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5 ABSTRACT: Screen-printed electrodes (SPEs) are ubiquitous within the field of
6 electrochemistry and are commonplace within the arsenal of electrochemists.
7 Their popularity stems from their reproducibility, versatility, and extremely low-
8 cost production, allowing their utilization as single-shot electrodes and thus
9 removing the need for tedious electrode pretreatments. Many SPE studies have
10 explored changing the working electrode composition and/or size to benefit the
11 researcher’s specific applications. In this paper, we explore a critical parameter of
12 SPEs that is often overlooked; namely, we explore changing the length of the SPE
13 connections. We provide evidence of resistance changes through altering the
14 connection length to the working electrode through theoretical calculations,
15 multimeter measurements, and electrochemical impedance spectroscopy (EIS). We demonstrate that changing the physical length of
16 SPE connections gives rise to more accurate heterogeneous electrode kinetics, which cannot be overcome simply through IR
17 compensation. Significant improvements are observed when utilized as the basis of electrochemical sensing platforms for sodium
18 nitrite, β-nicotinamide adenine dinucleotide (NADH), and lead (II). This work has a significant impact upon the field of SPEs and
19 highlights the need for researchers to characterize and define their specific electrode performance. Without such fundamental
20 characterization as the length and resistance of the SPE used, direct comparisons between two different systems for similar
21 applications are obsolete. We therefore suggest that, when using SPEs in the future, experimentalists report the length of the working
22 electrode connection alongside the measured resistance (multimeter or EIS) to facilitate this standardization across the field.

23 ■ INTRODUCTION

24 Screen-printed electrodes (SPEs) are ubiquitous within the
25 field of electrochemistry and are a principal item within the
26 electrochemists’ arsenal of electrodes. This is due to their low
27 cost, versatility, and high reproducibility, allowing a single
28 sensor to be used in each measurement, eliminating the need
29 for electrode pretreatment, and requiring only a few microliters
30 of the sample being interrogated. Due to these inherent
31 advantages, SPEs are particularly favored in electroanalysis1−4

32 and allow one to bridge the gap between the laboratory and in-
33 the-field.5 Screen-printed electrodes are produced by spreading
34 a thixotropic fluid evenly across a mesh screen that defines the
35 geometry of the desired electrode. The thixotropic fluid or ink
36 can contain a variety of substances such as graphite, carbon
37 black, solvents, and polymeric binder where the mesh screen is
38 a negative of the desired shape or electrode.6−12 Complete
39 SPEs are then manufactured using various screens to build up
40 the desired designs, typically including a reference electrode
41 with Ag/AgCl paste and a dielectric layer to define the
42 electrode areas in contact with the solution. Screen-printed
43 electrodes are versatile, with the design and composition
44 readily changeable for the intended application. In the latter
45 case, SPEs were originally fabricated as carbon/graphite based
46 electrochemical platforms6 but have been adapted and

47extended to provide a wide range of electrode surfaces/
48compositions, e.g., Pt,13 Au,14,15 Pd,16 Cu,17,18 Ag,19 carbon
49nanotubes,20 graphene,21 graphene oxide,22 and bismuth
50oxide,23 to name just a few. In the former case, a range of
51geometries have been realized such as microbands,24−26 duel-
52microbands,27 microband electrode arrays,28 microdisc ar-
53rays,29 microelectrodes and microelectrode arrays,30 and back-
54to-back configurations,31 highlighting the versatility of the SPE
55production methodology. SPEs are used extensively in the
56production of sensing platforms, with examples ranging from
57ions32−34 and small molecules13,35,36 to larger biological
58analytes such as proteins.37−39 They have even been utilized
59outside of electrochemical sensing platforms due to their large
60surface area, ease of modification, disposability, and low
61cost.40−44 As such, it is critical that SPEs can be reliably
62compared between different reported works.
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63 In standard three-electrode configuration, ohmic drop is an
64 important parameter for experimentalists when performing
65 cyclic voltammetry and other electrochemical methods.45

66 Ohmic drop, ohmic polarization, or IR drop is the resistance
67 of the media during the flow of electrical current through the
68 cell.46 According to Ohm’s law, the current passed (i)
69 multiplied by the resistance (Ru) equals the potential difference
70 due to ohmic drop. Ohmic drop is referred to as the rate of
71 electrons flowing between electrodes and is related to the
72 amount of current, conductivity of the supporting electrolyte,
73 geometry of the electrodes, and distance between them. The
74 electrochemical cell has an intrinsic resistance (Rc). Rc is made
75 by the combination of the solution resistance (Rsol) and the
76 uncompensated resistance between the working and reference
77 electrode (Ru). Ohmic drop is the difference between the
78 potential that is experienced by the analyte in the solution due
79 to Ru and the potential that the equipment actually measures.
80 It can be corrected by positive feedback compensation,
81 mathematical, or computational manipulation of the data,
82 which are often included in the potentiostat’s software. Also,
83 note that any resistance within the working electrode will also
84 influence the ohmic drop (i.e., wires, semiconductor materials,
85 resistive films, etc.).47 For most cases, these compensating
86 mechanisms will reduce ohmic drop until its effect is
87 negligible; however, this manuscript will investigate the
88 influence of the resistance of the working electrode’s circuit
89 resistance (between the SPE’s WE and its connector)
90 measured by a multimeter, the full system resistance measured
91 by electrochemical impedance spectroscopy (EIS), and their
92 effect on the electrochemical performance.
93 Higgins et al. first reported the use of a two-electrode dry-
94 strip electrode, with a 6 × 0.9 cm dimension and a rectangular
95 graphitic working electrode.48 Wring et al. were the first to
96 report in detail on the preparation and evaluation of screen-
97 printed carbon based electrodes, producing a rectangular SPE
98 composed of a 3 mm circular working electrode with a 25 × 1
99 mm wide connecting strip and an electrode 100 mm in length.6

100 This size of the working electrode offers ease of comparison
101 between SPE platforms and older commercially available
102 working electrodes, such as glassy carbon, gold, and platinum
103 disc electrodes. The authors reported that the graphitic SPE
104 sensors displayed a resistance low enough that metal coating
105 was not required to improve conductivity. This rectangular
106 shape, with a circular working electrode, is the classic SPE
107 design that has remained fairly constant in terms of the shape
108 of the electrodes and length of the connection from the
109 working electrode to the potentiostat and is available to
110 purchase from numerous suppliers commercially. Conse-
111 quently, in this paper, we explore the effect of changing the
112 length of the electrical connection and its impact upon the
113 SPEs’ electrochemical and electroanalytical performance and
114 offer our insights into how these integral electrochemical
115 platforms should be utilized in future work.

116 ■ EXPERIMENTAL SECTION
117 Chemicals. All chemicals used were of analytical grade and
118 used as received without any further purification. All solutions
119 were prepared with deionized water of resistivity not less than
120 18.2 MΩ cm. Hexaamineruthenium(III) chloride, potassium
121 ferrocyanide, potassium ferricyanide, sodium nitrite, phos-
122 phate-buffered saline (PBS) tablets, acetic acid, lead standard
123 for ICP-MS, and β-nicotinamide adenine dinucleotide
124 (NADH) were purchased from Merck (Gillingham, U.K.).

125Potassium chloride was purchased from Fisher Scientific
126(Loughborough, U.K.).
127Electrochemical Measurements. An Ivium Compactstat
128(Ivium Technologies B.V., Eindhoven, the Netherlands) was
129used specifically for electrochemical impedance spectroscopy
130(EIS) experiments. The DigiElch (v7.FD; Germany) software
131was used for electrochemical simulations. A μ-Autolab Type
132(III) potentiostat (Utrecht, the Netherlands) was used to carry
133out all other electrochemical measurements using a three-
134electrode configuration. The working electrodes used in this
135study are screen-printed graphitic macroelectrodes (SPEs)
136alongside an external Pt wire and Ag/AgCl electrode as the
137counter and reference electrodes, respectively, unless stated
138otherwise. For further experimental details, please see the
139Supporting Information. Where stated, the effective heteroge-
140neous electron transfer (HET) rate constant, k0, was
141determined utilizing Nicholson’s49 method for quasi-reversible
142systems via the following equation: ψ = k0eff[(πDnvF)/
143(RT)]−1/2, where ψ is a kinetic parameter and D is the
144diffusion coefficient (D = 9.1 × 10−6 cm2 s−1 for Ru
145(NH3)6

2+/3+ in 0.1 M KCl supporting electrolyte).50,51 For
146further details on how these were calculated, please go to the
147Supporting Information.
148Screen-Printed Electrode Fabrication. The SPEs
149comprise a three-electrode configuration with a 3.1 mm
150graphite working electrode, a graphite counter, and an Ag/
151AgCl pseudo-reference electrode. The electrodes were
152 f1produced as explained in Figure 1A to produce SPEs with

153five different connection lengths (32, 27, 22, 17, and 12 mm
154long) that are then electrically wired via connection to a
155generic edge connector that then connects to the potentiostat.
156Note that the largest length electrodes are the standard size of
15741 mm long × 7 mm wide; however, once inserted into the
158edge connector, the minimum length of the connection was
159measured to be 32 mm. Unless stated otherwise, electro-

Figure 1. (A) Schematic for the production of the SPEs using
polyimide tape to limit dielectric coverage and allow easy tailoring of
connection length. (B) Schematic of an SPE. (C) Schematic of the
three-electrode setup used throughout these experiments with an SPE
working electrode, Pt wire counter electrode, and Ag/AgCl reference
electrode.
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160 chemical experiments in this manuscript used an external Pt
161 wire counter and external Ag/AgCl reference electrode. For
162 further details about the in-house manufacture of the SPEs,
163 please see the Supporting Information.

164 ■ RESULTS AND DISCUSSION
165 Electrode Manufacture and Resistance Character-
166 ization. The fabrication methodology for the screen-printed
167 electrodes (SPEs) with different connection lengths is
168 described in full in the Experimental Section. Figure 1 depicts
169 the production steps for the different SPEs used within this
170 manuscript. Figure 1A shows the use of polyimide tape to limit
171 the dielectric ink coverage, allowing for the shortening of the
172 electrode to define the electrode connection length in a precise
173 and reproducible process. This facilitated all of the SPEs used
174 in this work to be printed from the same batch, removing any
175 doubt that interbatch reproducibility could play a role. Figure
176 1B displays an overall drawing of the SPE, composed of the
177 working, counter, and reference electrodes (WE, CE, and RE,
178 respectively), where the WE is a disc of 3.1 mm in diameter,
179 the dielectric layer defines the exposed areas of the graphitic/
180 active ink, and the electrode connections vary from 12 to 32
181 mm of length. Figure 1C depicts the use of the SPEs in a
182 classic three-electrode configuration, composed of the SPE and
183 a Pt wire and Ag/AgCl as CE and RE external electrodes,
184 respectively, to complete the circuit.

f2 185 Figure 2 shows how resistance measurements are performed
186 by using a multimeter (n = 20) along with electrochemical
187 impedance spectroscopy (EIS, n = 5) data obtained for each
188 SPE’s connection length and a glassy carbon electrode (GCE)
189 for comparison in potassium 1 mM ferri/ferrocyanide (0.1 M
190 KCl) in the 1−50,000 Hz range, with an amplitude of 10 mV.
191 The EIS model is included in Figure 2. The capacitance of
192 each electrode was determined from cyclic voltammograms (n
193 = 3, Figure S1) in the non-Faradaic region of
194 hexaamineruthenium(III) chloride (RuHex, 1 mM, 0.1 M
195 KCl). It is immediately evident that there is a significant
196 increase in the resistance (R) from the GCE to the SPEs, with
197 the SPEs also showing increased R values for increasing

t1 198 working electrode connection lengths. Table 1 summarizes the
199 theoretical resistance (R), resistance measured with a multi-

200meter (Ru), and resistance measured by EIS (Rc), respectively,
201for the 32, 27, 22, 17, and 12 mm connection lengths. We note
202that Ru only measures the resistance along the electrode
203connection length, whereas Rc will measure the resistance in
204the whole setup. The theoretical resistance of a given material
205equals its electrical resistivity (ρ) multiplied by the length (L)
206over which the resistance is measured, divided by the cross-
207sectional area of the material (A): R = (ρL)/A.52 The cross-
208sectional area can also be calculated by multiplying the
209thickness of the graphite print times the width of the
210connection, resulting in a cross-sectional area of 0.00128
211cm2. The calculated theoretical electrical resistance (R) for the
212electrodes is 2.75, 2.32, 1.89, 1.46, and 1.03 kΩ for the 32, 27,
21322, 17, and 12 mm SPEs, respectively, as shown in Table 1.
214The averaged measured resistance values by both the
215multimeter, ranging from 2.33 to 0.99 kΩ, and EIS, from
2162.16 to 0.90 kΩ, correlate well and follow the trend and
217theoretical values for the SPEs, where the shorter the graphitic
218connection is, the smaller the resistance is. Note that the
219capacitance of each electrode surface (Figure S1) shows no
220change as a function of the connection length of the electrode.
221We next turn to investigating whether this shortening of the
222electrode connection length, and the consequent reduction in
223resistance, had a significant effect on the electrochemical
224performance of the electrodes.

Figure 2. (A) Schematic of how resistances were measured using a multimeter setup. (B) Electrochemical impedance spectroscopy data for each
SPE connection length and a glassy carbon electrode in potassium ferri/ferrocyanide (1 mM) in potassium chloride (0.1 M) from 50,000 to 1 Hz
with an amplitude of 10 mV. Equivalent circuit model used for the analysis of EIS results included in B.

Table 1. A Summary of the Resistance between the SPE
Working Electrode and the Connection Point, Measured
with a Multimeter (N = 20) and with Electrochemical
Impedance Spectroscopy (EIS, N = 5)

distance
from

working
electrode
(mm)

capacitance
(μF) (n = 3)

theoretical
resistance
(R) (kΩ)

average
resistance

multimeter, Ru
(kΩ) (n = 20)

average
resistance

EIS, Rc (kΩ)
(n = 5)

32 0.21 ± 0.01 2.75 2.33 ± 0.13 2.16 ± 0.06
27 0.22 ± 0.01 2.32 1.99 ± 0.10 1.79 ± 0.05
22 0.21 ± 0.03 1.89 1.62 ± 0.09 1.50 ± 0.03
17 0.20 ± 0.01 1.46 1.24 ± 0.07 1.32 ± 0.03
12 0.24 ± 0.01 1.03 0.99 ± 0.04 0.90 ± 0.03
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225 Electrochemistry of Different Connection Lengths of
226 SPE Platforms. Next, we focus on the effect of the electrode

227resistance parameter on simulated voltammograms. The
228reduction current of a simple one-electron process, A + e−

Figure 3. Simulation voltammograms for reversible (A), quasi-reversible (B), and irreversible (C) processes. Simulation parameters: A = 0.07 cm2;
ν = 1 V s−1; T = 295 K; k0 = 0.1 cm s−1; Cd = 0.21 μF; D, are equal to 9.1 × 10−6 cm2 s−1; Ef = −0.13 V; initial concentration of A, [A], is 1 mM,
initial [B] is 0 mM; α = 0.5. Ru = 0, 10, 100, 1000, and 5000 Ω.

Figure 4. (A) Voltammograms corresponding to the scan rate study for a 12 mm SPE using hexaamineruthenium(III) chloride (1 mM) in
potassium chloride (0.1 M) vs an Ag/AgCl reference electrode. (B) Voltammograms obtained at 0.5 V s−1 for SPEs of different connection lengths
(32, 22, and 12 mm). (C) Plot of the average peak potential (n = 3) using SPEs of different connection lengths (32, 22, and 12 mm) vs the log of
the scan rate for both the reduction and oxidation of hexaamineruthenium(III) chloride (1 mM) in potassium chloride (0.1 M) vs an Ag/AgCl
reference electrode. (D) Plot of the calculated k0 value for different connection length electrodes (32, 22, and 12 mm) using
hexaamineruthenium(III) chloride (1, 0.1, and 0.01 mM) in potassium chloride (0.1 M) vs an Ag/AgCl reference electrode.
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229 ⇌ B, can be described by the following integral equation when
230 the electron transfer is assumed as fast:

d
1 ( ) 1

1 exp( )
0

∫π
ψ η
τ η

η
ξ−

=
+ −

τ

231 (1)

232 where τ, ξ, and ψ are the normalized time, potential, and
233 current, respectively, defined by

F
RT

t
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E E
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F
RT
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bulk
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τ ν ξ ψ= = − − =
ν

234 where D is the diffusion coefficient assumed to the same for A
235 and B. The above equation is modified to include the double
236 layer charge and ohmic drop, and the current for the simple
237 one-electron process is now governed by the following:53
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239
where R FAC DF

RT
F
RTu bulk

1/2ρ = ν and R C F
RTu dΘ = ν .

240 The effect of ohmic drop, Ru, on the cyclic voltammetric
241 response for a simple electrochemical process, A + e− ⇌ B, can
242 be deduced via either using a digital simulation software (e.g.,
243 COMSOL) or using digital simulations (DigiElch). We utilized
244 DigiElch to explore the effect of ohmic drop, Ru, on the cyclic

f3 245 voltammetric response that is shown in Figure 3 following the
246 Butler-Volmer kinetics/theory. Note that we use the
247 classification by Matsuda and Ayabe, through the use of the
248 parameter Λ,which is defined as54

( )
k

FD
RT

0

1/2Λ =
ν

249 where k0is the heterogeneous rate constant. This ensures that
250 the electrochemical parameters correspond to reversible (Λ ≥
251 15), quasi-reversible (15 > Λ > 10−3), and irreversible (Λ ≤
252 10−3) behavior.
253 Figure 3 shows the simulated voltammograms with the effect
254 of changing the ohmic drop, Ru, over the range 0, 10, 100,
255 1000, and 5000 Ω. What is obviously apparent is the effect of
256 the ohmic drop on the cyclic voltammetric signature where the
257 usual reversible response (0 Ω) is affected drastically with the
258 peak-to-peak separation increasing and the voltammetric peak
259 height decreasing. Note that, in these simulations, the only
260 parameter that is changing is the ohmic drop (Ru). The effect is
261 clearly critical if used to characterize electrochemical
262 parameters such as heterogeneous rate constants, and if used
263 analytically, the signal is adversely affected, which will result in
264 lower sensitivities and higher LODs when the ohmic drop is
265 large.
266 To electrochemically characterize and explore the influence
267 of the screen-printed connection length, the near ideal outer-
268 sphere redox probe RuHex was used. RuHex is a well-known
269 and widely characterized redox probe that only depends on the
270 electronic structure (DoS) of graphitic electrode materials, and
271 therefore, its application within this manuscript will offer useful
272 fundamental insights. For these electrochemical studies, only
273 the 32, 22, and 12 mm SPEs were analyzed as they are the

274longest, medium, and shortest electrode configuration
275 f4manufactured. Figure 4 depicts the voltammetric responses
276recorded using the 32, 22, and 12 mm SPEs toward RuHex.
277Figure 4A shows a full scan rate study from 0.005 to 2 V s−1,
278scanning from +0.4 to −0.4 V vs Ag/AgCl. This shows the
279characteristic voltammetric profile of RuHex, with a clear
280reduction peak at ∼−0.2 to −0.3 V and subsequent oxidation
281peak at ∼−0.1 to 0.0 V. Figure 4B compares the different
282voltammograms at 0.5 V s−1 toward RuHex when 32, 22, and
28312 mm SPEs were used, exhibiting a clear increase in the peak-
284to-peak separation with increasing electrode connection
285lengths. Figure 4C shows the averaged reduction and oxidation
286peak potentials for RuHex against the respective log of the scan
287rate, where there is a good agreement at low scan rates
288between the different SPE connection lengths and a divergence
289between the three connection lengths can be appreciated at
290faster ones. The described changes in the peak-to-peak
291separation behavior when applying high scan rates are an
292indicator of ohmic drop effects due to an increase of resistance
293between the working and the reference electrodes.55,56 To
294explore the presence and/or mitigation of ohmic drop, we now
295turn to decreasing the conductivity of the solution by reducing
296the supporting electrolyte/redox probe ratio. The purpose of
297having a deliberately added large quantity of supporting
298electrolyte is to ensure that the potential drop is compressed to
299a 10−20 Å distance from the working electrode surface to
300ensure that the electron transfer between the electrode and
301electrolyte occurs by quantum mechanical tunneling.57 In the
302experiments reported above, the supporting electrolyte−redox
303probe ratio was initially 100 (0.1 M of KCl divided by 1 mM
304 t2RuHex).56 Table 2 shows the calculated heterogeneous

305electron transfer (HET) rates (k0) calculated at each of the
306electrodes using 0.01, 0.1, and 1 mM RuHex (in 0.1 M KCl for
307all cases), which correspond to a 10,000, 1000, and 100 KCl-
308to-RuHex ratio. As the concentration of RuHex is decreased,
309the solution resistance decreases. As is evident from inspection
310of Table 2, the HET values for RuHex indicate a trend in
311which the use of shorter SPE connection lengths correlates to
312an increase in the calculated k0 values. As the ohmic drop
313depends on the ohmic resistance (or uncompensated
314resistance, Ru), which is a function of the geometry of the
315electrochemical cell and the conductivity of the electrolyte, the
316observed changes in k0 values are likely due to the electron
317transfer pathway and circuit resistance decreasing when the
318SPE connection decreases (in comparison to larger con-

Table 2. Summary of the k0 Values for SPEs of Different
Connection Lengths (32, 22, and 12 mm) Using
Hexaamineruthenium(III) Chloride (1, 0.1, and 0.01 mM)
in Potassium Chloride (0.1 M) vs an Ag/AgCl Reference
Electrode

[RuHex] (mM) SPE connection length (mm) k0 (×10−3, cm s−1)

1 32 1.7 ± 0.2
1 22 2.0 ± 0.4
1 12 2.8 ± 0.2
0.1 32 5.7 ± 0.1
0.1 22 5.8 ± 0.2
0.1 12 6.5 ± 0.1
0.01 32 8.0 ± 0.1
0.01 22 8.1 ± 0.8
0.01 12 9.0 ± 0.2
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319 nections). In summary, with a low solution resistance and a
320 low electrode resistance (shortest SPE connection length), the
321 determination of the HET becomes more accurate. This clearly
322 has a significant implication in the electrochemical field where
323 SPEs are utilized.
324 We next consider the case of using IR compensation that is
325 offered within the software that runs most potentiostats. Figure
326 S2 shows a comparison of RuHex voltammograms using 32
327 (A), 22 (B), and 12 (C) mm length connection SPEs that
328 shows the effect of IR compensation by the software. In this
329 case, we input the resistance measured from the EIS result into
330 the software to realize the IR corrected cyclic voltammograms.
331 It is clear upon their inspection that there is a small change in
332 the voltammograms after the IR compensation. If one would
333 want to compensate the measured resistance onto the
334 experimental setup, the HET rate constant values, k0, would
335 change from 1.7, 2.0, and 2.8 × 10−3 cm s−1 to 1.8, 2.9, and 3.4
336 × 10−3 cm s−1 for the 32, 22, and 12 mm connection length
337 SPEs, respectively (averaged resistance by EIS taken from
338 Table 1; see Figure S2 voltammograms in the Supporting
339 Information). Note that IR compensation, although useful, is
340 often avoided by experimentalists as it has been reported to
341 introduce undesirable effects on the recorded signals,58 and we
342 suggest that experiments recourse to shortened SPEs rather
343 than IR correction.

344In addition to the above and to explore if the impact of the
345electrode performance is due to the electrode circuit length or
346only the working electrode’s connection length, made of
347graphite in this particular case, we turned to compare the peak-
348to-peak separation of RuHex when using an external Ag/AgCl
349electrode (as used above) against using a built-in pseudo-
350reference Ag/AgCl screen-printed electrode at different
351lengths. Figure S3 depicts the effect of using a built-in
352pseudo-reference electrode with varying lengths (32 and 12
353mm) against an external Ag/AgCl. This clearly shows that
354when using a 32 mm length for the WE with both 32 and 12
355mm printed pseudo-reference, there is good agreement in
356terms of their peak-to-peak separation toward RuHex. Figure
357S3 also shows that when using a 12 mm connection length for
358both WE and RE, there is indeed a significant decrease in the
359ΔEp, which can only be then attributed to the graphitic
360working electrode connection length. Table S1 summarizes the
361analyzed working and reference electrode connection length
362combinations that were tested, with their respective HET rate
363constant, k0, calculated as 2.03, 1.92, and 4.19 × 10−3 cm s−1

364for the 32 mm WE and RE, 32 mm WE and 12 mm RE, and 12
365mm for both WE and RE connections. We now turn to
366exploring the electroanalytical performance of SPEs with
367different connections length (32 and 12 mm) toward the
368electroanalytical detection of sodium nitrite, β-nicotinamide

Figure 5. (A) Voltammograms corresponding to the oxidation of sodium nitrite (7.5−30 mM) in PBS (pH = 7.4) using SPEs of two different
connection lengths (32 and 12 mm). (B) Plot of the average peak potential (n = 3) for the oxidation of sodium nitrite (0.1−30 mM) in PBS (pH =
7.4) using SPEs of two different connection lengths (32 and 12 mm). (C) Voltammograms corresponding to the oxidation of NADH (2−20 mM)
in PBS (pH = 7.4) using SPEs of two different connection lengths (32 and 12 mm). (D) Plot of the average peak potential (n = 3) for the oxidation
of NADH (0.1−20 mM) in PBS (pH = 7.4) using SPEs of two different connection lengths (32 and 12 mm).
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369 adenine dinucleotide (NADH), and lead (II) ions to correlate
370 the responses based upon the SPE connection length.
371 Electroanalytical Performance of Different Connec-

f5 372 tion Length SPE Platforms. Figure 5A,B shows the recorded
373 voltammograms and peak potential for the electrochemical
374 oxidation of sodium nitrite in PBS in the concentration range
375 of 7.5−30 mM, respectively. This clearly shows a positive shift
376 in the recorded oxidation potential with increasing concen-
377 trations of sodium nitrite for both systems, with a much greater
378 shift shown for the longer electrode connection length. This
379 same trend is observed in the case of NADH for both
380 connection lengths of SPE. Figure 5C,D depicts, again, the
381 voltammograms and peak potential data recorded for the
382 electrochemical oxidation of NADH in the 2−20 mM range in
383 PBS when using 32 and 12 mm SPE connection lengths. In the
384 case of NADH, which has a lower oxidation peak potential
385 compared to the sodium nitrite, the difference observed
386 between the peak potentials for the different SPE connection
387 lengths is significantly reduced. It is evident when comparing
388 both connection lengths that when oxidating both analytes, a
389 less positive overpotential is needed when using the 12 mm
390 ones. It can also be seen that the average peak current for the
391 oxidation of sodium nitrite and NADH both increase
392 significantly when using 12 mm connection SPEs. Note that
393 at low solution resistances, i.e., in the initial region of low
394 concentrations, the electroanalytical responses of the 32 and 12
395 mm SPEs converge, indicating that if only very low (trace
396 levels) concentrations are to be determined, the effect of SPE
397 connection lengths is negligible.
398 Last, the 12 and 32 mm SPEs are used as a disposable single-
399 shot three-electrode system toward the electroanalytical
400 sensing of lead (II) using their counter and reference built-in
401 electrodes. Figure S4 depicts the calibration plot (peak height
402 (current) vs concentration (ppb)) using the 12 and 32 mm
403 SPE platforms as one-shot (working, counter, and reference
404 built-in electrodes) disposable sensing devices toward lead (II)
405 in 0.1 M acetic buffer (pH 4.5) without the use of stirring. The
406 analysis of the SWV is found to be linear over the 4.78 to
407 828.24 ppb Pb2+ with the following linear regressions: Ip (μA)
408 = 0.0898 μA/ppb + 2.046 μA; R2 = 0.991 and Ip (μA) =
409 0.0438 μA/ppb + 1.9667 μA; R2 = 0.994 for 12 and 32 mm
410 SPEs, respectively (N = 6). It is clear that the same trend
411 observed in the above manuscript, i.e., the lower resistance of
412 the 12 mm SPE, is translated into a higher analytical sensitivity
413 when shorter SPE connection lengths are used toward lead (II)
414 sensing compared to the responses obtained when using
415 ″relatively″ larger SPEs. All of these data point to an improved
416 electrochemical performance by the SPE of shorter connection
417 length. In the future, we note that it is important to include the
418 connection lengths or resistance of the SPEs in published work
419 to bring simplicity in the comparison between different reports.

420 ■ CONCLUSIONS
421 This manuscript shows the crucial relationship between the
422 heterogeneous electron transfer (HET) rate (k0) values and the
423 graphite screen-printed electrode dimensions. It is reported
424 herein that there is a difference between the k0 values obtained
425 at different SPE connection lengths due to the changing
426 resistance, which is directly related to its connection length. It
427 has also been demonstrated that such difference is also
428 exhibited when explored toward the electroanalytical determi-
429 nation of sodium nitrite, NADH, and lead (II) ions. We have
430 shown herein that the resistance changes due to SPE

431connection length cannot be overcome by IR compensation;
432however, we are reporting a clear benefit when using SPEs with
433graphitic connections of shorter lengths. These findings are of
434high importance to those experimentalists working with
435screen-printed electrode sensors, particularly to those design-
436ing their own SPE platforms. The observations described in
437this manuscript highlight the impact and relevance of reporting
438the working electrode’s resistance by electrochemical impe-
439dance spectroscopy (EIS) and/or a multimeter reading for
440benchmarking purposes.
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