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This investigation explores the electroless deposition of copper nanoparticles onto epoxy substrates
using glyoxylic acid as the reducing agent. The deposition process was conducted under alkaline
conditions, with the pH precisely maintained at 11.0+0.25 using potassium hydroxide. Two distinct
methanesulphonate bath formulations were employed with glucose and fructose as chelators

to enhance complexation efficiency. Azole-based stabilizers, Aminopyrazole and Tolytriazole

were introduced to fine-tune bath parameters and improve deposition control. Comprehensive
characterization of the resulting copper coatings was performed using scanning electron microscope-
energy dispersive X-ray analysis (SEM-EDAX), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), cyclic voltammetry (CV), tafel analysis, and electrochemical impedance
spectroscopy (EIS). The bath containing glucose as the chelator demonstrated superior stability and
yielded high-quality, uniform copper deposits with enhanced surface and electrochemical properties.
The novelty of this work is the addition of a chelating agent to the electroless copper deposition
process on polymeric substrates, which offers a more sustainable and environmentally friendly
method while providing better adhesion, refined grain morphology, and improved electrochemical
performance when compared to traditional surface treatments.
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Complexing agents are widely employed across various industries to regulate trace metal ions. They find
applications in sectors such as textiles, pulp and paper, food processing, agriculture, cleaning, and water
treatment"2. However, the presence of these agents in industrial effluents raises concerns about their
degradability®. Non-biodegradable complexing agents, in particular, pose significant environmental challenges,
as they persist in ecosystems and contribute to pollution®’. In the context of electroless deposition, the bath
solution typically contains metal salts, complexing agents, reducing agents, and stabilizers of both organic and
inorganic origin®3. In the plating bath, complexing agents combine with Cu®" ions to produce stable complexes.
This regulated complexation guarantees a constant supply of reducible copper ions close to the substrate surface
and inhibits premature precipitation. The chelator promotes consistent copper grain nucleation and development
by regulating the free ion concentration, which results in finer morphology and better coating quality.

A variety of complexing agents are used, including EDTA, triethanolamine (TEA), trisodium salts, quadrals,
tartrates, and organic acids’. Among these, EDTA has traditionally been the most common choice due to its
strong chelating ability, weak adsorption on metal surfaces, and effectiveness across a wide pH range!’. EDTA
not only stabilises the bath against decomposition but also prevents the precipitation of cupric hydroxide. It can
withstand elevated temperatures up to 70 °C, with optimal bath conditions generally maintained between 45
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and 60 °C and at a pH of 13.9'"!2, Despite these advantages, the use of EDTA introduces serious environmental
concerns. It forms highly stable complexes with heavy metals, is only weakly biodegradable, complicates
effluent treatment, and increases nitrogen content in wastewater. These drawbacks highlight the need for more
sustainable alternatives to EDTA in industrial electroless deposition processes.

In recent years, sugars have gained significant importance as chelating agents in electroless deposition
baths due to their ecofriendly and biodegradable nature!®. Conversely, sugars have many hydroxyl groups that
can combine with metal ions to create stable complexes that regulate the concentration of free ions and stop
undesirable precipitation. They are appealing substitutes for environmentally friendly plating techniques due
to their natural origin and ease of degradation. Sugars provide advantages for the environment, but they also
improve deposition quality and bath stability. They assist in preserving the equilibrium of metal ions in solution
by functioning as mild chelators, guaranteeing consistent and sticky coatings'®. They can lessen the chance of
decomposition and buffer the bath against abrupt pH shifts, both of which are essential for sustaining reliable
plating performance. Additionally, it has been demonstrated that sugar-based chelators promote enhanced
corrosion resistance and smooth surface morphology in deposited films.

The use of sugars like glucose, galactose, saccharose, fructose and sucrose in electroless deposition baths is
indicative of a larger trend in industrial processes toward green chemistry'>!¢. They are a promising substitute
for traditional agents because of their capacity to combine efficient chelation with environmental safety. The
usage of sugar-based chelators, which provide both technical dependability and environmental responsibility
in contemporary electroless plating systems, is anticipated to grow as companies place a greater emphasis on
sustainability. In this electroless deposition technique, glyoxylic acid as the reducing agent. They give high plating
rate, high bath stability, high ductility and homogeneous deposits compared to other reductants'’-'°. They had
good reduction qualities, minimal vapour pressure development, and no health or environmental issues.

A thin, consistent layer of metal or alloy is applied to a substrate using electroless dip coating, a surface
modification method that eliminates the need for an external electrical current. Rather, the procedure depends
on regulated redox reactions that take place in an aqueous solution, where the substrate itself takes part in
galvanic displacement or a reducing agent propels the auto-catalytic deposition®*?!. This technique is prized for
producing coatings with superior adhesion, consistent thickness even on intricate geometries, and increased
conductivity, corrosion resistance, and wear resistance?. Electroless dip coating is widely used in electronics,
catalysis, and protective finishing of industrial components since the deposition happens naturally after the
substrate is submerged in the solution?>4,

Epoxy substrates lack active sites for direct metal nucleation and are intrinsically inert, electroless copper
deposition is particularly difficult. The chelator has two functions at the interface in this process: it reduces
interfacial energy barriers to encourage adhesion between the deposited copper and the polymer substrate
while coordinating with Cu* ions to facilitate their adsorption onto the sites present on the epoxy surface.
Chelation-assisted deposition is less harmful to the substrate and more environmentally friendly because it
accomplishes adherence by chemical mediation as opposed to aggressive surface alteration. Because excellent
adhesion, conductivity, and corrosion resistance are essential in printed circuit boards, microelectronics,
electromagnetic shielding, and protective coatings, electroless copper coatings on epoxy polymers find extensive
use. This approach advances the field of electroless metallization of polymers by offering a fresh and sustainable
substitute for traditional surface treatments. The specific goal of the study is to examine the function of fructose
and glucose as environmentally friendly chelating agents in electroless copper deposition on epoxy substrates
and assess their impact on coating adhesion, morphology, and electrochemical performance in comparison to
traditional complexing agents.

Materials and methods

Materials

The chemicals were obtained from the specified suppliers and employed directly without further purification.

Ethanol (99.9%, Fisher), ammonia solution (25%, Fisher), copper methanesulphonate (98%, S.D. Fine

Chemicals), copper carbonate (99%, Merck), glucose (99.5%, Fisher), fructose (99.5%, Fisher), aminopyrazole

(98%, Fisher), tolytriazole (98%, Fisher), potassium hydroxide (99%, Sigma-Aldrich), and glyoxylic acid (98%,

Merck) were used as received without further purification. All stock solutions were prepared with.
double-distilled water.

Development of methanesulphonate deposition baths
In this work, two distinct electroless deposition baths were formulated using eco-friendly polyhydroxylic
compounds, glucose and fructose as complexing agents.

Bath 1 Methanesulphonate bath containing glucose.
Bath 2 Methanesulphonate bath containing fructose.

In the electroless copper deposition method, the chelator has two vital functions. It guarantees a regulated release
of copper ions into the reaction media and inhibits premature precipitation by creating stable complexes with
Cu?" ions. Additionally, by adhering to the epoxy substrate, these chelator-metal complexes lower the activation
barrier for copper reduction and promote efficient nucleation. Smoother, adherent coatings with improved
protective and functional performance emerge from the regulated ion release’s promotion of homogenous
nucleation and uniform development of the copper layer.

The study began with bath optimization by varying the concentrations of the metal ion solution,
complexing agents, reducing agents, and azole additives under ambient conditions as shown in Table 1. Copper

Scientific Reports | _#######t##############_| https://doi.org/10.1038/541598-026-52242-y nature portfolio



www.nature.com/scientificreports/

S.No | Bath components
MSA with copper ion

1. contacting the salt (3 g/L™!) Copper carbonate | Copper carbonate

2. Complexing agent (20 g/L™!) | Glucose Fructose

3. Reducing agent (10 g/L™1) Glyoxylic acid Glyoxylic acid
Aminopyrazole Aminopyrazole

4. Stabilizer (1ppm) itk itk
Tolytriazole Tolytriazole

6. pH adjustor KOH KOH

7. pH (+0.25) 11.50 11.25

8. Temperature ("C) 30 30

Table 1. Composition and operating conditions of glucose and fructose based electroless copper plating baths.

methanesulphonate served as the source of metal ions, while glyoxylic acid was employed as the reducing agent.
Bath stability was maintained at pH>10.0 using potassium hydroxide (KOH). The deposition process was
conducted at 28 +2 °C. Two different azole stabilizers were introduced, and the resulting copper deposits were
examined for their physical characteristics and surface morphology.

Pretreatment of substrate surface

The substrate chosen for the deposition process was a polymer, specifically an epoxy sheet measuring 2.0 x
2.0 x 1.0 cm, placed in a 100 ml beaker. Prior to deposition, the surface was polished with fine-grade paper
and thoroughly rinsed with distilled water. It was then treated with potassium hydroxide for scoring, followed
by another rinse with distilled water to ensure proper cleaning. To remove any oxidized layer, the surface was
etched using a mixture of KMnO, and H,SO,. Sensitization was subsequently performed with a SnCl, solution,
and activation was achieved using PdCl, in HCL. This sequence of treatments enhanced surface adhesion and
facilitated efficient copper deposition25’262. With these pre-treatment and activation steps completed, the substrate
was fully prepared for the electroless deposition process.

Calculation of rate of deposition
The rate of deposition (T) can be determined using the following relation:

T=W x 10"/dAt

Where: W =mass of the deposit (g); d=density of the film material (8.96 g/cm®); A=coated film area (cm?);
t=coating duration (h).
Additionally, the rate of electroless copper deposition was evaluated using:

Rate of deposition (pm/h) = Thickness / Deposition time

Calculation for thickness of copper deposits

Following the deposition process, the substrate is washed, dried, and weighed (w,). The copper coating is then
dissolved in 10-20% HNO,, after which the substrate is again washed, dried, and weighed (w,). The difference
in weight (w,-w,) represents the actual mass of copper deposited. The film thickness is subsequently calculated
based on the deposited copper mass, the total plated area, and the density of copper.

W x 10* x 60

Thickness (L m) = AxD
Where, W = (w,-w,) = Weight of the deposit (g); w, = Weight after plating (g); w,=Weight after stripping (g);
A =Total plated area of the substrate (cm?); D = Density of the copper (g/cm?).

Characterization

Scanning electron microscopy (SEM) is a versatile imaging technique that enables high-resolution examination
of surface morphology and microstructural features of a material?’~2°. The method provides nanoscale precision
in revealing particle size, shape, and distribution, making it particularly valuable for investigations involving
nanomaterials and catalytic system. The shape and elemental content of the surface coating were investigated
using a JEOL JSM 6390 SEM fitted with an Oxford Instruments EDAX detector. A 15 kV accelerating voltage
was used to run the SEM. Surface and compositional contrast were recorded using both secondary electron (SE)
and backscattered electron (BSE) detectors. Energy Dispersive X-ray Analysis (EDAX) is an analytical method
used in conjunction with a SEM to ascertain the elemental composition of a specimen. Characteristic X-rays are
produced when the electron beam of the interacts with the atoms of the sample, exciting and ejecting electrons.
An energy-dispersive spectrometer then detects and measures these X-rays to determine the kind and amount of
elements present. EDAX is widely used for characterizing materials in a variety of industries, including industry,
agriculture, and medicine; evaluating the quality and consistency of alloys; and examining the composition of
metals, ceramics, and composites. All things considered, it is a strong and adaptable instrument for chemical
composition analysis, making it essential for both scientific and commercial uses.
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The surface roughness of copper deposits was examined using an atomic force microscope (AFM, Nano
Surf Easy Scan2, Switzerland). This instrument is equipped with a microfabricated cantilever that carries an
integrated tip mounted on a holder. Topographical features were analyzed in tapping mode. Silicon cantilevers
with a nominal spring constant of 40 N/m and tip radius < 10 nm were used to ensure high-resolution imaging
of surface roughness and grain morphology.

In the electroless deposition process, the structural properties of the deposited copper are identified by the
XRD studies (X’Pert-Pro, P-analytical). Due to the inherently low surface energy, copper typically favors the
(111) plane orientation. However, in this study, three distinct reflection planes (111), (200), and (220) were
observed. Previous research indicates that copper films grown under low ion concentrations tend to adopt the
lowest surface energy planes, whereas films deposited at higher ion concentrations are more likely to align with
higher surface energy planes. Thus, both the surface free energy and kinetic factors of thin-film growth play a
decisive role in determining the preferred orientation. Consequently, the expected crystallographic texture of
copper is face-cantered cubic (FCC), with a dominant (111) plane orientation.

Quality and quantity - cyclic voltammetry (CV)

Cyclic voltammetric measurements in this study were performed using a CHI-600D electrochemical analyzer
(Austin, USA). A standard three-electrode configuration was adopted, with platinum wire as the counter
electrode. An Ag/AgCl electrode in KCl served as the reference, while a glassy carbon electrode was used as the
working electrode. The supporting electrolyte employed was 0.1 M sodium sulphate solution. Voltammograms
were recorded over a potential range of — 1.6 to + 0.5 V at a scan rate of 50 mV/s. All experiments were carried
out at room temperature, maintained at 30 + 2 °C. The anodic peak potential and current values were analyzed to
assess the deposits’ quantity and quality. Cyclic voltammetry further provided insights into adsorption, diffusion,
and reaction mechanisms through peak width, amplitude, and position®*>!.

DC electrochemical monitoring technique - tafel polarization (TP)

The polarization method works by changing the potential of the working electrode. The current produced is
measured as a function of time or potential®?. Electrons may be released or consumed during the electrochemical
reaction®>34, The rate of reaction is determined by the flow of electrons. Corrosion rate is measured as metal
penetration or weight loss per unit area. At + 0.1 V near the corrosion potential, the current-potential plot is
nearly linear.

Ba BC

X
R =
® = 2303(B , + B )leons

The slope of this linear region gives the polarization resistance. Polarization resistance relates to corrosion
current density using the Tafel slopes. The corrosion current from the Tafel plot directly indicates the corrosion
rate. This method provides faster and more accurate results than weight loss measurements. The corrosion
current density is directly proportional to the rate of electrochemical degradation. Lower Icorr values signify
better corrosion resistance.

AC electrochemical monitoring technique - electrochemical impedance spectroscopy (EIS)

The corrosion behavior of an electroless bath can be analyzed using the AC impedance technique. EIS
measurements were performed using the same CH Instruments workstation in the frequency range of 100 kHz
to 0.01 Hz, with 10 points per decade. An AC amplitude of 10 mV was applied at open-circuit potential. The
three-electrode configuration described above was used, with temperature maintained at 30 + 1 °C. By applying
a low-amplitude oscillating potential to the working electrode, surface perturbation is minimized, allowing
electrochemical characteristics to be studied. This method is highly effective for characterizing metal-coated
surfaces®>7. A voltage is applied between the working and counter electrodes, and the voltage drop at the
electrode-electrolyte interface is measured. Impedance spectra were analyzed using Z-fit software, and the data
were fitted with a cascade equivalent circuit containing two-time constants, consisting of solution resistance,
charge transfer resistance, double-layer capacitance, and a constant phase element to account for non-ideal
capacitive behaviour, along with a second RC branch representing slower diffusion/adsorption processes®*.

Ch Qs
I: | \\

|| 77
YR H i -

I| R | R3

Were, L, - Inductance; C,- Double layer capacitance; R1, R2, R3 - Resistances; Q3 — Constant phase element
(imperfect capacitor).

The constant phase element (Q,) acts as an imperfect capacitor in the equivalent circuit, and its value is
represented as C, (pseudo-capacitance). This parameter is determined from the Z-fit analysis of the EIS
spectrum. The ease of electron transport across the electrode/electrolyte interface is reflected in the charge
transfer resistance measured by EIS. Higher electrochemical activity and quicker electron transport are correlated
with lower Rt values. To ensure comparability across samples, all impedance values obtained by electrochemical
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impedance spectroscopy (EIS) were normalised to the geometric surface area of the working electrode and
reported in units of Q-cm* (or mw -cm?).

Results and discussion

To ensure reproducibility, the electroless copper bath was freshly prepared before each experiment, with its
pH adjusted to 11.50+0.25 for glucose baths and 11.25+0.25 for fructose baths using KOH and maintained
at 301 °C under constant stirring to preserve bath stability. Deposition was carried out for a fixed duration
of 60 min for all samples, monitored using a digital timer to ensure consistency. The relative error across all
measurements was maintained below 5%, thereby confirming the reliability and reproducibility of the reported
data.

The deposition rate is evaluated against the accelerating or inhibiting effects of the stabilizers. When the rate
exceeds that of the plain bath, the stabilizer functions as an accelerator; conversely, when the rate falls below the
plain bath, it is considered an inhibitor. In this study, the deposition rate and film thickness obtained from the
glucose-based plain bath were found to be superior compared to those achieved with the fructose-containing
methanesulphonate bath. Among the azole additives examined, Aminopyrazole functioned as an inhibitor,
whereas Tolytriazole acted as an accelerator when incorporated into the glucose baths. The deposition rate and
thickness of the deposition baths are given in Table 1.

The SEM analysis of the electroless deposition baths of Glucose-APZ, Glucose- TTZ, Fructose- APZ and
Fructose-TTZ baths shown in Fig. 1(a-d) makes it abundantly evident that the glucose-containing baths had
small grain structures, whereas the fructose-containing baths had larger grain sizes. However, the study also
clearly shows that the bath containing aminopyrazole had an inhibiting property with larger grains than the
plain bath, and the bath containing tolytriazole had very fine grain structures. This clearly indicates that APZ
acted as an inhibitor in the electroless deposition bath while TTZ acted as an accelerator in both the glucose and
fructose contained baths.

Energy Dispersive X-ray Analysis (EDAX) was performed on the plain baths of glucose and fructose to verify
the elemental composition, which confirmed the deposition of copper particles with no detectable oxide traces.
The EDAX spectrum confirms copper as the sole detected element, with characteristic peaks at ~1 keV and
~ 8 keV. The increasing intensity of Cu signals confirms successful deposition, while minor oxygen peaks suggest
partial surface oxidation, which is consistent with electroless copper deposition in aqueous media.

Minor features in the spectrum are attributed to instrumental background rather than additional elements.
The SEM images corresponding to the EDAX analysis revealed distinct differences in particle morphology:
the glucose-based bath produced copper deposits with uniform grain size, whereas the fructose bath yielded
comparatively larger grains. These observations clearly demonstrate that the glucose bath provides superior
deposition characteristics compared to the fructose bath as shown in Fig. 1(e, f).

The surface morphology of the deposited copper coatings was revealed both qualitatively and quantitatively
by AFM investigation. The coated surfaces exhibit increased roughness and granular features compared to
the bare epoxy, supporting improved adhesion and protective performance of the deposited copper layer. The
bath composition affected the roughness values (Ra and Rq), with glucose-based baths producing smoother
surfaces (Ra=~26-29 nm) as opposed to fructose-based baths (Ra=~63-75 nm). While glucose baths produced
finer grains and more homogeneous coatings, fructose baths’ increased roughness is consistent with coarse or
gravel-like grain morphologies. Because smoother, adherent layers improve corrosion resistance while excessive
roughness may reduce protective efficiency, these variations in surface topography have a direct impact on
coating performance.
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Fig. 1. SEM images of electroless copper methanesulphonate; (a) GLU + APZ, (b) GLU + TTZ, (c) FRU + APZ,
and (d) FRU + TTZ contained baths, EDAX images of electroless copper methanesulphonate; (e) Glucose plain
bath, and (f) Fructose plain bath.
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Glucose Fructose

Bath description Plainbath | Glu+APZ Glu+TTZ | Plain bath Fru+APZ | Glu+TTZ
Deposition rate(um/h) 3.08 2.99 3.18 2.86 2.62 2.97
Thickness(pm) 184.8 179.4 190.8 171.6 157.2 178.2
Shape or structure Small grains | Coarse grains | Fine grains | Coarse grains | Gravels Small grains
Roughness (nm) 27.024 28.954 26.547 72.729 75.063 63.669
Crystallite size (nm) 20.17 21.81 19.9 26.08 28.70 25.55
Specific surface area(m?/g) 33.199 30.703 33.650 25.676 23.332 26.209
Epa7l values (V) -0.3124 -0.3434 -0.2549 -0.3777 -0.3844 -0.3400
Ipailva.lues(A) 1.659x 107 | 1.868 x 10~* 4.409x107* | 3.261x107* 8.867x107° | 1.190x 1074
Lo (MA) 2149 170.1 316.6 127.1 86.9 184.8

R, | 11.24 13.9 5.46 7.46 15.32 8.19
Charge transfer Resistance (R)) (mQ/cm?) R, | 11.04 10.83 4.82 537 14.63 6.89

R; | 67.86 78.54 52.48 102.9 125.1 94.82

Table 2. Physical, structural and electrochemical characteristics of electroless copper methanesulphonate;
glucose and fructose contained baths.

Fig. 2. Three-dimensional AFM surface morphology images of electroless copper deposited from
methanesulphonate baths with different reducing agents and additives: (a) glucose plain bath, (b)

glucose + APZ, (¢) glucose + TTZ, (d) fructose plain bath, (e) fructose + APZ, and (f) fructose + TTZ. (a'-f)
show the corresponding magnified 2D AFM images of electroless copper methanesulphonate coatings
obtained under the same bath conditions.

The roughness measurements of copper baths containing glucose and fructose as chelators shown in Table 2;
Fig. 2 demonstrate that the resulting copper deposits are smooth and uniform. Specifically, the glucose-based
baths show roughness values of 27.024 nm for the plain bath, 28.954 nm for the Glucose-APZ bath, and
26.547 nm for the Glucose-TTZ bath. In comparison, the fructose-based baths exhibit higher roughness values:
72.729 nm for the plain bath, 75.063 nm for the Fructose-APZ bath, and 63.669 nm for the Fructose-TTZ bath.

The crystallite sizes of the deposits were measured as 20.17 nm, 21.81 nm, and 19.90 nm for the glucose plain
bath, GLU + APZ, and GLU + TTZ respectively as shown in Fig. 3. In contrast, the fructose baths exhibited larger
crystallite sizes of 26.08 nm, 28.70 nm, and 25.55 nm for the fructose plain bath, FRU + APZ, and FRU + TTZ.
These results clearly demonstrate that glucose acts as a more effective chelator, while Tolytriazole serves as the
most efficient additive in refining the deposition grains when compared to the fructose-based baths.

The CV analysis of electroless deposition baths containing methanesulphonate revealed distinct anodic
peak potential (Epa) and anodic peak current (Ipa) values (Fig. 4). The anodic peak potential was measured
at —0.2549 V for the GLU+TTZ bath and -0.3844 V for the FRU+ APZ bath. The anodic peak current
(Ipa—1) serves as a measure of electron transfer efficiency and electroactive surface area. In the plain glucose
bath, Ipa—1 was 1.659x10-4 A, which increased slightly to 1.868x10-4 A with APZ addition. However,
the TTZ-modified bath exhibited a dramatic increase to 4.409x10-4 A, nearly three times higher than the
plain bath. This enhancement indicates that TTZ promotes finer grain morphology and higher electroactive
surface area, thereby facilitating faster electron transfer. The comparison clearly demonstrates that chelation-
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Fig. 3. XRD pattern of copper deposits of electroless copper methanesulphonate; Glucose plain bath,
GLU + APZ, GLU + TTZ, Fructose plain bath, FRU + APZ and FRU + TTZ contained baths.
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Fig. 4. Cyclic voltammogram of electroless copper methanesulphonate; Glucose plain bath, GLU + APZ,
GLU +TTZ, and Fructose plain bath, FRU + APZ and FRU + TTZ contained baths.

assisted deposition significantly improves the electrochemical activity of the coatings. These results suggest that
the glucose-tolytriazole bath exhibits the strongest oxidizing behaviour, whereas the fructose-aminopyrazole
bath demonstrates the weakest oxidizing tendency among the six baths studied. The CV curves are presented
as current density (A/cm?), obtained by normalizing the measured current to the electrode surface area. This
normalization allows direct comparison of electrochemical activity across coatings of different thickness and
morphology, ensuring that the observed differences reflect intrinsic material properties rather than geometric
variations.

The corrosion current density (Icorr), as presented in Fig. 5, reveals that the electroless bath containing
glucose and tolytriazole exhibits the highest corrosion current value of 316.6 mA among the glucose-based
systems. Likewise, the fructose—tolytriazole bath records the maximum value of 184.8 mA within the fructose-
based series. The corrosion resistance of the coatings can be inferred from the corrosion current density (Icorr).
The addition of APZ reduced the Icorr from 214.9 mA in the plain glucose bath to 170.1 mA, indicating
enhanced corrosion resistance as a result of the stabilizing effect of chelation. TTZ addition, on the other hand,
led to a higher Icorr of 316.6 mA, indicating increased electrochemical activity at the cost of corrosion stability.
This quantitative comparison emphasizes the trade-off between improved kinetics and corrosion resistance and
emphasizes how crucial it is to choose the right chelating agents based on the intended use. Furthermore, the
charge transfer resistance values obtained from the impedance measurements (Fig. 6) are consistent with the
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Fig. 5. Tafel polarization curve of electroless copper methanesulphonate; Glucose plain bath, GLU + APZ,
GLU +TTZ, and Fructose plain bath, FRU + APZ and FRU + TTZ contained baths.
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Fig. 6. Nyquist diagram of electroless copper methanesulphonate; Glucose plain bath, GLU + APZ,
GLU + TTZ, and Fructose plain bath, FRU + APZ and FRU + TTZ contained baths.

Tafel results, confirming that tolytriazole provides the most effective performance among both glucose- and
fructose-containing baths.

The results of electrochemical impedance spectroscopy (EIS) show distinct variations in charge transfer
behavior and interfacial resistance based on the kind of chelator and bath composition. The simple coating
showed moderate resistance values (R1=11.24, R2=11.04, R3=67.86 mQ-cm?) in glucose baths, which are
compatible with small grained morphology and reasonable compactness. The inclusion of APZ resulted in
somewhat higher resistances (R1=13.9, R2=10.83, R3=78.54), suggesting a less conductive but more stable
interface that is correlated with greater corrosion resistance and coarse grain morphology. TTZ, on the other
hand, dramatically decreased resistances (R1=5.46, R2=4.82, R3=52.48), indicating improved charge transfer
kinetics as a result of compact, fine-grained coatings.

A similar pattern was seen in fructose baths, with the simple bath exhibiting a comparatively high R3 (102.9
mQ-cm?), indicating slow diffusion processes linked to coarse morphology. While TTZ increased conductivity
in comparison to APZ (R1=8.19, R2=6.89, R3=94.82), it was still less effective than glucose-based baths.
APZ further raised resistances (R1=15.32, R2=14.63, R3=125.1), consistent with gravel-like formations and
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decreased thickness. The conclusion that TTZ improves electron transfer kinetics is supported by the strong
correlation of the Impedance data with the larger CV peak currents seen.

Electron transport and corrosion resistance are significantly influenced by the surface roughness and grain
structure of the coatings. Compact and uniform morphologies promote faster electron transport, as demonstrated
by the greater anodic peak currents in CV and lower charge transfer resistance in EIS of coatings with fine
grains and smoother surfaces (such as glucose + TTZ bath). Coarse-grained or gravel-like morphologies, such
as fructose + APZ bath, on the other hand, displayed lower peak currents and greater Rt, indicating impeded
electron transport because of uneven surfaces. The superior impedance values obtained can be explained by
the higher coating uniformity in glucose formulations, which improved barrier characteristics. These results
demonstrate that the electrochemical performance of electroless copper coatings is significantly influenced by
surface shape and roughness.

Our results demonstrate that glucose functions not only as a reducing agent but also as an efficient chelating
agent, providing superior electrochemical performance compared with several previously reported systems.
Jayalakshmi et al. (2023) emphasized the positive role of chelators in enhancing coating adhesion and reducing
corrosion currents’. In our study, the glucose-based bath further improved these effects, yielding lower corrosion
current density (Icorr = 86.9 mA) and higher charge transfer resistance (Rt up to 125.1 mQ) cm®), indicating
improved corrosion resistance. In contrast, sugar-based coatings reported by Mielewczyk et al. (2023) showed
comparatively higher surface roughness and lower stability®, whereas our glucose formulations consistently
produced finer grains and more uniform coatings. Furthermore, compared with advanced eco-friendly
electroless systems such as those reported by Balaramesh et al. (2025), the present approach demonstrates
competitive electrochemical stability while retaining operational simplicity and cost-effectiveness*’. Overall,
these findings highlight glucose as a promising green chelator capable of stabilizing bath chemistry, improving
coating performance, and offering a scalable route for sustainable electroless copper deposition.

The electrochemical results were analyzed in relation to the observed surface morphology and compositional
features of the coatings. Smoother, finer-grained surfaces from glucose-based baths showed lower corrosion
current densities and higher charge transfer resistance, indicating better protective performance, according to
the normalized metrics (Ecorr, Icorr, and Rt). Conversely, fructose baths’ coarse, gravel-like formations were
linked to lower electrochemical stability and greater roughness levels. These correlations demonstrate the robust
structure-property link and verify that the electrochemical performance of the electroless copper coatings is
directly influenced by surface shape and elemental composition. The current investigation did not characterize
the copper coatings cross-sectionally. The emphasis here was on surface characterization, elemental analysis, and
electrochemical evaluation, even if such study would have offered more information about coating thickness,
homogeneity, and interfacial morphology. To maintain transparency, it has been made clear that the lack of
cross-sectional imaging is a constraint. Cross-sectional SEM or similar methods will be used in future research
to supplement the present findings and offer a more thorough understanding of coating performance and quality.

Conclusion

The study highlights the critical influence of bath composition on electroless copper deposition, comparing
glucose and fructose as chelating agents with azole stabilizers as additives. Glucose consistently outperformed
fructose, yielding higher deposition rates, thicker films, smoother surfaces, and finer crystallite sizes. SEM and
EDAX analyses confirmed uniform copper grain structures and oxide-free deposits in glucose baths, while
fructose baths produced larger, less uniform grains. Stabilizers played a decisive role: aminopyrazole (APZ) acted
as an inhibitor, reducing deposition efficiency and enlarging grains, whereas tolytriazole (TTZ) functioned as
an accelerator, refining grain size and enhancing deposition quality. The glucose-TTZ bath emerged as the most
effective system, producing fine-grained, smooth deposits with superior surface quality and microstructural
refinement. Electrochemical characterization reinforced these findings, showing that glucose-TTZ baths
exhibited the strongest oxidizing behavior, highest corrosion current densities, and improved charge transfer
resistance, underscoring TTZ’s dual role as a grain refiner and corrosion performance enhancer. Structural
insights explain glucose’s superiority: its pyranose form coordinates more strongly with copper ions than
fructose’s furanose form, resulting in more stable complexation. Collectively, the results establish glucose as a
highly effective chelator and TTZ as the most efficient stabilizer, with their synergy producing optimal copper
films. This combination offers significant industrial potential for applications requiring smooth, fine-grained,
and corrosion-resistant deposits, while fructose-based systems remain comparatively inferior in both structural
and electrochemical performance.

The grain structure and surface roughness of the coatings play a decisive role in electron transfer and
corrosion resistance. Coatings with fine grains and smoother surfaces (e.g., glucose + TTZ bath) exhibited higher
anodic peak currents in CV and lower charge transfer resistance in EIS, confirming that compact and uniform
morphologies facilitate faster electron transport. In contrast, coarse-grained or gravel-like morphologies (e.g.,
fructose+ APZ bath) showed reduced peak currents and higher Rt, reflecting hindered electron transfer due to
irregular interfaces. The chelation-assisted approach not only improves coating adhesion and grain refinement
but also enhances charge transfer resistance and corrosion performance, while reducing reliance on harsh
chemicals. These outcomes highlight the novelty and scientific contribution of this work, demonstrating that
chelating agents can serve as a sustainable and effective pathway for high-performance copper coatings on
polymeric substrates.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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