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This study focuses on enhancing the catalytic activity of metallic Ni by using various nanostructured 

carbon materials, including 1D multi-wall carbon nanotubes (MWCNTs), 2D graphene oxide (GO) and 

graphene (GR), and 3D graphene oxide-multi-wall carbon nanotubes (GO-MWCNTs) as supporting 

matrixs for the fabrication of electrochemical sensor for detecting the flavonoid luteolin. Ni clusters were 

prepared by a facile electrochemical approach and the metallic Ni on various carbon supports exhibited 

different morphology, which were characterized by scanning electron microscopy (SEM) and Raman 

spectra. The electrocatalytic performance of Ni-based materials towards luteolin oxidation was studied 

by cyclic voltammetry (CV) and differential pulse voltammetry (DPV). It was found that Ni cluster 

supported on GO-MWCNTs (Ni/GO-MWCNTs) was profoundly superior to other carbon materials, with 

a greatly enhanced current. This is attributed not only to the excellent electric conductivity and large 

surface-to-volume ratio of Ni/GO-MWCNTs, but also to the unique 3D carbon nanostructure that 

facilitates the easy access of electrolyte and analyte to the modified electrode surface and promotes the 

reaction kinetics. Under the optimal conditions, the anodic peak current was linear to the concentration 

of luteolin in the range from 1 pM to 15 µM with the detection limit of 0.34 pM (S/N = 3). The good 

analytical performance, low cost and straightforward preparation method made this novel electrode 

material promising for the development of effective luteolin sensor. 

 

Introduction 1 

Luteolin (3′, 4′, 5, 7-tetrahydroxyflavone), an important member of 2 

the flavonoid family, has been widely distributed in various  3 

vegetables and fruits, especially in drugs. Recent studies have 4 

shown that this compound has many beneficial effects on human 5 

health, including biochemical and pharmacological effects, anti-6 
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inflammatory, anti-bacterial, anti-oxidant, anti-viral, anti-7 

carcinogenic, anticancer activity, cataract prevention, 8 

cardiovascular protection, anti-ulcer effects, anti-inammatory 9 

effects and anti-allergic properties.1,2 Luteolin was also found to 10 

have pro-oxidant effects, possibly promoting oxidative damage to 11 

DNA, lipids, proteins, and carbohydrates.3,4 In addition to these 12 

activities, several epidemiological studies suggested that a high 13 

consumption of luteolin is inversely related to the risk of 14 

cardiovascular diseases.5-7 Thus, it is necessary to establish a rapid, 15 

simple and effectivemethod for the determination of luteolin.  16 

So far, several techniques have been utilized in the 17 

determination of luteolin, including high-performance liquid 18 

chromatography,8,9 liquid chromatography-mass spectrometry,10,11 19 

spectrophotometry,12 capillary electrophoresis,13 and gas 20 

chromatography,14 etc. However, these techniques are time 21 

consuming, expensive or require complicated preconcentration, 22 

which hamper their further application. In contrast to these 23 

methods, electrochemical methods are preferable and interesting 24 

because of the advantages of rapidity, low cost, simplicity and 25 

high sensitivity for the determination of phenolic compounds.15 26 

Luteolin is an electroactive compound because of the catechol 27 

group on the B ring (3’,4’-dihydroxyl) and the development and 28 

application of electrochemical sensors and methods for the 29 

determination of luteolin has attracted widespread attention in 30 

recent years.16-18 However, luteolin exhibits slow electron transfer 31 

at bare glass carbon electrodes, which leads to low sensitivity.19,20 32 

Therefore, some functional materials should be synthesized to 33 

develop a sensitive electrochemical method for its detection. 34 

Hierarchical micro- and nanostructures of inorganic materials 35 

have been explored extensively for the fundamental scientific 36 

and technological interest in accessing new classes of 37 

functional materials with unprecedented properties and 38 

applications.21 As one of the interesting metallic nanomaterials, 39 

hierarchical Ni particles have attracted considerable attention 40 

due to diverse promising applications in the fields of 41 

electrocatalysis, rechargeable batteries, superconducting 42 

devices, and so on.22-24 Over the past decades, various strategies 43 

such as magnetic self-assembly process,25 chemical reduction in 44 

the liquid phase,26 and a template- and surfactant-free 45 

strategy,27 were used to prepare different hierarchical Ni 46 

structures. However, these methods always require complex 47 

manipulation process, toxic reducing agents or long reaction 48 

time. So there still remains a need to develop new strategies for 49 

constructing highly active Ni-based materials with superior 50 

catalytic property. 51 

Recently, preparing micro- and nano-composites involving 52 

highly conductive nanocarbon materials has been proved to be 53 

effective for a high performance Ni-based electrode.28 As a 54 

support matrix, nanocarbon materials have several genuine 55 

advantages. First, carbon nanotubes (CNTs), graphene oxide 56 

(GO) and graphene (GR) have large specific surface areas 57 

which can achieve a high dispersion of Ni and improve the 58 

electrocatalytic activity of Ni materials. Moreover, the locally 59 

conjugated structure endows them with enhanced adsorption 60 

capacities towards substrates in the catalytic reaction. Second, 61 

the superior electron mobility of CNTs and GR facilitates the 62 

electron transfer during the catalytic reactions, improving their 63 

catalytic activity.29,30 Third, they also have high chemical, 64 

thermal, optical and electrochemical stabilities, which can 65 

possibly improve the lifetime of catalysts.31 In most cases, 66 

however, the excellent properties of CNTs and GR are not 67 

revealed in practical applications because they tend to 68 

irreversibly aggregate during the fabrication process, resulting 69 

in significantly reduced surface areas.32 This stacking thereby 70 

causes inferior mass transport capabilities and renders a 71 

substantial number of active sites inaccessible to reactants. In 72 

this aspect, several research groups have made outstanding 73 

achievements.33,34 They demonstrated that GO can absorb on 74 

the CNTs through the strong π-π interaction to form 75 

macroscopic three dimensional hybrid structures, where GO 76 

served as a superior dispersant to disperse CNTs and prevented 77 

their aggregation. The composite consisting of CNTs and GO 78 

exhibited enhanced electronic and catalytic activity, which can  79 

80 
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be used for construction of electrochemical sensor with better 81 

performances. 82 

In this study, 3D graphene oxide-multi-wall carbon nanotubes 83 

（GO-MWCNTs） nanocomposite was prepared by sonication 84 

methods without assistance of any surfactant. Uniform Ni clusters 85 

were further decorated on GO-MWCNTs (Ni/GO-MWCNTs) by 86 

electrochemical deposition method. The 3D microporous GO-87 

MWCNTs with interconnected structure as a supporting matrix 88 

for Ni clusters provided enhanced surface area for electron 89 

transfer for redox reactions of luteolin. Furthermore, the 3D 90 

Ni/GO-MWCNTs has been leading to a high-performance 91 

luteolin sensor with a linear detection range of 1 pM-15 µM and 92 

detection limit of 0.34 pM (S/N = 3), which is much lower than 93 

that based on Ni/GR (167 nM), and Ni/MWCNTs (0.34 nM). 3D 94 

Ni/GO-MWCNTs composite provides new avenues for design of 95 

high performance electrode materials for luteolin sensing. 96 

2 Experimental 97 

2.1. Reagents  98 

Luteolin was obtained from Aldrich. Luteolin stock solution 99 

(0.01 M) was prepared with absolute ethanol and stored at 277-100 

281 K. GO was purchased from Nanjing XFNANO Materials 101 

Tech Co., Ltd. MWCNTs (purity > 95%) were purchased from 102 

Shenzhen Nanotech Port Co. Ltd. NiCl2 was purchased from 103 

Sinopharm Chemical Reagent Co., Ltd. The supporting 104 

electrolyte was phosphate buffer solution (PBS) prepared with 105 

0.1 M NaH2PO4 and 0.1 M Na2HPO4. All these were used as 106 

received without further purification and doubly distilled water 107 

was used throughout the experiments. 108 

2.2. Apparatus 109 

Cyclic voltammetry (CV) and differential pulse voltammetry 110 

(DPV) measurements were carried out on a CHI 660D 111 

electrochemical workstation (Shanghai, China).The 112 

electrochemical properties of luteolin were measured by CV in 113 

a standard three-electrode cell(10 mL). A saturated calomel 114 

electrode (SCE) was used as the reference electrode and a 115 

platinum wire as the counter electrode. A glassy carbon 116 

electrode (GCE) with a geometical area of 0.07065 cm2, bare or 117 

modified, was used as working electrode. The DPV were 118 

carried out to obtain a calibration curve with the parameters of 119 

increment potential, 0.004 V; pulse amplitude, 0.05 V; pulse 120 

width, 0.05 s; sample width, 0.0167 s; pulse period, 0.2 s; quiet 121 

time, 2 s. Chronocoulometry were performed to determine the 122 

electrochemically effective surface areas of the bare and 123 

modified GCE. Electrochemical impedance spectroscopy (EIS) 124 

was performed in 5.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture 125 

with 0.1 M KCl at the formal potential of the 180 mV using 126 

alternating voltage of 5.0 mV. The frequency range was from 127 

0.1 Hz to 10 kHz. Scanning electron microscopy (SEM) 128 

analysis was performed using a Hitachi S-3000 N scanning 129 

electron microscope. Raman spectroscopy (Renishaw in Via 130 

2000) was used to analyze the samples using a 514 nm Ar laser. 131 

Electrolyte solutions were deoxygenated by purging pure 132 

nitrogen (99.99%) for 10 minutes prior to electrochemical 133 

experiments. All potentials were measured and reported versus 134 

the SCE and all experiments were carried out at room 135 

temperature. 136 

2.3. Fabrication of different modified electrodes 137 

GO (1.0 mg) was dispersed into 5.0 mL doubly distilled water 138 

and sonicated for 2 h to yield a yellow-brown dispersion. Then 139 

5.0 mg MWCNTs was added into the homogeneous GO 140 

dispersion and sonicated until a homogeneous black suspension 141 

was obtained.  142 

Prior to coating the electrode, the glassy carbon electrode 143 

(GCE) surface was polished with 0.05 µm Al2O3 slurry until 144 

visibly lustrous, rinsed thoroughly with double distilled water, 145 

then it was ultrasonically cleaned with doubly distilled water, 146 

absolute ethanol and doubly distilled water each for 5 min, 147 

respectively, and dried in air before use. 6 µL of the GO-148 

MWCNTs suspension was transferred on the surface of GCE 149 

and dried at room temperature. Then, the GO-MWCNTs/GCE 150 

was placed in a solution containing 0.02 mM NiCl2 with 1 M  151 
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 152 

 153 

Scheme 1. The preparation process of Ni/MWCNTs/GCE, Ni/GO/GCE, Ni/GR/GCE and Ni/GO-MWCNTs/GCE. 154 

 155 

H2SO4 and controlled electrodeposition of Ni was performed at 156 

-0.2 V for 6 s to obtain Ni/GO-MWCNTs/GCE. For the 157 

comparison, GO/GCE, MWCNTs/GCE, Ni/GO/GCE, 158 

Ni/GR/GCE, Ni/MWCNTs/GCE and Ni/GCE were fabricated 159 

in a similar method. The Ni/GR/GCE was obtained by the 160 

electrochemical reduction of the GO/GCE by applying a 161 

constant potential of -1.0 V for 400 s before controlled 162 

electrodeposition of Ni. Scheme 1 shows the procedure for 163 

preparing Ni/MWCNTs, Ni/GO, Ni/GR and Ni/GO-MWCNTs 164 

modified electrodes.  165 

3. Results and discussion 166 

3.1. Characterization of composites film 167 

In this work, four kinds of nanostructured carbon materials (1D 168 

MWCNTs, 2D GO, GR and 3D GO-MWCNTs) were used as 169 

supporting matrixs to prepare Ni-based materials by using 170 

electrodeposition method. Their effects on the resultant Ni-171 

based materials morphology were studied by SEM. For 172 

Ni/MWCNTs (Fig. 1a), bulk Ni was observed on the 173 

MWCNTs. While for Ni/GO (Fig. 1b) and Ni/GR (Fig. 1c), Ni 174 

showed a uniformly distributed coin-like morphology. For the 175 

3D GO-MWCNTs substrate, it can be seen that GO could 176 

absorb on the MWCNTs through the strong π-π interaction, 177 

forming the GO-MWCNTs microporous 3D porous structures 178 

(Fig. 1d). After controlled electrodeposition of Ni on 3D 179 

substrate, the obtained Ni/GO-MWCNTs (Fig. 1e) showed a 180 

more uniform surface topography than 1D Ni/MWCNTs and 181 

2D Ni/GO, Ni/GR. Moreover, high-resolution SEM images in 182 

Fig. 1f-h revealed that the overall morphology of Ni/GO-183 

MWCNTs exhibited a 3D coil-like structure architecture, 184 

which was assembled by several pieces of Ni sheets. This 3D 185 
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porous structure could significantly increase the effective 186 

electrode surface and facilitate the diffusion of the analytes into 187 

the film. 188 

Raman spectra of the Ni/GO-MWCNTs, Ni/GO, Ni/GR and 189 

Ni/MWCNTs are shown in Fig 2. The D and G bands were 190 

observed in all samples in the range of 1000 - 2000 cm-1. The D 191 

band could be employed to measure the defects of the sample 192 

while the G band could be used to study sp2 carbon networks of 193 

the sample. It is obvious that the G band of Ni/GO-MWCNTs 194 

(1578 cm-1) shows a visible red-shift in comparison with that of 195 

Ni/GO (1606 cm-1) and Ni/MWCNTs (1582 cm-1),35 suggesting 196 

that a larger size of the in-plane sp2 domains are obtained by 197 

hybriding GO and MWCNTs, which further confirmed the truth 198 

of π-π stacking interaction between GO and MWCNTs.36,37 199 

Moreover, the D/G intensity ratio (ID/IG) of the Ni/GO-200 

MWCNTs (1.15) washigher compared with those of Ni/GR 201 

(1.08), Ni/GO (1.01) andNi/MWCNTs (0.145). These changes 202 

indicate the formation of Ni/GO-MWCNTs.38 203 

The EIS analysis is one of the principal methods for examining 204 

the fundamental behavior of electrode materials for 205 

electrochemical. The value of the electrodetransfer resistance 206 

(Ret), which depends on the dielectric and insulating features at 207 

the electrode/electrolyte interface, can beobtained from the 208 

semicircle diameters of the Nyquist plot. Fig. 3 presents the 209 

representative impedance spectrum of the bare GCE (a), 210 

GO/GCE (b), MWCNTs/GCE (c), GO-MWCNTs/GCE (d) and 211 

Ni/GO-MWCNTs/GCE (e) in 5.0 mM K3Fe(CN)6/K4Fe(CN)6 212 

(1:1) containing 0.1 M KCl. Compared with bare GCE (a), the 213 

semicircle of GO/GCE (b) dramatically increases, suggesting 214 

that GO acted as an insulating layer which made the interfacial 215 

charge transfer difficult. When MWCNTs was modified onto 216 

the GCE(c), the semicircle decreases distinctively relative to 217 

the bare GCE (a), which is ascribed to the significantly 218 

conductivity of MWCNTs. The semicircle of GO-219 

MWCNTs/GCE is larger than that of MWCNTs/GCE 220 

butsmaller than that of GO/GCE, suggesting that MWCNTs 221 

were successfully dispersed by GO. After the deposition of Ni, 222 

the obtained Ni/GO-MWCNTs/GCE exhibited a markedly 223 

decreased Rct value, manifesting that Ni with good electrical 224 

conductivity were successfully deposited and they can provide 225 

necessary conductive pathways to assist the charge/electron 226 

transfer. 227 

 228 

Fig. 1 Scanning electron microscope images of Ni/MWCNTs 229 

(a), Ni/GO (b), Ni/GR (c), GO/MWCNTs (d), Ni/GO-230 

MWCNTs (e-h). 231 

 232 

Fig. 2 Raman spectra of Ni/MWCNTs (a), Ni/GR (b), Ni/GO 233 

(c), Ni/GO-MWCNTs (d).  234 
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 235 

Fig. 3 The representative impedance spectrum of the bare GCE 236 

(a), GO/GCE (b), MWCNTs/GCE (c), GO-MWCNTs/GCE (d), 237 

Ni/GO-MWCNTs/GCE (e) in 5.0 mM K3Fe(CN)6/K4Fe(CN)6 238 

(1:1) containing 0.1 M KCl.  239 

 240 

3.2. Electrochemical behaviors of luteolin at various 241 

electrodes 242 

SEM results indicate that substrates material has an important 243 

effect on the Ni morphology. It is supposed that the substrates 244 

material might affect the electrocatalytic activity of Ni-based 245 

materials, then the electrocatalytic activity of different 246 

dimensions carbon materials toward luteolin was investigated. 247 

As can be observed from Fig. 4A, when 100 µM luteolin was 248 

added into pH 3.0 PBS, luteolin showed poor redox current 249 

peaks at the bare GCE (a) and GO/GCE (b) within the potential 250 

window from 0 to 0.80 V, which might be due to the sluggish 251 

electron transfer of bare GCE and poor conductivity of GO. 252 

Larger oxidation peak current can be observed on GR/GCE (c) 253 

and MWCNTs/GCE (d), ascribing to the excellent electrical 254 

conductivity and large surface area properties of GR and 255 

MWCNTs. Compared with the 2D GO/GCE , GR/GCE and 1D 256 

MWCNTs/GCE, the redox peak currents show a remarkable 257 

increase on the 3D GO-MWCNTs/GCE (e). These results 258 

might be attributed to the interconnected 3D nanostructure of 259 

GO-MWCNTs and the synergistic effect of MWCNTs and GO 260 

sheets, in which GO provides a large specific surface area to 261 

assisted the dispersion of pristine MWCNTs and hastens the 262 

electron transfer process as well as improving the mass 263 

transfer kinetics.  264 

After deposition of Ni on different substrates, the 265 

electrochemical behavior of Ni-based electrodes was also 266 

investigated. As shown in Fig. 4B, the peak intensity of the 267 

current was increased in the following order: Ni/GCE (f) < 268 

Ni/GO/GCE (g) < Ni/GR/GCE (h) < Ni/MWCNTs/GCE (i) < 269 

Ni/GO-MWCNTs/GCE (j). This revealed that 3D Ni/GO-270 

MWCNTs as Ni support matrix showed better catalytic 271 

activity than 1D MWCNTs, 2D GO and GR. The excellent 272 

electrochemical catalytic properties of Ni/GO-MWCNTs can 273 

be summarized in the following aspects: firstly, interconnected 274 

3D network of GO-MWCNTs has good electrical conductivity 275 

and large specific surface area, which can provide an excellent 276 

microenvironment for the catalytic oxidation of luteolin. 277 

Secondly, the uniform Ni clusters decorated on GO-MWCNTs 278 

would provide more active sites for the catalytic oxidation 279 

reaction and greatly increase the electrocatalytic activity. 280 

 281 

3.3. Optimization of the experimental conditions 282 

3.3.1 Effect of pH 283 

The influence of pH values on the redox reaction of luteolin 284 

on the Ni/GO-MWCNTs/GCE was studied in the pH range 285 

from 2.0 to 8.0 using 0.1M PBS. As can be seen in Fig. 5A, 286 

the reduction peak current of luteolin increases with increasing 287 

pH value when it reached 3.0, and then decreases when the pH 288 

increased further. Considering the sensitivity for determining 289 

luteolin, pH 3.0 was chosen for the subsequent analytical 290 

experiments. Moreover, with pH value of the solution 291 

increasing, the reduction peak potential (Ep) shifts negatively, 292 

indicating that protons have taken part in the electrode 293 

reaction process of luteolin. It is found that the value of the 294 

reduction peak potential changed linearly with pH values, and 295 

that it obeys the following equation: Ep = - 0.058 pH + 0.772 296 

(R2 = 0.9989) (shown in Fig. 5B). The absolute value of the  297 

298 
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299 

 300 

Fig. 4 Cyclic voltammograms: (A) for bare GCE (a), GO/GCE (b), GR/GCE (c), MWCNTs/GCE (d), GO-MWCNTs/GCE (e); (B) for 301 

Ni/GCE (f), Ni/GO/GCE (g), Ni/GR/GCE (h), Ni/MWCNTs/GCE (i), Ni/GO-MWCNTs/GCE (j) in the presense of 100 µM luteolin in 0.1 302 

M PBS (pH 3.0), Scan rate: 50 mV s-1.303 

304 

slope is approximately close to the theoretical value of 59 mV 305 

pH-1, indicating that the number of proton and electron involved 306 

in the electrochemical redox process of luteolin is equal.39 307 

 308 

3.3.2 Influence of scan rate on the peak currents of luteolin 309 

The influence of scan rate on the electrochemical response of 310 

50 µM luteolin in 0.1 M PBS (pH 3.0) at Ni/GO-311 

MWCNTs/GCE was investigated in the range of 10 - 450 mV s-312 

1 by CV (Fig. 6). The anodic peak currents (Ipa) and cathodic 313 

peak currents (Ipc) increased linearly with the scan rates. The 314 

linear relationship of Ip and v can be expressed in the following 315 

equations: Ipa (µA) = 0.3795 v - 4.996 (R2 = 0.9987) and Ipc (µA) 316 

= -0.3203 v + 5.814 (R2 = 0.9974), respectively. These results 317 

indicated that the electron-transfer reaction of luteolin at the 318 

Ni/GO-MWCNTs/GCE was a predominantly adsorption-319 

controlled process.  320 

In addition, as shown in Fig. 6C, with increasing scan rate, 321 

the anode (Epa) and cathode (Epc) peak potential have a linear 322 

relationship with the Napierian logarithm of scan rate (ln v). In 323 

the scan rates ranging from 10 to 450 mV s-1, the linear  324 

 325 

 326 

Fig. 5 (A) Cyclic voltammograms of Ni/GO-MWCNTs/GCE 327 

in presence of 50 µM luteolin in 0.1 M PBS, with different pH 328 

values: 2.0, 3.0, 4.0, 5.0, 6.0 .7.0 and 8.0. Scan rate: 50 mV s-1. 329 

(B) Influences of pH on the oxidative peak current and 330 

oxidative peak potential. 331 

332 
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 333 

regression equations are expressed as Epa = 0.4050 + 0.04605 ln 334 

v (mV s-1), R2 = 0.9789 and Epc = 0.7921 - 0.05149 ln v (mV s-335 

1), R2 = 0.9877. According to Laviron’s model,40 the slope of 336 

the line for Epa and Epc could be expressed as 2.303RT/(1 - α)nF 337 

and - 2.303RT/αnF, respectively. Therefore, the 338 

electrochemical parameters were calculated with the value of 339 

the electron-transfer coefficient (α) as 0.4721 and the electron-340 

transfer number (n) as 2.427. Considering that the number of 341 

electron and proton involved in the luteolin oxidation process is 342 

equal, the electrooxidation of luteolin on Ni/GO-343 

MWCNTs/GCE is a two-electron and two-proton process. The 344 

possible redox reaction mechanism can be expressed as Scheme 345 

2.16,19,41,42  346 

3.3.3 Effect of the accumulation time  347 

It was believed that accumulation can improve the amount of 348 

luteolin absorbed on the electrode surface, and then improve 349 

determination sensitivity and decrease detection limit. 350 

Therefore, the influence of accumulation time on the oxidation 351 

behavior of 50 µM luteolin in 0.1 M PBS (pH 3.0) at Ni/GO-352 

MWCNTs/GCE was investigated by DPV. As shown in Fig. 7, 353 

the oxidation peak currents of luteolin increased gradually with 354 

the accumulation time from 0 to 35 s. However, the oxidation 355 

peak currents increased slightly when further improving the 356 

accumulation time from 35 s to 65 s, suggesting that the amount 357 

of luteolin tended to a saturation on Ni/GO-MWCNTs/GCE. 358 

Considering both sensitivity and work efficiency, 35 s was 359 

employedin the further experiments. 360 

3.3.4 Effect of the deposition time 361 

Fig. 8 shows the relationship between the peak currents of 362 

luteolin and the deposition time of Ni at -0.20 V for Ni/GO-363 

MWCNTs/GCE. The peak current increased with the time 364 

between 2 and 6 s. When the deposition time was prolonged to 365 

6 s, the peak current decreased. Consequently, the deposition 366 

time of 6 s was chosen in the following electrochemical 367 

analysis. 368 

 369 

Fig. 6 (A) Cyclic voltammograms of Ni/GO-MWCNTs/GCE 370 

in presence of 50 µM luteolin in 0.1 M PBS (pH 3.0) with 371 

different scan rates (10, 20, 50, 80, 100, 120, 150, 180, 250, 372 

300, 400, 450 mV s-1). (B) The linear relationship of Ipa and Ipc 373 

with scan rates v (mV s-1). (C) The relationship between the 374 

pick potentials and the Napierian logarithm of scan rate. 375 

376 
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 377 

 378 

Fig. 7 Variation of the peak current with accumulation time 379 

presense of 50 µM luteolin in 0.1 M PBS (pH 3.0). Scan rate: 380 

50 mVs-1. 381 

 382 

Fig. 8 The effects of deposition time on the reduction peak 383 

current of luteolin. The conditions are the presense of 50 µM 384 

luteolin in 0.1 M PBS (pH 3.0), Scan rate: 50 mV s-1. 385 

 386 

3.4. Chronocoulometry 387 

For an adsorption controlled electrode process, it is necessary to 388 

calculate the saturated adsorptive capacity (Γmax) of 389 

electroactivesubstance at the electrode surface. For getting the 390 

Γmax, the active area (A) of electrode surface must be known 391 

first. The electrochemically effective surface areas (A) of bare 392 

GCE, Ni/GCE, GO/GCE, Ni-GO/GCE, GR/GCE, 393 

MWCNTs/GCE, Ni/GR/GCE, Ni/MWCNTs/GCE, GO-394 

MWCNTs/GCE and Ni/GO-MWCNTs/GCE were determined 395 

by chronocoulometry using 0.1 mM K3[Fe(CN)6] as model 396 

complex (the diffusion coefficient of K3[Fe(CN)6] in 1 M KCl 397 

is 7.6 × 10-6 cm2 s-1)43 based on Anson equation:44 398 

adsdl1/2

1/2

Q + Q +
 

 2
= )Q(

π

DtnFAc
t

）（

 399 

where n is the numberof moles (n = 1), F is a Faraday constant 400 

(96485 C mol-1), A is the surface area of working electrode, c 401 

is the concentration of luteolin (0.1 mM), D is the diffusion 402 

coefficient, Qdl is double layer charge which could be 403 

eliminated by background subtraction, and Qads is Faradic 404 

charge. Other symbols have their usual meanings. Based on 405 

the slopes of the linear relationship between Q and t1/2 (Fig. 406 

7B), A was calculated to be 0.164 cm2 (bare GCE), 0.367 cm2 407 

(Ni/GCE), 0.417 cm2 (GR/GCE), 0.440 cm2 (GO/GCE), 0.465 408 

cm2 (MWCNTs/GCE), 0.543 cm2 (Ni/GO/GCE), 0.589 cm2 409 

(Ni/MWCNTs/GCE), 0.622 cm2 (GO-MWCNTs/GCE) ，410 

0.727 cm2 (Ni/GR/GCE)and 0.783 cm2 (Ni/GO-411 

MWCNTs/GCE). It is obviously that the electrode effective 412 

surface areas of different dimensions substrates loading Ni are 413 

lager than those of pure substrates. Moreover, the electrode 414 

effective surface area of the Ni/GO-MWCNTs/GCE is 0.783 415 

cm2, which is obviously lager than those of Ni/GO/GCE 416 

(0.543 cm2), Ni/GR/GCE (0.589 cm2) and Ni/MWCNTs/GCE 417 

(0.727 cm2), which would increase the electrochemical active 418 

site of luteolin, enhance the electrochemical response, and 419 

decrease the detection limit.  420 

Furthermore,the saturated absorption capacity of luteolin on 421 

Ni/GO-MWCNTs/GCE was determined in 0.1 M PBS (pH 3.0) 422 

in the absence and presence of 0.1 mM luteolin (shown in Fig. 423 

7C). According to the Q-t curves, the plots of Q against t1/2 424 

were made (inset of Fig. 7C). The slope of carve b' is 21.552 × 425 

10-5 C s-1/2 and the intercept (Qads) is 9.685 × 10-5 C. Using 426 

Laviron's theory of Qads = nFAΓs, as n = 2, A = 0.783 cm2 and 427 

F = 96485 C mol-1, the adsorption capacity (Γs) value of 428 

luteolin was 6.41 × 10-10 mol cm-2 at Ni/GO-MWCNTs/GCE. 429 
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 430 

Fig. 9 (A) Plot of Q-t curves of (a) bare GCE, (b) Ni/GCE, (c) 431 

GO/GCE, (d) Ni/GO/GCE, (e) GR/GCE, (f) MWCNTs/GCE, 432 

(g) Ni/GR/GCE, (h) Ni/MWCNTs/GCE, (i) 433 

GO/MWCNTs/GCE, (j) Ni/GO-MWCNTs GCE in 0.1 mM K3 434 

[Fe(CN)6] containing 1.0 M KCl. (B) plot of Q-t1/2 curves on (a') 435 

bare GCE, (b') Ni/GCE, (c') GO/GCE, (d') Ni/GO/GCE, (e') 436 

GR/GCE, (f') MWCNTs/GCE, (g') Ni/GR/GCE, (h') 437 

Ni/MWCNTs/GCE, (i') GO-MWCNTs/GCE, (j') Ni/GO-438 

MWCNTs/GCE. (C) Plot of Q-t curves of Ni/GO-439 

MWCNTs/GCE in 0.1 M PBS (pH = 3.0) (a) in the absence and 440 

(b) presence of 100 µM luteolin. Insert: plot of Q-t1/2 curve (a') 441 

in the absence and (b') presence of 100 µM luteolin. 442 

3.5. Determination of luteolin 443 

As a highly sensitive and a low detection limit electrochemical 444 

method, DPV was performed to investigate the relationship 445 

between the reduction peak current and the concentration of 446 

luteolin at the proposed electrochemical sensor under the 447 

optimal conditions. As shows in Fig. 10, the typical DPV 448 

obtained from different luteolin concentrations at Ni/GO-449 

MWCNTs/GCE, Ni/GR/GCE and Ni/MWCNT/GCE in 0.1 M 450 

PBS(pH 3.0), and peak currents were proportional to the 451 

concentration of luteolin. The regression equation, correlation 452 

coefficient, linear range, and detection limit (S/N = 3) were 453 

summarized in Table 1. It can be observed that the Ni/GO-454 

MWCNTs/GCE has wider linear range and lower detection 455 

limit, which can be attributed to higher electrocatalytic activity 456 

and larger active surface area, resulted from the unique 3D 457 

network structure. Table 2 gives the comparison of some of 458 

the analytical parameters obtained for luteolin in this study 459 

with other previous literatures. It can be seen the detection 460 

limit provided by this method is much lower than that reported 461 

in the literature. The comparison thus indicates that Ni/GO-462 

MWCNTs composites are excellent sensing materials for the 463 

construction of electrochemical sensor for luteolin. 464 

3.6. Reproducibility, stability and selectivity of Ni/GO-465 

MWCNTs/GCE 466 

The reproducibility of the modified electrode for the 467 

determination of a 20 µM luteolin was investigated. The 468 

relative standard deviation (RSD) was 3.96 % for 20 469 

successive measurements, indicating an excellent 470 

reproducibility and precision.  After the modified electrode 471 

was stored in refrigerator at 4 ℃ for 2 weeks, the DPV current 472 

response kept 89.37 % of its original response. The results 473 

demonstrated that the sensor exhibited excellent stability. The 474 

influences of some normal anions, cations and some other 475 

organic compounds were examined in the presence of 1 476 

µMluteolin. It was found that 100-fold concentrations of K+, 477 
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Na+, Mg2+, CO3
2-, SO4

2-; 50-fold glucose, dopamine, ascorbic 478 

acid; and 25-fold uric acid did not interfere the detection with 479 

the peak current changes less than ± 5%. 480 

 481 

Fig. 10 (A) Typical DPV curves of different concentrations of 482 

luteolin on Ni/GO-MWCNTs/GCE in 0.1 M PBS (pH 3.0). 483 

Concentration of luteolin (a→j): 0, 0.001, 0.005, 0.01, 0.05, 0.1, 484 

0.5, 1.00, 5.00, 10.00 nM. (B) Typical DPV curve of different 485 

concentrations of luteolin on Ni/GR/GCE in 0.1 M PBS (pH 486 

3.0). Concentration of luteolin (a→f): 0, 0.5, 0.7, 0.8, 0.9, 1.0 487 

µM. (C) Typical DPV curve of different concentrations of 488 

luteolin on Ni/MWCNT/GCE in 0.1 M PBS (pH 3.0). 489 

Concentration of luteolin (a→f): 0, 0.001, 0.005, 0.01, 0.05, 490 

0.1 µM. 491 

 492 

3.7. Determination of luteolin in Lamiophlomis rotata Kudo 493 

capsules and peanut hulls 494 

Ni/GO-MWCNTs/GCE was further applied to determine 495 

luteolin in Lamiophlomis rotata Kudo capsules in PBS (3.0). 496 

Five capsules were finely powder was dissolved with ethanol. 497 

After sonication for 30 min and filtered into a beaker. Then, 498 

the clear filtrate was diluted with 0.1 M PBS (pH 3.0) to 499 

prepare the sample solutions. The samples were detected by 500 

the usual experimental procedure with the results shown in 501 

Table 3. The recovery was measured by the addition of the 502 

standard luteolin solution. It can be seen that the results were 503 

satisfactory with the recovery in the range of 99.03-101.44%, 504 

which indicated that the Ni/GO-MWCNTs/GCE couldbe 505 

efficiently used for the determination of luteolin content in 506 

Lamiophlomis rotata Kudo capsules. 507 

Moreover, the method was further applied to the 508 

determination of luteolin in peanut hulls. Peanuts were 509 

purchased from a local market (Nanchang, China) and divided 510 

into hulls and edible parts. The peanut hulls were dried under 511 

room temperature and finely ground using a blender. The 512 

milled peanut hulls (50 mg) were extracted with 100 mL of 513 

ethanol at room temperature for 2 h. The sample was filtered 514 

with sand core funnel (10 µm) and distilled in a rotary 515 

evaporation and diluted to 100 mL with ethanol in a calibrated 516 

flask. A standard addition method was employed to evaluate 517 

the determination results. The analytical results were listed in 518 

Table 4 and the recovery was in the range of 97.96-102.22%, 519 

indicating that this method was reliable and feasible.520 
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 521 

Table 1. Sensing Properties of Different Electrodes 522 

Electrodes Regression equation R2 Linear range Detection 

Ni/GO-MWCNTs/GCE 
Ipc(µA) = 8.2891 c(µM) + 0.3765 and 

Ipa(µA) = 3.5325 c(µM) + 10.6454 

0.9954 

0.9962 

1 pM--2 µM and 

2 µM--15 µM 
0.34 pM 

Ni/GR/GCE 
Ipc(µA) = 2.9057 c(µM) - 2.827 and 

Ipa(µA) = 7.5072 c(µM) - 16.6589 

0.9915 

0.9937 

500 nM--3 µM and 

3 µM--9 µM 
167 nM 

Ni/MWCNTs/GCE 
Ipc(µA) = 3.958 c(µM) + 0.2851 and 

Ipa(µA) = 2.239 c(µM) + 4.4286 

0.9964 

0.9897 

1 nM--2 µM and 

2 µM--15 µM 
0.34 nM 

Table 2. Comparison of the analytical parameters for the luteolin detection on different electrodes. 523 

Electrode Linear range (mol L-1) Detection limit (mol L-1) Ref 

MPCa/GCE 3.0 × 10-7 - 3.0 × 10-5 1.3 × 10-9 2 

MWCNTsb/GCE 2.0 × 10-10 - 3.0 × 10-9 6.0 × 10-11 16 

CS-GRc/GCE 2.0 × 10-9 - 1.0 × 10-6 5.93 × 10-10 17 

PEDOT/EDTA-Nid modified GCE 1.0 ×10-9 - 1.0 × 10-5 3.0 × 10-10 18 

GNs/HA/eGCE 2.0 × 10-8 - 1.0 × 10-5 1.0 × 10-8 19 

MWCNTs-BMIPF6
f/GCE 5.0 × 10-9 - 1.0 × 10-6 5.0 × 10-10 20 

Au-BMI- PF6 biosensorg 9.9 × 10-8 - 5.825 × 10-6 2.8 × 10-8 41 

PDDA-G-CNTs/β-CD/hGCE 5.0 × 10-8 - 6.0 × 10-5 2.0 × 10-8 42 

Ni/GO-MWCNTs/GCE 1.0 × 10-12 - 1.5 × 10-5 3.4 × 10-13 This work 

a Macroporous carbon. 524 

b Multi-walled carbon nanotubes. 525 

c chitosan-graphene. 526 

d poly(3,4-ethylenedioxythiophene)/ethylenediaminetetraacetic acid-Ni2+. 527 

e Graphene nanosheets and hydroxyapatite nanocomposite.  528 

f multi-walled carbon nanotubes-ionic liquid (1-butyl-3-methylimidazolium hexafluorophosphate) composite. 529 

g Au nanoparticle-1-butyl-3-methylimidazolium hexafluorophosphate modified carbon paste electrode. 530 

h Poly(diallyldimethylammonium chloride)-functionalized graphene sheets-multiwalled carbon nanotubes/β-cyclodextrin. 531 

Table 3. Determination of luteolin in Lamiophlomis rotata Kudo. 532 

Samples Detected (µmol L-1) Added (µmol L-1) Found (µmol L-1) Recovery (%) 

1 9.27 5.00 14.32 100.35 

2 9.49 5.00 14.68 101.31 

3 9.36 5.00 14.22 99.03 

4 9.56 5.00 14.77 101.44 

5 9.43 5.00 14.35 99.45 

 533 

 534 
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Table 4. Determination of luteolin in peanut hulls. 535 

Samples Detected(µmolL-1) Added(µmolL-1) Found(µmolL-1) Recovery(%) 

1 0.88 5.00 5.86 99.66 

2 0.85 5.00 5.98 102.22 

3 0.91 5.00 5.85 98.98 

4 0.84 5.00 5.92 101.36 

5 0.89 5.00 5.77 97.96 

536 

4. Conclusions 537 

In summary, we developed a facile and effective method to 538 

fabricate a new type of composite electrode based on the 539 

electrochemical deposition of uniform Ni clusters on 3D porous 540 

GO-MWCNTs supporting matrix. Enormous amount of work 541 

has been done on the application of for electrochemical 542 

applications. However, pristine MWCNTs are highly 543 

hydrophobic and as a result it is impossible to prepare their 544 

stable aqueous dispersion. In this work, hydrophilic GO was 545 

used as a superior dispersant to disperse MWCNTs. The 546 

nanocomposite of MWCNTs and GO could significantly reduce 547 

the aggregation and stacking between MWCNTs, which 548 

resulted in enhanced surface area and 3D interconnect structure 549 

of GO-MWCNTs. The obtained Ni/GO-MWCNTs electrode 550 

exhibites larger electrochemical active surface area, better 551 

electrocatalytic activity and stability for the oxidation of 552 

luteolin than Ni/GR, and Ni/MWCNTs composites, which 553 

enable it to be used as sensitive electrochemical sensor for the 554 

detection of luteolin. Under the optimized conditions, the 555 

proposed sensor can be applied to the quantification of luteolin 556 

with a wide linear range covering from 1 pM to 15 µM with a 557 

low detection limit of 0.34 pM (S/N = 3). The proposed method 558 

was further applied to the determination of luteolin in 559 

Lamiophlomis rotata Kudo capsules and peanut hulls with 560 

satisfactory results. The 3D Ni/GO-MWCNTs composite, with 561 

easy synthesis, simple manufacturing process and high 562 

performance, holds great promise for the practical application 563 

in electrochemical sensor.  564 
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