the remaining 2akes fuse 
together. A small number of uniformly distributed nanoscale spherical 
particles also begin to precipitate on the surface. As the laser 2uence 
further increases, more 2akes disintegrate, resulting in a greater depo
sition of nanoscale spherical particles. At a 2uence of 15 J/cm2 (Fig. 3c, 
g), the majority of the CDLG composite surface is covered by these 
nanoparticles, and by 25 J/cm2 (Fig. 3d,h), the surface is almost entirely 
enveloped by them. To further investigate the changes in elemental 
distribution and content of Cu, C, and O on the PCL/Cu composite sur
face before and after femtosecond laser processing, EDS mapping is 
employed. Before laser treatment (Fig. 3i), Cu, C, and O are uniformly 
distributed across the 2ake-covered surface, with relative atomic ratios 

of 18.1 %, 79.2 %, and 2.7 %, respectively. After laser treatment at a 
2uence of 15 J/cm2 (Fig. 3j), Cu, C, and O are predominantly concen
trated on the nanoscale spherical particles, with relative atomic ratios of 
44.9 %, 51.8 %, and 3.3 %, respectively. These results indicate partial 
degradation of the PCL matrix and increased exposure of copper on the 
surface.

The combined results of SEM and EDS suggest that during femto
second laser processing, the intense and ultra-short laser pulses generate 
rapid localized heating, leading to the ablation and melting of the 
composite material. The high surface tension of molten copper, coupled 
with the minimal heat diffusion characteristic of femtosecond laser 
processing, energetically favors the formation of spherical shapes [57]. 
Additionally, the photothermal effects and mechanical stresses induced 
by the laser pulses decompose the PCL polymer matrix [58]. This fa
cilitates the redistribution and condensation of copper nanoparticles 
into nanospheres, a process that becomes more pronounced at higher 
laser 2uences. Simultaneously, the laser 2uences, combined with the 
catalytic properties of copper, create the necessary conditions for carbon 
graphitization, resulting in the deposition of small graphene sheets on 
the nanospheres formed during laser irradiation.

Fig. 3. SEM images of laser-scribed PCL/Cu composites treated with laser 2uences of (a,e) 0 J/cm2, (b,f) 5 J/cm2, (c,g) 15 J/cm2, (d,h) 25 J/cm2. And quantitative 
EDS element mapping of Cu, C and O of (i) 0 J/cm2 and (j) 15 J/cm2.

Y. Dou et al.                                                                                                                                                                                                                                     Chemical Engineering Journal 524 (2025) 168944 

7 



3.4. Surface composition characterization

To examine the graphene layers and structural characteristics of the 
CDLG composites, Raman spectroscopy is employed to analyze the 
samples. The structural defects of graphene, the in-plane vibrations of 
sp2 carbon atoms, and the stacking arrangement of carbon atoms in the 
interlayer are identi9ed by the D peak, G peak, and 2D peak, respec
tively. As shown in Fig. 4a, the characteristic graphene peaks appear at 
approximately 1350 cm−1 (D peak), 1580 cm−1 (G peak), and 2700 
cm−1 (2D peak), con9rming the formation of graphene structures within 
the CDLG composite under all laser conditions [50]. Moreover, the ID/IG 
ratio is used to evaluate defect density within the graphene structure 
[59]. As depicted in Fig. 4b, the ID/IG ratio shows a direct correlation 
with increasing laser 2uence, reaching its minimum at 15 J/cm2, indi
cating the lowest density of graphene defects at this point. Beyond this 
2uence, the ratio begins to rise, indicating an increased density of gra
phene defects at higher laser 2uences. Similarly, the full width at half 
maximum (FWHM) of the G peak exhibits the same trend with 
increasing laser energy; a larger FWHM value suggests a slight increase 
in the content of dopant atoms, such as oxygen, introduced during the 
composite photothermal conversion process [60]. Additionally, the I2D/ 
IG ratios are generally weak, indicating a high concentration of oxygen 
functional groups and interlayer fractures and distortions in the CDLG 
structure [61]. The La values, calculated from the average IG/ID ratio 
using equation (1) (Experimental Section), are presented in Fig. S7. The 
La increases to approximately 14.4 nm as the laser 2uence rises to 15 J/ 
cm2, which can be attributed to the increased density of the surface 

copper nanospheres. However, further increases in laser power degrade 
the quality of the graphene, reducing the La to approximately 10.2 nm at 
25 J/cm2, likely due to over-ablation and excessive heating. Overall, 
CDLG tends to produce smaller-sized graphene structures. This is pri
marily because the ultrashort femtosecond laser pulses do not provide 
suf9cient time for reactive carbon species to undergo extensive nucle
ation and diffusion growth. Additionally, the nanoscale copper spheres 
lack the large, 2at surfaces required for the growth of larger graphene 
sheets.

Fig. 4c presents the XPS survey spectra of PCL/Cu and CDLG com
posites, highlighting carbon, oxygen, and copper as the primary ele
ments detected. The copper peak in the CDLG composites is signi9cantly 
higher than that in the PCL/Cu composites, indicating greater exposure 
of copper on the surface after femtosecond laser treatment, which aligns 
with the EDS results. Unlike EDS, which can detect elemental compo
sition up to 1 to 2 μm in depth, XPS provides surface analysis at a depth 
of 1 to 10 nm. This allows for a more precise characterization of the 
changes in carbon accumulation on the copper nanospheres as a func
tion of laser 2uence. Fig. 4d shows the atomic percentages of carbon, 
copper, and oxygen based on XPS analysis. It can be observed that the 
surface of the PCL/Cu composites is primarily covered by PCL, with 
minimal copper exposure. However, upon femtosecond laser treatment, 
a portion of the PCL decomposes, leading to increased copper exposure 
on the surface. When the laser 2uence increases to 5–15 J/cm2, the 
elemental composition stabilizes, suggesting that this range of laser 
energy does not further degrade the carbon in the CDLG composites. 
However, when the energy exceeds the 15 J/cm2 threshold, the atomic 

Fig. 4. Characterization of PCL/Cu and CDLG composites. (a) Raman spectra. (b) ID/IG, I2D/IG, and FWHM calculated from Raman spectroscopy data. (c) Survey 
spectra of XPS test results. (d) Atomic percentages of carbon, oxygen and copper as a function of laser 2uences. These values are obtained from XPS.
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percentage of carbon sharply decreases, indicating over-ablation and 
excessive heating further disrupts the graphene structure. This obser
vation is consistent with the Raman spectroscopy results. It is note
worthy that when PCL/Cu composites are processed under ambient 
conditions, the presence of oxygen in the air exacerbates carbon 
decomposition (Fig. S8).

Further, the C 1s and Cu 2p XPS spectra are obtained for both PCL/Cu 
and CDLG composites. The C 1s peak is analyzed by deconvoluting the 
spectra using Lorentzian peak 9tting to identify the constituent com
ponents. The PCL/Cu composites primarily exhibit characteristic bonds 
of PCL, speci9cally C–C (284.8 eV), C–O (286.1 eV), and C––O (288.8 
eV), as shown in Fig. 5a [62]. As the laser 2uence gradually increases to 
15 J/cm2 (Fig. 5b), the positions and intensities of the C–O and C––O 
peaks remain largely unchanged. However, a C––C peak emerges at a 
binding energy of 284.5 eV, along with a shake-up satellite π–π* peak at 
290.2 eV, indicating the formation of aromatic carbon structures [63]. 
When the laser 2uence exceeds 15 J/cm2 (Fig. 5c), the intensity of the 
C––C peak decreases, suggesting that excessive laser energy leads to 
over-ablation of the carbon matrix and the degradation of sp2-hybrid
ized carbon structures. Additionally, the XPS spectra of the PCL/Cu 
composites are examined in the Cu 2p region, as shown in Fig. 5d. The 
strong Cu2+ satellite peaks located at 945 and 963 eV indicate the 
presence of signi9cant CuO on the surface of CDLG [64]. As the laser 
2uence increases to 10 J/cm2 (Fig. 5e), CuO remains evident on the 
CDLG surface. However, when the laser 2uence is raised to 15 J/cm2 and 
beyond (Fig. 5f), the strong Cu2+ satellite peaks disappear. The binding 
energies for the Cu 2p₃/₂ and Cu 2p₁/₂ peaks are located at 932.6 eV and 
952.4 eV, respectively, indicating that CuO has been reduced to Cu. In 
contrast, when PCL/Cu composites are processed under ambient con
ditions, Cu2+ satellite peaks in the Cu 2p region are still observed at laser 
2uences of 15 J/cm2 and above (Fig. S9). This suggests that after CuO is 
reduced by the laser, some of the Cu reacts with ambient O₂ under the 
residual heat of laser irradiation to re-form CuO.

Based on the preceding characterization results, it can be concluded 
that CDLG induces a unique morphology and distinct material 

properties. Morphologically, the graphene formed by CDLG encapsu
lates nanoscale copper particles, resulting in a structure that differs 
signi9cantly from those produced by conventional methods such as CVD 
or traditional LIG. Unlike CVD-grown graphene, which typically yields 
large-area, well-ordered crystalline domains, and unlike LIG, which 
often produces highly porous, foam-like structures, the graphene 
generated here is limited to nanocrystalline domains tightly bound to 
the copper nanoparticles. Despite the absence of long-range crystallinity 
or hierarchical porosity, the resulting structure demonstrates promising 
electrochemical behavior, as veri9ed by subsequent electrochemical 
analyses. This indicates that the nanoscale features and the intimate 
interaction between graphene and copper may play a key role in facil
itating effective charge transfer and enhancing the electrode’s func
tional performance.

3.5. Electrochemical analysis and application

To investigate the electrochemical activity of CDLG, electrodes are 
fabricated using PLA 9lament and PCL/Cu 9lament with the integrated 
encapsulation capability of a dual-head 3D printer. The PCL/Cu elec
trode, designed as a single-channel electrode (marked in yellow, labeled 
as Y), is encased within a polylactic acid (PLA) package (marked in blue, 
labeled as B), as illustrated in Fig. 6a. The single-channel electrode 
measures 45 mm in length, 5 mm in width, and 1 mm in thickness, while 
the PLA package, with a thickness of 0.5 mm, not only seals the elec
trodes but also de9nes the active area. The geometrical surface area of 
the electrode is approximately 50 mm2 with a radius of 4 mm. In our 
previous studies, this printed single-channel electrode demonstrates 
excellent sealing properties, ensuring that the electrolyte does not 
penetrate the PLA layers during operation in an electrolyte solution 
[32]. After printing, to maintain consistency with previous character
ization experiments, the PCL/Cu 3D-printed electrodes are treated with 
different laser 2uences under an argon atmosphere using femtosecond 
laser processing to produce CDLG 3D-printed electrodes.

EIS is then employed to evaluate the impedance of the PCL/Cu and 

Fig. 5. C 1s XPS spectra of (a) PCL/Cu, (b) CDLG-15 J/cm2 and (c) CDLG-25 J/cm2; Cu 2p XPS spectra of (d) PCL/Cu, (e) CDLG-10 J/cm2 and (f) CDLG-15 J/cm2.
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CDLG 3D-printed electrodes in 1X PBS with 0.1 mM H₂O₂. The Nyquist 
plots for the PCL/Cu, CDLG-5 J/cm2, and CDLG-10 J/cm2 3D-printed 
electrodes (Fig. 6b) exhibit two semi-circles in the high-frequency and 
mid-frequency regions, respectively. The 9rst semi-circle (high fre
quency) corresponds to the contact resistance (Rc) from the current 
collector to the electrode composite, while the second semi-circle (mid- 
frequency) represents the charge-transfer resistance (Rct) at the elec
trode/electrolyte interface. The curves are 9tted using the electrical 
circuit model (inset in Fig. 6b), which includes a resistor for the Rc, 
double-layer capacitance (Cdl), a constant phase element representing a 
kinetics-controlled process (CPE), and a resistor for Rct [65,66]. 
Following the conversion of PCL/Cu to CDLG, a signi9cant reduction in 
Rc is observed, attributed to the decomposition and transformation of 
PCL into more conductive graphene through femtosecond laser treat
ment. Additionally, the Rct progressively decreases with increasing laser 
2uence, not only due to the graphitization of PCL but also due to the 
reduction of CuO on the electrode surface [67]. As the laser 2uence 
increases to 15 J/cm2 and beyond (Fig. 6c), the complete reduction of 

CuO, coupled with the further growth of graphene/copper nanospheres, 
leads to an increase in the number of electrochemically active sites. At 
this point, the electrochemical reaction rate exceeds the diffusion rate, 
and the slopes in the low-frequency range begin to appear, indicating the 
presence of Warburg resistance (W), which re2ects the ion diffusion 
process [66,68]. Due to the electrode surfaces being covered with 
nanoscale spherical particles, which leads to diffusion occurring on 
spherical surfaces, the Warburg diffusion curves at 15 J/cm2 and above 
all exhibit slopes below 45◦ [69]. The corresponding circuit diagram 
(inset in Fig. 6c) compared to Fig. 6b, indicating that the reaction is now 
a diffusion-controlled process [66]. Moreover, the increased speci9c 
surface area resulting from the higher number of nanospheres facilitates 
more ef9cient accumulation and release of surface charges, reducing the 
overall impedance and causing the semi-circle in the low-frequency 
region to decrease in size.

Based on the EIS-derived Rct values, the double-layer capacitance 
(Cdl), electrochemically active surface area (ECSA), and roughness factor 
(RF) of the bare and CDLG-treated electrodes were calculated, as 

Fig. 6. (a) The designed model of the 3D printed electrode. (b) Nyquist plot and equivalent circuit derived from electrochemical impedance spectroscopy in 1×
phosphate buffer solution with 0.1 mM H2O2 for PCL/Cu, CDLG-5 J/cm2, CDLG-10 J/cm2 and (c) CDLG-15 J/cm2, CDLG-20 J/cm2, CDLG-25 J/cm2 3D printed 
electrodes. (d) Amperometric sensing of 0.1 M concentration increases (steps) of H2O2 with both PCL/Cu 3D printed electrode and CDLG-15 J/cm2 3D printed 
electrode and (e) corresponding linear regression analysis of the current versus concentration. (f) The sensitivity of H2O2 with PCL/Cu 3D printed electrodes and 
CDLG 3D printed electrodes. (g) Illustration of SC-ISE ion sensing. (h) Open circuit potential response of the potassium ion-selective electrode (K+ ISE). (i) The water 
layer test obtained upon registering the electrode response for (1) 10 mM KCl, (2) 10 mM NaCl, and (3) 10 mM KCl.
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summarized in Table 1. After CDLG processing, a notable increase in Cdl 
was observed, attributed to the transformation of the PCL surface into 
conductive graphene. With increasing laser 2uence, the reduction of 
surface CuO and progressive graphitization contribute to the enhanced 
Cdl. However, when the laser 2uence exceeds 15 J/cm2, the destruction 
of sp2 carbon networks due to over-ablation leads to a decrease in Cdl. 
ECSA was calculated by normalizing Cdl with the speci9c capacitance 
(Cs) of the electrode material. For the bare electrode, Cs was referenced 
from literature as 103.9 μF⋅cm−2, corresponding to a Cu/CuO interface 
[70]. Although this value may vary depending on the actual surface 
morphology, oxidation state, and composition [71], it serves as a 
reasonable approximation for estimating the ECSA in this context. For 
CDLG-treated electrodes, a theoretical value of 13.5 μF⋅cm−2 was 
adopted, corresponding to graphene-based materials [72]. Under these 
assumptions, the 15 J/cm2 CDLG electrode exhibited the largest ECSA, 
nearly 60 times that of the bare electrode. RF was further calculated as 
the ratio of ECSA to the geometric area of the electrode (50 mm2). The 
resulting RF values revealed that CDLG processing signi9cantly 
increased the surface roughness, mainly due to the formation of nano
scale spherical features. This trend in RF aligns well with the surface 
morphology observed in the SEM analysis.

Next, amperometric sensing of H₂O₂ oxidation is performed to 
further evaluate the electroactive properties of the CDLG 3D printed 
electrodes and to demonstrate their effectiveness in electrochemical 
sensing and catalysis. The reduction of H₂O₂ is essential in a wide range 
of applications, from micro- and nanoscale propulsion of underwater 
vehicles to electrochemical biosensing [73,74]. In biosensing, H₂O₂ acts 
as an electrochemical transducer for various oxidoreductase enzymes (e. 
g., glucose oxidase, glutamate oxidase, lactate oxidase, and alcohol ox
idase) in the presence of oxygen. Consequently, the electrochemical 
detection of H₂O₂ is critical to the functionality of numerous enzyme- 
based biosensors. The reduction of H₂O₂ on the PCL/Cu and CDLG 15 
J/cm2 3D-printed electrodes are investigated using CV in the presence of 
0.1 mM H₂O₂ in phosphate-buffered saline (PBS) at pH 7.4(Fig. S10). A 
comparison of the CVs before and after the addition of 0.1 mM H₂O₂ 
shows that the cathodic current exhibits a slight shift at the CDLG 15 J/ 
cm2 3D-printed electrode, while no noticeable change is observed for the 
PCL/Cu 3D-printed electrode. This shift, occurring at low potentials 
around −0.1 V vs. Ag/AgCl, can be attributed to the onset of Faradaic 
current associated with H₂O₂ reduction, which induces a minor baseline 
displacement [75]. This analysis serves to identify an appropriate 
operating potential for subsequent amperometric detection of H₂O₂, 
with −0.1 V selected as the applied voltage due to its sensitive and stable 
current response.

Similarly, as shown in Fig. 6d, the comparative analysis reveals a 
signi9cant enhancement in sensitivity for H₂O₂ detection in PBS on the 
CDLG-15 J/cm2 3D-printed electrode compared to the PCL/Cu 3D- 
printed electrode. The sensitivity was calculated based on the geo
metric area of the electrode (50 mm2), using the slope of the linear 
calibration curve obtained from the current response versus H₂O₂ con
centration. The weak response currents on the PCL/Cu electrode can be 
attributed to the presence of copper oxide, which has a reducing effect 
on hydrogen peroxide. After laser scribing, it becomes evident that upon 
the addition of H₂O₂, the response current of the CDLG 3D-printed 
electrode rapidly increases and stabilizes at steady-state values. The 

sensitivity for H₂O₂ oxidation increases approximately sixtyfold, from 
2.14 mA⋅M−1

⋅cm−2 on the PCL/Cu 3D-printed electrode to 122.9 
mA⋅M−1⋅cm−2 on the CDLG-15 J/cm2 3D-printed electrode. This 
enhancement is consistent with the ECSA analysis presented in Table 1, 
where the ECSA of the CDLG-15 J/cm2 electrode was estimated to be 
nearly 60 times greater than that of the bare PCL/Cu surface. This 
9nding indicates that the CDLG process signi9cantly improves electrode 
sensitivity by increasing the number of electroactive sites available for 
the redox reaction. And the sensitivity obtained from this work is 
signi9cantly higher than those reported in other FDM 3D-printed elec
trodes for H₂O₂ detection. For example, sensors fabricated using gra
phene/PLA 9laments with Prussian Blue surface modi9cation have 
demonstrated sensitivities of 57.3 mA⋅M−1⋅cm−2 [76] and 87 
mA⋅M−1

⋅cm−2 [77], respectively. Furthermore, the plot representing the 
current versus H₂O₂ concentration for the CDLG-15 J/cm2 electrode 
(Fig. 6e) demonstrates a linear relationship within the range of 0.1 to 1 
mM, with a high correlation coef9cient of R2 = 0.99967. Although the 
graphene produced by CDLG is relatively small in size, the experimental 
results demonstrate that it still possesses excellent electrochemical 
activity.

Fig. 6f illustrates the trend in sensitivity for H₂O₂ detection using all 
PCL/Cu and CDLG 3D-printed electrodes. It is clear that the femtosecond 
laser-induced surface morphology and the transformation of PCL into 
graphene signi9cantly enhance the detection of hydrogen peroxide. The 
highest sensitivity is achieved at a laser 2uence of 15 J/cm2, where CuO 
on the surface is completely reduced and graphene is not subjected to 
over-ablation. The changes in geometric surface roughness induced by 
CDLG treatment may also contribute to enhanced sensitivity. According 
to SEM analysis, surfaces treated at 15–25 J/cm2 exhibit increased 
roughness due to the formation of a greater number of graphene- 
wrapped nanospherical particles on the surface. This increased rough
ness enhances the speci9c surface area. Undoubtedly, the enlarged 
surface area exposes more electrochemically active sites, as evidenced 
by the ECSA and RF values calculated in Table 1. The higher density of 
active sites contributes to the improved sensitivity observed in CDLG 
electrodes treated at higher laser 2uences. These 9ndings con9rm that 
both the morphological and material transformations induced by CDLG 
synergistically enhance the electrochemical sensitivity of the electrodes. 
Furthermore, the stability of the CDLG-15 J/cm2 3D-printed electrode is 
investigated by storing it at room temperature for over two weeks, by 
measuring the current response of 1 mM H₂O₂ in PBS. The current re
sponses remain above 87 % of their initial values as shown in Fig. S11, 
verifying the great stability of the proposed electrode for H₂O₂ detection.

Beyond H₂O₂ detection, this device also explores the fabrication of 
solid-contact ISEs for K+ detection. Potassium is a vital macronutrient 
essential for plant growth, soil fertility, and crop yield. Therefore, rapid 
and accurate detection of K+ levels is crucial for precision agriculture 
and environmental monitoring applications. The potassium ISE operates 
based on the selective permeability of its valinomycin-based membrane, 
which facilitates K+ transport while excluding other ions, as shown in 
Fig. 6g. The open-circuit potential response of the ISE to KCl solutions 
ranging from 10 to 5.5 M to 10−2 M is recorded in deionized water, 
exhibiting near-Nernstian behavior with a sensitivity of 54.22 mV/dec 
(Fig. 6h). The limit of detection (LOD) calculated by the equation LOD =
3S/N [78], is determined to be 10–4.82 M. To evaluate the long-term 
stability and interfacial reliability of the SC-ISE, a water layer test was 
performed, as shown in Fig. 6i. In this test, the sensor was immersed in 
0.01 M KCl for 4 h, then transferred to 0.01 M NaCl for 2 h, and 9nally 
reintroduced into 0.01 M KCl for 2 h. This protocol allows investigation 
of both the formation of water layers at the membrane/solid-contact 
interface and the reversibility of the sensor response upon ionic 
strength changes [79]. Throughout the test, the electrode exhibited a 
minor potential drift (~0.53 mV/h) and returned to a stable baseline 
after re-immersion in KCl, indicating excellent interfacial adhesion and 
minimal water layer interference. Notably, no signi9cant potential 
hysteresis or memory effects were observed, which con9rms the good 

Table 1 
Variation of Cdl, ECSA, and RF of CDLG electrodes with increasing laser 2uence.

Laser 2uence (J/cm2) Cdl (μF) ECSA (cm2) RF
0 30.7 0.29 0.58
1 42.8 3.17 6.34
5 93.4 6.92 13.84
10 114 8.44 16.88
15 189 14 28
20 159 11.78 23.56
25 155 11.48 22.96
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reversibility and selectivity of the sensor even after ion depletion and 
reintroduction. These results support the robustness of the SC-ISE 
con9guration and the viability of the 3D-printed platform for real- 
time environmental or agricultural ion sensing.

In practical applications, the integration of 3D printing’s creative 
potential with the CDLG process offers signi9cant advantages in 
simplifying the fabrication of complex electronic devices, particularly 
through device integration. This capability enables the production of 
multifunctional, compact systems tailored to speci9c applications. For 
example, the development of an electrochemical sensor device is 
demonstrated. As shown in Fig. 7a as well as the top-left corner of the 
image of Fig. 7b, a fully FDM 3D-printed electrochemical sensor device 
is displayed. The overall structure of the device forms a container 
designed to hold the test solution. Channels run through the walls of the 
container to facilitate the transfer of the test liquid into the container. At 
the bottom of the container, three exposed electrodes are present, 
serving as the working electrode, reference electrode, and counter 
electrode for detecting the target substance. Both the working and 
counter electrodes undergo CDLG surface modi9cation after 3D printing 
to facilitate the detection of electrochemical reactions and the closure of 
the circuit, respectively. The reference electrode is coated with Ag/AgCl 
paste to establish a stable potential difference with the working elec
trode. After 3D printing and electrode surface modi9cation, the top of 
the container is sealed to form an enclosed structure. The device’s side 
channels are then used to extract the test solution into the container. The 
schematic of the measurement setup, which integrates a 3D-printed 
sensor directly coupled with a portable smartphone potentiostat, is 
shown in Fig. 7b.

The detection results are evaluated through chronoamperometric 

and potentiometric measurements using a smartphone-integrated 
application. For H₂O₂ detection, the current increases linearly with the 
H₂O₂ concentration in the range of 0–300 μM (Fig. 7c), with a correlation 
coef9cient (R2) of 0.9864. The LOD is determined to be 35.22 μM based 
on the calibration curve. Finally, we test the fabricated ion-selective 
device for K+ in PBS by preparing 9ve different samples with varying 
concentrations using PBS powder of different weights. The devices are 
used for repeated measurements to estimate the concentrations. As 
shown in Fig. 7d, the detection results closely match the target sample 
concentrations, with no interference from other ions such as Na+. These 
works underscore the versatility and integration potential of 3D-printed 
sensors, demonstrating how FDM and CDLG techniques streamline the 
fabrication of compact, user-friendly devices for applications in di
agnostics, environmental monitoring, and beyond.

4. Conclusion

In summary, we fabricated PCL/Cu composite electrodes through 3D 
printing and enhanced their electrochemical activity by modifying the 
electrode surface with CDLG for effective H₂O₂ and K+ detection. With 
increasing laser 2uence, the CDLG-modi9ed electrode surfaces formed 
an increasing number of nanoscale graphene/Cu spherical particles. 
Further analysis using Raman, EDS, and XPS con9rmed that at a laser 
2uence of 15 J/cm2, a greater quantity of graphene formed and 
deposited on the nanoscale copper spheres, while copper oxide was 
reduced to copper. However, beyond this 2uence, the graphene began to 
ablate. For H₂O₂ detection, the CDLG-modi9ed electrode at 15 J/cm2 

exhibited a highly linear response to H₂O₂ concentration gradients, 
achieving a sensitivity of 122.9 mA⋅M−1

⋅cm−2
—nearly 60 times greater 

Fig. 7. (a) CAD images of the sensor device consist of two 2uidic channels (1), three electrodes (2), a lower container section (3), and an upper container section (4). 
(b) Schematic of the measurement using 3D-printed sensor device directly coupled with a portable smartphone potentiostat. (c) Amperograms of different H₂O₂ 
concentrations (0–300 μM) in PBS (pH 7.4) in the 3D-printed sensor device at a potential of −0.1 V for 60 s, and a linear plot of the H₂O₂ concentration versus the 
current response. (d) K+ ion detection in PBS.
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than that of the unmodi9ed electrode. After being fabricated into an ISE, 
the CDLG-modi9ed electrode exhibited near-Nernstian behavior for K+

detection, with a sensitivity of 54.22 mV/dec. Furthermore, the digitally 
encapsulated electrochemical device with CDLG surface modi9cation 
can be coupled with a portable smartphone potentiostat, enabling 
convenient application. It exhibited a good linear response for H₂O₂ 
detection. Additionally, when con9gured as a K+ ion selective device, it 
demonstrated reliable potassium sensing performance even in the 
presence of interfering ions. This research undoubtedly will broaden the 
horizons for 3D-printed electrochemical sensor fabrication, emphasizing 
the potential of combining ef9cient, cost-effective digital fabrication 
with advanced surface modi9cations to enhance device integration for 
diverse applications.
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