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6 Abstract

7 Heavy metal ions above their recommended limits are highly toxic to human health. Even 

8 at low levels, contaminants such as Pb in drinking water can severely affect vulnerable population 

9 of the society. Therefore, developing rapid, effective, stable, and convenient sensors for Pb 

10 detection has gained significant attention. In this study, considering the excellent properties of 

11 carbon nanotubes (CNTs), CNT post electrodes were fabricated by embedding them in a 

12 nonconducting polymer. The CNT posts were derived from a closely packed CNT forest with a 

13 diameter of 0.3 mm containing millions of vertically aligned pillars. The highly stable CNT post 

14 electrodes were employed for the electrochemical sensing of heavy metal ions in 0.1 M citric acid. 

15 A linear range of 9.64–168.7 nM (2–35 ppb) was observed for Pb ions. Further, linear ranges of 

16 0.0786–7.86 μM (5–500 ppb) and 15.73–157.36 μM (1000–10000 ppb) were also obtained for Cu 

17 ions. Notably, the electrode containing a single CNT post was capable of the electrochemical 

18 detection of Pb ions at the ppb level. With this electrode, the sensitivity and limit of detection were 

19 0.5095 nA/nM and 2 nM (0.5 ppb) for Pb ions, and 24.53 μA/ppb and 41.67 nM (2.64 ppb) for Cu 

20 ions, respectively. The limit of detection for Pb ions is lower than the maximum permissible limit 

21 in drinking water set by the World Health Organization. Due the electrochemical method 

22 employed on its detection, the reported sensor can simultaneously detect Pb, Cu and Zn ions in tap 

23 water.
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26 1. Introduction

27 The availability of safe drinking water is gradually decreasing in both developed and developing 

28 nations as water sources is becoming contaminated with heavy metal ions such as Pb and Cu. The 

29 detection of trace heavy metals is critical to avoid their adverse effects on the environment and 

30 human health [1,2]. Heavy metals are nonbiodegradable and responsible for neurological damage 

31 and behavioral disorders in infants and children [3]. In particular, Pb is highly toxic, and even low 

32 levels can affect human organs and soft tissues, initiating cancer of the brain, kidneys, lungs, and 

33 liver [4,5]. In newborns and young infants, blood Pb concentrations of 10–15 μg/dL can result in 

34 mental and behavioral disorders. The body can absorb Pb through hand-to-mouth contact or the 

35 use of contaminated cosmetics, medicine, food, and water [1,6,7]. Pb exposure can result from 

36 smelting, mining, Pb-added gasoline, and Pb-based paint. However, the most common Pb source 

37 is the corrosion or dissolution of plumbing materials, service lines, and well components. The 

38 World Health Organization (WHO) advises that the safe limit for Pb in drinking water is 10 ppb 

39 (48.1 nM), whereas the maximum contaminant level (MCL) set by the Environmental Protection 

40 Agency (EPA) is 15 ppb (72.3 nM) [8–10]. As another toxic heavy metal, Cu can cause 

41 gastrointestinal distress as well as kidney and liver damage after long-term exposure. The MCL 

42 for Cu is 1.3 ppm (1.3 mg/L) [11,12]. Cu in drinking water can originate from the corrosion of Cu 

43 plumbing materials and service lines, such as Cu pipes and brass components. The levels of Pb 

44 and Cu ions in drinking water depend on several factors, such as water source, plumbing materials, 

45 fixtures, drinking water treatment, plumbing configuration, and water usage patterns. Thus, 

46 developing simple and reliable analytical methods for the monitoring and detection of Pb and Cu 

47 ions is important [13–15].

48 Several analytical and spectroscopic methods, including inductively coupled plasma mass 

49 spectrometry [16,17], inductively coupled atomic emission spectrometry [18,19], and atomic 

50 absorption spectroscopy [20], are typically employed for the selective and sensitive quantification 

51 of heavy metals. Although these methods are highly reliable, sensitive, and accurate, they require 

52 trained personnel and expensive, relatively large instruments, making them unsuitable for the in 

53 situ or on-site analysis of heavy metals [21,22]. In contrast, electrochemical methods are simple, 
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54 portable, economical, and user-friendly, thereby facilitating in-field applications and reducing the 

55 complexity of heavy metal detection [23,24].

56 Carbon nanotubes (CNTs) have extraordinary mechanical, thermal, and electrical 

57 properties, including a high surface area, high surface-to-volume ratio, good chemical stability, 

58 high thermal and electrical conductivity, fast electron transfer rate, wide potential window, and 

59 minimal electrode fouling. Consequently, CNTs have gained extensive attention for the 

60 development of sensors [21,25] and other applications [26–28]. Although CNTs have been widely 

61 used as modifiers of conducting electrode materials, their direct application as electrodes for 

62 detection of heavy metal ions has produced impressive detection limits. These systems include 

63 CNT towers [29], metal-catalyst-free CNTs [30], CNT nanoelectrode arrays [31], pristine single-

64 walled CNT films [32], CNT threads [33,34], CNT nanofibers [35], and CNT microelectrodes 

65 [21]. The high proportion of edge planes in CNTs is advantageous for voltammetric analysis. The 

66 edge-plane sites have fast electron transfer rates, allowing a high sensitivity, improved signal-to-

67 noise ratio, low overpotential, and low detection limit [31,33]. Thus, the edge-plane sites of CNTs 

68 have been employed in the fabrication of electrodes. Furthermore, the open ends of CNTs have 

69 been used as a working surface for the electrochemical detection of heavy metals.

70 Herein, motivated by the exceptional properties of CNTs, especially the high electric 

71 conductivity and high catalytical activity, cylindrical structures of vertically aligned CNTs (posts) 

72 were employed as electrodes for the electrochemical detection of Pb and Cu ions. Sensors were 

73 fabricated by introducing CNT posts (also called pillars or towers) into a nonconducting polymer, 

74 where the tip or edge of the CNT post was used as an electrode for heavy metal detection (Scheme 

75 1). Electrodes with 1, 2, 3, or 18 CNT posts embedded within a polymer were prepared and 

76 employed for the electrochemical detection of Pd and Cu ions in water samples. Notably, the 1 

77 CNT post electrode could detect Pb ions at nanomolar concentrations (a few ppb ~ 2 ppb). Overall, 

78 the proposed CNT post electrodes reveal great potential as electrochemical sensors for Pb ion 

79 detection.

80  
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81

82 Scheme 1. Fabrication of CNT post electrodes.

83 2. Materials and methods

84 2.1 Materials

85 Lead chloride (PbCl2), copper (std.), zinc (std.), and citric acid were purchased from Sigma Aldrich 

86 (USA). Citric acid (0.1 M) were used as a supporting electrolyte. CNT posts were synthesized 

87 using chemical vapor deposition (CVD) with ethylene as a carbon source (Wright Brothers, USA), 

88 a Al2O3/Fe/Gd catalyst (Goodfellow Corporation, USA), and Ar as a carrier gas, as reported 

89 previously by our research group [36–38]. Briefly, the CVD process was conducted in a 2-inch 

90 quartz tube reactor (ET 1000, First Nano/CVD Equipment Corporation). The growth parameters 

91 were 400 SCCM Ar, 100 SCCM H2, 75 SCCM C2H4, and 900 ppm H2O at a deposition temperature 

92 of 780 °C. To fabricate the CNT post electrodes, 1, 2, 3, or 18 CNT posts were embedded in a 

93 polymer using a low viscosity embedding kit (by Dr. Spurr) containing ERL-4221, D.E.R. 736 

94 Epoxy Resin (DER), Nonenyl Succinic Anhydride Modified (NSA), and Dimethylaminoethanol 

95 (DMAE) monomers (Cat.# 14300, Electron Microscopy Sciences, Hatfield, PA, USA). The CNT 

96 posts were placed in a 10 mL plastic vial containing the monomer mixture (4 mL of ERL, 4 mL 

97 of DER, 12 mL of NSA, and 0.3 mL of DMAE), which was then cured by incubating for 12 h at 

98 70–80 °C in an oven. After extraction from the plastic vial, excess polymer was removed from the 

99 top and bottom of the CNT posts by cutting with a razor blade. The bottom part was connected to 
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100 a conductive metal wire using fast-drying Ag paint and sealed with epoxy resin. All other 

101 chemicals and solvents were of analytical grade, and Milli-Q-water (18 MΩ cm) was used to 

102 prepare stock solutions. 

103 2.2 Instrumentation

104 Electrochemical studies were conducted with a PalmSens4 electrochemical workstation 

105 (Netherlands) using a three-electrode setup. The CNT post (~0.3 mm diameter) was used as the 

106 working electrode, Pt wire as the counter electrode, and a leakless Ag/AgCl electrode as the 

107 reference electrode. Electrochemical impedance spectroscopy (EIS) experiments were performed 

108 using a 1:1 mixture of 5 mM K3[Fe(CN)6] and 0.1 M KCl over the frequency range of 100 kHz to 

109 0.1 Hz. The surface morphologies of the CNT posts and tips of the CNT post electrodes were 

110 characterized using field emission scanning electron microscopy (FE-SEM; FEI XL30) operated 

111 at an acceleration voltage of kV. The internal structure of the CNTs was investigated using high-

112 resolution transmission electron microscopy (HR-TEM; JOEL 2000 FX and Titan 3 80-3).

113 2.3 Electrochemical detection of metal ions

114 A Pb stock solution (48.2 μM) was prepared in Milli-Q water/citric acid (10 mL/0.5 mL). Citric 

115 acid (0.1 M) was used as a supporting electrolyte for electrochemical detection because of its 

116 nontoxic, environmentally friendly, and biodegradable properties. For the analysis of Pb and Cu 

117 ions, the required amount of stock solution was added to an electrochemical cell containing 0.5 

118 mL of citric acid (0.1 M), and the total volume was made up to 10 mL using Milli-Q water. Cyclic 

119 voltammetry studies were performed using the following parameters: equilibration time, 2 s; initial 

120 potential, 0.2 mV; potential vertex 1, −0.5 V; potential vertex 2, 0.2 V; scan rate (v), 0.05–1.0 V/s; 

121 and potential step, 0.004 V. For square wave anodic stripping voltammetry (SWASV) studies, the 

122 following conditions were applied: deposition potential, −1.2 V, deposition time, 300 s; 

123 equilibration time, 10 s; initial potential, −1.0 V; final potential, 0.3 V; frequency (f), 30 Hz; 

124 amplitude, 25 mV; and potential step, 0.004 V. After collecting each voltammogram, the CNT 

125 post electrode was regenerated by applying a potential of 800 mV for 240–400 s in blank solution.

126 3. Results and discussion

127 3.1 Preparation of CNT post electrodes for electrochemical sensor applications

128 3.1.1 Synthesis and characterization of CNT posts 
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129 Shanov’s group has reported on the synthesis, processing, and characterization of vertically 

130 aligned CNT arrays for electrochemical sensor applications [29,39,40]. As highlighted in our 

131 publications [36,38], vertically grown CNTs are advantageous nanostructures, providing a huge 

132 areal density of approximately 1010 CNTs per square centimeter, superlong lengths that facilitate 

133 processing, and high purity. In addition, with appropriate packaging and wiring, these arrays can 

134 serve as very sensitive electrochemical sensors owing to the involvement of a large number of 

135 CNTs in the sensing process. To achieve centimeter-long CNT arrays, our team has employed a 

136 patented catalyst containing Fe and Gd, as described previously [36–38,41,42]. Vertically aligned 

137 multiwalled CNT arrays with a record length (21.7 mm) were synthesized using a thermal CVD 

138 process [36,37,41]. The catalyst lifetime was maintained for 790 min under optimized 

139 experimental conditions. The growth kinetics of the super-long CNTs was investigated using real-

140 time photography under different growth conditions [41]. Optimization of the ratio of ethylene and 

141 H2 as well as the water and ethylene concentrations led to a prolonged catalyst lifetime [36,37]. 

142 Details about the catalyst preparation process, CVD synthesis conditions, and characterization of 

143 the vertically aligned CNT arrays and posts can be found in our previous publications [36,37]. In 

144 short, 4-inch Si wafers with a 500 nm thick thermal oxide layer were used as substrates. On the 

145 oxide layer, a catalyst structure consisting of 6 nm of Al2O3 and 1.5 nm of a Fe/Gd alloy (80/20%) 

146 was deposited using an e-beam through a removable stainless-steel shadow mask. The mask had 

147 openings with diameters of 0.1–1 mm, which provided control over the diameter of the catalyst 

148 islands on the substrate and thus the diameter of the grown CNT posts. The increased growth 

149 length achieved during the CVD process used to produce vertically aligned CNTs was due to two 

150 factors. First, the presence of 0.1 vol% water vapor in the gas mixture prolonged the catalyst 

151 lifetime by removing amorphous carbon from the catalyst surface. Second, the Gd component in 

152 the Fe-based catalyst alloy controlled the carbon flux reaching the catalyst, thereby preventing 

153 inactivation [36,37,41]. The combination of these factors enabled a linear growth rate of 

154 approximately 50 µm/min and the growth of centimeter-long CNT arrays and posts. Despite the 

155 long growth time and CNT length, the CNTs grew vertically without interruption until the catalyst 

156 was deactivated.

157 The morphologies of the vertically aligned CNT arrays and posts were investigated using 

158 FE-SEM, and the internal structure of the CNTs was observed using HR-TEM (Fig. 1). Because 

159 of stress accumulation during the multi-hour growth of centimeter-long CNT posts, the 
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160 straightness is slightly compromised, and some bent CNT posts are produced. When the growth 

161 period is shorter, straight arrays of vertically aligned CNT posts are easily achieved, as shown in 

162 Fig. S1A,B. However, shorter posts are more difficult to process as electrochemical sensors.

163  

164 Fig. 1. (A) Optical image of CNT posts (8 mm length, 0.3 mm diameter, 0.3 mm post spacing) 
165 grown on the Al2O3/Fe/Gd catalyst in 10 h. (B) HR-TEM image of an individual CNT from a CNT 
166 post, revealing a multiwall structure without any incorporation of the metal catalyst. (C) FE-SEM 
167 image of a single CNT post. (D) cross-sectional FE-SEM image of an open-ended CNT post 
168 embedded in the polymer. (E,F) high-magnification FE-SEM images of an open-ended CNT post 
169 electrode.

170
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171 3.1.2 Fabrication and characterization of CNT post electrodes

172 The vertically aligned CNT array grown on a Si wafter consisted of CNT posts with a diameter of 

173 0.3 nm and length of ~8 mm, with each CNT post containing millions of vertically aligned CNTs 

174 [43]. These CNTs are held together via van der Waals and capillary forces, which leads to stability, 

175 bundling, and strengthening within the CNT array [44]. The obtained CNT posts were directly 

176 used without any pretreatment to fabricate CNT post electrodes. Individual CNT posts were 

177 separated from the array using tweezers. The FE-SEM image of a CNT post (~0.3 mm diameter) 

178 is shown in Fig. 1C. The desired number of CNT posts (1, 2, 3, or 18) were immersed in the 

179 monomer mixture (ERL, DER, NSA, and DMAE), which was then cured for 12 h at 70–80 °C. 

180 After removing excess polymer from the top and bottom of the CNT post, the bottom was 

181 connected to a conductive metal wire using Ag paint and sealed with epoxy resin for electrical 

182 insulation (Scheme 1). The other side of the CNT post, which contained open-ended CNTs, was 

183 used as a working electrode for the electrochemical detection of Pb and Cu ions. Fig. 1D shows 

184 the cross-section of a CNT post embedded in the polymer, and Fig. 1E,F shows FE-SEM images 

185 of the CNT post electrode at different magnifications.

186 The CNT post electrodes were further characterized by recording the electrochemical 

187 response in a solution containing 5 mM Ru(NH3)6Cl3 (prepared in 50 mM KCl). Cyclic 

188 voltammograms were recorded at a scan rate of 50 mV/s using the 1, 2, 3, and 18 CNT post 

189 electrodes (Fig. 2A). The surface of the developed CNT post electrode was characterized using 

190 EIS, a well-known method for investigating the charge-transfer resistance (Rct), which can be 

191 calculated from the Nyquist plot. Using [Fe(CN)6]3−/4− as a redox probe, EIS was used to 

192 investigate the effect of the number of CNT posts (1, 2, 3, or 18) on the electrochemical behavior 

193 (Fig. 2B). The Rct values calculated by fitting the Randles circuit were 1111, 941.1, 629.4, and 

194 35.47 kΩ for the 1, 2, 3, and 18 CNT post electrodes, respectively. The significant reduction in Rct 

195 observed for the 18 CNT post electrode relative to that for the 1 CNT post electrode demonstrates 

196 that the electrode conductivity improves with the number of posts.
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197  

198 Fig. 2. (A) Comparison of the cyclic voltammograms of 5 mM Ru(NH3)6Cl3 in 50 mM KCl at a 
199 scan rate of 50 mV/s collected using the 1, 2, 3, and 18 CNT post electrodes. (B) Typical Nyquist 
200 plots for the (a) 1, (b) 2, (c) 3, and (d) 18 CNT post electrodes in a 1:1 mixture of 0.1 M KCl and 
201 5 mM K3[Fe(CN)6] within the frequency range of 100 kHz to 0.1 Hz. The inset shows the Randles 
202 circuit. 

203

204 3.2 Cyclic voltammetry

205 To investigate the electrochemical behavior of the open-ended CNT post electrodes, cyclic 

206 voltammograms were recorded in the 5 mM Ru(NH3)6Cl3 solution (prepared in 50 mM KCl) using 

207 the 1, 2, 3, and 18 CNT post electrodes at scan rates of 5–1000 mV/s (Fig. 3A–D). With 

208 Ru(NH3)6
3+/2+ as the redox probe, well-defined anodic and cathodic peak current responses were 

209 observed. The current intensity increased significantly as the number of posts increased and as the 

210 scan rate increased. As shown in Fig. 3A′–D′, linear relationships were found between the peak 

211 current signal and the square root of the scan rate (v1/2), demonstrating the reversible reaction of 

212 the redox probe at the CNT post electrode–electrolyte interface. The change in the peak current 

213 (ip) with v1/2 can be expressed as follows:

214 For the 1 CNT post electrode,

215 ipa = 3640.2v1/2 + 141.46, R² = 0.999

216 ipc = −3866.8v1/2 − 124.41, R² = 0.999

217 For the 2 CNT post electrode,
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218 ipa = 5784.2v1/2 + 509.7, R² = 0.999

219 ipc = −6432.8v1/2 − 449.31, R² = 0.999

220 For the 3 CNT post electrode,

221 ipa = 7896.3v1/2 + 838.57, R² = 0.999

222 ipc = −8928.4v1/2 − 750.93, R² = 0.999

223 For the 18 CNT post electrode,

224 ipa = 67661v1/2 + 6745.8, R² = 0.998

225 ipc = −76042v1/2 − 6132.7, R² = 0.999

226 where R2 is the regression coefficient, ipc is the cathodic peak current (nA), ipa is the anodic peak 

227 current (nA), and v is the scan rate (mV/s). These linear relationships indicate that electron transfer 

228 at the CNT post electrode surface was a diffusion-controlled process.

229

230 Fig. 3. Cyclic voltammograms of the (A) 1, (B) 2, (C), and (D) 18 CNT post electrodes at various 
231 scan rates (5–1000 mV/s) in 0.05 M KCl containing 5 mM Ru(NH3)6Cl3, and (A′–D′) 
232 corresponding linear plots between the anodic or cathodic peak current and the square root of the 
233 scan rate.
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234 3.2 Parameter optimization for Pb ion detection

235 3.2.1 Effect of deposition potential and applied frequency

236 For electrochemical sensors based on SWASV, the deposition potential and frequency play 

237 important roles in the limit of detection (LOD) and sensitivity. Therefore, the effects of these 

238 parameters were investigated using the 1 CNT post electrode at a fixed concentration of 24.1 nM 

239 Pb ions in 0.1 M citric acid. As shown in Fig. S2A,B, the peak current increased as the deposition 

240 potential increased from −1.4 to −1.0 V. The highest peak current was observed at −1.3 V and was 

241 similar to the peak current at −1.2 V. Beyond this potential, the peak current began to decrease. 

242 This decrease occurred because a more negative deposition potential induces the hydrogen 

243 evolution reaction on the electrode surface, which reduces the amount of available active sites 

244 [45,46]. Therefore, −1.2 V was chosen as the optimal deposition potential for metal ions. 

245 Additionally, the peak current of Pb ions increased upon increasing the applied frequency from 10 

246 to 30 Hz (Fig. S2C,D). Therefore, the optimal frequency of 30 Hz was used for further analysis of 

247 heavy metal ions.

248 3.2.2 Effect of the number of CNT posts

249 To investigate the influence of the number of CNT posts on the electrochemical behavior, SWASV 

250 tests were performed using a Pb ion concentration of 24.1 nM in 0.1 M citric acid with the 1, 2, 3, 

251 and 18 CNT post electrodes (Fig. 4). The lowest electrochemical signal (~3.75 nA at −470 mV) 

252 was obtained with the 1 CNT post electrode (Fig. 4A). Upon increasing the number of CNT posts 

253 from 1 to 2, a small change in the current response was observed (Fig. 4B), whereas with 3 CNT 

254 posts, the current response increased to ~9 nA (Fig. 4C). With the 18 CNT post electrode (Fig. 

255 4D), the current response increased significantly to ~110 nA, which is extremely high when 

256 compared to that with the 1 CNT post electrode. Although the current increased significantly as 

257 the number of CNT posts increased, the peak potential remained constant. However, as the number 

258 of CNT posts increased, the background current also increased. Therefore, the 1 CNT post 

259 electrode was selected for the electrochemical detection of Pb ions.
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260

261 Fig. 4. Comparison of square wave anodic stripping voltammograms for 24.1 nM Pb ions in 0.1 
262 M citric acid collected using the (A) 1, (B) 2, (C) 3, and (D) 18 CNT post electrodes. The dotted 
263 lines showed the blank response in 0.1 M citric acid for each CNT post electrode.

264

265 3.2.3 Effect of deoxygenation

266 To investigate the effect of deoxygenation on the detection of Pb ions, SWASV responses before 

267 and after deoxygenation of a 24.1 nM Pb ion solution were recorded using the 1 CNT post electrode 

268 (Fig. S3). Fig. S3A shows the response before background subtraction, whereas Fig. S3B shows 

269 the response after background subtraction for 24.1 nM Pb ions. A small peak was observed at ~518 

270 mV when oxygen was present in the 24.1 nM Pb ion solution (blue curve). After purging with N2 

271 for 5 min to remove dissolved oxygen, a sharp peak appeared at ~470 mV (red curve). These 

272 results demonstrate that dissolved oxygen interferes with the electrochemical detection of Pb ions 

273 using the CNT post electrodes. 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4933689

Pr
ep

rin
t n

ot 
pe

er
 re

vie
wed



13

274

275 3.3 Pb and Cu ion detection in Milli-Q and tap water

276 3.3.1 Pb and Cu ion detection in Milli-Q-water

277 The 1 CNT post electrode was applied for the detection of Pb and Cu ions simultaneously presented 

278 in the tested sample by using SWASV (Fig. 5). A constant deposition potential of −1.2 V for 300 

279 s was used for all stripping analyses. The detection of Pb ions at concentrations of 9.64–168.7 nM 

280 (2–35 ppb) was investigated. As shown in Fig. 5A, a sharp oxidation peak was observed at 

281 approximately −470 mV vs. Ag/AgCl for the oxidation of Pb ions on the CNT post electrode 

282 surface. A good linear relationship was found between the peak current and Pb concentration 

283 (inset, Fig. 5A). The linear regression equation is as follows:

284 ip = 0.5095[C, 9.64–168.7 nM] − 10.978, R2 = 0.956

285 The LOD was calculated using the formula 3σ/b, where σ is the standard deviation of the blank 

286 response (S/N =3) and b is the slope of the calibration plot. The sensitivity and LOD of the 

287 developed sensor for Pb ions were found to be 0.5095 nM/nA and 2.0 nM (~0.5 ppb), respectively.

288  

289 Fig. 5. A) SWASV response on the 1 CNT post electrode in 0.1 M citric acid containing Pb ion 
290 concentrations of (a) 9.64, (b) 24.1, (c) 48.2, (d) 72.3, (e) 96.4, (f) 120.5, and (g) 168.7 nM. Inset: 
291 Calibration plot for current response versus Pb ion concentration. B) SWASV response on the 1 
292 CNT post electrode in 0.1 M citric acid containing Cu ion concentrations of (a) 0.0786, (b) 0.157, 
293 (c) 0.314, (d) 0.472, (e) 0.786, (f) 1.57, (g) 3.15, (h) 4.72, (i) 7.86, (j) 15.73, (k) 62.94, (l) 94.42, 
294 (m) 125.90, and (n) 157.36 μM. Inset: Calibration plot for current response versus Cu ion 
295 concentrations.
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296

297 The effect of the Cu ion concentrations on the electrochemical response of the 1 CNT post 

298 electrode was also investigated. Fig. 5B shows the SWASV responses recorded at various Cu ion 

299 concentrations. The calibration plot for Cu ion detection exhibited two different linear ranges at 

300 0.0786-7.86 μM (5–500 ppb) and 15.73–157.36 μM (1000–10000 ppb) (inset, Fig. 5B). It has been 

301 found that beyond a certain Cu ion concentration, the peak current does not increase linearly with 

302 increase in the concentration. This behavior can be the attributed to the saturation of active sites 

303 on CNT post electrode at higher concentrations, resulting the two linear ranges [21,47]. During Cu 

304 ion detection, at higher concentrations, the electrode was cleaned for a longer time (240–400 s at 

305 0.8 V). The linear relationships between the peak current and Cu ion concentration can be 

306 expressed as follows:

307 ip = 24.53[C, 0.0786-7.86 μM] + 4.8724, R2 = 0.988

308 ip = 4.2403[C, 15.73-157.36 μM] + 147.31, R2 = 0.978

309 where R2 is the correlation coefficient. The sensitivity and LOD of the developed 1 CNT post 

310 sensor for Cu ion detection were 24.528 μM/nA and 41.67 nM (2.64 ppb), respectively.

311 3.3.2 Pb ion detection in tap water

312 In the USA, drinking water supplies meet the WHO and EPA standards, however, the EPA has 

313 reported the release of heavy metals from pipelines after supply [21,48]. The presence of dissolved 

314 impurities, inorganic solids, and heavy metals in drinking water can alter the electrochemical 

315 response or applicability of sensors. Therefore, the detection of Pb ions in drinking water was 

316 examined to verify the suitability of the CNT post electrodes for application in real water samples. 

317 The 1 CNT post electrode was applied to detect Pb ions added to a tap water sample collected from 

318 Rieveschl Hall, University of Cincinnati, OH, on May 7, 2024 (hot tap). The concentration of 

319 metal ions in tap water samples can vary depending on the materials used in making the pipelines. 

320 The applied preconcentration potential (−1.2 V for 300 s) was sufficient to reduce metal ions (e.g., 

321 Cu, Pb, and Zn). To ensure sufficient conductivity of the tap water sample, 0.1 M citric acid (0.5 

322 mL/10 mL) was added. SWAS voltammograms were recorded for various concentrations of Pb 

323 ions (24.1–482 nM; 5–100 ppb). Before recording the stripping response with Pb ions, the response 

324 was recorded in a blank solution (0.5 mL citric acid + 9.5 mL tap water). In the blank sample, a 
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325 sharp peak was observed at ~50 mV corresponding to Cu ions (dotted line, Fig. 6A, B). At lower 

326 concentrations of added Pb ions (24.1–48.2 nM), a well-defined Pb ion peak was observed at 

327 approximately −329.3 mV (Fig. 6B). However, at high concentrations (96.4–482 nM), an 

328 additional peak for Pb ions appeared −457.7 mV), as shown in Fig. 6A. Linear response curves 

329 were obtained in the Pb ion concentration ranges of (i) 24.1–482 nM at −329.3 mV and (ii) 96.4–

330 482 nM at −457.7 mV, as given by the following equations:

331 ip = 0.0171[C, 24.1–482 nM] + 0.9186, R² = 0.991

332 ip = 0.3124[C, 96.4–482 nM] − 31.303, R² = 0.975

333

334

335 Fig. 6. Square wave anodic stripping voltammograms of tap water samples containing 0.1 M citric 
336 acid with added Pb concentrations of (A) 24.1–482 nM and (B) 24.1–48.2 nM. The dotted lines 
337 show the response of the blank solution.

338

339 3.4 Interference study

340 An interference study was performed to examine the effect of potential interfering metal ions on 

341 the detection of the target metal ions. The performance of the developed 1 CNT post electrode was 

342 evaluated at a constant Pb ion concentration of 24.1 nM (5 ppb) while increasing the concentrations 

343 of Cu and Zn ions (Fig. 7). No significant interference was observed when the Cu ion concentration 

344 was up to 10-times higher than that of Pb (Fig. 7A). However, the Pb ion current response of the 

345 electrode decreased by 50% in the presence of 100 ppb Cu ions (Fig. 7B). Furthermore, at a higher 
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346 Cu ion concentration of 200 ppb, the Pb ion peak shifted toward a lower potential. With Zn ions, 

347 no interference was observed up to 20 ppb. At higher Zn ion concentrations, the Pb ion current 

348 response decreased as the concentration of Zn ions increased, and a small shift in the Pb ion 

349 oxidation potential occurred (Fig. 7C). 

350  

351

352 Fig. 7. Square wave anodic stripping voltammograms of solutions containing (A,B) 24.1 nM Pb 
353 ions with (a) 0.314, (b) 0.472, (c) 0.786, (d) 0.944 ppb, (e) 1.57 ppb, and (f) 3.15 μM Cu ions; (C) 
354 24.1 nM Pb ions with (a) 0.306, (b) 0.764, and (c) 3.06 μM Zn ions. The dotted lines show the 
355 response of the blank solution.

356

357 3.5 Stability of CNT post electrode

358 To fabricate the CNT post electrode, Ag paint was applied to form a connection between the CNT 

359 post and a Cu wire. Therefore, the stability of the CNT post electrode was tested in terms of Ag 

360 paint leakage. Given the high purity of the CNT posts, determining whether Ag leakage affects the 

361 electrochemical response of the CNT post electrode during prolonged use is critical. To evaluate 

362 the stability, the CNT post electrode was immersed in a blank solution containing 9.5 mL of Milli-
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363 Q water and 0.5 mL of 0.1 M citric acid for an extended period. The electrochemical response was 

364 recorded at regular time intervals to monitor Ag leakage or stability. No peak corresponding to Ag 

365 leakage was observed up to 7 days of testing. This study also found that the pores of the CNT posts 

366 were filled by the polymer, which is advantageous for preparing commercial electrodes. The 

367 polymer curing process helped minimize the porosity of the CNT posts, and also played a 

368 significant role in densifying the CNTs within the posts.

369 4. Conclusion

370 Based on the unique properties of vertically aligned CNTs, CNT post electrodes were developed 

371 for the electrochemical detection of Pb and Cu ions. The effect of the CNT posts was initially 

372 investigated using the Ru3+/2+ redox probe, and the electrochemical responses for Pb ions were 

373 successfully compared for electrodes containing 1, 2, 3, and 18 CNT posts. The CNT posts and 

374 CNT post electrodes were characterized using FE-SEM, EIS, and SWASV. The SWASV 

375 technique was employed to detect Pb and Cu ions in Milli-Q and tap water. In Milli-Q water, good 

376 linear ranges were observed with the 1 CNT post electrode (9.64–168.7 nM for Pb ions, and 

377 0.0786-7.86 μM and 15.73-157.36 μM for Cu ions). The LOD of the sensor was less than 1 ppb 

378 for Pb ions and 3 ppb for Cu ions. Additionally, Pb ions were successfully detected in tap water 

379 samples at concentrations of 24.1–482 nM.  The potential interfering metals Zn (0.306 μM) and 

380 Cu (0.786 μM) did not interfere with the detection of Pb ions. It has been shown that the 1 CNT 

381 post electrode could be applied for the detection of Pb ions at ppb levels. Moreover, by using 

382 multiple CNT posts, the electrochemical response for Pb ion detection could be improved. The 

383 obtained results demonstrate that CNT post electrodes are effective for the electrochemical sensing 

384 of Pb ions in real water samples, as verified by using tap water.

385
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