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 Chitosan-based nanocomposite coatings are promising low-cost electrochemical 

materials, but the relationship between interfacial structure and voltammetric 

performance remains insufficiently understood. This study investigated the cyclic 

voltammetric behavior, reproducibility, and cycling stability of a copper-supported 

crosslinked chitosan–glutaraldehyde/zinc oxide coating. Structural and electrochemical 

characterization was performed using Fourier transform infrared spectroscopy, scanning 

electron microscopy/energy-dispersive X-ray spectroscopy, and cyclic voltammetry in 

0.1 M phosphate-buffered saline and 0.01 M K₃[Fe(CN)₆]/0.10 M KCl. The coating 

showed Schiff-base crosslinking, Zn-related interactions, compact morphology, good 

attachment to copper, and distributed Zn-containing domains without obvious large-

scale agglomeration. Electrochemically, the coating exhibited quasi-reversible behavior 

in both media. Ferricyanide produced sharper redox features, current ratios closer to 

unity, and stronger anodic linearity with the square root of scan rate than phosphate-

buffered saline. The apparent diffusion coefficient estimated from the ferricyanide 

anodic response was on the order of 10⁻⁵–10⁻⁶ cm² s⁻¹. Reproducibility across ten 

independently prepared electrodes was acceptable, with lower variability in ferricyanide 

than in phosphate-buffered saline, and the voltammetric profile was retained over 15 

cycles. These results demonstrate a stable and reasonably reproducible electrochemical 

interface with potential for future sensing applications. 
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1. INTRODUCTION  
Electrochemical sensors have attracted 

increasing attention because they combine simple 

fabrication, low cost, operational stability, and high 

sensitivity. Advances in this field have been strongly 

supported by the development of modified electrodes, 

including nanostructured surfaces and 

electrodeposited architectures, which have shown 

promising performance in formaldehyde detection and 

other catalytic applications 1–4. In parallel, 

nanocomposite materials have emerged as efficient 

catalytic platforms for formaldehyde oxidation and 

related electrochemical processes 5,6. These 

developments highlight the importance of designing 

electrode coatings that not only improve 

electrochemical response but also offer structural 

stability and reproducibility.  

Among polymeric materials, chitosan (CS) is 

particularly attractive as a matrix for electrochemical 

applications because it is abundant, environmentally 

friendly, and capable of providing rapid response, low 

cost, and good repeatability 7,8. In addition, chitosan is 

widely recognized as a biodegradable, biocompatible, 

and non-toxic biopolymer derived from renewable 
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resources, with broad potential in biomedical and 

biosensing applications, further supporting its 

relevance as a functional material for electrochemical 

interface design.9,10 

Its biocompatibility, porosity, hydrophilicity, 

and rich –OH/–NH₂ functionality make CS an 

attractive thin-film matrix for electrochemical 

interfaces11–13, while chemical/structural modification 

can tune pore architecture, mechanical resistance, 

stability, and adsorption/desorption behavior14. 

However, the practical use of CS films remains limited 

by their relatively brittle nature and the need for 

improved structural durability under repeated 

electrochemical operation. 

To overcome these limitations, hybridization 

and crosslinking strategies have been widely explored. 

CS–metal-oxide hybrids have shown broad utility, for 

example, Fe₃O₄–CS for protein biosensing15, CS/ZnO 

for glucose detection16, CS–Zn nanoparticles for 

immunosensing12,  and CuO–CS as a glassy-carbon 

modifier17. To address the brittleness and enhance 

structural stability of CS films, crosslinkers are 

commonly introduced18, and among them, 

glutaraldehyde (GLA) is one of the most widely used 

because it strengthens the polymer network, improves 

film durability, and can enhance selectivity and 

sorption behavior in CS-based materials19–21. Zinc 

oxide (ZnO), intensively studied since the 1960s, 

supports sensing, transduction, and catalysis22. When 

incorporated into CS, ZnO can enhance mechanical 

strength and introduce Lewis-acidic Zn²⁺ centers that 

interact with donor sites in the polymer matrix23. 

Related advances include Cu-doped ZnO 

formaldehyde sensors4, CS-GLA/Fe₃O₄ composites 

with ZnO for dye adsorption24, and CS–ZnO 

nanocomposites with antibacterial, photocatalytic, and 

hydrophobic properties for food-related hazard 

detection23. Elongation tests showed that in situ–

incorporated ZnO nanoparticles markedly 

strengthened CS films, improving extensibility and 

durability25.  

Cyclic voltammetry (CV) remains a versatile 

probe of mechanisms, electron transfer, catalysis, and 

kinetics across inorganic and organic 

systems26,27.  CV-based platforms have been widely 

applied in formaldehyde biosensing, with reported 

limits of detection in the range of 0.01–0.50 mg L⁻¹. 28 

Although copper (Cu) is inexpensive and widely 

available, bare Cu often suffers from high 

overpotentials, limited selectivity, and oxidative 

instability29,30. Polymer modification helps overcome 

these drawbacks, with success demonstrated in drug 

detection31 and composite membrane-based 

biosensors32–34. Despite these advances and the 

broader promise of composite systems in 

electrochemical applications35,36, there remains a need 

for simple, robust, and low-cost coated electrodes with 

well-characterized interfacial structure and 

reproducible electrochemical behavior. 

In this context, the present work focuses on a 

copper-supported crosslinked chitosan–

glutaraldehyde/zinc oxide coating as a model 

electrochemical interface. Rather than directly 

claiming analyte-specific sensing performance, this 

study aims to clarify how interfacial chemistry and 

morphology are related to cyclic voltammetric 

behavior, cycling stability, and reproducibility. A 

chitosan–glutaraldehyde/zinc oxide nanocomposite 

film was fabricated on copper and characterized using 

Fourier transform infrared (FTIR) spectroscopy37,38, 

scanning electron microscopy/energy-dispersive X-

ray spectroscopy (SEM/EDS), and cyclic voltammetry 

in two electrolytes, namely 0.1 M phosphate-buffered 

saline (PBS, pH 7.0) and the ferri/ferrocyanide redox 

couple, Fe(CN)₆³⁻/⁴⁻, in 0.10 M KCl. By correlating 

chemical structure, morphology/composition, and 

scan-rate-dependent electrochemical response, this 

work aims to establish a clearer structure–function 

relationship and provide a robust baseline for future 

electrochemical sensing applications based on 

chitosan-derived nanocomposite coatings. 

 

2. RESEARCH METHODS  
Materials 

Chitosan (CS, 200–300 mesh) was prepared 

from blue crab shells (Portunus pelagicus) and used as 

the polymer matrix in this study, following our 

previously reported chitosan-based membrane 

preparation procedure.39 Analytical-grade chemicals 

were used without further purification. Zinc oxide 

(ZnO) nanopowder (<100 nm, ≥99%), glutaraldehyde 

(GLA, 25% in H₂O), disodium hydrogen phosphate 

(Na₂HPO₄), sodium dihydrogen phosphate 

monohydrate (NaH₂PO₄·H₂O), potassium chloride 

(KCl, ≥99%), potassium ferricyanide (K₃[Fe(CN)₆], 

99%), phosphoric acid (H₃PO₄, 85%), and sodium 

hydroxide (NaOH, ≥97%) were purchased from 

Sigma-Aldrich. All solutions were prepared using 

deionized water (resistivity ≥18 MΩ·cm at 25 °C). 

 

Equipment and instruments 

Routine procedures were carried out using 

standard laboratory glassware. The instruments used 

in this study included an analytical balance (Mettler 

AE-200), pH meter (Hanna Checker), magnetic stirrer, 

ultrasonic cleaner (Branson 3510), potentiostat 

(Ingsen 1001), Fourier transform infrared (FTIR) 

spectrometer (Shimadzu Prestige-21), and scanning 

electron microscope/energy-dispersive X-ray 

spectroscopy (SEM/EDS) system (JEOL JSM-

6510LA). Electrochemical measurements were 

conducted at the Chemistry Research Laboratory, 

Universitas Jenderal Achmad Yani (UNJANI), while 

FTIR and SEM/EDS characterizations were 
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performed at the Basic Science Laboratory, Institut 

Teknologi Bandung (ITB). All measurements were 

carried out under the standard operating conditions of 

the respective instruments. 

 

Electrode preparation 

High-purity copper strips (5.0 cm × 0.5 cm × 0.2 

mm) were sequentially polished (SiC grit 1000 → 

2000) and ultrasonically cleaned in ethanol and 

deionized water (5 min each). The electroactive area 

was masked to 0.90 cm². The chitosan–

glutaraldehyde/zinc oxide (CS–GLA/ZnO) casting 

dispersion was prepared by dissolving chitosan (CS, 

2.0% w/v) in 1% (v/v) acetic acid under continuous 

stirring until a homogeneous solution was obtained. 

Zinc oxide (ZnO, 0.6% w/v) was then added, followed 

by ultrasonication for 30 min to improve dispersion. 

After that, glutaraldehyde (GLA) was added as the 

crosslinking agent at 10% (v/v) relative to the total 

dispersion volume, using the 25% aqueous stock 

solution, and the mixture was stirred for 12 h at 25 °C 

at 100–300 rpm. 

An aliquot of 20 μL of the resulting dispersion 

was drop-cast onto the masked copper surface and 

dried under ambient conditions to form the coating 

layer. The overall drop-casting procedure and 

integration of the coated copper electrode into the 

three-electrode electrochemical system are illustrated 

in Figure 1. 

 

 

Figure 1. Schematic illustration of CS–GLA/ZnO coating fabrication on Cu by drop-casting and its integration into a three-

electrode cyclic voltammetry setup 

 
Electrochemical measurements (cyclic 

voltammetry) 

Cyclic voltammetry (CV) measurements were 

performed in a 25 mL electrochemical cell using a 

conventional three-electrode configuration consisting 

of the copper-supported chitosan–glutaraldehyde/zinc 

oxide electrode (Cu|CS–GLA/ZnO) as the working 

electrode (WE), a Pt wire as the counter electrode 

(CE), and an Ag/AgCl (3 M KCl) electrode as the 

reference electrode (RE). The experiments were 

carried out under a nitrogen atmosphere at 25 ± 1 °C 

using an Ingsen 1001 potentiostat. Electrochemical 

data were processed using Origin 2024 and Microsoft 

Excel37,40.  

Two electrolyte systems were employed: (i) 0.1 

M phosphate-buffered saline (PBS, pH 7.0) and (ii) 

0.01 M K₃[Fe(CN)₆] in 0.10 M KCl. Unless otherwise 

stated, the potential window was set from −1.0 to +1.0 

V versus Ag/AgCl, and the scan rate was varied from 

25−100 mV s⁻¹. 

From each cyclic voltammogram, the anodic 

and cathodic peak currents (Ipa and Ipc), anodic and 

cathodic peak potentials (Epa and Epc), peak-to-peak 

separation (ΔEp), and formal potential E⁰′ = (Epa + 

Epc)/2 were determined to evaluate electrochemical 

response, charge-transfer characteristics, and kinetic 

behavior. The apparent diffusion coefficient was 

estimated from the Randles–Ševčík relationship based 

on the dependence of peak current on the square root 

of scan rate. 

 

Materials characterization 

The morphology and thickness of the coating 

were examined using scanning electron 

microscopy/energy-dispersive X-ray spectroscopy 

(SEM/EDS; JEOL JSM-6510LA). Top-view SEM 

images were obtained at magnifications of 50×, 500×, 

1500×, and 5000×, while cross-sectional observations 

were performed at 100× and 2000×. EDS spectra and 

elemental mapping were acquired at an accelerating 

voltage of 15 kV. The EDS results were treated as 

semi-quantitative, whereas elemental mapping was 

used to assess the spatial distribution and uniformity 

of Zn and O within the CS–GLA matrix. 

Functional groups and interfacial chemical 

interactions in the coating were analyzed using Fourier 

transform infrared (FTIR) spectroscopy (Shimadzu 

Prestige-21). FTIR analysis was used to identify the 

characteristic absorption bands associated with 
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chitosan, glutaraldehyde crosslinking, and Zn-related 

interactions in the coating structure. 

 

3. RESULTS AND DISCUSSION 
Morphological Characterization (SEM) 

Representative SEM images of the copper-

supported chitosan–glutaraldehyde/zinc oxide coating 

are shown in Figure 2. At low magnification (50×; 

Figure 2a), the coating appears continuous and 

macroscopically uniform over the copper surface, with 

no obvious phase separation or large particulate 

agglomeration. At 500× (Figure 2b), a polygonal 

crack-like pattern becomes visible, dividing the 

surface into sub-domains. At higher magnification 

(1500×; Figure 2c), the crack boundaries and compact 

intra-domain texture are more clearly resolved, 

indicating the formation of a dense crosslinked 

coating. The surface features are consistent with 

shrinkage during solvent evaporation and film 

consolidation in a crosslinked polysaccharide-based 

matrix. At 5000× (Figure 2d), micro-folds and fine 

micro-cracks were observed, whereas large ZnO 

agglomerates were not evident, suggesting that the 

inorganic phase remained well dispersed within the 

CS–GLA matrix. 

Cross-sectional SEM images (Figure 2e,f) 

further show that the coating remained continuous and 

adhered intimately to the Cu substrate, with no 

obvious interfacial delamination. Although shallow 

cracks are visible in the outer region of the coating, 

they do not appear to propagate throughout the full 

thickness, and the inner layer remains cohesive. This 

observation suggests that the crack features are 

localized surface phenomena rather than indicators of 

complete structural failure. Such shallow crack 

networks may facilitate electrolyte access to the outer 

layer and increase the effective interfacial contact 

area, thereby contributing to ion-transport pathways 

during cyclic voltammetric measurements. At the 

same time, the preserved cohesion of the inner coating 

supports stable attachment to the Cu substrate, which 

is favorable for reproducible electrochemical 

response. 

In the higher-magnification cross-sectional 

region (Figure 2f), the local coating thickness was 

approximately 27.3 µm. The broader low-

magnification cross section (Figure 2e) showed a 

more irregular surface profile, indicating that the 

coating thickness was not fully uniform across the 

observed area, which is reasonable for a drop-cast 

system undergoing drying and shrinkage. Importantly, 

despite this local thickness variation, the cross-

sectional images consistently show a continuous 

coating–substrate interface without large voids or film 

detachment. 

Overall, the SEM observations indicate that the 

crosslinked chitosan matrix accommodated ZnO 

without obvious large-scale aggregation and 

maintained good interfacial contact with the copper 

support. This morphological uniformity is relevant to 

the electrochemical results, since a more 

homogeneous interfacial structure is expected to 

promote more uniform charge-transfer pathways and 

contribute to the reproducibility of the cyclic 

voltammetric response. These observations are 

consistent with previous reports showing that 

glutaraldehyde crosslinking can improve the structural 

stability and integrity of chitosan-based materials. 19,20 

The absence of obvious large ZnO clusters further 

supports effective filler dispersion within the coating, 

which is also consistent with reported ZnO-containing 

chitosan composite systems. 24 Such structural features 

are favorable for reproducible cyclic voltammetric 

response and cycling stability. 
 

Elemental Composition (EDS) 

Area-averaged energy-dispersive X-ray 

spectroscopy (EDS) collected at 15 kV confirmed the 

presence of Zn, O, and Cu in the analyzed region of 

interest (Figure 3a). The Zn and O signals support the 

incorporation of Zn-containing inorganic domains 

within the coating, whereas the Cu signal is attributed 

to the underlying substrate. In addition, Na, Cl, Mg, 

and Si were detected in the analyzed region, which 

may reflect local surface residues, measurement 

geometry, and the semi-quantitative nature of 

standardless EDS analysis. Therefore, the EDS data 

are interpreted primarily in terms of elemental 

presence and spatial distribution rather than absolute 

bulk composition. 

Elemental maps (Figure 3b) show that Zn- and 

O-related signals are distributed across the analyzed 

coating region without obvious large-scale 

segregation, supporting the interpretation that Zn-

containing domains were immobilized within the CS–

GLA network. This distribution is consistent with the 

compact, crack-bounded morphology observed by 

SEM and agrees with previous reports on 

ZnO/polymer composite systems24.  Because EDS is 

semi-quantitative and sensitive to local sampling 

conditions, the present results are discussed mainly in 

terms of elemental distribution rather than absolute 

composition. 

Taken together, the SEM and EDS observations 

indicate that the coating is structurally compact, 

compositionally distributed over the Cu surface, and 

well adhered to the substrate. These features are 

relevant to the electrochemical results, as a more 

uniform interfacial structure is expected to support 

stable ion-access pathways and reproducible cyclic 

voltammetric behavior. 
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Figure 2. SEM micrographs of the copper-supported CS–GLA/ZnO coating: (a) 50× top view showing a continuous and 

macroscopically uniform surface; (b) 500× image showing a polygonal crack-like network; (c) 1500× image showing crack 

boundaries and compact intra-domain texture; (d) 5000× image showing micro-folds and fine micro-cracks without obvious 

large ZnO agglomerates; (e) 100× cross-sectional overview showing the CS–GLA/ZnO coating on Cu, a continuous coating–Cu 

interface, and no obvious delamination; (f) 2000× cross-sectional detail showing shallow surface cracks, a cohesive inner layer, 

and a local coating thickness of approximately 27.3 µm 
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Figure 3. (a) SEM image showing the analyzed region of interest (ROI; blue box); (b) EDS spectrum collected at 15 kV, showing 

prominent O, Na, Cu, and Zn signals together with minor Mg, Si, and Cl contributions; (c) standardless ZAF oxide-based semi-

quantitative analysis of the same ROI. The data indicate the presence of Zn- and O-containing domains within the coating 

together with Cu from the substrate, while the relative elemental percentages should be interpreted cautiously because EDS is 

semi-quantitative and sensitive to local sampling conditions. 

 

FTIR:  Crosslinking and ZnO Coordination  

The FTIR spectra of CS, GLA, CS–GLA, and 

CS–GLA/ZnO (Figure 4) support a dual stabilization 

mechanism in the coating, namely (i) covalent Schiff-

base crosslinking within the chitosan matrix and (ii) 

Zn-related coordination within the organic–inorganic 

network. In the spectrum of pure GLA, the aldehydic 

C=O stretching band appears at approximately 1725 

cm⁻¹, whereas in CS–GLA this band is no longer 

evident and a new absorption band emerges at 1625–

1629 cm⁻¹, which is assigned to C=N stretching of the 

Schiff base. This spectral evolution is consistent with 

the reaction between the aldehyde groups of GLA and 

the amino groups of chitosan, suggesting the 

formation of imine linkages through the proposed 

crosslinking pathway shown in Eq. (1). 

 
2CS–NH₂ + OHC–(CH₂)₃–CHO → CS–N=CH–(CH₂)₃–

CH=N–CS + 2H₂O                                                           (1) 

 

The Zn-related interaction in the composite can be 

schematically represented as follows: 

 

CS–GLA (O/N donor sites) + ZnO ⇌ CS–GLA···ZnO 

nanocomposite                                                                 (2) 

 

 

 

 

Table 1. FTIR band assignments for CS, GLA, CS–GLA, and CS–GLA/ZnO nanocomposites 

Sample Peak position 

(cm⁻¹) 

Functional group Assignment/vibration type 

Chitosan (CS) ~3439 –OH/–NH₂ 

stretching 

Hydrogen-bonded hydroxyl 

and amine vibrations  
~1603 –NH₂ bending Primary amine deformation  

1154, 1027 C–O–C / C–O  

stretching 

Ether and alcohol vibrations 

Glutaraldehyde 

(GLA) 

~1725 C=O  

(free aldehyde) 

Aldehyde carbonyl stretching 

CS–GLA 1625–1629 C=N  

(Schiff base) 

Imine stretching due to 

crosslink formation  
— 1725  

band absent 

Consumption of aldehyde 

groups after crosslinking 
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CS–GLA/ZnO ~3417 –OH/–NH stretching Strengthened hydrogen bonding and/or Zn-

related interaction  
~1603 N–H bending   Modified amine-related contribution in the 

chitosan framework  
~617, ~462  

(± ~750) 

Zn–O and 

Zn-related coordination 

Zn–O / Zn–N or related metal–ligand 

interaction modes  
1154, 1027; 

~918 

Polysaccharide 

framework bands 

Retained chitosan  

backbone vibrations 

 

Upon incorporation of ZnO, the CS–GLA/ZnO 

spectrum retains the major polysaccharide bands while 

showing additional changes in both the high- and low-

wavenumber regions. The broad –OH/–NH stretching 

envelope shifts slightly from approximately 3439 cm⁻¹ 

in CS to around 3417 cm⁻¹ in CS–GLA/ZnO, 

suggesting strengthened hydrogen bonding and/or 

coordination interactions in the composite network. 

The band near 1603 cm⁻¹ remains visible and is 

associated with N–H bending contributions in the 

modified chitosan framework. In the lower-

wavenumber region, bands at approximately 617 and 

462 cm⁻¹, together with a weak shoulder near 750 

cm⁻¹, are attributed to Zn–O and Zn-related 

coordination modes, indicating interaction between 

Zn-containing domains and donor sites in the CS–

GLA matrix. Meanwhile, the characteristic 

polysaccharide bands at 1154 and 1027 cm⁻¹, together 

with the feature near 918 cm⁻¹, remain present, 

indicating that the main chitosan backbone is 

preserved after crosslinking and ZnO incorporation. 

Taken together, these spectral changes indicate 

that the coating structure is stabilized not only by 

imine crosslinks but also by Zn-related interactions 

within the organic–inorganic network. The 

disappearance of the aldehyde C=O band together 

with the appearance of the C=N band provides direct 

evidence of Schiff-base formation, whereas the low-

wavenumber Zn-related bands support immobilization 

of Zn-containing domains within the crosslinked 

matrix. This dual stabilization is important for the 

electrode interface because it helps consolidate the 

chitosan network, improves structural cohesion, and 

promotes better retention of the inorganic phase within 

the coating. In combination with the SEM/EDS 

results, the FTIR analysis supports the formation of a 

compact and integrated coating architecture that is 

favorable for stable and reproducible cyclic 

voltammetric behavior. These chemical interactions 

are expected to strengthen the integrity of the coating 

and support stable interfacial behavior during 

electrochemical cycling. 

 

 

Figure 4. FTIR spectra of pure chitosan (CS), pure glutaraldehyde (GLA), CS–GLA, and CS–GLA/ZnO. Dashed lines indicate 

the main spectral changes associated with crosslinking and Zn-related interaction, including the disappearance of the aldehyde 

C=O band (~1725 cm⁻¹), the appearance of the Schiff-base C=N band (1625–1629 cm⁻¹), and Zn-related bands in the low-

wavenumber region (~617 and ~462 cm⁻¹, with a weak shoulder near ~750 cm⁻¹) 

 



Jurnal Kimia Valensi, Vol 12 (1), May 2026, 49 - 63  

Murniati et al. |56 
 

Cyclic Voltammetry of Cu|CS–GLA/ZnO 

Electrodes in PBS and Ferricyanide: Scan-Rate 

Dependence and Reversibility 

The cyclic voltammetric responses of the 

Cu|CS–GLA/ZnO electrode were evaluated in 0.1 M 

phosphate-buffered saline (PBS, pH 7.0) and in 0.01 

M K₃[Fe(CN)₆]/0.10 M KCl as a redox-probe 

electrolyte (Figure 5). In PBS, the voltammograms 

exhibited broadened anodic and cathodic features with 

peak separations (ΔEp) in the range of 0.33–0.42 V and 

Ipa / |Ipc|  values below unity in most cases (Table 2a), 

indicating quasi-reversible electron transfer with 

additional resistive contributions associated with the 

polymer-coated interface 26. By contrast, the 

ferricyanide system showed sharper redox features 

and generally more balanced anodic and cathodic 

responses, with ΔEp values of 0.17–0.45 V and Ipa/|Ipc| 

values closer to unity, particularly at 75–100 mV s⁻¹ 

(Table 2b). This behavior indicates more efficient 

interfacial charge transfer in ferricyanide than in PBS. 

 

Fe(CN)6
3− + 𝑒 ⇌ Fe(CN)6

4−                                  (3) 

  

For both electrolyte systems, the measured ΔEp 

values remained substantially larger than the 

theoretical reversible limit of 59 mV for a one-electron 

process at 25 °C, indicating that the present responses 

are not ideally reversible. In the ferricyanide system, 

the electrochemical analysis was interpreted using the 

conventional one-electron assumption (n=1) for the 

Fe(CN)6
3−/4− couple. The formal potential, calculated 

as E0′=(Epa+Epc)/2, was used as a comparative 

reference for the electrode interface. Overall, the near-

unity current ratio observed in ferricyanide at higher 

scan rates suggests a more balanced redox process, 

whereas the broader peaks and larger distortion in PBS 

are consistent with slower ion/electron transport 

through the coating and additional ohmic effects 26.  

 

Scan-rate dependence and transport regime  

To further evaluate how the electrode response 

evolved with scan rate, the cyclic voltammograms 

obtained in PBS and ferricyanide were compared as 

shown in Figure 5, and the corresponding 

electrochemical parameters are listed in Tables 2a 

and 2b. The voltammetric response of the Cu|CS–

GLA/ZnO electrode changed systematically with scan 

rate in both electrolytes. In both media, the peak 

currents increased with scan rate, while the peak 

separation (ΔEp) remained relatively large. This 

behavior is characteristic of quasi-reversible 

interfacial electron transfer rather than ideal reversible 

behavior.41 In PBS, the voltammograms remained 

relatively broad, with ΔEp values of 0.33–0.42 V and 

Ipa /∣Ipc∣ below unity in most cases, indicating quasi-

reversible behavior with additional resistive 

contributions from the coating/electrolyte interface. In 

ferricyanide, the voltammograms were sharper and the 

anodic and cathodic currents became more balanced, 

especially at 75–100 mV s⁻¹, as reflected by Ipa /∣Ipc∣ 
values closer to unity. These features indicate 

improved interfacial charge transfer in ferricyanide 

relative to PBS under the present experimental 

conditions. 

 
Table 2. Effect of scan rate (25–100 mV s⁻¹) on the cyclic voltammetric response of Cu|CS–GLA/ZnO electrodes (A=0.90 cm²). 

(a) In 0.1 M PBS (pH 7.0), ΔEp = 0.33–0.42 V and Ipa/∣Ipc∣ = 0.70–0.99 indicate quasi-reversible behavior with additional resistive 

contributions. 

Scan rate  

(mV s-1) 

Iₚₐ  

(mA) 

Iₚc   

(mA) 

|Iₚₐ / Iₚc|  

  

Eₚₐ  

(V) 

Eₚc  

(V) 

ΔEₚ  

(V) 

E⁰  

(V) 

25 2.10 -3.00 0.70 -0.12 -0.45 0.33 -0.29 

50 2.40 -3.10 0.81 0.17 -0.25 0.42 -0.04 

75 2.40 -3.12 0.77 0.17 -0.24 0.41 -0.04 

100 2.40 -2.44 0.99 0.15 -0.20 0.35 -0.03 

 
(b) In 0.01 M K₃[Fe(CN)₆]/0.10 M KCl, ΔEₚ =0.17–0.45 V and Ipa/∣Ipc∣= 0.62–1.06 indicate improved charge balance and 

sharper redox response relative to PBS, with the most balanced behavior observed at 75–100 mV s⁻¹ 

Scan rate  

(mV s⁻¹) 

Iₚₐ  

(mA) 

Iₚc 

(mA) 

|Iₚₐ / Iₚc|  

  

Eₚₐ  

(V) 

Eₚc  

(V) 

ΔEₚ  

(V) 

E⁰  

(V) 

25 2.20 -2.50 0.88 0.03 -0.25 0.28 -0.11 

50 2.30 -3.70 0.62 -0.40 -0.75 0.35 -0.58 

75 2.40 -2.35 1.06 0.10 -0.35 0.45 -0.13 

100 2.48 -2.50 0.92 -0.20 -0.37 0.17 -0.29 
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Table 3. Linearity of Ip versus √ν from least-squares fitting (n = 4 scan rates). In PBS, the moderate anodic linearity and weak 

cathodic linearity indicate additional resistive and interfacial effects within the coating. In ferricyanide, the excellent anodic 

linearity (R² ≈ 0.996) is consistent with diffusion-controlled anodic transport, whereas the weaker cathodic linearity suggests 

non-ideal reverse-process behavior. Accordingly, diffusion-coefficient estimation was based on the ferricyanide anodic response 

System Peak  Slope (mA s1/2 V-1/2) Intercept (mA) R² 

PBS (0.1 M, pH 7.0) Ipa 1.832 1.880 0.691 

PBS (0.1 M, pH 7.0) Ipc -2.825 3.601 0.359 

K3[Fe(CN)6]/0.10 M KCl Ipa 1.782 1.912 0.996 

K3[Fe(CN)6]/0.10 M KCl Ipc -2.004 3.249 0.047 

 

Table 4. Apparent diffusion coefficients of Cu|CS–GLA/ZnO electrodes estimated from the Randles–Ševčík relationship in the 

ferricyanide electrolyte system  

Electrolyte 

system 

Peak 

used 

Basis of 

estimation 

Assumed 

(n) 

Apparent 

(D) range 

(cm² s-1) 

Interpretation 

0.01 M 

K3[Fe(CN)6]/ 

0.10 M KCl 

Ipa CV/ Randles–

Ševčík 

1 10-5 – 10-6 apparent electrochemical transport parameter; 

anodic response is consistent with stronger 

diffusion-controlled behavior 

To further examine the transport regime, the 

peak currents were analyzed as a function of the square 

root of scan rate (ν1/2) according to the Randles–Ševčík 

relationship for diffusion-controlled electrochemical 

processes at 25 °C 41 

 

𝐼p =  2.69 × 105  𝑛3/2 𝐴𝐶𝐷1/2  𝑣1/2                          (4) 

 

where Ip is the peak current (A), n is the number of 

transferred electrons, A is the electroactive area (cm²), 

C is the bulk concentration of the redox species (mol 

cm⁻³), D is the apparent diffusion coefficient (cm² s⁻¹), 

and ν is the scan rate (V s⁻¹). The coefficient 2.69×105 

applies at 25 °C. In this work, the ferricyanide system 

was interpreted using the conventional one-electron 

assumption (n=1), and the cathodic peak currents were 

evaluated using their absolute values. 

To evaluate the transport regime more 

quantitatively, the relationship between peak current 

and the square root of scan rate was analyzed by least-

squares fitting, and the corresponding results are 

summarized in Table 3. In the ferricyanide electrolyte, 

the anodic peak current showed excellent linearity 

with ν1/2 (R2=0.996), which is consistent with 

predominantly diffusion-controlled anodic transport 

under the investigated conditions. However, the 

cathodic response in ferricyanide showed much 

weaker linearity (R2=0.047), indicating that the 

reverse process was influenced by additional 

interfacial factors beyond ideal semi-infinite diffusion. 

In PBS, the anodic response showed only moderate 

linearity (R2=0.691), while the cathodic response was 

considerably weaker (R2=0.359). These findings 

indicate that charge transport in PBS is more strongly 

affected by coating resistance, interfacial polarization, 

and non-ideal ion-access behavior within the CS–

GLA/ZnO layer.26 

 
a 
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b 

 

 

Figure 5. Cyclic voltammograms of Cu|CS–GLA/ZnO electrodes recorded at scan rates of 25–100 mV s−1 in (a) 0.1 M 

phosphate-buffered saline (PBS, pH 7.0) and (b) 0.01 M K₃[Fe(CN)₆]/0.10 M KCl, together with the corresponding scan-rate 

dependence of anodic and cathodic peak currents. In PBS, the broader redox features and larger ΔEp  values indicate quasi-

reversible behavior with additional resistive contributions from the coating/electrolyte interface. In ferricyanide, the sharper 

redox response and current ratios closer to unity indicate improved interfacial charge transfer, particularly at 75–100 mV s−1 

 

 

The apparent diffusion coefficient was 

estimated only for the ferricyanide system because the 

Fe(CN)₆³⁻/⁴⁻ couple provides a well-defined redox 

probe with known bulk concentration and n=1. The 

estimated values are summarized in Table 4. The 

apparent diffusion coefficients fall in the 10⁻⁵–10⁻⁶ 

cm² s⁻¹ range and should be regarded as apparent 

electrochemical transport parameters rather than 

intrinsic diffusivities, because the system departs from 

ideal reversibility and includes contributions from 

interfacial resistance and coating structure.41 This 

interpretation is also consistent with the SEM 

observations: the shallow crack-like surface topology 

may facilitate electrolyte access to the outer coating 

region, whereas the cohesive cross-sectional structure 

helps maintain interfacial continuity during 

electrochemical cycling. 

At 75–100 mV s−1, the voltammetric parameters 

extracted from Figure 5, and summarized in Tables 

2a and 2b, show that Ipa/∣Ipc∣  became closer to unity in 

both media, while ΔEp remained within 0.35–0.45 V 

in PBS and 0.17–0.45 V in ferricyanide. Under the 

present experimental conditions, this scan-rate range 

provided the most balanced response with reduced 

peak distortion. Consistent with Table 3, PBS showed 

larger ΔEp, weaker current linearity, and stronger 

resistive effects, whereas ferricyanide exhibited 

sharper redox features, more balanced current ratios, 

and excellent anodic linearity, indicating more 

favorable interfacial charge transfer. 

 

Reproducibility and electrode-to-electrode 

variation (n = 10)  

The reproducibility of the Cu|CS–GLA/ZnO 

electrode was evaluated using ten independently 

prepared electrodes (n=10) fabricated under the same 

preparation procedure. Figure 6 shows the overlaid 

cyclic voltammograms obtained under representative 

conditions in PBS and ferricyanide, while the 

quantitative reproducibility parameters are 

summarized in Table 5. The anodic peak current (Ipa) 

was used as the primary response parameter, and the 

results are reported as mean ± standard deviation (SD) 

together with relative standard deviation (RSD). 

As shown in Figure 6a, the PBS responses 

recorded at 50 mV s⁻¹ exhibited a broader spread 

among independently prepared electrodes. Under this 

condition, the mean anodic peak current was Ipa 

=1.640 ± 0.088 mA, corresponding to an RSD of 

5.4%. By contrast, the ferricyanide responses recorded 

at 75 mV s⁻¹ in Figure 6b were more tightly clustered. 

Under this condition, the mean anodic peak current 

was Ipa = 2.109 ± 0.076 mA, corresponding to an RSD 

of 3.6%. Thus, the ferricyanide system showed lower 

electrode-to-electrode variability than PBS, indicating 

a more consistent voltammetric response under the 

present conditions. 

The broader spread observed in PBS is 

consistent with the larger ΔEp, lower Ipa/|Ipc∣, and 

weaker scan-rate linearity discussed in the previous 

section, all of which indicate stronger resistive and 

interfacial constraints in this medium. By contrast, 

ferricyanide provided sharper redox features, more 
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balanced peak-current ratios, and more consistent 

anodic responses, in agreement with its more 

favorable interfacial charge-transfer behavior. The 

improved reproducibility in ferricyanide is consistent 

with the more favorable charge-transfer characteristics 

of the Fe(CN)₆³⁻/⁴⁻ redox couple, the supporting-

electrolyte ionic strength, and reduced ohmic and 

migration effects 26,41.  

Any remaining spread is likely associated with 

micro-heterogeneity in coating thickness and 

tortuosity, as well as local differences in crosslink 

density and nanoparticle distribution across the Cu 

surface. This interpretation is consistent with the 

SEM/EDS observations, which suggest that the 

coating is generally compact and well distributed but 

still subject to local microstructural variation. 

Therefore, tighter control of drop-casting volume, 

crosslinking conditions, and ZnO dispersion may 

further reduce electrode-to-electrode variance, 

consistent with the known influence of glutaraldehyde 

crosslinking and ZnO incorporation on the stability 

and uniformity of chitosan-based composite 

materials.19  

Overall, the reproducibility results confirm that 

the Cu|CS–GLA/ZnO coating provides a stable and 

reasonably consistent electrochemical interface across 

independently prepared electrodes. The tighter 

clustering of the ferricyanide responses in Figure 6b 

and the lower RSD value further support the use of this 

medium for comparative electrochemical 

characterization of the present coating under the 

investigated conditions. 

 

 

Table 5. Reproducibility of Cu|CS–GLA/ZnO electrodes across ten independently prepared electrodes (n=10), expressed as 

mean anodic peak current (Ipa) ± standard deviation (SD) and relative standard deviation (RSD) under representative conditions 

in PBS and ferricyanide 

Electrolyte system 
Scan rate 

(mV s-1) 

Response 

parameter 

Mean ± SD 

(mA) 
RSD (%) 

0.1 M PBS (pH 7.0) 50 Ipa (1.640  0.088) 5.4 

0.01 M K3[Fe(CN)6]/0.10 M KCl  75 Ipa (2.109  0.076) 3.6 

 

 
 

a b 

Figure 6. Reproducibility of Cu|CS–GLA/ZnO electrodes across ten independently prepared electrodes (n=10). Overlaid cyclic 

voltammograms were recorded in (a) 0.1 M phosphate-buffered saline (PBS, pH 7.0) at 50 mV s−1 and (b) 0.01 M K3[Fe(CN)6

]/0.10 M KCl at 75 mV s−1. Quantitative reproducibility parameters (mean Ipa ± SD and RSD) are provided in the text and Table 

5

 

Electrochemical stability under repeated cycling  

The electrochemical stability of the Cu|CS–

GLA/ZnO electrode under repeated cycling was 

evaluated by recording cyclic voltammograms from 

−1.0 to +1.0 V versus Ag/AgCl over 5, 10, and 15 

consecutive cycles in PBS and ferricyanide media 

(Figure 7). In both electrolytes, the overall 

voltammetric profiles were generally retained during 

repeated cycling, indicating that the coating remained 

electrochemically active and structurally stable within 

the investigated potential window. 

In 0.1 M phosphate-buffered saline (PBS, pH 

7.0) at 75 mV s−1, the voltammograms showed only 

minor variations in peak shape and current intensity 

over 5, 10, and 15 cycles. No pronounced shift in the 

overall response pattern was observed, indicating that 

the Cu|CS–GLA/ZnO coating maintained a reasonably 
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stable interfacial behavior during repeated cycling in 

PBS. In 0.01 M K₃[Fe(CN)₆]/0.10 M KCl at 50 mV 

s⁻¹, a more noticeable change was observed during the 

early cycles, followed by a more stable voltammetric 

pattern upon further cycling. This behavior is 

consistent with an initial conditioning or wetting 

process of the electrode/coating interface before 

reaching a relatively steady response. 

 

The observed cycling stability is consistent with 

the structural features identified in the previous 

sections. SEM/EDS showed a compact coating 

morphology with no obvious large ZnO agglomeration 

and good attachment to the Cu substrate, while FTIR 

supported stabilization of the coating through Schiff-

base crosslinking and Zn-related interactions within 

the CS–GLA/ZnO network. Together, these chemical 

and structural characteristics likely help maintain Zn-

containing domains within the coating and preserve 

interfacial continuity during repeated potential 

cycling.26 

Overall, Figure 7 indicates that the Cu|CS–

GLA/ZnO coating can maintain its voltammetric 

response over at least 15 cycles without evidence of 

severe signal deterioration or interfacial failure under 

the present experimental conditions. These results 

support the stability of the coating for comparative 

electrochemical measurements and suggest that 

further control of crosslink density, ZnO dispersion, 

and film thickness may help further reduce drift and 

improve long-term cycling consistency. Although 

using a different electrode modifier and target analyte, 

recent work has similarly emphasized the importance 

of modified electrode interfaces in improving 

nonenzymatic electrochemical sensing performance.42 

 

 

a b 

 

 

c d 
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e f 

Figure 7. Electrochemical stability of Cu|CS–GLA/ZnO-modified Cu electrodes during repeated cycling. Cyclic 

voltammograms were recorded from −1.0 to +1.0 V versus Ag/AgCl for 5, 10, and 15 consecutive cycles in (a, c, e) 0.1 M 

phosphate-buffered saline (PBS, pH 7.0) at 75 mV s-1 and (b, d, f) 0.01 M K₃[Fe(CN)₆]/0.10 M KCl at 50 mV s⁻¹. The results 

show retention of the overall voltammetric profile with only minor variation in PBS and an initial conditioning effect, followed 

by a more stable response in ferricyanide 
 

4. CONCLUSIONS  

A copper-supported crosslinked chitosan–

glutaraldehyde/zinc oxide coating was successfully 

prepared and shown to provide a stable 

electrochemical interface. FTIR confirmed Schiff-

base crosslinking and Zn-related interactions within 

the organic–inorganic network, while SEM/EDS 

indicated a compact coating with cohesive cross-

sectional structure, good attachment to Cu, and 

distributed Zn-containing domains without obvious 

large-scale agglomeration. Electrochemically, the 

Cu|CS–GLA/ZnO electrode exhibited quasi-

reversible behavior in both PBS and ferricyanide, with 

ferricyanide giving sharper redox features, current 

ratios closer to unity, and stronger anodic linearity 

with ν1/2. The apparent diffusion coefficient estimated 

from the ferricyanide anodic response was on the order 

of 10⁻⁵–10⁻⁶ cm² s⁻¹. Reproducibility across ten 

independently prepared electrodes was acceptable, 

with lower variability in ferricyanide than in PBS, and 

the overall voltammetric profile was retained over 15 

cycles. These results demonstrate that the Cu|CS–

GLA/ZnO coating provides a stable and reasonably 

reproducible chitosan-based electrochemical 

interface, representing a promising platform for future 

sensing applications. 
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