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Abstract: This work presents anodically electrodeposited copper (Cu)/chitosan gel as a novel precur-
sor for synthesizing a Cu/carbon nanocomposite through laser-induced carbonization. Metal/carbon
nanocomposites offering advantageous properties compared to their individual counterparts stand
out in various applications, particularly in those involving electrochemical phenomena. However,
their synthesis often suffers from complicated and time-consuming synthesis procedures. Here, we
integrate anodic electrodeposition and laser-induced carbonization to yield a rapid, simple, and
inexpensive procedure for synthesizing metal/carbon nanocomposite. A precursor composite in-
volving Cu-coordinated chitosan film is achieved through anodic electrodeposition on a copper
anode. Irradiation by an infrared laser with optimized parameters results in the thermochemical
decomposition of the Cu/chitosan composite, rapidly forming a nanocomposite material featuring
highly graphitized and porous carbon materials. Elemental mapping confirms the formation of
the nanocomposite, although no crystalline phases of copper are observed during X-ray diffraction.
This can be attributed to the rapid nature of the laser-carbonization process. The nanocomposite
material is further demonstrated for electrochemical sensing of hydrogen peroxide (H2O»), exhibit-
ing a sensitivity of 2.65 mM~! for concentrations ranging from 0.01 mM to 0.1 mM H>O», and
0.01 + 0.01 mM ! for concentrations from 0.1 to 10 mM HO,. These sensitivities are comparable to
other non-enzymatic HoO» biosensors. The finding of this work signifies a rapid and facile method
for synthesizing metal /carbon nanocomposites with strong implications for the field of biosensors.

Keywords: chitosan; laser-induced graphene; electrodeposition; H,O, sensor; biopolymer;

nanocomposite

1. Introduction

Metal/carbon nanocomposites stand out as an interesting category of materials, ex-
hibiting distinctive properties such as elevated electrical conductivity, exceptional wear
resistance, and customizable electrochemical properties. These attributes have facilitated
the widespread application of metal/carbon composites, particularly as electrode materials
in sensor devices [1-5]. Specifically, in an electrochemical sensor device, where the carbon
matrix provides a conductive and porous scaffold facilitating a high surface area, the em-
bedded metal nanoparticles serve as the redox sites due to their electroactive properties.
Typical methods for fabricating metal/carbon nanocomposites include metal deposition
on a carbon material [6-8] and carbonization of a precursor composite material [9-12].
Typical deposition methods include sputtering and microwave plasma-enhanced chemical
vapor deposition, which often require sophisticated and expensive infrastructure, render-
ing the process expensive and complex. Furthermore, deposition methods only result in
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surface coating of carbon with metal, restricting the improvement of the bulk material.
Conversely, the carbonization of a precursor composite offers a relatively simpler solution.
However, the selection of compatible precursor materials for carbon and metal becomes a
crucial factor, which often makes the precursor preparation more complex. As a potential
solution to this, we recently introduced an anodically electrodeposited metal/chitosan
hydrogel as a novel precursor for metal/carbon composite material [13]. Electrodeposi-
tion is a well-established electrochemical method employed for creating a coating on the
conductive surface of an electrode [14-16]. Chitosan is one of the popular biopolymers
studied for electrodeposition due to its unique chemical attributes [17,18]. Additionally,
chitosan has also been popularly explored as a precursor to porous carbon materials for
several applications [19-21]. Traditionally, cathodic electrodeposition is performed to create
the coating of chitosan hydrogel, where chitosan particles dissolved in an acidic solution
undergo a pH-sensitive cathodic neutralization mechanism during the electrodeposition
process, resulting in the development of a transparent chitosan gel on the cathode sur-
face. Our previous study showed that in a narrow pH range of 5-6, electrodeposition
on the anode also occurred. However, contrasting to cathodic gels, the anodic gel ap-
peared blue due to the incorporation of Cu®* ions from the copper anode, making it a
facile method for precursor preparation. Carbonization of the anodically electrodeposited
copper/chitosan composite further resulted in a copper/carbon composite [13]. How-
ever, typical carbonization processes possess several disadvantages. The most popular
carbonization process relies on a high-temperature furnace, within which a polymeric
precursor is slowly (typical heating rate <10 °C/min) heated to a temperature greater
than 700 °C in an inert atmosphere. Such a process is highly time-consuming and often
requires expensive heating systems. Hydrothermal carbonization emerges as an alternative
to oven-based pyrolysis [22,23]. However, hydrothermal systems are also complex and
mostly result in powdered carbonaceous materials, losing the intrinsic precursor geometry.
Both hydrothermal and oven-based carbonization yield the pyrolytic transformation of
the bulk precursor material; design-controlled patterning is often extremely challenging in
these conventional pyrolysis processes.

In recent years, laser-induced carbonization has emerged as a rapid and cost-effective
method for readily and locally converting polymeric precursors into conducting carbon
films utilizing localized laser irradiation [24-27]. This process is applicable across a broad
spectrum of wavelengths. The laser-induced carbon (LIC) is formed through a combination
of photochemical and photothermal mechanisms, resulting in the formation of highly
porous, graphitized, carbon-rich films embedded directly in the polymer precursor. Unlike
conventional carbonization processes, the laser-induced pyrolytic transformation can be
achieved under ambient conditions, allowing for direct patterning of carbon without the
need for a mask, utilizing a standard commercial laser engraving machine. While poly-
imide sheets are conventionally employed as the substrate for laser carbonization, several
alternative polymers, including biopolymers, high-temperature thermoplastics, and ther-
mosets, have been explored for the production of LIC materials [28-30]. LIC has proven to
be a suitable method for producing chemical and biological sensors, leveraging the high
surface activity [31-34]. These advantages enable precise detection at low concentrations
of biological metabolites, such as urea [35], dopamine [36], H,O, [37,38], thrombin [39],
and glucose [29,40].

In this study, we integrate anodic electrodeposition of chitosan and laser-induced car-
bonization of the electrodeposited film for achieving a fast and facile method for producing
metal/carbon nanocomposite material. We focus on Cu/carbon nanocomposite here, due
to the popular choice of copper anode in electrodeposition, and the ability to readily form
copper—chitosan coordination bonds [41,42]. We optimize the laser scribing conditions to fa-
cilitate laser carbonization. Furthermore, a detailed elemental and material characterization
is performed to confirm the final composition of the laser-induced carbon/copper (Cu/LIC)
nanocomposite material. Copper nanoparticles have been investigated by many researchers
for the detection of H,O; due to the capability of Cu nanoparticles in H,O; activation and
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reduction [43—45]. Utilizing this characteristic, we further investigate the electrocatalytic
performance of the Cu/LIC material in the detection of HyO,, to demonstrate its utility
as an effective sensor material. This work underscores the utilization of electrodeposited
composite precursors for laser carbonization in developing novel biosensors.

2. Experimental
2.1. Copper/Carbon Nanocomposite Electrode Fabrication

The electrodeposition of the chitosan hydrogel was performed using a chitosan poly-
electrolyte. For a 120 mL chitosan solution, 1.2 g chitosan powder (Sigma Aldrich, St.
Louis, MO, USA) product ID 448877-Deacetylation degree 75% to 85%, medium molecular
weight) was dispersed in 115.2 mL of distilled water, to yield a chitosan concentration
of 1% w/v, followed by adding 4% v/v 2 M hydrochloric acid (4.8 mL) into the solution
with continuous stirring on a magnetic stirrer plate. As anodic electrodeposition occurs
within a narrow pH range of 5-6, as reported in our previous publication [13], the pH
of the solution was adjusted to 5.5 by adding 6 mL sodium hydroxide dropwise to the
chitosan solution. During electrodeposition, copper foils were used both as cathode and
anode. The electrodeposition process utilized a DC power supply (Voltcraft VLP-1602 pro),
and the output current was monitored using an HM 8112-3 Multimeter (Rohde & Schwarz
GmbH & Co. KG, Miinchen, Germany). Chitosan electrodeposition was carried out at a
DC voltage of 25 V applied to electrodes with a surface area of 100 mm? for a duration of
15 min. Electrodeposition of chitosan occurred on both electrodes, with the cathodic gel
appearing white and the anodic gel exhibiting a distinct blue hue, as shown in Figure 1,
attributed to the presence of Cu?* ions within the chitosan matrix [13].

Chitosan electrodeposition

Sheet formation

ﬁ

Drying

——— Chitosan @ Cu**

Cu/LIC powder collection

—

Drop casting

Laser-induced carbonization

» a W
LIG from PI

Ccu/LIC
Cu/LIC-based electrode

Figure 1. Schematic illustration of the fabrication of the laser-induced copper carbon (Cu/LIC)-
based sensor electrode. The fabrication features laser-induced carbonization of anodically deposited
Cu/chitosan hydrogel film. The Cu/LIC was further collected from the chitosan substrate and
drop-casted using a binder on a laser-induced graphene (LIG) surface on a flexible polyimide
(PT) sheet.

For laser carbonization, a flat substrate is typically required. To prepare a flat substrate,
the anodically electrodeposited chitosan gel was meticulously scraped off from the anode
surface and directly placed into an elastomer mold, followed by pressing between two glass
slides and a 15 min treatment with acetone to minimize dehydration-assisted shrinkage.
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The hydrogel was further dried at 90 °C for 1 h, resulting in a uniformly dried xerogel
sheet used for the laser-induced carbonization. The carbonization process was performed
by irradiation using a CO; laser beam (wavelength A = 10.6 pm) in the engraving mode
of a commercial laser cutting machine (ULS Versa Laser 3.50, Universal Laser Systems
GmbH, Vienna, Austria). The speed of the laser scribing was kept constant at 15.6 cm/s,
whereas the beam’s power was varied from 1 W to 10 W with incremental increase to find
the optimum carbonization condition. The laser beam was further defocused to 3 mm to
enable the carbonization. As the carbonized film was not mechanically stable, it was not
possible to use the laser-carbonized chitosan as free-standing electrodes. Therefore, we
chose to use the carbonized material in powder form. To prepare a supporting electrode,
we fabricated laser-induced graphene (LIG) electrodes by laser irradiation on flexible
polyimide (PI) sheets. The process of fabricating Pl-derived LIG material is detailed in
our previous publications [27,46]. The Cu/LIC material obtained from the Cu®*/chitosan
precursor was scratched from the precursor substrate and dispersed in a Nafion D520
binder solution. The Cu/LIC/Nafion dispersion was dropcasted on the LIG electrode
to prepare the sensor electrode. The entire fabrication process is illustrated in Figure 1,
including a digital photograph of our sensor electrode.

2.2. Characterization

The morphology of the composite laser carbon material was characterized using a field
emission scanning electron microscope (SEM; SUPRA 60VDP, Carl Zeiss AG, Oberkochen,
Germany), and the elemental analysis was performed using the same scanning elec-
tron microscope equipped with an X-ray energy dispersive system (EDS, Oxford instru-
ments GmbH, Wiesbaden, Germany). The composition and crystallinity of the materials
studied here were investigated using X-ray diffraction (XRD) on a Bruker D8 Advance
diffractometer (Bruker, Karlsruhe, Germany). The measurements used Cu-K«1 » radiation
(A = 1.5405 A). The Raman spectrum for the Cu/LIC material was acquired utilizing a
Bruker Senterra instrument, which was outfitted with a DPSS laser (wavelength = 532 nm)
operating at a laser power of 2 mW, ensuring a penetration depth of less than 1 um. We
further deconvoluted the Raman spectra using Gauss curve fitting using Origin 2021 soft-
ware (OriginLab Corporation, Northampton, MA, USA) for the areal analysis of the peaks.
The crystallite size (L;) of the carbon material was estimated using the Tuinstra and Koenig
equation, as proposed by Cancgado et al. [47], which correlates L, with the laser wavelength
(A) and integrated area ratio (Ap/Ag) of D-band and G-band, as shown in Equation (1):

A
Ly = (2.4 x 10—10)A4 (AE) -1 )

Transmission electron micrographs (TEM) were captured utilizing a Talos F200X
G2 (Thermo Fisher Scientific, Dreieich, Germany), a high-resolution transmission and
scanning electron microscope from Thermo Fisher Scientific in Germany, operating both
in scanning transmission electron microscopy (STEM) and high-resolution TEM (HRTEM)
mode. The elemental mapping of the Cu/LIC material was further performed by STEM-
EDX using an FEI Super-X EDX system equipped with four SDDs (Silicon Drift Detectors)
(Thermo Fisher Scientific, Dreieich, Germany).

2.3. HyO; Sensing

The electrochemical sensing of hydrogen peroxide (H2O,) using Cu/LIC electrodes
was performed in a standard three-electrode electrochemical setup using an Autolab
PGSTAT302F electrochemical workstation (Metrohm AG, Herisau, Switzerland). The three-
electrode system included Ag/AgCl saturated with KCl solution as the reference electrode,
a platinum sheet as a counter electrode, and Cu/LIC deposited on the LIG substrate as
the working electrodes. To perform the electrochemical tests, a 0.02 M phosphate-buffered
saline (PBS) solution was used as the electrolyte. In this context, PBS served as a stable and
pH-controlled environment for electrochemical reactions. Cyclic voltammetry (CV) was
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performed for the electrodes with and without HyO, to characterize the sensing behavior.
The response of the Cu/LIC electrode to HyO, was calculated by the ratio of the current
response without and with the presence of H,O,. The sensitivity of the electrode material
was further estimated by the slope of the linear curve fitting to the response with respect to
the change in the HyO» concentration. We calculated the limit of detection (LOD) using
Equation (2), which correlates the standard deviation in the y-intercept (¢) in the linear

curve fitting to the sensitivity (S):

LOD = % ()

3. Results and Discussion

We varied the power of the laser beam to find out the optimum laser parameters for
laser carbonizing the Cu/chitosan xerogel film. The carbonization occurred within a very
narrow power range. As shown in Figure 2a, no carbonization happened at a laser power
of 1.2 W, whereas a power of 1.35 W resulted in good carbonization (Figure 2b). Even
with a small increment in power, the laser started ablating the chitosan film, as illustrated
in Figure 2c for a power of 1.5 W. This could be attributed to the film’s thickness and
the precursor’s polysaccharide nature, as also seen in the case of other polysaccharide
bipolymers [28,48]. Typically, polysaccharide precursors feature a low flash point, leading
to easy ablation under laser treatment. Therefore, they need to be chemically or physically
modified to enable laser carbonization. We assume chitosan also exhibited similar behavior.
However, the copper ions in our composite xerogel might have helped the heat dissipation
during the laser treatment, enabling the carbonization, even though the carbonization
window was narrow. On the other hand, the low thickness (below 100 um) of the film
could make the carbonized film mechanically unstable, which prevented the fabrication of
a free-standing electrode.

and (c) 1.5 W, illustrating the effect of laser power in laser carbonization of the chitosan film. (d—f) SEM

images of the laser-carbonized Cu/chitosan film obtained for the laser power of 1.35 W, depicting the
morphology of the obtained Cu/LIC material.

The microstructure of the Cu/LIC materials was examined through scanning electron
microscopy (SEM). The trenches of the laser passes could be observed in Cu/LIC (Figure 2d),



C 2024, 10, 28

6 of 14

which is often observed in laser-induced carbon materials [31,49,50]. Furthermore, the laser
treatment resulted in a highly porous and fibrous morphology, as presented in Figure 2e f.
The irregular and random distribution of pore sizes and fibrous nature was attributed to
the instantaneous photo-thermochemical decomposition of the precursor material under
the rapid interaction with the laser pulses. Such morphological characteristics translate to a
high surface area of the carbonized material. The SEM analysis further revealed that the
fibrous network of Cu/LIC material was decorated with nanometric particles, as shown in
Figure 2b.

To further characterize the composition of the Cu/LIC material, we performed Energy
Dispersive X-ray (EDX) mapping in STEM. The results are presented in Figure 3. The EDX
mapping confirmed the uniform distribution of carbon and copper. However, it also
revealed a significant presence of sodium (Na), chlorine (Cl), and oxygen (O). As the
laser carbonization was performed in ambient conditions, the formed carbon seemed to
interact with the ambient oxygen, forming several oxygen-containing surface groups [35,46].
The copper present in the matrix could also interact with the ambient oxygen. Furthermore,
chitosan itself is an oxygen-rich polymer, which could be attributed to the presence of
oxygen. Figure 3d,e suggests that the Na and Cl were present in the sample in spherical
sodium chloride (NaCl) particle form with a particle size around 100 nm. The distribution
and shape of these particles resembled the particles decorating the fibrous network of
Cu/LIC materials, as observed in Figure 2e. The presence of NaCl was further confirmed by
XRD diffractogram (Figure 4a), which featured distinctive peaks at 26 = 27.25°,45.15°, 53.76°,
56.41°, 66.18°, and 75.23°, corresponding to (111), (200), (220), (311), (222), (400), and (420)
reflections of NaCl crystal (International Centre for Diffraction Data (ICDD) card number
78-0751 [51]). The presence of NaCl was also observed in the diffractogram of the precursor
Cu/chitosan xerogel, suggesting the formation of NaCl during the electrodeposition step.
For facilitating anodic electrodeposition, NaOH and HCI were utilized for pH adjustment
and chitosan dissolution, respectively, which might have reacted to form NaCl within the
polyelectrolyte. The formed NaCl was further encapsulated within the anodic gel matrix,
persisting in the Cu/C composite post-carbonization. A similar phenomenon was also
observed in our previous study on anodic electrodeposition of chitosan [13].

Figure 3. STEM characterization of Cu/LIC material. (a) High-angle annular dark-field (HAADF)
image of the Cu/LIC material. EDX mapping of the corresponding sample confirms the presence of
(b) carbon, (c) copper, (d) sodium, (e) chlorine, and (f) oxygen.
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Figure 4. (a) XRD of anodically deposited chitosan and the Cu/LIC material derived from it through
laser carbonization. (b) Raman spectra of Cu/LIC obtained from the laser carbonization of anod-
ically electrodeposited chitosan and its deconvolution using Gaussian curve fitting. (¢) HRTEM
image of a copper nanoparticle found in the Cu/LIC material, and its corresponding FFT in the
inset. (d,e) Lattice fringes of the selected areas in (c) showing the interlayer spacing of the selected
copper crystallite.

However, to our surprise, no presence of copper was observed in the XRD diffrac-
togram, even though EDX confirmed the uniform distribution of copper within the car-
bonized sample. As XRD peaks indicate the presence of crystalline phases of a material,
the XRD diffractogram obtained here suggests that Cu/LIC did not feature any copper
crystallites. In the electrodeposited gel, copper mainly coordinates with chitosan molecules,
retaining its Cu?* ionic form. As laser carbonization is a spontaneous phenomenon, it might
not allow enough time for the sintering of the copper ions present in the xerogel, preventing
the formation of crystallites. It suggests two possibilities: either copper still remained in the
Cu?* ionic form coordinating with the carbon network, or laser carbonization resulted in
an amorphous copper matrix. However, a few crystallites of copper featuring a dimension
of 10 nm to 30 nm could be observed during the TEM analysis. An example is presented in
Figure 4c. The HRTEM images of the selected sections in Figure 4c further revealed the
lattice fringes related to the copper crystal plane (111) and (200) in Figure 4d e, respectively.
The fast Fourier transform (FFT), as shown in the inset of Figure 4c, also confirmed the
crystalline nature of the particle, depicting the diffraction of the (111) and (002) planes of Cu,
further suggesting a face-centered cubic (fcc) structure (space group: Fm-3m) [52,53]. The
occurrence of these crystallites was very infrequent within the Cu/LIC material, and they
could not be detected in XRD. However, a further extensive characterization might be
needed to understand the behavior of Cu/chitosan precursor under laser irradiation, which
may confirm the ionic or amorphous state of the Cu within the resulting composite material.

Raman spectroscopy was performed to characterize the nature of the laser-carbonized
material. The Raman spectrum of Cu/LIC, as presented in Figure 4b, featured characteristic
peaks at 1365 cm~! and 1580 cm ™!, corresponding to the D and G peaks, respectively,



C 2024, 10, 28

8 of 14

a typical characteristic of carbon-based materials [54,55]. The Cu/LIC material featured
a peak intensity ratio (Ip/Ig) of 1.3, suggesting the presence of a significant amount of
amorphous carbon. However, deconvolution of the spectra with Gaussian curve fitting
revealed a low areal ratio (Ap/Ag) of 1.6, signifying a high graphitic nature of the carbon
counterpart. Furthermore, the in-plane crystallite size, L, for the carbon counterpart of
Cu/LIC material was calculated to 11.9 nm, suggesting a turbostratic nature of the carbon
material, with both graphitic and amorphous content [56,57]. The turbostratic nature
of carbon could further be confirmed by the D+D” and D+D’ peaks around 2660 cm ™!
and 2890 cm ™!, respectively, [58,59]. Notably, there was no detection of copper (I) oxide
or copper (II) oxide peaks in the Raman spectrum, confirming no oxidation of the embedded
copper during the laser carbonization process.

We investigated the electrochemical sensing capabilities of the Cu/LIC material for the
detection of HyO,. The cyclic voltammogram (CV) of the Cu/LIC electrode is presented in
Figure 5a, which exhibited the specific cathodic and anodic peaks of copper in the presence
of 1 mM H;O; within the PBS electrolyte. During the potential sweep between —0.8 V to
0.6 V, two oxidative peaks were observed at 0.06 V (point A in Figure 5a) and at 0.31 V
(point B), respectively. These could likely correspond to one-electron oxidation of Cu(0) to
Cu(I) and of Cu(I) to Cu(Il). The possible reactions at Point A could be:

Cu+OH~ — Cu(OH) +e~
ZCu(OH) — Cu0 + H,O

On the other hand, the following reactions might have happened at Point B:

Cu+20H ™ — Cu(OH); +2¢~
Cu(OH) + OH™ — Cu(OH); + ¢~
Cu(OH); — CuO + H,O

For comparison with our Cu/LIC material, we also investigated the sensing behavior
of pristine LIG electrodes. Figure 5b illustrates the CV curves of both Cu/LIC and LIG
electrodes with and without the presence of HyO,. The addition of H,O» did not change
the CV curve of the LIG electrode, representing no detection. In contrast, a drop in the
oxidation peak at 0.31 V was observed with the exposure to 1 mM H>O, in the case of the
Cu/LIC electrode, demonstrating successful detection of H>O;. The decreased oxidation
current for the Cu/LIC electrode at 0.31 V could be attributed to the conversion of Cu(Il)
to Cu(Ill) by the simultaneous reduction of H>O;. Such behavior was also reported in
several other articles dealing with Cu/carbon-based biosensors [60-62]. The electrochem-
ical reduction of HyO, by Cu(Il) occurred in two steps when H>O, was applied to the
electrolyte: (i) electrochemical reduction of Cu(Il) to Cu(I) and (ii) electron transmission
and O; generation, reducing the HyO, into H>O [63,64]. The following reactions could be
attributed to the sensing mechanism:

HyOp = H" + HO, ™
Cu(Il) + HO,~ — Cu(I) + HO,®
HO;* =—H"+0,"*
Cu(Il) + O * — Cu(I) + Oz
Cu(I) +HyOp — Cu(Ill) +20H"

The electron transfer behavior of the Cu/LIC electrode was investigated through cyclic
voltammetry in a 0.02 M PBS electrolyte, varying the scan rate from 10 to 100 mV/s in the
presence of 0.1 mM HyO; (Figure 5c). As the scan rate increased, both the anodic (Ijc) and
cathodic (I ;) current peaks exhibited an augmentation, resulting in a concurrent increase
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in I, and I,c. This trend indicated that the scan rate was directly proportional to the peak
current. Furthermore, an increase in the peak separation potential between the cathodic
and anodic current peak potentials was observed with rising scan rates. This shift could be
due to the reduction peaks shifting towards lower potential and oxidation peaks towards
higher potential, confirming a quasi-reversible process at the Cu/LIC electrode surface,
as depicted in Figure 5c. The relationship between redox peak currents and the square root
of scan rate values is depicted in Figure 5d. The graph exhibited a linear correlation of I,
and I, with the square root of the scan rate (v), expressed by the equations below:

Ipye = —100.4 +91.6vs.  (R* =0.98)
e =48.7 —99.3vs.  (R* =0.99)

where the high correlation coefficient R? values of 0.98 and 0.99 for the linear variations of
Ipg and Ipc with v suggest that the electrochemical process followed a diffusion-assisted
electron transfer mechanism, instead of a surface-controlled one [65].
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Figure 5. (a) CV of the Cu/LIC sample used to study the electrochemical sensing of HyO», (b) CV of
Cu/LIC and LIG in the absence and presence of 1 mM H>O». (¢) CV of Cu/LIC electrode at different
scan rates in the presence of 1 mM H0O,. (d) Peak current of the CV curves with respect to the
squared root of the scan rate for Cu/LIC electrode.

We further characterized the response (R;) of our Cu/LIC electrode to HyO; by the
ratio of I, in CV without and with the presence of HyO,. Figure 6 plots the response
values of Cu/LIC material for different concentrations of H,O,. Fitting the data points
with nonlinear regression (R? = 0.81) revealed that the electrode material exhibited two
sensing windows, 0.01 mM to 0.1 mM and 0.1 mM to 10 mM. We fitted the data points
within each concentration window with linear correlations, as presented in the inset of
Figure 6. The slope of the linear curve represents the sensitivity of the sensor material within
each concentration window. The slope obtained for the concentration window 0.01 mM
to 0.1 mM depicted a sensitivity of 2.65 mM~! with a limit of detection of 0.02 mM~!.
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The sensitivity within 0.1 mM to 10 mM was 0.01 mM~!, exhibiting a limit of detection of
270 mM~ L.
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Figure 6. Response of the Cu/LIC electrode material for different concentrations of H>O;. Insets
shows the linear correlation between response and HyO» concentration at two different ranges, left
for 0.01 mM to 0.1 M and the right one for 0.1 mM to 10 mM.

We further compared the performance of our Cu/LIC electrode materials with other
Cu/carbon composite electrodes for non-enzymatic HO, sensing. The performance of
our electrode material is comparable to previously reported Cu/carbon-based electrode
materials, as presented in Table 1. However, it should be noted that most of the reported
materials used carbon nanotubes (CNTs) or graphene-based materials as the carbon coun-
terpart. Processing these carbon materials is already complex and often requires expensive
and time-consuming methodologies. Incorporating copper counterpart to these carbon
nanomaterials further adds complexity to the entire process. In comparison, our synthesis
process involving anodic electrodeposition and subsequent laser carbonization offers a
simple and significantly rapid solution. Furthermore, even though we here only focused
on copper-based anodic chitosan electrodeposition, other metals could potentially also be
incorporated within chitosan hydrogel due to the ability of chitosan to form coordination
bonds with other metals, such as iron, zinc, and chromium [66,67]. Laser carbonization
of a chitosan complex with these metals could yield innovative nanocomposite materials
for improved sensor applications. However, detailed experiments starting from the an-
odic electrodeposition and subsequent laser carbonization are needed to fully explore the
potential of the presented methodology.
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Table 1.
nanocomposite-based HyO, sensors.

Comparison of the performance of Cu/LIC with other published copper/carbon

Materials Synthesis Method Linear Range Sensitivity Reference
gﬁé Earbon Physical mixing 0.003-2.338 mM  3.91 pA-cm—2-mM~! [68]
Cu/MWCNT ! Chemical reduction 0.5-10,000 uM /L 0.37 pA-L-pM 1 [69]
N-doped L. -1

Carbon /Cu Calcination 0.1-0.9 mM 1.27 mA-mM [70]
Cu-rGO 2 Electrodeposition 0.1-18 mM 119.75 pA-mM ! [71]
Cu-rGO Electrochemical reduction 0.01-1 mM 20 pA-em—2.mM 1! [72]
Cu-Graphene  Spray pyrolysis 32-803 uM /L 370 pA-L-cm™2-mM~! [44]
Cu/carbon Anodic electrodeposition and pyrolysis 0.1-3 mM 58.9 pA-cm~2-mM 1 [13]
Cu/LIC Anodic electrodeposition and laser carbonization 0.01-1 mM 2.65 mM~1 This work

I MWCNT: Multiwall carbon nanotube. 2 rGO: Reduced graphene oxide.

4. Conclusions

To summarize, this work presented a simple, straightforward, and rapid method
for synthesizing Cu/carbon nanocomposite material through anodic electrodeposition of
chitosan on a copper anode to yield a copper-coordinated chitosan hydrogel, followed by
laser-induced carbonization of the composite. The optimization of the laser parameters
required for the laser carbonization depicted that laser carbonization only happened within
a narrow laser power range. Nevertheless, the laser treatment resulted in a transforma-
tion of chitosan precursor to a highly graphitic and porous carbon matrix. Even though
the uniform distribution of copper was confirmed by elemental mapping, no crystalline
phase of copper was detected within the nanocomposite, which could be attributed to
the spontaneous nature of the laser carbonization. Even though a few crystalline copper
particles were detected during transmission electron microscopy, the copper predominantly
seemed to be in an amorphous state within the composite. Furthermore, a significant
amount of NaCl was present within the Cu/LIC matrix, due to the use of NaOH and
HCI during the electrodeposition process. A sensor electrode was further fabricated by
combining the Cu/LIC material with LIG material on a polyimide substrate. The Cu/LIC
composite demonstrated commendable non-enzymatic electrochemical sensing capabil-
ities for HoO», outperforming pristine LIG electrodes in PBS electrolyte. The composite
exhibited a sensitivity of 2.65 mM ™! for concentrations ranging from 0.01 mM to 0.1 mM
H>O,. The sensing performance of the Cu/LIC electrode was comparable to the previously
reported Cu/carbon-based nanocomposite electrodes. Notably, our electrode-fabrication
method highlights its facile and rapid nature, seemingly advantageous in comparison to the
reported electrodes. Furthermore, future investigation could explore other metal/carbon
composites, including iron, nickel, zinc, and chromium, promising to develop innovative
and improved electrodes for diverse applications.
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