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Abstract 

This study compares the electrochemical performance of screen-printed car-

bon electrodes (SPCEs) modified with antimony (Sb/SPCEs) under different 
potentiostatic pre-plating conditions. Neutral Red (NR) was employed as a 

novel redox probe to evaluate the electrochemical performance of Sb/SPCEs. 
It was demonstrated that NR in the protonated form performs quasi-reversi-
ble redox transformations at bare SPCE and Sb/SPCEs in phosphate buffer 

solutions (pH 5.5±0.5) in the potential range of (−0.30)–(−0.75) V, where the 
antimony is not electroactive. Sb/SPCEs were studied electrochemically by 
cyclic voltammetry (CV) / electrochemical impedance spectroscopy (EIS), and 

morphologically by scanning electron microscopy (SEM). Cyclic voltammetry 
investigations revealed the dependence of the electrochemical performance 

of Sb/SPCEs on the degree of coverage of the substrate with the metal. The 
obtained CV, EIS, and SEM data are consistent. The lowest charge transfer 
resistance (Rct) value (6 Ω) was obtained at Sb/SPCE with the highest degree 

of antimony coverage. To investigate the electroanalytical performance of 
Sb/SPCEs, nickel (II) ions were utilized as a model analyte. A study of rough-
ness factors and sensitivity towards nickel (II) ions for Sb/SPCEs using two-

tailed Pearson's criterion revealed a high degree of correlation between their 
electrochemical and electroanalytical properties. The results show that using 
NR as a redox probe can help controlling modification processes during the 

development of innovative antimony-containing sensors. 
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Key findings 

● Neutral red was used as redox probe for comparative evaluation of the electrochemical performance of SPCEs  

modified with antimony. 

● CV experiments showed an increase in the electroactive surface area of Sb/SPCEs compared to the bare-SPCE,  

depending on surface morphology. 

● The obtained SEM, cyclic voltammetry and EIS data are in good agreement. 

● A good correlation between electrochemical and electroanalytical characteristics of Sb/SPCEs was observed. 

● NR as a redox probe can help controlling modification processes during the development of innovative antimony-

containing sensors. 

© 2024, the Authors. This article is published in open access under the terms and conditions of  

     the Creative Commons Attribution (CC BY) license (http://creativecommons:licenses/by/4.0/). 
 

1. Introduction 

For many years, mercury-based electrodes, i.e., hanging 

mercury drop electrodes and mercury film electrodes, have 

been extensively used as the ideal working electrodes for 

electrochemical determination of heavy metal ions and 

some electroactive organic compounds [1–3]. This is mainly 

attributed to their remarkable features, such as high repro-

ducibility, renewability, sensitivity, wide cathodic potential 

window, and ability to form amalgams with many metals. 
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Nevertheless, the potential toxicity of mercury and its salts 

led to the search for alternative environmentally-friendly 

“green” electrodes [4].  

Electrode materials, including carbon, gold, and plati-

num, have been applied as substitutes for mercury, but 

none of them exhibits electroanalytical performance com-

parable to that of mercury [5, 6]. However, over the last 

two decades, less toxic bismuth, antimony, and tin sensors 

have been introduced [7–11].  

Bismuth-based electrodes show desirable electrochemi-

cal characteristics similar to those of mercury electrodes. 

Moreover, bismuth electrodes are less toxic and insensitive 

to dissolved oxygen, which makes them more preferable 

substitutes for mercury and other solid electrodes [12–14]. 

As a result, they have been widely utilized in various elec-

troanalytical applications [11]. Following bismuth film elec-

trodes (BiFEs), in 2007, antimony film electrodes (SbFEs) 

were reported by Hocevar et al. as another functional and 

environmentally acceptable electrode material [15]. Com-

pared to BiFEs, SbFEs exhibit comparable electroanalytical 

performance with extra advantages such as a relatively 

wide operational potential window associated with favora-

bly hydrogen evolution and an unexpectedly low re-oxida-

tion signal for the antimony itself [15–19]. Among other fea-

tures, the antimony electrode revealed better performance 

in more acidic conditions (pH ≤ 2). Lately, tin-film elec-

trodes (SnFEs) were proposed as sensors for trace metal 

analysis [20]. It was reported that SnFEs are environmen-

tally less toxic and show satisfactory analytical character-

istics; hence, they can serve as environment-friendly elec-

trodes. 

The development of these environment-friendly modi-

fied electrodes involves a variety of supporting materials, 

mostly carbon-based, such as glassy carbon, boron-doped 

diamond, carbon paste, carbon fiber and screen-printed 

electrodes [21]. Recently, screen-printed carbon electrodes 

(SPCEs) have been introduced as the best alternative sub-

strates [22–24]. The screen-printing technology allows the 

mass production of highly reproducible, disposable, single-

use SPCEs at a reduced cost with different electrode geom-

etries and provides great versatility of modification proce-

dures applications [11]. 

In-situ prepared antimony based electrodes are mostly 

used in the analysis of Pb(II) and Cd(II) with anodic strip-

ping voltammetry [15, 25–28]. Ex-situ preplated SbFEs are 

reported, as a rule, for the determination of metal ions that 

do not form alloys with the electrode material during the 

preconcentration step and organic substances [5, 18, 29–

33]. Cathodic voltammetry, including adsorptive stripping 

voltammetry, is used for such cases. Unlike SbFEs, SnFEs 

are used in less frequent applications only via in-situ ap-

proaches and are devoted to anodic stripping voltammetry 

(ASV) of trace metals [20, 34, 35].  

The kinetic and thermodynamic features of many chem-

ical processes, as well as the electrical characteristics of 

materials and the electrode-electrolyte interfaces, can be 

quantitatively evaluated using cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) techniques 

[36]. Typically, these techniques make use of near-reversi-

ble redox couples such as [Fe(CN)6]3–/[Fe(CN)6]4– or 

[Ru(NH3)6]3+/[Ru(NH3)6]2+ [37, 38]. The redox potentials of 

these probes in solutions with a pH of 5–6, which are work-

ing ones for “classic” redox couples, extend to the anodic 

potential region where antimony films undergo dissolution 

from substrate surface [39]. The exceptions are electrodes 

with trace amounts of antimony on the surface, precipi-

tated in-situ from solutions with a low concentration of 

antimony ions (1–2 mg/L) [15, 25, 28]. As for SnFEs, there 

is no problem with “classic” redox couples because the 

metal does not dissolve in solutions with a pH of 5–6 [20]. 

In our previous work, we proposed to use the monopro-

tonated 3-Amino-7-dimethylamino-2-methylphenazine hy-

drochloride (Neutral Red, NR) as an alternative to “classic” 

redox couples for comparative quantitative evaluation of 

the electrochemical characteristics of screen-printed car-

bon electrodes modified with bismuth under various metal 

deposition conditions [40]. A good correlation was estab-

lished between the morphological, electrochemical, and 

electroanalytical characteristics of these electrodes. 

This work aims to apply the developed approach for 

quantitative evaluation of the electrochemical characteris-

tics of screen-printed carbon electrodes ex-situ modified 

with antimony under various metal deposition conditions. 

Additionally, it seeks to determine the possible correlations 

between the morphological, electrochemical, and electro-

analytical characteristics of Sb/SPCEs using nickel (II) ions 

as a model analyte. 

2. Experimental  

2.1. Reagents and apparatus 

All chemicals used in this work were of analytical grade and 

were used as received without further purification. Acids, 

salts, alkalis, and absolute ethanol (95 wt.%) were received 

from Russian manufacturers (Prime Chemicals Group, Lab-

tech, JSC Medkhimprom, Uralkali and Lenreactive, Russia). 

Neutral Red (≥ 90 wt.%) and potassium ferricyanide/po-

tassium ferrocyanide ([Fe(CN)6]3–/[Fe(CN)6]4–) were sup-

plied by Sigma-Aldrich (USA). Dimethylglyoxime (DMG, 

99 wt.%) was purchased from Merck (Germany). Phos-

phate buffer solutions (PBS) (0.05 M, pH 5) were prepared 

by mixing suitable phosphate solutions of Na2HPO4 and 

KH2PO4 in appropriate volumetric ratios. Ammonia buffer so-

lution (pH 9.8±0.2) was made by mixing ammonia solution 

and ammonium chloride. A 0.1 M stock solution of NR was 

prepared by dissolving an appropriate amount of NR in wa-

ter. A 0.025 M DMG solution was prepared in 95% ethanol. 

Stock solutions of Ni(II) and of Sb(III) ions with a mass con-

centration  of 1 g/L were purchased from “Prime Chemicals 

Group” (Moscow region, Mytishchi, RF). Deionized water ob-

tained on device DVS-M/1HA(18)-N ("Mediana filter," Rus-

sia) was used throughout this study.  
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PC-controlled 884 Professional VA and μAutolab Type III 

potentiostat/galvanostat (Metrohm, Switzerland) equipped 

with a magnetic stirrer and standard three-electrode cells 

were used for electrochemical research and EIS measure-

ments. Sinusoidal voltage disturbance with an amplitude of 

10 mV was applied in the frequency range 0.1–106 Hz at pre-

selected potentials of the model system according to the 

data of Neutral Red cyclic voltammograms. Fitting to elec-

trical equivalent circuits was performed with NOVA 1.11 

software. 

SPCEs based on carbon-containing paste DuPont 7102 

from DuPont (USA) ex-situ modified with antimony served 

as the working electrodes. An Ag/AgCl (3 M KCl) as a refer-

ence electrode and a glassy carbon rod as an auxiliary elec-

trode were used in the measurements. SPCEs were labora-

tory-made using a screen-printing machine (TIC-50B, 

China). The carbon-containing ink layer, about 40 μm thick, 

was applied through a mesh stencil onto a textolite polymer 

substrate strips (0.2х3.8 cm) of 0.035 cm thickness (ZAO "El-

ektroizolit", Russia). The strips were heat-treated in a drying 

cabinet per the regulations of the ink manufacturer and in-

sulated. The geometric surface area of the working elec-

trodes was about 0.10 cm2. The morphology of potentiostat-

ically prepared antimony films was analyzed with a scanning 

electron microscope (SEM) Tescan Vega with EDX Oxford 

Xplore 30 (Tescan, Czech Republic) energy dispersive micro-

analysis system. The average antimony particles size and the 

surface area of the SPCE covered with antimony (%) were 

estimated using the program Image Processing and Analysis 

in Java (https://imagej.nih.gov/ij/download.html). A digital 

“Expert pH ionomer” (Econiks Expert, Russia) was used for 

measuring the pH of solutions. 

2.2. Preparation of Sb/SPCEs 

Antimony-modified screen-printed carbon electrodes 

(Sb/SPCEs) were prepared ex-situ under potentiostatic con-

ditions with solution stirring according to known proce-

dures used for cathodic voltammetry, including adsorptive 

stripping voltammetry [18, 29, 30]. After the plating proce-

dure, each Sb/SPCE was rinsed with a 0.01 M HCl solution 

and immersed in the test solution. 

2.3. Voltammetric procedure 

Linear calibration plots were obtained for the determina-

tion of Ni(II) on an ex-situ Sb/SPCEs, with increasing metal 

concentration in 0.2 M NaCl + 0.02 M ammonia buffer  

(рН 9.5±0.5) +0.25 mM dimethylglyoxime [5, 16, 30]. Ad-

sorptive preconcentration of the Ni(II)-DMG complex on 

the Sb/SPCEs was carried out at –0.75 V with accumulation 

time of 30 s in stirred solution. After the accumulation and 

the equilibration period of 10 s, a differential pulse voltam-

metric scan (initial potential, –0.75 V; final potential,  

–1.20 V; pulse amplitude, 0.05 V; pulse step, 0.006 V; scan 

rate, 0.06 V/s) was applied to the working electrode, and 

the voltammogram was recorded. Then, the electrode was 

cleaned from traces of remaining adsorbed complex for 10 s 

at –1.30 V under stirring. 

3. Results and discussion 

3.1. Morphological characterization of Sb/SPCEs 

Conditions for the ex-situ electrodeposition of antimony on 

different substrates are presented in Table 1. This approach 

is often used owing to the simplicity of the preparation pro-

tocol and the electroanalytical performance of the elec-

trodes prepared by this method [9, 11, 42].  

Systematic studies on the influence of plating conditions 

on the surface morphology of SbFEs in contrast to BiFEs 

have not been conducted. From the available plating condi-

tions (Table 1), we chose plating conditions that were pro-

posed for the determination of Ni(II) [18, 30] and Pb(II), 

Cd(II) [29] ions by cathodic adsorptive stripping voltamme-

try using dimethylglyoxime [18, 30] and pyrogallol red [29] 

as complexing agents. These conditions were chosen to ob-

tain Sb/SPCE-1 [18], Sb/SPCE-2 [29], and Sb/SPCE-3 [30] 

with significantly different morphologies. 

Table 1 Conditions for potentiostatic pre-plating of the antimony films on the substrate surface used in the method of cathodic adsorptive 

stripping voltammetry. 

Substrate Analyte Antimony plating solution 
Deposition conditions 

Ref. 
Eel (V)b tel (s)c 

GCEa Ni(II) 0.01 M HCl + 10 mg/L Sb(III) –0.5 60 [5] 

SPCE Ni(II) 0.01 M HCl + 50 mg/L Sb(III) –0.5 300 [18] 

GCE/Nafion Pb(II), Cd(II) 0.5 M HCl + 100 mg/L Sb(III) –1.2 50 [29] 

GCE  Ni(II) 0.01 M HCl + 10 mg/L Sb(III) –1.0 120 [30] 

SPCE Pd(II) 0.01 M HCl + 50 mg/L Sb(III) –0.5 300 [31] 

GCE Pantoprazole 0.01 M HCl + 20 mg/L Sb(III) –0.7 60 [41] 

GCE 4,6-dinitro-o-cresol acetic buffer (pH 4.5) + 6 mg/L Sb(III) –1.0 60 [33] 

GCE Sulfasalazine 0.01 M HCl + 20 mg/L Sb(III) –0.7 60 [43] 

a GCE – Glassy carbon electrode; 
b Eel – electrodeposition potential; 
c tel – electrodeposition time. 
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As per reference [28], the Sb film on the ex-situ pre-

pared Sb/SPCE surface was formed by randomly dispersed 

and firmly fixed Sb particles ranging in size from 0.5 to 

2 µm, which, most notably, did not completely cover the un-

derlying carbon surface. With the electroplating conditions 

used in [30], microscopic examination of the surface of 

electroplated SbFEs by SEM revealed a low coverage of 

their surface with antimony, characterized by scarce and 

widely dispersed antimony particles. 

SEM was used to investigate the morphology of the 

Sb/SPCEs surfaces. SEM images for Sb/SPCEs surface (Fig-

ure 1) show the effect of the different plating conditions on 

the morphology of the films. 

SEM image of bare-SPCE (Figure 1a) displays a rough 

electrode surface predominantly composed of inhomogene-

ous carbon substrate. Dispersed bright tinges are shown at 

the edges of the graphite particles, possibly due to more 

secondary electrons emitted from them. Antimony film on 

Sb/SPCE-1 surface (Figure 1b) is characterized mainly by 

the formation of more or less evenly distributed tiny Sb 

particles with an average size of 0.6±0.1 µm. Most of the 

Sb nucleation is favored at the elevated sites of a rough 

electrode surface, most probably due to the relatively high 

electric field at the elevated sites in comparison to that on 

the smooth area. In addition to this, a few randomly dis-

tributed, irregularly shaped large dendrite Sb particles with 

an average size of 4±1 µm are observed. The total surface 

covered by Sb is calculated to be 12%. 

The micrograph for Sb/SPCE-2 (Figure 1c) shows the 

formation of widely dispersed fine Sb grains with an aver-

age particle size of 1.0±0.3 µm in diameter, with the elec-

trode surface clearly exposed. These Sb particles cover ca. 

4% of the substrate surface. As for Sb/SPCE-3 (Figure 1d), 

due to the small amount of Sb in the plating solution, very 

small particles are formed that are invisible in the SEM im-

ages, even with the highest possible resolution for the mi-

croscope we used. 

 
Figure 1 SEM images of SPCE surfaces before and after modifica-

tion: bare-SPCE (a), Sb/SPCE-1 (b), Sb/SPCE-2 (c), Sb/SPCE-3 (d). 

Despite this, ImageJ software analysis estimates the sur-

face coverage by Sb particles to be around 1%. These results 

indicate the dependence of antimony morphology on the 

chosen plating conditions (Sb concentration, pH of the plat-

ing solution, deposition potential, and deposition time). 

3.2. Electrochemical behavior of NR at bare-SPCE 

and Sb/SPCEs 

pH-dependent reduction of monoprotonated NR (NRH+) 

(pKa = 6.81 [44]) in an aqueous medium at a glassy carbon 

electrode occurs in two steps, each requiring a single elec-

tron transfer. The first step: (NRH+) ↔ radical (NRH●) is a 

reversible process [45]. As per [45], the electrochemical 

changes of monoprotonated NR in an aqueous medium are 

depicted in Figure 2. 

As can be seen from Figure 3с, NR behaves in a similar 

way at Sb/SPCE-1 in 0.05 M PBS + 0.1 M NaNO3. This solution 

is typically used as a supporting electrolyte in the study of 

NR redox transformations [46]. Two single-electron peaks of 

NR reduction are recorded at –0.53 V and –0.82 V. 

CV registered from −1.2 V to 1.2 V at Sb/SPCE-1 in 

0.05 M PBS + 0.1 M NaNO3 solution (Figure 3b) exhibited a 

large and broad anodic peak with a 435 µA maximum, cor-

responding to the dissolution of deposited antimony film, 

in the potential range of −0.4 V to 1.2 V. As shown in Figure 

3a, the characteristic potential range of [Fe(CN)6]3–/4– activ-

ity lies in the potential range where it is completely masked 

by antimony oxidation current from the Sb/SPCE-1 surface. 

So, this redox probe is inconvenient for characterizing an-

timony modified SPCEs. On the other hand, NR in the pro-

tonated form undergoes redox transformations in the po-

tential range of (−0.3)–(−0.9) V, in which antimony is not 

electroactive (Figure 3c). 

For bare-SPCE, the value of the potential difference be-

tween the peaks for the oxidation / reduction currents (ΔE) 

of the [Fe(CN)6]3–/4– pair is 1.02 V (Figure 3a). On the other 

hand, the NR redox process exhibits a peak separation of 

0.07 V (Figure 3c), approximately one and a half orders of 

magnitude less, due to the strong electron transfer ability 

of NR as a redox mediator [47].  

 
Figure 2 Schematic mechanism of NR redox changes depending on pH. 
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Figure 3 CVs registered in 0.05 M PBS + 0.1 M NaNO3 with a scan 
rate of 0.1 V/s at: bare-SPCE after addition of 5 mM [Fe(CN)6]

3–/4–

(a); Sb/SPCE-1 (b); Sb/SPCE-1 without and with addition of 0.5 mM 

NR (c, d). Buffer solution pH 5.0 (a–c) and 7.0 (d). 

The effect of solution pH on the dissolution of antimony 

film from Sb/SPCE-1 in the potential range of –0.6 to –0.2 V 

is shown in Figure 3b (inset). As can be seen, a rise in the 

pH of the electrolyte solution resulted in a shift of the po-

tential for antimony dissolution toward more negative val-

ues. The produced Sb(III) ions are easily hydrolyzed at 

higher pHs [14], which facilitates the oxidation process and 

leads to a shift of the anodic potential to a more negative 

range with increasing pH [13]. Therefore, we can observe 

the reduction current of antimony ions from the near-elec-

trode layer in neutral PBS in the absence of NR (Figure 3d, 

blank). As a result, the optimal pH value in this study was 

chosen as 5.0±0.5. 

3.3. The dependence of NR response on scan rate 

The influence of the potential scan rate on the cathodic cur-

rents of 0.05 mM NR on bare and antimony-modified SPCEs 

was investigated using CV over a range of scan rates of 

0.01–0.60 V/s, as given in Figure 4(a, b). It was observed 

that the peak heights of NR increase, and the peak potential 

shift to a more negative value with increasing scan rates. 

The peak current is correlated linearly with the square root 

of the potential scan rate, as follows: for bare-SPCE: 

Ip (µA) = 15.44∙ʋ½ (V/s)½ – 0.24 µA, R2 = 0.998; (Figure 4c, 

red curve); for Sb/SPCE-1: Ip (µA) = 45.47∙ʋ½ 

(V/s)½  – 3.09 µA, R2 = 0.987 (Figure 4c, blue curve). 

A linear relationship between the logarithm of peak cur-

rent vs. logarithm of scan rate with a slope value of 0.51, 

R2 = 0.997 was obtained for bare-SPCE (Figure 4d, red 

curve). These results suggest that the electrochemical pro-

cess at bare-SPCE, as for the glassy carbon electrode [45], 

is diffusion-controlled. Nevertheless, for Sb/SPCE-1, a 

straight line with a slope value of 0.64, R2 = 0.995 (Figure 

4d, blue curve) was acquired, indicating a diffusion process 

accompanied by adsorption [48]. 

3.4. Electrochemical characterization and electro-

chemical impedance spectroscopy study 

Cyclic voltammetry and EIS, with NR as a redox probe, were 

used to study the electrochemical characteristics of bare-

SPCE and Sb/SPCEs. Cyclic voltammograms and Nyquist 

plots obtained for these electrodes are shown in Figures 5a 

and 5c, respectively. Every Nyquist curve was recorded at a 

working potential, which was chosen based on the corre-

sponding CV voltammogram. 

As the electrochemical process at bare and antimony-

modified SPCEs is mainly controlled by diffusion, the elec-

troactive surface areas (A) of the investigated electrodes 

were calculated based on the CV data (Figure 5a) using the 

Randles-Ševćik equation (1) for reversible systems: 

𝐼p = (±2.69 ∙ 105)𝑛
3

2⁄ 𝐴𝐷
1

2⁄ 𝐶v
1

2⁄ , (1) 

where А is the electroactive area (сm2), Iр is the the anodic 

or cathodic peak current, D is the the diffusion coefficient 

of the electroactive species in solution (2.28∙10–6 сm2/s for 

NR) [49], C is the concentration of the redox system in the 

background electrolyte (5∙10–8 mol/сm3), and n is the num-

ber of electrons involved in the redox process (n = 1). To 

calculate A, slopes of the Ip vs υ1/2 plots (Figure 4c) were 

used. The data obtained from CVs are presented in Table 2. 

The modification of SPCEs with antimony increased the 

electroactive surface area of Sb/SPCEs by a factor of 3.0 and 

1.8 compared to the bare-SPCE for Sb/SPCE-1 and Sb/SPCE-

2, respectively.  
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Figure 4 CVs voltammograms of NR registered at: bare-SPCE (a) 

and Sb/SPCE-1 in 0.05 M PBS + 0.1 M NaNO3 + 0.05 mM NR (pH 
5.0) at a scanning rate of 0.01 – 0.6 V/s (b). Analysis of correspond-

ing peak currents as a function of scan rate (c, d).  

 
Figure 5 Cyclic voltammograms (a and b), Nyquist curves recorded 

in 0.05 M phosphate buffer solution + 0.1 M NaNO3 (pH 5.0) (c) with-

out (b) and with addition of 0.05 mM Neutral Red on bare-SPCE and 

Sb/SPCEs (a and c). Randles equivalent electrical circuits for bare-
SPCE and Sb/SPCE-2, Sb/SPCE-3 (c, i). Modernized model of an ide-

ally polarizable electrode with a distributed double-layer capacitance 

for Sb/SPCE-1 (c, ii). Scan rate = 0.30 (a) and 0.1 V/s (b).  

Sb/SPCE-1 exhibited the highest A value in comparison to 

the other electrodes, as expected from the SEM image of an-

timony film (Figure 1b). As for Sb/SPCE-3, in this regard 

there is little difference between it and bare-SPCE because 

the surface of the substrate is almost entirely exposed. 

Figure 5b compares the cyclic voltammetry curves of an-

timony dissolution registered from –0.4 V to 1.2 V at 

Sb/SPCEs in 0.05 M PBS + 0.1 M NaNO3 solution at a scan 

rate of 0.1 V/s. Sb/SPCE-1 shows a higher integrated area. 

The specific areal capacitance (Cs) values for Sb/SPCEs 

were calculated from the CV curves using Equation (2) [52]: 
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where I is the oxidation current, ʃ I(V)dV is the integrated area 

of the CV curve, Ag is the electrode’s geometric area (cm2), ʋ is 

scan rate (V/s), and ΔV is the potential window (V).  

As can be seen from Table 2, Cs is values for Sb/SPCEs 

correlate well with their electroactive / specific electroac-

tive surface area. This is due to the dependence of both Cs 

and A on the amount of metal on the substrate surface. The 

obtained result is in agreement with the conclusions of sev-

eral studies where it was shown that the increase in elec-

trochemical capacity result in enhanced specific surface 

area [50, 51]. Quite good convergence of the results of as-

sessing the electroactive area of Sb/SPCEs using Randles-

Ševćik equation with independent method confirms the ef-

fectiveness of NR in the evaluation of electrochemical per-

formance of antimony modified electrodes.  

For all electrodes (Table 2), the value of the potential 

difference between the peaks for the oxidation/reduction 

current (ΔE) does not exceed 0.08 V, and reduction/oxida-

tion peak currents ratio (Ipc/Ipa) is closed to 2.5. This indi-

cates a quasi-reversible behavior of NR at the interface of 

bare and antimony modified SPCEs. As for Sb/SPCEs-1, 2 

Ipc/Ipa = 1.6 and peak separation of 0.04–0.05 V for a one-

electron transfer point to the near-reversible nature of the 

processes. 

Detailed analysis of the data (presented in the Table 2) 

obtained during an electrochemical impedance measure-

ment was performed by fitting the experimental data with 

an equivalent circuit, based on the Boukamp model with 

NOVA 1.11 software and based on literary data [52, 53]. The 

obtained value of χ2 does not exceed 0.1 (Table 2). 

According to research [40], the most probable model for 

describing surface phenomena in the metal – NR system is 

the generalized Randles equivalent electrical circuit (EEC) 

(Figure 5c(i)). It describes a mixed kinetic- and diffusion-

controlled process that corresponds to the diffusion pro-

cess, accompanied by adsorption, in the system under study 

(Sb/SPCEs – NR). EEC consists of the uncompensated re-

sistance (RΩ) with a parallel combination of the charge 

transfer resistance (Rct), a constant phase element (Q), and 

diffusion, which is represented by the Warburg diffusion 

element (W). The majority of the RΩ is due to the solution 

resistance (Rs). The Rct represents the difficulty of electron 

transfer of the NR redox probe between the solution and the 

electrode, thus giving information on the electrode surface. 

Q models non-ideal capacitance. The diffusion resembles 

the mass transfer of the species from or to the electrode's 

surface during the EIS measurements. The results of imped-

ance spectra processing with generalized Randles EEC for 

bare-SPCE, Sb/SPCE-2 and Sb/SPCE-3 are presented in  

Table 2. 

To describe the Nyquist diagrams obtained on Sb/SPCE-

1, we used a modified circuit of an ideally polarizable elec-

trode with a distributed double-layer capacitance (Figure 

5c(ii)) [52]. In the system under study, there is also an un-

compensated resistance (RΩ) with a series combination of 

charge transfer resistance (Rct). Due to the heterogeneity of 

the electroactive surface of the electrode, considering also 

the diffusion part of the double electrical layer, the simplest 

way to model these changes relative to an ideally polarized 

electrode is to represent Cdl as a constant-phase element (Q) 

of the capacitive type. Thus, as in the case of the generalized 

Randles equivalent electrical circuit, the element Q models 

a non-ideal capacitor. 

According to the SEM data (Figure 1b), Sb/SPCE-1 sur-

face differs significantly from other electrodes in that the 

largest substrate surface area is coated with metallic anti-

mony in the form of fairly evenly distributed, finely dis-

persed antimony particles. This is probably why the elec-

troactive surface area, Cs and Q values for this film are the 

highest (Table 2). The calculated exponential factor for 

Sb/SPCE-1 N=0.8 (Table 2) corresponds to the values given 

in Stoynov et al. [52]. 

Table 2 Electrochemical characterization of electrodes studied in 0.05 M phosphate buffer solution + 0.1 M NaNO3 + 0.05 mM neutral 

red (pH 5.0). 

Electrode Ipc 
a (µА) Ipa 

b (µА) Ipc/Ipa ∆E c (V) A d (cm2) Cs 
e (mF/cm2) Rs 

f (Ω) Rct 
j (Ω) W h (µS) Q i (µS) N j χ2 k Sbcov 

l (%) 

bare-SPCE –7.9 3.1 2.5 0.08 0.74 0.1 285 4380 85.9 5.68 0.6 0.081 – 

Sb/SPCE-1 –18.7 12.1 1.6 0.04 2.24 17.8 289 6 – 126 0.8 0.069 12 

Sb/SPCE-2 –13.1 8.0 1.6 0.05 1.35 4.3 261 1160 75.0 16.6 0.7 0.095 4 

Sb/SPCE-3 –8.3 3.5 2.4 0.07 0.81 1.1 309 2780 81.8 11.3 0.6 0.064 1 

a Ipc – cathodic peak current; 
b Ipa – anodic peak current; 
c ∆E – potential peak separation; 
d A – electroactive area; 
e Cs – specific areal capacitance; 
f Rs – solution resistance; 
g Rct – charge transfer resistance; 
h W – Warburg diffusion element; 
i Q – constant phase element; 
j N – non-uniformity factor;   
k χ2 – defines one of the convergences criteria; 
l Sbcov – degree of substrate coverage by antimony. 

     

 

 

 

𝐶𝑠 =
∫ 𝐼 (𝑉)d𝑉

𝐴𝑔𝑣∆𝑉
 

(2) 
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The highest Rct values were obtained at bare-SPCE and 

Sb/SPCE-3 with a low degree (1%) of substrate coverage 

by antimony (Sbcov), as shown in Table 2. The lowest Rct 

value (6 Ω) was measured at Sb/SPCE-1 with the highest 

degree (12%) of Sbcov. It can be explained by the very good 

electrical conductivity of metallic antimony. The data ob-

tained are consistent with the well-known fact that EIS 

can provide information about surface coverage with 

metal films [54]. 

3.5. Electroanalytical performance of the 

Sb/SPCEs towards Ni(II) 

Ni(II) ions were used as model analytes to determine the 

electroanalytical performance of the SPCEs modified with 

antimony under different deposition conditions (Table 1). 

The protocols for Ni(II) ion determination by cathodic ad-

sorptive stripping voltammetry using dimethylglyoxime as 

a complexing agent at antimony-modified electrodes are 

described in [5, 18, 30].  

Characteristics of Ni(II) calibration curves for every 

type of Sb/SPCEs and corresponding differential pulse (DP) 

voltammograms of Ni(II) are shown in Figure 6. As can be 

seen from Figure 6a, for Sb/SPCE-1 the area of reduction cur-

rent for Ni(II)-dimethylglyoxymate (the response) linearly 

depends on its concentration in the solution in the range of 

5–50 µg/L. The correlation coefficient is closer to the value 

of 1 (0.998). In this case, the response shape is symmetrical 

and can be measured with high precision (Figure 6b). Recov-

eries for 5 μg/L Ni(II) (n = 3, P = 0.95) on Sb/SPCE-1 are 

about 100% and amount to 96±0.4% (RSD = 3.2%). The 

limit of detection (LOD) calculated from the regression equa-

tion Q (µC) = (0.0161±0.0002) С – (0.0059±0.0026) (R² = 0.9981) 

for the calibration curve (Figure 6a) in the range of 5–25 µg/L 

Ni(II) as 3σ/slope is 0.5 μg/L Ni(II) ions. It is lower than 

those reported in [18] as 0.9 μg/L for commercial SPCE pro-

vided by DropSens (Spain) with ex-situ pre-plating anti-

mony film under identical conditions.  

In the case of using Sb/SPCE-2 (Figure 6c), the linearity 

of the calibration plot narrows up to 10–40 μg/L Ni(II). 

 
Figure 6 The calibration plots of Ni(II) determination over a concentration range of: 5–50 μg/L at Sb/SPCE-1, with a step of 5 μg/L (a);  

10–40 μg/L at Sb/SPCE-2, with a step of 10 μg/L (c) and 50–150 μg/L at Sb/SPCE-3, with a step of 50 μg/L (e). Corresponding DP voltam-

mograms of Ni(II) registered at: Sb/SPCE-1 (b), Sb/SPCE-2 (d) and Sb/SPCE-3 (f) in ammonia buffer (рН 9.5±0.5) + 0.25 mM DMG. DP 

voltammogram parameters: pulse step 0.006 V, pulse amplitude 0.05 V, scan rate 0.06 V/s. Analysis conditions: Eacc = –0.75 V, tacc = 30 s. 
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The electrode shows a significant lowering in sensitivity 

towards Ni(II) ions and asymmetrical shape of the response 

(Figure 6d), in contrast to the Sb/SPCE-1. The combination 

of these two factors significantly reduces the possibility of 

using this electrode for analytical purposes. Recoveries of 

Sb/SPCE-2 for 10 μg/L Ni(II) (n = 3, P = 0.95) amount to 

7.5±1.7% (RSD = 9.1%) and indicate a significant system-

atic underestimation of the analysis results due to the ab-

sence of a direct proportional dependence of the response 

on the concentration of Ni(II) ions in the solution, which 

makes it inconvenient for analytical purposes. 

Sb/SPCE-3 (Figure 6e) shows the lowest sensitivity to-

wards Ni(II) ions, with recoveries for 50 μg/L Ni(II) (n = 3, 

P = 0.95) as 110±33% (RSD = 21%). The correlation coeffi-

cient of the calibration plot is reduced significantly (0.943). 

The slope of the calibration plot for Ni(II) ion determina-

tion (Figure 6e) with Sb/SPCE-3 (0.0001 µQ∙L/µg) is two 

orders of magnitude less compared to other Sb/SPCEs (Fig-

ures 6a, c). The negligible responses of Ni(II) ions (Figure 

6f) are unsuitable for analytical purposes. This may be ex-

plained by the very small amount of antimony on the 

Sb/SPCE-3 surface (Figure 1d) and a low current of dissolv-

ing antimony from the Sb/SPCE-3 surface (Figure 5b). 

The data for comparing the surface characteristics of 

Sb/SPCEs with their sensitivity towards Ni(II) are shown in 

Table 3. The conditions for obtaining experimental data are 

presented in the corresponding sections. 

As we can see, the worst electroanalytical characteristics, 

including the lowest sensitivity towards Ni(II) ions, are ob-

tained on Sb/SPCE-3 with the least degree of antimony cov-

erage (Figure 1d). The results we obtained for Sb/SPCE-3 are 

close to the data [30] for GCE with antimony film pre-plating 

under identical conditions. In this case, no responses from 

nickel dimethylglyoximate could be registered. According to 

the authors, the formed structure with low coverage of the 

GCE surface with antimony possessed low adsorptive prop-

erties since adsorption occurs preferentially on the metal 

(Sb) rather than on the carbon substrate. At the same time, 

Sb/SPCE-1 is characterized by the greatest sensitivity to-

wards Ni(II) (Table 3). It demonstrates the highest peak cur-

rent value for NR reduction (Table 2) and, therefore, the 

highest roughness factors (RF, the ratio of the electroactive 

surface to the geometrical surface). 

Table 3 Comparison of morphological, electrochemical, and elec-

troanalytical characterization of Sb/SPCEs. 

Electrode 

Particle 

size 

(µm) 

Sbcov 
a 

(%) 
RF b 

Sensitivity towards 

Ni(II) 

(µC∙L/µg) 

bare-SPCE – – 7.4 – 

Sb/SPCE-1 0.6 ± 0.1 12 22.4 0.017 

Sb/SPCE-2 1.0 ± 0.2 4 13.5 0.010 

Sb/SPCE-3 ND c 1 8.1 0.0001 
a Sbcov – degree of substrate coverage by antimony; 
b RF – roughness factor; 
с ND – not detected.  

This result can be explained by the formation of the 

finely dispersed antimony particles (Figure 1b), combined 

with the largest area of metal coverage of the substrate in 

comparison with other electrodes (Table 3). On the con-

trary, Sb/SPCE-3, characterized by a practically bare sur-

face, is distinguished by the lowest RF value. 

Comparison of average values of RF and sensitivity to 

model analyte for Sb/SPCEs with two-tailed Pearson's cri-

terion shows a high degree of correlation between their 

electrochemical and electroanalytical characteristics with 

correlation coefficients of 0.994 for Ni(II) (n = 3, 

Rcrit = 0.988, P = 0.95) [55]. 

4. Conclusions 

Neutral red was used as a redox probe for comparative eval-

uation of the electrochemical performance of screen-

printed carbon electrodes (SPCEs) modified with antimony 

under different deposition conditions (Sb/SPCEs). Cyclic 

voltammetry experiments showed an increase in the elec-

troactive surface area of Sb/SPCEs compared to the bare-

SPCE, depending on surface morphology. The degree of sub-

strate coverage by antimony was assessed with scanning 

electron microscopy and electrochemical impedance spec-

troscopy. The obtained SEM, CV, and EIS data are in good 

agreement. Comparison of RF and Sb/SPCEs sensitivity to-

wards Ni(II) ions as model analytes with Pearson's crite-

rion showed a good correlation between their electrochem-

ical and electroanalytical characteristics. The developed ap-

proach might be useful for developing novel antimony-con-

taining sensors as it allows very simple and rapid control of 

modification processes.  
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