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Electrochemical sensors based on screen-printed elec-
trodes (SPEs) are applied for the precise detection of 
an analyte concentration in a sample solution and is 
one of the thrust areas of research, especially in 
healthcare and environmental monitoring. In this arti-
cle we report electrochemical characterization of some 
commercially available SPEs obtained from three dif-
ferent commercial manufacturers in three different re-
dox probes such as potassium ferricyanide, ascorbic 
acid/vitamin-C and nicotinamide adenine dinucleotide. 
The main aim of this study is to compare the sensitivity, 
stability, ideality and reproducibility in the develop-
ment of electrochemical sensors for specific detection 
of biological or chemical substances using SPEs. 
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ELECTROCHEMICAL sensors based on screen-printed elec-
trodes (SPEs) are convenient to use because of their ease 
of fabrication, ability to mass produce and low cost1–3. 
Surface of SPEs can be easily modified by immobiliza-
tion of different biomolecules, enzymes and catalytic 
substances and thus can be tuned to enhance the sensiti-
vity and selectivity of detection. The other important  
advantage of using SPEs is the requirement of minimal 
volume of analyte solutions which is cost effective and 
particularly useful when sample volume is minute4. 
 SPE consists of three electrodes, namely working elec-
trode (WE), reference electrode (RE) and auxiliary or 
counter electrode (AE) printed using conductive ink ma-
terial on a solid substrate in planar form. WE is the main 
sensing platform mostly made of carbon and its compo-
sites. When a small volume of analyte sample solution is 
dispensed using a pipette on the electrode surface, it 
forms an electrochemical cell system and produces elec-
trical signal at an applied control potential which corre-

sponds to the analyte concentration. Commonly used 
electrochemical characterization technique is the current–
voltage (CV) characteristics plot of the electrochemical 
cell system. When controlled potential is applied between 
RE and WE, current flows through AE and WE and it is 
measured by a potentiostat. Measurement of current ampli-
tude at either reduction or oxidation potential, maintaining 
the current peak at a stable defined condition corresponds 
to detecting the precise concentration of the specific ana-
lyte, even ng/ml to a few fg/mL (femtograms/mL). 
 Electrode fabrication based on screen printing is based 
on thick film technology; it originated 3000 years ago 
and can be traced in the construction of the Great Wall of 
China as well as in ancient Egyptian cloth patterns4,5. 
SPE is an integrated electrically conducting layer and it is 
fabricated on a chemically inert insulating solid plate or 
film made of various materials such as ceramic6–9, plas-
tic10–12, glass13, flexible polyester film14–16, etc. using the 
screen printing technique. SPEs are mostly disposable in 
nature. Several studies have been made on the develop-
ment of electrochemical and biological sensing based on 
SPE using various methods of electrode surface function-
alization and surface modification for specific applica-
tions17–19. Studies have reported that the electrode design 
parameters such as shape, geometric dimensions and 
spacing affect the performance of SPEs. 
 Studies also highlight the effect of electrode material, 
particularly WE on the electrochemical performance of 
SPEs. WE is typically made of carbon ink and many lit-
erature reports discuss various factors like carbon ink 
formulation, ink composition and particle size to affect 
the performance of these SPEs. But these being proprie-
tary informations, the exact nature and composition of the 
electrode material cannot be deciphered20,21. The sensing 
platform of SPE not only depends upon the property of 
ink material, but also on the printing process, loading, 
curing temperature, etc. Carbon surface structure, mor-
phology and surface orientation play an important role in 
electron transfer at the interface of the electrode surface 
and electrolyte solution. 
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 Choudhary et al.22 reported that the electrochemical  
behaviour of single-layer graphene-based electrodes,  
depends on the basal plane and edge plane of graphene. 
The graphene edge plane showed four orders of magni-
tude higher specific capacitance, much faster electron 
transfer rate and stronger electrocatalytic activity than 
those of graphene basal plane and hence graphene edge is 
an ideal electrode for electrocatalysis. Wang et al.23 stud-
ied the effect of electrochemical response on edge plane 
and basal plane graphite layer in the NAD redox probe, 
where they observed that the edge plane had the highest 
peak current density and the basal plane exhibited high 
peak potential. Electrode surface area is the active site of 
an electrode and it can be improved by suitable formula-
tion of carbon ink to make a larger edge plane site, by the 
formation of cracks and rough surface to facilitate faster 
electron transfer and thus increase the current response. 
The amount of organic binder used to make carbon ink 
also inhibits the cracks on the printed surface and indi-
rectly enables increase in electron transfer rate. Wetting 
is the ability of a liquid to maintain contact with a solid 
surface, resulting from intermolecular interactions when 
the two are brought together. Ceramic which is used in 
the preparation of SPEs is a high-energy solid; high 
amount of energy is required to break these solids. Most 
molecular liquids achieve complete wetting with high-
energy surfaces. The intrinsic hydrophobicity of a surface 
can be enhanced by texturing of solid surfaces with dif-
ferent scales of roughness because textured surfaces have 
high adhesive force compared to smooth surfaces. There-
fore increase in hydrophobicity increases the adhesive 
force between the analyte and solid surface. These adhe-
sive forces between liquid and solid cause a drop of ana-
lyte sample, when dropped on the electrode surface to 
spread over on it, which in turn enhances electron transfer 
capabilities at the time of electrochemical signal measure-
ment. During curing of printed electrodes, high temperature 
creates unintentional cracks and defects of the electrode 
surface which also increase the edge plane effects. Edge 
plane of carbon surface increases electron transfer capa-
bilities of the electrodes to enhance the sensitivity. Other 
than ink material and fabrication process, different para-
meters such as electrode geometry, dimensions, spacing and 
electrochemical signalling also play an important role. 
 Tan et al.24 characterized an array of six micro-sized 
working electrodes surrounded by a common reference 
and counter electrode and observed that the magnitude  
of current peak in hexamine ruthenium (III) redox probe 
depends on the number of working electrodes in the  
array. Metters et al.25,26 reported that micro band elec-
trodes exhibit a greater current density and reproducibi-
lity over conventional screen-printed graphite electrode 
due to better mass transfer. Some studies have reported 
the characteristic performance of commercial SPEs and 
demonstrated deviation in electrochemical behaviour 
from theoretical values in FE-III solution. 

 One of the important factors which results in non-
identical electrochemical activity of commercial SPEs is 
the different carbon compositions from different com-
mercial inks27,28. Comparative electrochemical perform-
ance of SPEs fabricated by different commercial inks 
(such as Acheson, USA; Gwent, UK; Dupont, USA and 
Ercon, USA) have been analysed for their performance1. 
 Electrochemical responses of some commercial SPEs – 
C110 (Dropsens Ltd, Spain)29, KS540 (Kanichi Research 
Service Ltd, UK)30 and TE100 (Zensor Ltd, Taiwan)31, 
have been investigated and a large variation in CV char-
acterization for a known analyte concentration has been  
observed32. This hinders their commercial application for 
the precise detection of bioanalytes of unknown concen-
tration. The electrochemical performance of commercial 
SPEs does not rely on the specified geometrical surface 
area; it largely depends on the actual active surface and 
roughness factor. Determination of the real active surface 
area of SPE is difficult due to inherent physical properties 
and non-uniformity of material composition and fabrica-
tion process33. Yet no clear relation has been established 
regarding the difference in sensitivity due to the chemical 
composition of carbon ink and the surface roughness  
factor. 
 In this article we study the electrochemical response of 
some commercially available SPEs by cyclic voltammo-
gram in different redox probes such as potassium ferri-
cyanide Fe(III), ascorbic acid (AA) and nicotinamide 
adenine dinucleotide (NAD) solution. The electrode surface 
is characterized through field emission scanning electron 
microscopy (FESEM) and energy dispersion spectroscopy 
(EDS). Several critical issues regarding the performance 
of SPEs in order to make a reliable electrochemical sen-
sor have been identified, which need to be overcome for 
practical applications of biosensors based on SPE. 

Principle of electrochemical sensing 

A typical definition of electrochemical sensing is the 
conversion of chemical or biological response of a sub-
stance into an electrically measurable signal; the signal 
magnitude corresponds to the species concentration. When 
the unknown sample solution is dispensed on the surface 
of a SPE, it forms a three-electrode electrochemical cell 
system. At an applied sweep potential current flows in 
between WE and AE due to electron transformation  
between the electrolyte and electrode interface. The CV 
characteristic plot indicates the rate of electrochemical 
reaction that takes place at the surface of WE. The main 
aim is to obtain the desirable change in the current re-
sponse to the change of concentration of specific analyte 
in the sample solution and determine the sensitivity of the 
commercial electrodes at a stable equilibrium condition. 
 Practical recording of electrochemical response using 
SPEs has various noise factors which have to be optimized 
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in such a way that unknown species contribute domi-
nantly to the reaction rate as well as electron transfer. 
There are three common modes of electrochemical trans-
duction: (i) potentiometric, (ii) conductometric and (iii) 
amperometric. Potentiometric and conductometric meas-
urements require equilibrium state of reaction which 
takes a large time to achieve stable electrochemical re-
sponse. Amperommetry type of transduction is a subclass 
of voltametric measurement. Ideal voltametric measure-
ment is measurement of current at a known constant ap-
plied potential to the system. By measuring the peak 
current magnitude of either the anodic or cathodic side 
corresponds to the unknown species concentration. 
Randles–Sevcik equation describes the effect of scan rate 
on the peak current (Ip). 
 For simple redox events such as the ferrocene/ 
ferrocenium couple, Ip depends not only on the concentra-
tion and diffusional properties of the electroactive species 
but also on scan rate. 
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or if the solution is at room temperature: 
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where Ip is current peat at redox potential, n the number 
of electrons transferred in the redox event (usually), A is 
the electrode surface area (cm2), F the Faraday constant 
in (C mol–1), D the diffusion coefficient (cm2 s–1), C the 
concentration (mol cm–3), and  is the potential scan rate 
(Vs–1). 

Reagents and apparatus used 

Three commercial SPEs, C110, KS-540 and TE100, were 
obtained as mentioned before. Standard Ag/AgCl refer-
ence electrode CHI111 was obtained from CH Instrument 
Inc. (USA). Electrochemical workbench of CH Instru-
ment Inc. (model CHE600E) with potentiostat driven by 
electro analytical control and measuring software was  
interfaced to a desktop PC in order to perform cyclic volt-
ammetry. 
 Chemicals: potassium ferricyanide (FE-III), was obtained 
from Sigma Aldrich Inc, USA; AA, potassium chloride 
(KCl), sodium chloride (NaCl) were obtained from 
Merck, Specialities Pvt Ltd, Germany; NAD and phos-
phate buffer saline (PBS) were obtained from Sisco  
Research Lab Pvt Ltd, India. Electrode surface morpho-
logy and surface material properties are characterized by 
Field Emission Scanning Electron Microscopy (FESEM) 
and Energy Dispersive Spectroscopy (EDS) (ZEISS,  
Germany). pH meter CL-51B was obtained from Utech  
Instrument Inc., India.  

Experimental method 

Current–voltage characteristics of commercial SPEs 

The electrochemical response of SPEs was recorded with 
a redox probe FE-III (ref. 34). A sample solution of FE-
III was prepared in 0.5 M KCl aqueous solution. SPE 
leads were connected according to the WE, RE and AE 
configuration, through coaxial shielded cable and connec-
tor clip. A 50 l volume of prepared sample solution was 
dispensed on the active surface of the electrode and  
cyclic voltammogram was recorded at a scan rate  
of 50 mV/s. 
 The cyclic voltammogram (CV) response at a single 
concentration showed good anodic and cathodic peaks for 
all the electrodes, but the peaks magnitude and nature of 
the response were different for different electrodes  
(Figure 1). The electrochemical response of SPEs was re-
corded with redox probe 1 mM FE-III in 0.5 M KCl using  
 
 

 
 

Figure 1. CV response of C110, KS540 and TE100 SPEs in 1 mM 
potassium ferricyanide solution prepared in 0.5 M KCl aqueous solu-
tion. Applied potential scan rate is 50 mV/s. 

 
 

 
 

Figure 2. CV response of C110, KS540 and TE100 SPEs in 1 mM 
potassium ferricyanide solution prepared in 0.5 M KCl aqueous solu-
tion. Standard Ag/AgCl is used as RE. Applied potential scan rate is 
50 mV/s. 
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Figure 3. CV response of C110 in 0.25, 0.5, 0.75 and 1 mM potas-
sium ferricyanide solution respectively, prepared in 0.5 M KCl aqueous 
solution. Applied potential scan rate is 50 mV/s. 
 

 

 
 

Figure 4. CV response of KS540 in 0.25, 0.5, 0.75 and 1 mM potas-
sium ferricyanide solution respectively, prepared in 0.5 M KCl aqueous 
solution. Applied potential scan rate is 50 mV/s. 

 
 

 
 

Figure 5. CV response of TE100 in 0.25, 0.5, 0.75 and 1 mM potas-
sium ferricyanide solution respectively, prepared in 0.5 M KCl aqueous 
solution. Applied potential scan rate is 50 mV/s. 

 
 

Figure 6. Plot of current peak (Ip) versus concentration of potassium 
ferricyanide solutions prepared in 0.5 M aqueous KCl for different 
SPEs. Applied potential scan rate is 50 mV/s. 

 
 

 
 

Figure 7. CV response of C110, KS540 and TE100 SPEs in 1 mM 
NAD solution prepared in PBS, pH = 7. Applied potential scan rate is 
50 mV/s. 

 
 

 
 

Figure 8. CV response of C110 in 0.1, 0.5 and 1 mM NAD solution 
prepared in PBS, pH = 7. Applied potential scan rate is 50 mV/s. 
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standard reference electrode and corresponding CV re-
corded at a scan rate 50 mV/s. SPE leads were connected 
accordingly to the WE and AE of commercial electrode  
and standard reference electrode. The current amplitude 
of all three commercial SPEs using standard reference 
electrode showed good anodic and cathodic peaks with 
higher peak amplitude (Figure 2). 
 Four sets of sample solution with different molar con-
centrations of FE-III, i.e. 0.25, 0.5, 0.75 and 1 mM were 
prepared in aqueous solution of 0.5 M KCl. Each of pre-
pared FE-III concentrated sample solutions of 50 l volume 
was dispensed on the four identical SPEs of all three 
commercial electrodes and allowed for stabilization. CV 
was carried out for different concentrations of the analyte 
for the SPEs with an applied potential scan rate of 
50 mV/s and the current–voltage characteristics were  
recorded. The current peak amplitude increases with  
increasing FE-III concentration for all the three SPEs, but 
the nature of response is different for three different 
commercial SPEs (Figures 3–5). 
 

 
 

Figure 9. CV response of KS 540 in 0.1, 0.5 and 1 mM NAD solution 
prepared in PBS, pH = 7. Applied potential scan rate is 50 mV/s. 

 
 

 
 

Figure 10. CV response of TE 100 in 0.1, 0.5 and 1 mM NAD solu-
tion prepared in PBS, pH = 7. Applied potential scan rate is 50 mV/s. 

 
 

Figure 11. Plot of current peak (Ip) versus concentration of NAD  
solutions prepared in PBS. pH = 7. Applied potential scan rate is 
50 mV/s. 
 
 

 
 

Figure 12. CV response of C110, KS540 and TE100 SPEs in 1 mM 
AA solution prepared in PBS, pH = 7. Applied potential scan rate is 
50 mV/s. 

 
 

 
 

Figure 13. CV response of C110 in 1, 2 and 3 mM AA solutions pre-
pared in PBS, pH = 7. Applied potential scan rate is 50 mV/s. 
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 The current response of C110 is highly sensitive and 
percentage deviation is better than KS540 and TE100. 
The slope of sensitivity plot is better for C110 than KS540 
and TE100, with a linear range 0–0.75 mM and slope of 
sensitivity is recorded lowest for TE100 and highest for 
C110 (Figure 6). 
 The electrochemical response was also recorded in 
other two redox probes NAD35 and AA. In each experi-
ment the sample volume was 50 l and same procedure 
was followed as that of FE-III. Sample solutions of NAD 
and AA were prepared in PBS of pH 7. Three different 
concentrations, i.e. 0.1, 0.5 and 1 mM of NAD, and 1, 2 
and 3 mM of AA sample solution were prepared in PBS 
solution, pH 7. 
 Interestingly, CV response of NAD gives only the oxi-
dation peak and peak magnitude is different for different 
NAD concentrations. The current response of C110 in 
NAD is very high compared to KS540 and TE100. The 
oxidation potential of both C110 and KS540 is in the same 
position of about –0.5 V, but no reduction peak is ob-
served (Figure 7). The current oxidation peak amplitude 
increases with increasing NAD concentration and a com-
paratively sharp peak current is observed for C110 and 
KS540 (Figures 8 and 9). The current response of TE100 
is different for different concentrations, but does not corre-
late with the other two commercial SPEs; and the oxidation 
potential is about –1 V (Figure 10). The poorer electro-
chemical performance of TE100 may be due to differ-
ences in the composition of this SPE compared with the 
other two commercial SPEs. Current peak values are directly 
proportional to NAD concentration and slope of sensitiv-
ity is large for C110 and least for TE100 (Figure 11). 
 Electrochemical response of three electrodes with AA 
followed the same pattern, but the signal intensity of both 
anodic and cathodic peak current was different. Among the 
three electrodes, C110 gives the best and comparatively 
stable electrochemical response for AA (Figure 12). 
 Single peak is observed and the peak potential increases 
with increase in concentration of AA. The current  
response of C110 is highly sensitive and percentage de-
viation is better than KS540 and TE100 (Figures 13–15) 
Slope of sensitivity for C110 is high and is quasi linear in 
nature (Figure 16). 
 The nature and amplitude of voltammetric responses of 
three commercial electrodes in three different redox 
probes differ from each other due to several reasons like 
amount and nature of graphite material used in the formu-
lation of the ink, functionalization of the electrode sur-
face, curing temperature, binder materials, wettability of 
the electrode surface, etc. Among the three commercial 
electrodes, the electrochemical response of C110 is better 
than the other two. The relationship between roughness 
factor and electrochemical response shows that increased 
roughness causes the formation of a large number of edge 
plane sites which improves the electrochemical reversi-
bility of the SPE. 

Sensitivity analysis 

We analysed the nature of electrochemical responses of the 
three commercial SPEs in three different redox probes and 
 

 
 

Figure 14. CV response of KS 540 in 1, 2 and 3 mM AA solutions 
prepared in PBS, pH = 7. Applied potential scan rate is 50 mV/s. 
 

 
 

Figure 15. CV response of TE 100 in 1, 2 and 3 mM AA solutions 
prepared in PBS, pH = 7. Applied potential scan rate is 50 mV/s. 

 
 

 
 

Figure 16. Plot of current peak (Ip) versus concentration of AA solu-
tions prepared in PBS, pH = 7. Applied potential scan rate is 50 mV/s. 
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Table 1. Electrochemical experimental results in 1 mM potassium ferricyanide prepared in 0.5 M aqueous solution of KCl 

Electrode type Area of WE (mm2) Ipa (A) Ipc (A) Ipa/Ipc  (A/mm2) Epa (V) Epc (V) E (mV) 
 

C110 12.566 14.2 10.3  1.36 1.114  0.105  0.235 130 
KS540  7.068  6.9  6.2  1.13 0.976  0.115  0.287 172 
TE100  7.068  5.5  3.0 2.5 0.778 0.0 0.35 350 

WE, Working electrode geometric surface area; Ipa, Anodic peak current; Ipc, Cathodic peak current; , Current density; Epa, Anodic peak potential; 
Epc, Cathodic peak potential; E, Peak to peak separation. 
 
 

Table 2. Electrochemical experimental results in 1 mM ascorbic acid prepared in 0.1 M of PBS 

Electrode type Area of WE (mm2) Ipa (A) Ipc (A) Ipa/Ipc  (A/mm2) Epa (V) Epc (V) E (mV) 
 

C110 12.566 41.2 – – 3.270 0.26 – – 
KS540  7.068 21.5 – – 3.041 0.38 – – 
TE100  7.068 20.5 – – 2.900 0.46 – – 

 
 

Table 3. Electrochemical experimental results in 1 mM nicotinamide adenine dinucleotide prepared in 0.1 M of PBS 

Electrode type Area of WE (mm2) Ipa (A) Ipc (A) Ipa/Ipc  (A/mm2) Epa (V) Epc (V) E (mV) 
 

C110 12.566 58 – – 4.615  –0.55 – – 
KS540  7.068 24 – – 3.395  –0.55 – – 
TE100  7.068 16 – – 2.263 –1.0 – – 
 
 

Table 4. Characterization of three commercial electrodes using different redox probes 

 SPE Geometric surface  Active surface area   
Redox sample type area (Sg) (mm2) Ipa (A) (Sa; mm2) Sa/Sg % Activity 
 

1 mM FE-III IN 0.5 M KCl  C110 12.56 14 24.32 1.94 93.63 
 KS540 7.07 6.9 13.5 1.91 90.95 
 TE100 7.07 5.5 12.4 1.75 75.39 
 

1 mM AA in 0.1 M PBS C110 12.56 41.2 23.4 1.86 86.31 
 KS540 7.07 21.5 12.24 1.73 73.13 
 TE100 7.07 20.5 11.67 1.65 65.06 
 

1 mM NAD in 0.1 M PBS C110 12.56 58 23.01 1.83 83.20 
 KS540 7.07 24 12.6 1.78 78.22 
 TE100 7.07 16 10.8 1.53 52.76 

 
 

compared the sensitivity by measuring current peak ampli-
tude with the variation of specific redox concentration. 
 Table 1 shows that the current density with respect to 
geometric surface area of WE is higher for C110 than 
KS540 and TE100 in a stable concentration of FE-III, 
whereas the ratio of anodic and cathodic peak current is 
better for KS540. It is also observed from Table 1 that there 
is a narrow peak-to-peak potential separation for C110. 
 From Table 2 which gives a comparison of electrode 
performance using 1 mM AA, only anodic peak is ob-
served for all the three electrodes. The current density is 
almost double for C110 compared to KS540 and TE100 
and redox reaction occurs comparatively at lower poten-
tial of about 260 mV for C110. 
 In Table 3, the electrochemical performance of the 
three electrodes in a sample solution of 1 mM NAD con-
centration is compared and highest current density is  
observed for C110; the same redox potential is observed 
for both C110 and KS540. No traceable anodic peak is 

observed in the NAD redox probe for all the three elec-
trodes. 
 Though it is difficult to calculate the active surface 
area of an electrode exactly, efforts have been taken  
to estimate the active surface area (Sa) of WE from  
the current peak amplitude obtained from nonlinear CV 
characteristics in a redox analyte using Randels–Sevcik 
equation (eq. (2))36,37. Sa of WE of the three different 
commercial SPEs is estimated by measuring the anodic 
current peak (Ipa) for three different redox probes at its 
fixed 1 mM concentration. The activity of the electrode 
surface w.r.t. geometric surface area (Sg) is numerically 
calculated with the help of electrochemical measurement 
(Table 4). The effective active surface area of SPEs were 
estimated using eq. (2). For 1 mM potassium ferricyanide 
solution, the active surface area was found to increase by 
94%, 91% and 75% for C110, KS 540 and TE100 SPE 
respectively. Similarly, the active surface area again 
maximum increased of about 86% for ref. C110 at 1 mM 
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Figure 17. SEM image of WE surface of C110 by FESEM at magnification (a) 6.00 KX and (b) 50.00 KX. 
 
 

 
 

Figure 18. SEM image of WE surface of KS540 by FESEM at magnification (a) 6.00 KX and (b) 50.00 KX. 
 
 

 
 

Figure 19. SEM image of WE surface of TE100 by FESEM at magnification (a) 6.00 KX and (b) 50.00 KX. 
 
 
but 73% and 65% increased for KS540 and TE100 respec-
tively. The increase of active surface area of the working 
electrode surface which improves the electron transfer  
capabilities results in larger amplitude of Ip. The overall 
electrochemical performance of SPE TE100 is not as good 

as that of C110 and KS540. This may be due to differ-
ence in composition and construction of the SPEs. Per-
formance deviation of KS540 and TE100 also observed 
due to the absence of silver track line beneath the printed 
electrodes in the construction of KS540 and TE100 which 
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offers resistance to deviate its sensitivity. Sa of SPE is 
also considered as aroughness factor which is high for 
C110, as larger the roughness of the electrode surface 
greater is the electron transfer rate. 
 From the performance characteristics we observed that 
commercial electrodes from different manufacturers are 
not comparable to each other in terms of amperometric 
current peak magnitude and shape of current voltage 
plots38. We also observed there is some deviation in ide-
ality of a same batch of commercial SPEs due to the fact 
that the three different electrodes were fabricated by three 
different compositions of graphite. Also, till date, there 
are no reports available regarding the effects on substrate 
material. We observed that precise detection of species 
concentration using commercial SPEs is still difficult in 
practical applications. It is possible to overcome this by 
increasing the sensitivity by further modification of elec-
trode surface39. 
 C110 can be reused up to 5–7 times with proper wash-
ing using distilled water, after which the magnitude  
reduces abruptly. KS540 and TE100 can be reused up to 
2–3 times; this is may be due to erosion of the carbon 
surface after each experiment which results in low elec-
tron transfer capability40. 

Electrode surface characterization by microscopy 

Investigation of electrode surface texture was carried out 
using scanning electron microscopy (SEM) to evaluate 
the electrode surface effects on electrochemical response. 
WE surface of C110 is a uniform carbon layer with  
numerous cracks; this may be due to the application of high 
temperature at the time of curing the printed ink (Figure 
17). Unintentional formation of defects and cracks  
increases edge plane effect on the graphite surface with 
faster electrochemical reaction rate, which results in  
larger electron transfer, i.e. large sensitivity. SEM image 
of WE surface of SPE (ref. C110) revealed the presence 
of microscopic features which increased the effective sur-
face area and in turn resulted in comparatively larger cur-
rent peaks at redox potential. WE surface of KS540 
shows uneven carbon layer with some voids throughout 
the surface (Figure 18). This supports the reduction of 
electrode active surface area; as a result comparatively 
lesser current peaks were recorded. SEM image of TE100 
(Figure 19) reveals a non-uniform and rough carbon sur-
face with numerous voids which may have resulted in 
distorted CV responses obtained in various redox probes. 
 
Table 5. Substrate material properties by energy-dispersive X-ray  
  spectroscopy 

SPE type Element (weight%) Atomic% 
 

C110 O (41.47), Al (58.53) O (54.44), Al (45.56) 
KS540 C (72.82), O (27.18) C (78.11), O (21.89) 
TE100 C (69.58), O (30.42) C (75.29), O (24.71) 

 EDS is an analytical technique used for elemental 
analysis of the SPE substrate. A high energy beam of X-
rays is focused on the substrate to excite the electron in 
the inner shell leaving a hole; then the outer shell high-
energy electrons fill the gap. The difference between the 
high-energy and low-energy shells is released in the form 
of an X-ray. This emission of characteristic X-rays from 
the substrate helps measure the elemental composition of 
the substrate. The EDX results of all the three commer-
cial SPEs indicate that (Al, O), (C, N, O) and (C, N, O, 
Cl) are the major elements in C110, KS540 and TE100 
respectively (Table 5). 

Conclusions 

In the present study, experimental characterization of 
available commercial SPEs by CV and electrode surface 
morphology using microscopy has been described. Varia-
tion of CV response has been investigated and compared 
with theoretical values. The performance characteristics 
of different commercial SPEs do not match with each 
other, which means it is difficult to replace commercial 
one SPE with another in electrochemical and biomedical 
sensing applications. Experimental results obtained in our 
studies have demonstrated that C110 SPE exhibited better 
electrochemical response and sensitivity when compared 
to the other two types of commercial SPEs. It was ob-
served that electrochemical performances varied with the 
type of SPEs and thus reproducible results could not be 
obtained using different types of SPEs albeit using the 
same analyte species and concentration. This is a huge 
drawback and requires thorough characterization prior to 
use for any analytical applications. 
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