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Abstract  24 

 Phenolic compounds, including benzenediol (BD), are toxic and poorly biodegradable, so even at 25 

shallow levels, they can pose a threat to health and the environment. Therefore, the simultaneous detection 26 

of BD at low detection limits with a wide detection range is of significant interest for monitoring water quality 27 

and environmental remediation. In the present work, a novel BD electrochemical sensor was fabricated based 28 

on a hydrogen ammonium zinc molybdate layered double hydroxide (AZnMo-LDHs) coupled carbon black 29 

(CB) nanocomposites (NC) modified electrode. The morphological, structural, and physical-chemical 30 

properties of AZnMo-LDHs/CB NC were verified by various characterization methods. The NC-modified 31 

electrode had low electrical resistance, high electrocatalytic activity, and fast electron transport due to the 32 

synergy between AZnMo-LDHs and CB. Also, the NC-modified electrode provided excellent electrochemical 33 

performance for selective and simultaneous determination of hydroquinone (HQ), catechol (CC), and 34 

resorcinol (RC). Differential pulse voltammetric studies confirmed that AZnMo-LDHs/CB NC could detect HQ, 35 

CC, and RC in the linear response ranges of 0.05-971, 0.1-1036, and 0.5-1408.5 µM, respectively, with 36 

detection limits of 0.0054, 0.0018, and 0.075 µM. The proposed sensor was tested in multiple environmental 37 

samples, including water and soil, and showed an excellent recovery of HQ, CC, and RC. 38 

 39 

Keywords: Layered double hydroxides, conductive carbon black, voltammetric detection, benzenediol, 40 

environmental sample analysis 41 
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1. Introduction 43 

It is common for phenolic compounds to be included in the list of the world's most polluted water bodies 44 

because they are toxic and harmful to the liver and nervous system [1]. Among phenolic compounds, 45 

dihydroxybenzene isomers (DBi) such as hydroquinone (HQ), catechol (CC), and resorcinol (RC) have found 46 

extensive applications in medicine, paint, and organic chemical synthesis [2–4]. The European Union (EU) 47 

and US Environmental Protection Agency (EPA) consider DBi to be potent environmental pollutants, owing 48 

to their non-biodegradability and toxic nature, causing environmental pollution and harming living creatures 49 

[5]. So far, traditional methods (spectrophotometry, high-performance liquid chromatography, and 50 

electrochemiluminescence) and electrochemical detection methods have been used in the detection DBi [6–51 

9]. Electrochemical methods offer high sensitivity, precision, and simple equipment producers compared to 52 

earlier traditional spectrophotometric and chromatographic techniques [9]. Given the close structures and 53 

chemical characteristics of DBi, the electrochemical method can be used for selective detection of HQ, CC, 54 

and RC. Unmodified electrodes are unsuitable for electroanalysis of DBi due to their overlapping oxidation 55 

peak potentials of HQ and CC. The above issue was resolved using chemically modified electrodes to 56 

distinguish the peak oxidation potentials and enhance HQ, CT, and RC signals. However, the complex 57 

electrooxidation reaction of DBi makes it challenging to design a sensor for selective and simultaneous 58 

detection of HQ, CC, and RC. 59 

In materials science, a metal mixed-metal hydroxide is a layered double hydroxide (LDH) characterized 60 

by a periodicity at nanometer scales [10]. It has therefore received considerable attention because of its full 61 

charge separation between layers and galleries and its periodicity [10,11]. These materials are widely used 62 

in various applications, including electrochemical sensors, due to their characteristics and inherent 63 

electrocatalytic properties [11,12]. In recent years, transition metal-based LDHs have been synthesized using 64 

various methods, and their electrochemical applications have attracted significant attention. For instance, 65 

hydrothermal and co-precipitation methods are widely used to synthesize Co-Ni, Co-Zn, and Co-Mo-based 66 
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LDHs for supercapacitors, oxygen reduction reactions, and electrochemical sensors [12]. For example, 67 

hydrogen zinc molybdate layered double hydroxides (AZnMo-LDHs) have excellent electro-optical and 68 

magnetic properties due to their multiple stable oxidation states [13–14]. Due to their excellent electrocatalytic 69 

properties coupled with durability, low cost, calcination-free, and flexibility, AZnMo-LDHs have excellent 70 

electrocatalytic properties and are eco-friendly and highly durable [15]. AZnMo-LDHs are ideally suited for 71 

electrochemical sensor applications due to their high surface activity, high conductivity, and rapid charge 72 

transfer characteristics. It is relevant to note that LDHs tend to aggregate and self-stick when used as 73 

electrodes, and their size distribution is uneven with irregular geometries [16]. To address the above 74 

problems, carbon nanomaterials can be hybridized with LDHs to create new types of nanohybrid LDHs for 75 

electrochemical sensor applications. Graphene, carbon dots, and carbon nanotubes are excellent candidates 76 

for functionalization with LDHs due to their benefits, such as electrical conductivity, mechanical strength, 77 

thermal stability, and electrocatalytic properties [17–19]. One of these is carbon black (CB), characterized by 78 

mainly hybridized sp2 carbon atoms with a few sp3 carbon atoms and graphite-like crystals arranged in the 79 

reticulate chain or branch configurations [20]. The zero-dimensional (0D) CB is an excellent candidate and 80 

has the following advantages: a low aspect ratio, a low cost (relative to graphene and CNTs), and good 81 

conductivity [20]. In addition, it has unique physicochemical properties; CB can quickly produce a stable 82 

dispersion in various solvents, including aqueous solutions [21]. We used CB despite this because of its high 83 

conductivity and because its addition preserves the nanostructure of LDHs while improving their stability. As 84 

a result of these remarkable properties of the CB, composite materials have been developed for various 85 

electrochemical sensor applications [22–27]. In addition, a superlattice composite structure consisting of 2D 86 

LDHs and 0D conductive CBs can provide a synergistic effect in electrocatalysis and enhance electron 87 

transfer efficiency. As far as we know, this is the first work combining 2D AZnMo-based LDHs and 0D CB as 88 

AZnMo-LDHs/CB nanocomposite (AZnMo-LDHs/CB NC) electrode materials for electrochemical sensors 89 

applications.  90 
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This work presents a simple and low-cost approach to fabricating AZnMo-LDHs/CB NC-based selective 91 

and sensitive electrochemical DBi sensors. The AZnMo-LDHs nanoflakes (AZnMo-LDHs NFs) were 92 

synthesized using a co-precipitation method, and the AZnMo-LDHs/CB NC was prepared by a wet chemical-93 

assisted method. Using the analytical instrumentation of cyclic voltammetry (CV) and differential pulse 94 

voltammetry (DPV), HQ, CC, and RC were simultaneously detected by the AZnMo-LDHs/CB NC modified 95 

GCE. The kinetics of redox reactions were also evaluated by studying scan rate and pH variations. We 96 

evaluated the practical application of the sensor using several waters and soil samples. 97 

 98 

2. Experimental section 99 

2.1. Materials and apparatus 100 

Zn(NO3)2.6H2O, ≥99%,  (NH4)6Mo7O24.4H2O, ≥99%, NaOH, ≥98%, HCL, 37%, NaH2PO4, ≥99%, Na2HPO4, 101 

≥99%, hydroquinone (≥99.5%), 1,2-dihydroxybenzene (≥99.5%) and resorcinol (≥99%),  were obtained 102 

from the Sigma Aldrich company. The electroanalysis and electrocatalytic experiments were conducted using 103 

modified glassy carbon electrodes (GCEs) as working electrodes with Ag/AgCl (3M KCl) as a reference and 104 

platinum wire as a counter electrode. We characterized and evaluated electrochemical performance using 105 

electrochemical impedance spectroscopy (IM6ex ZAHNER instrument from Kronach, Germany) and 106 

voltammetric methods (CHI1205A, CHI 900 CH Instruments, Austin, TX, USA).   107 

 108 

2.2. Preparation of AZnMo-LDHs/CB NC and electrode modifications  109 

AZnMo-LDHs NFs were synthesized using a previously reported method [15]. The as-prepared AZnMo-110 

LDHs (50 mg) and CB (40 mg) were mixed with 50 mL of ethanol. Subsequently, the dispersion solution was 111 

kept under ultrasonic irradiation for 1 h. The black color dispersion was continuously centrifugated at 6000 112 

rpm and dried in an air oven at 50 °C for 12 h after being washed with ethanol and water. Finally, the collected 113 
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product has been named as AZnMo-LDHs/CB NC and used to further processes (Scheme 1). As soon as 114 

the NC was prepared, AZnMo-LDHs/CB water dispersion (5 mg/mL) was prepared using the sonication 115 

method (1 h). About 5 µL (optimum) of the as-prepared NC was coated on alumina polished GCE and dried 116 

at 40 °C. The NC-modified GCE was used for electrochemical sensing applications of DBi using CV and 117 

DPV. We prepared AZnMo-LDHs, CB, and AZnMo-LDHs/CB modified GCEs for comparison and measured 118 

their electrocatalytic activity against DBi and was performed in a pH 7.0 phosphate buffer solution (PBS). 119 

 120 

Scheme 1. The schematical illustration for the detailed synthesis procedure of AZnMo-LDHs/CB NC.  121 

2.3. Characterization for AZnMo-LDHs/CB NC  122 

Transmission electron microscopy (TEM) from Shimadzu JEM-1200 EXSTEM, Tokyo, Japan, and the Field 123 

emission scanning electron microscopy (FE-SEM) from the JSM-7610F, JEOL were used for the morphology 124 

and intrinsic structure analysis of the materials. X-ray diffraction (XRD) analysis for as-prepared materials 125 

was studied using Panalytical X'pert PRO MRD, Almelo, Netherlands. The vibrational band disorder of the 126 

materials was measured with a micro-Raman Dongwoo Ramboss 500i spectrometer using a laser at 514 127 
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nm. The chemical state of elements has been evaluated through X-ray photoelectron spectroscopy (XPS) 128 

using the Thermo ESCLAB 250 instrument. 129 

 130 

3. Results and discussion 131 

3.1. Morphological analysis  132 

 The structure and surface morphologies of AZnMo-LDHs, CB, and AZnMo-LDHs/CB NC were analyzed 133 

by FESEM. Fig. S1(a-c) shows different spots with magnifications of 1 µm and 100 nm that confirm the 134 

layered double hydroxide morphology of 2D nanoflakes. A vertical alignment and good interrelationship can 135 

be seen in the formation of highly accumulated nanoflakes. It is possible that the synthesized nanoflakes-like 136 

morphology of the AZnMo-LDHs could play a crucial role in the catalytic reaction on the surface-modified 137 

GCEs. It is evident from the higher angle view that the nanoflakes-like morphology of the AZnMo-LDHs 138 

exhibits excellent purity. Fig. S1d-f shows FESEM images of CB under lower angles magnification at different 139 

locations. According to the FESEM images, the CB are agglomerated into spherical shapes, especially those 140 

containing many small nanoparticles. As a result of the aggregated spherical-like CB, we have achieved 141 

higher electrical conductivity and a more facile electrochemical reaction activity at the interface between the 142 

electrode and electrolyte. Moreover, the FESEM images of AZnMo-LDHs/CB NC are shown in Fig. S1(g-i). 143 

Undoubtedly, the flakes-like structures of AZnMo-LDHs are fully occupied (or) integrated within the spherical-144 

like composites of CB, revealing the formation of a 2D/0D composite structure. Our investigation of the 145 

fabricated AZnMo-LDHs/CB NC was further enhanced by utilizing FESEM-EDX elemental mapping (Fig. S2 146 

(a-f)). An EDX spectrum confirms the elemental percentage ratio and the full coverage of the individual 147 

elements (Zn, Mo, O, and C).     148 

In addition, as-prepared AZnMo-LDHs, CB, and CB NC were examined using TEM. As shown in Fig. 149 

1a-b, the AZnMo-LDHs exhibit a 2D structure morphology with uniform nanoflakes. Additionally, the 150 

nanocrystalline AZnMo-LDHs depicting the ultrathin 2D nanoflakes-like structure can be seen in the zoomed 151 
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view in Fig. 1b. According to Fig. 1c, CB nanoparticles in the graph have a predominantly spherical shape 152 

with aggregations measured at 85 nm (or each primary CB particle measuring 15 nm). Fig. 1d-f illustrates 153 

the inter-structural morphology of AZnMo-LDHs and CB. This TEM image displays the different magnification 154 

views of the hierarchical morphology of the conducting networks formed by the AZnMo-LDHs nanoflakes 155 

integrated with CB nanoparticles. The insert in Fig. 1f shows the SAED pattern of the AZnMo-LDHs/CB NC; 156 

it is clearly visible that the CB composition is amorphous in contrast to the crystalline lattice of the AZnMo-157 

LDHs. Consequently, the nanocomposite modified electrode might exhibit facile electrochemical reactivity 158 

because of its physicochemical properties while enhancing electrical conductivity, and it may enhance the 159 

sensitivities of the electrochemical detection by the nanoparticles integrated on the nanoflakes surfaces. 160 

 161 

Fig. 1. TEM images of AZnMo-LDHs (a-b), carbon block (c), AZnMo-LDHs/CB NC (d-f), and SAED patterns 162 

of the AZnMo-LDHs/CB NC (insert (f)).  163 

3.2. The investigation of crystallinity and bonding vibrational characteristics of AZnMo-LDHs/CB NC 164 



9 
 

The details of the crystalline formation, phase, and space group of AZnMo-LDHs, CB, and AZnMo-165 

LDHs/CB NC were inspected by XRD analysis as seen in Fig. 2A(a-c). The 2 values at 12.2°, 17.2°, 18.6°, 166 

23.4°, 24.6°, 26.5°, 29.2°, 31.8°, 33.5°, 34.1°, 34.9°, 37.2°, 38.5°, 45.1°, 48.5°, 50.2°, 54.6°, 54.7°, 58.3°, 167 

and 60.6° are attributed to the hydrogen ammonium zinc molybdenum oxide (H3NH4Zn2Mo2O10) formation, 168 

Rhombhahedral crystal system, R-3m space group, was demonstrated with previously research publication 169 

and clearly matched with the JCPDS card no. 01-73-2389 [28]. Good intensity growth and high purity of the 170 

crystal’s formation are evident from XRD patterns. The XRD pattern revealed the amorphous nature of the 171 

CB, and the diffraction pattern showed 2 values at 25.3° and 43.5°[29]. The above similar diffraction patterns 172 

are observed in the XRD patterns of AZnMo-LDHs/CB NC. Furthermore, no other impurities are present with 173 

the peak intensity, and the angle has been modified, which indicates the well-built nanocomposites as shown 174 

in Fig. 2A(c). In addition, the micro-Raman spectrum of AZnMo-LDHs, CB, and AZnMo-LDHs/CB NC is 175 

shown in Fig. 2B(a-c). Asymmetric and an asymmetric stretching vibration of Mo-O bonds of distorted MoO4 176 

of zinc molybdate gave rise to the characteristic peaks at 934, 886, and 780 cm-1. The micro-Raman spectra 177 

of a band at 340 and 934 cm-1 correspond to Mo–O–Zn stretching vibrations and the existence of a tetrahedral 178 

molybdate ion, which can be recognized by two distinct bands [28,30–33]. Also, in the micro-Raman spectrum 179 

of CB (Fig. 2B(b)), two prominent bands are observed at 1354 and 1600 cm-1, which are associated with 180 

disordered structures (D-bands), and their intensity diminishes with increasing graphitic plane size (G-bands); 181 

therefore, these data were used to estimate in-plane graphitic crystal dimensions [34,35]. All the functional 182 

characteristics are presented in the as-fabricated AZnMo-LDHs/CB NC of the Raman spectrum, as shown in 183 

Fig. 2B(c). Based on these findings, the composite fabrication has successfully combined CB nanoparticles 184 

with AZnMo-LDHs NFs. 185 
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 186 

Fig. 2 A) XRD and Raman (B) spectrum of AZnMo-LDHs (a), CB (b), and AZnMo-LDHs/CB NC (c). 187 

3.3. Oxidation state of presenting element analysis 188 

The surface composition of AZnMo-LDHs/CB was investigated by XPS analysis to determine its 189 

chemical state constituent elements. The obtained full survey spectrum and individual high-resolution XPS 190 

spectrum are shown in Fig. 3(a-f). The full survey spectrum indicates the overall elements of Zn 2p, Mo 3d, 191 

O 1s, N 1s, and C 1s presented in appropriate binding energy values. As can be seen in our deconvoluted 192 

Zn 2p XPS spectrum, Zn2+ oxidation is observed at 1021.3 and 1044.5 eV for both Zn 2p3/2 and Zn 2p1/2 193 

[36,37]. Fig. 3c illustrates the doublet peak of Mo 3d5/2 and Mo 3d3/2 at 231.3 and 234.2 eV, respectively, 194 

indicating molybdenum presenting Mo6+ oxidation states [38,39]. Fig. 3d shows the deconvoluted spectrum 195 

of N 1s peak fitted to the binding energy of 398.4 and 399.6 eV, attributed to N-H and N=O-C species. A 196 

successful fit of the O 1s has been obtained (see Fig. 3e) with binding energies attributed to M-O, M-O-M, 197 

and M-OH at 530.2, 531.5, and 532.7 eV, respectively [38][40]. Based on the XPS spectrum shown in Fig. 198 

3f, C 1s have fitted with the binding energies of 284.1, 285.3, 286.6, and 288.8 eV, which corresponds to 199 

C=O, C-O, C-OH, C-N-C, and C=N, respectively [41,42]. Thus, the above results confirmed the successful 200 

integration of CB nanoparticles on AZnMo-LDHs nanoflakes structure. 201 
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 202 

Fig. 3. Survey spectrum (a) and high-resolution XPS deconvoluted individual spectra of Zn 2p (b), Mo 3d (c), 203 

N 1s (d), O 1s (e), and C 1s (f). 204 

 205 

3.4. Electrochemical characterization of AZnMo-LDHs/CB NC modified GCE 206 

In electrochemical sensors, the charge transfer resistance (Rct) plays an important role in 207 

electrochemical kinetics between the analyte and the electrode surface. Thus, we studied the EIS of several 208 

modified GCEs using 5 mM of [Fe(CN)6]3-/4- containing 0.1 M of KCl at 100 Hz to 100 kHz. Fig. S3a shows a 209 

Nyquist plot and a Randles circuit model with Rct, Rs, Cdl, and Zw. In Nyquist plots, the semicircle indicates 210 

the charge transfer between electrodes and electrolyte interfaces, and the tail of the linear curve indicates 211 

diffusion-controlled channels. A bare GCE (b) had an Rct of 55 Ω, indicating good contact between electrode 212 

and electrolyte species. In contrast, Rct of GCE with AZnMo-LDHs increased and was determined to be 161 213 

Ω, which resulted from electrostatic repulsion or the electrode material's low electrical conductivity. 214 

Comparatively, the Rct of AZnMo-LDHs is lower than the transition metal oxide-based materials. Furthermore, 215 
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the Rct was reduced to 43 Ω when the surface was modified with CB due to the surface's ionic contact and 216 

high electronic conductivity. However, the AZnMo-LDHs/CB NC/GCE demonstrated better electron transfer 217 

behavior than other modified electrodes at about Rct 31 Ω, indicating excellent electron transfer properties of 218 

the composite materials. The electrochemically active surface area of the modified electrode was also 219 

analyzed using CV. Fig. S3b displays the CV response of various electrodes in 5 mM of [Fe(CN)6]3-/4- with 220 

0.1 M KCl. The CV was performed in the applied potential scanning from 0.2 to 0.6 V at a scan rate of 0.05 221 

V/s. Comparing the results of the AZnMo-LDHs/CB NC/GCE to the response of the bare GCE, AZnMo-222 

LDHs/GCE, and CB/GCE, it was evident that the AZnMo-LDHs/CB NC/GCE had higher peak current 223 

response with a lower peak-to-peak separation (∆Ep). The ∆Ep values were calculated to be 169, 436, 147, 224 

and 73 mV for bare GCE, AZnMo-LDHs/GCE, CB/GCE, and AZnMo-LDHs/CB NC/GCE, respectively. The 225 

results show that AZnMo-LDHs/CB NC/GCE has better electrical conductivity than other modified GCEs. Fig. 226 

S3c shows that the redox peak current increases with the scan rate for AZnMo-LDHs/CB NC/GCE. Using 227 

Fig. S3d, the electrochemically active area of the AZnMo-LDHs/CB NC/GCE was calculated by the Rendles-228 

Sevick equation [43].  229 

The electroactive surface area values were calculated as 0.059, 0.02, 0.072, and 0.141 cm2 for bare, 230 

AZnMo-LDHs, CB, and AZnMo-LDHs/CB NC modified GCEs, respectively. In conclusion, the as-fabricated 231 

AZnMo-LDHs/CB NC/GCE exhibit a larger electroactive surface area and a higher electrode sensitivity. 232 
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 233 

Fig. 4. a) CV response for the detection of 100 μM HQ, CC, and RC (simultaneous) using bare (a’), AZnMo-234 

LDHs (b’), CB (c’), and AZnMo-LDHs/CB NC (d’) GCEs. b) The CV responses for AZnMo-LDHs/CB NC 235 

modified electrode for detection of 100 µM equal concentration of HQ (a’), CC (b’), and RC (c’), and the 236 

mixture of 100 µM HQ, CC, and RC (d’). c) The CVs curves of AZnMo-LDHs/CB NC/GCE for simultaneous 237 

detection of HQ, CC, and RC; the concentration from 25 to 400 µM (inner to outer). d) The CVs were obtained 238 

for the AZnMo-LDHs/CB NC modified GCE at various scan rates from 10 to 240 mV/s (inner to outer). 239 

Fig. 4a shows the CV response of various modified electrodes ((a’) bare GCE, (b’) AZnMo-LDHs/GCE, 240 

(c’) CB/GCE, and (d’) AZnMo-LDHs/CB NC/GCE) for detection of HQ, CC and RC in the potential scanning 241 

from -0.2 to 0.8 V at a scan rate of 50 mV/s. A single redox peak was obtained at bare GCE and AZnMo-242 

LDHs/GCE in the presence of 100 μM HQ, CC, and RC. As the electrons move slowly between the electrolyte 243 
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and electrode interface, it could be caused by poor electrochemical activity resulting in increased 244 

overpotential. The anodic and cathodic peaks appeared at bare GCE, AZnMo-LDHs/GCE as 371, 404, and 245 

-57, -85 mV. Further, the CB-modified GCE exhibited an improved redox peak response for the presence 246 

of 100 μM HQ, CC, and RC, the corresponding redox peak potential at 107/84 mV, 216/196 mV, and 564 247 

mV. Since carbon black has abundant electron transfer activity, the current response was smaller for 248 

detecting HQ, CC, and RC. Moreover, the as-fabricated AZnMo-LDHs/CB NC/GCE remarkably enhanced 249 

the redox peak current and reduced peak potential in the presence of 100 μM HQ, CC, and RC, the peak 250 

located at 109/97 mV, 209/199 mV, and 558 mV was revealed. The higher current and electrochemical 251 

activity response were revealed at AZnMo-LDHs/CB NC/GCE compared to all other GCEs. Synergistic 252 

interactions between AZnMo-LDHs nanoflakes and carbon block (CB) nanospheres are responsible for 253 

the higher electrochemical activity. Fig. 4b shows the CV responses of the AZnMo-LDHs/CB NC/GCE in the 254 

presence of 100 µM HQ (a’) and 100 µM CC (b’), 100 µM RC (c’) and simultaneous detection of 100 µM (d’) 255 

HQ, CC and RC. As can be seen that a strong redox peak with peak potential differences of 13 mV and 8 256 

mV was obtained for simultaneous detection of HQ and CC. Also, the modified electrode shows a sharp 257 

anodic peak for RC at 573 mV. A well-defined redox peak current response for HQ and CC was observed on 258 

the modified electrode. As a result of the interference of oxidative products at the surface of AZnMo-LDHs/CB 259 

NC/GCE, the oxidation peak potentials of HQ and CC were not altered. Hence, this modified electrode is 260 

more suitable for further studies. Further studies using AZnMo-LDHs/CB NC/GCE were conducted by CV to 261 

determine the electrocatalytic activity of HQ, CC, and RC at various concentrations. In Fig. 4c, HQ, CC, and 262 

RC redox current responses linearly increase with increasing HQ, CC, and RC concentrations. As a result, 263 

the concentrations of the target species (HQ, CC, and RC) are directly correlated with redox currents. The 264 

obtained linear regression equation of concentration vs. redox current of HQ and CC is (Ipa = 0.071x+7.54; 265 

R2 = 0.9355 and Ipc = -0.0695x-9.418; R2 = 0.9356) and (Ipa = 0.054x+6.597; R2 = 0.9676 and Ipc = -0.0282x-266 

7.453; R2 = 0.903), besides, the obtained RC linear equation is y = 0.0643x+3.985; R2 = 0.984 respectively. 267 
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An investigation of the influence of scanning rates on HQ, CC, and RC on the surface of AZnMo-LDHs/CB 268 

NC/GCE was conducted using the CV technique to clarify the kinetic processes. According to Fig. 4d, it is 269 

shown that the oxidation peak currents of RC, CC, and HQ are linearly increased as the scan speed increases 270 

from 10 to 240 mV/s. The linear equations for HQ is Ipa = 0.511x+6.579; R2 = 0.9983 and Ipc = -271 

0.5112x+6.579; R2 = 0.9946, CC is Ipa = 0.473x+10.703; R2 = 0.9921 and RS is Ipa = 0.327x+12.943; R2 = 272 

0.9901 respectively. Using this linear equation result, we conclude that the oxidation processes are typical 273 

adsorption-controlled processes with surface-confined, reversible diffusion. These results suggest that the 274 

present AZnMo-LDHs/CB NC/GCE sensor can simultaneously detect HQD, CC, and RC.  275 

The electrochemical response of HQ, CC, and RC was also carried out on AZnMo-LDHs/CB NC/GCE 276 

by CV. Fig. S4a shows voltammograms of different concentrations of HQ in pH 7.0 at 50 mV/s scan 277 

rate. According to the CV curves, there are clearly defined cathodic and anodic peaks at potentials between 278 

0.06 V and 0.2 V. A higher concentration of HQ and a higher linear relationship between the redox peak 279 

current and the redox peak concentration represent an increase in electron transformation properties and 280 

active electrochemical sites in the modified electrodes. In Fig. S4b, the linear calibration plot shows varying 281 

concentrations vs. redox current. The linear regression equation is Ipa = 0.2002x+0.2973; R2 =0.9938 and 282 

Ipc = -0.1827x-1.933; R2 =0.9957 respectively. Moreover, a scan rate study (Fig. S4c) on the measurement 283 

of (200 µM HQ) with an AZnMo-LDHs/CB NC/GCE has demonstrated that the redox peak current 284 

significantly increases with increasing the scan rates from 10 to 100 mV/s.  The corresponding linear plot of 285 

different scan rates vs. redox peak currents is shown in Fig. S4d, and the corresponding linear equation is 286 

Ipa =0.931x+4.526; R2 =0.9987 and Ipc =-0.858x-4.126; R2 =0.9987 respectively. It is obvious from these 287 

results that HQ redox reactions are controlled through adsorption; in addition, increased scan rates were 288 

observed in parallel with increasing redox currents, indicating quasi-reversible reactions. 289 

The electrochemical behavior of CC at an AZnMo-LDHs/CB NC/GCE was utilized to observe various 290 

concentrations from 25 to 250 µM at a 50 mV/s scan rate in PBS. As shown in Fig. S5a, upon adding 25 µM 291 
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of CC, a well-resolved redox peak concerning the increase in the CC is observed. With the increase of CC 292 

concentration from 25 to 250 μM, the CC redox signal increased linearly with the CC concentration, which 293 

can be described (shown in Fig. S5b) by an equation Ipa =0.1076x+3.096 with an excellent linear calibration 294 

correlation value R2 =0.9903 and Ipc = -0.1052x-3.6687 correlation coefficient value R2 =0.9902 respectively. 295 

The effect of scan rate on the redox current of CC using AZnMo-LDHs/CB NC/GCE was investigated in the 296 

presence of 200 µM CC, as shown in Fig. S5c. Furthermore, the anodic and cathodic peak current showed 297 

a linear relationship with the scan rate from 10 to 100 mV/s. With increasing scan rates, both anodic and 298 

cathodic peak currents increase proportionally. There is also a slight shift from a positive to a negative 299 

potential. Fig. S5d shows the corresponding calibration plot of the different scan rates vs. redox peak 300 

currents. The linear regression equation is Ipa =0.5177x+2.9413; correlation coefficient R2 =0.9987, Ipc = -301 

0.4956x-25413; R2=0.9982 respectively. According to these results, CC's oxidation-reduction processes 302 

were adsorption-controlled electrochemical processes. 303 

The electrochemical responses of RC were characterized using a CV to study the electrocatalytic 304 

performance of AZnMo-LDHs/CB NC/GCE. Fig. S6a shows CV curves for RC concentrations ranging from 305 

25 to 250 M in pH 7.0 at a scan rate of 50 mV/s. The oxidation peak current of RC was increased linearly 306 

with its concentration from 25 to 250 µM. The corresponding linear regression equation is Ipc=0.146x+0.2087; 307 

R2=0.993, as shown in Fig. S6b. According to this result, the RC showed higher peak current responses on 308 

AZnMo-LDHs/CB NC/GCE due to high electrocatalytic ability and large surface area of CB and AZnMo-LDHs. 309 

In addition, the influence of scan rate was explored in the range from 10 to 100 mV/s, as shown in Fig. S6c. 310 

Based on an investigation of the relationship between peak currents and scan rates, the RC oxidation peak 311 

potential shifted more positively (Fig. S6d) with the linear regression equation of Ipa = 0.4693x+7.264; 312 

correlation coefficient R2 = 0.9945, indicating surface-controlled electrochemical processes.   313 

The influence of solution pH value on the redox reaction of 100 µM mixed HQ, CC, and RC at AZnMo-314 

LDHs/CB NC/GCE was studied by CV at 50 mV/s scan rate. As pH increases from 5 to 7, peak potential 315 

https://pubs.rsc.org/en/content/articlehtml/2015/ra/c5ra12520k#imgfig5
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shifts and peak currents increase (Fig. S7a), indicating that protons are involved in oxidizing HQ, CC, and 316 

RC on the modified electrode. The redox peak current dramatically decreases when pH is increased from 7 317 

to 8. As a result, pH 7.0 was selected as the optimal pH value for HQ, CC, and RC electrochemical detection. 318 

In addition, the straight-line curve's various pH vs. oxidation peak potential was plotted as shown in Fig. S7b. 319 

The obtained calibration linear equation is Epa=-0.055x+0.49; R2 =0.9902 for HQ, Epa=-0.053x+0.582; 320 

R2=0.9979 for CC, and Epa=-0.063x+1.007; R2=0.9985 for RC respectively. A reversible electrochemical 321 

reaction with equal numbers of protons and electrons is confirmed by slope values of -0.055 and -0.053, 322 

which are close to the theoretical value of the Nernst equation (-0.059.1 V). The electrochemical oxidation 323 

reaction of RC involves the transfer of protons and electrons equally. Considering the results mentioned 324 

above, the preferred electrochemical reactions between these isomers at AZnMo-LDHs/CB NC/GCE can be 325 

described in Scheme 2.     326 

 327 

Scheme 2. The electrochemical reaction mechanism of simultaneous detection of HQ, CC, and RC at the 328 

AZnMo-LDHs/CB NC/GCE.   329 

3.5. DPV analysis of simultaneous detection of HQ, CC, and RC 330 
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DPV was used to analyze the electrochemical performance of AZnMo-LDHs/CB NC/GCE towards HQ, CC, 331 

and RC. Fig. 5a showed the DPV curves of AZnMo-LDHs/CB NC/GCE in PBS containing 200 μM CC and 332 

RC and different concentrations of HQ (0.05–971 μM). The obtained oxidation peak current response vs. 333 

different concentrations in the range of HQ (0.05–971 μM) was plotted and displayed in Fig. 5b. The first 334 

linear range of 0.05-7.25 µM with Ipa = 0.538x +3.6924; R2 = 0.9905 and the second linear range of 10.25-335 

971.25 µM with Ipa =0.0364x+10.607; R2=0.981 were obtained for detection of HQ. The lower limit of 336 

detection (LOD) was calculated using LOD = 3s/s (S/N = 3), and the calculated LOD and sensitivity were 337 

0.00545 μM and 7.571 µA µM-1cm-1, respectively. In addition, the DPV response for CC was also studied 338 

using different concentration additions in the presence of 200 μM HQ and RC. The DPV results are shown 339 

in Fig. 5c. The peak current response of CC linearly increased with the increased concentration of 0.1–340 

103.6 μM (Fig. 5d). The linear regression equation can be written as Ipa= 0.00844x + 0.59222; (R2 = 0.9951). 341 

The LOD and sensitivity were calculated for CC as 0.0018 μM and 1.142 µA µM-1 cm-2, respectively. 342 

Similarly, the HQ and CC concentrations have been fixed at 200 µM, and the DPV response of RC was 343 

studied for the various concentration additions. According to the DPV results (Fig. 5e), the concentration of 344 

RC and its broad oxidation peak current increased linearly. As obtained peak current of RC, corresponding 345 

to the first linear range (0.5-128.5 µM) of the calibration equation is Ipa =0.0243x+0.6224; R2=0.9933 and the 346 

second higher linear range (148.5-1048.5 µM) of corresponding linear equation (Fig. 5f) was 347 

Ipa =0.0073x+3.7005; R2=0.9706. The obtained linear equation was used to calculate the LOD and sensitivity 348 

and were 0.075 and 0.2857 µA µM-1 cm-2, respectively.  349 
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 350 

Fig. 5. (a) The DPV curves of AZnMo-LDHs/CB NC/GCE in various concentrations of HQ from 0.05 to 971.2 351 

µM, (b) the corresponding linear plot of peak current vs. HQ concentration, (c) The DPV curves of AZnMo-352 

LDHs/CB NC/GCE for different concentration addition of CC from 0.1 to 103 µM. (d) The corresponding 353 
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linear plot of peak current vs. CC concentration, (e) The DPV curves of AZnMo-LDHs/CB NC/GCE for various 354 

concentrations of RC from 0.5 to 1408.5 µM. (f) The corresponding linear plot of peak current vs. RC 355 

concentration. 356 

Fig. S8a shows the simultaneous detection of HQ, CC, and RC using AZnMo-LDHs/CB NC/GCE in pH 357 

7.0. As the concentration of three mixers of isomers increases, the anodic peak current increases linearly. 358 

According to these results, AZnMo-LDHs/CB NC modified electrodes had a fast electrochemical activity with 359 

a facile electron movement towards the electrode interface. Due to the high synergistic effect, excellent 360 

antifouling ability, and many active sites with facile electron movement, AZnMo-LDHs/CB NC/GCE exhibit 361 

excellent catalytic activity towards simultaneous detection of HQ, CC, and RC. The comparative results are 362 

shown in Table ST1, which confirms that the AZnMo-LDHs/CB NC modified electrode has excellent 363 

electroanalytical performance towards HQ, CC, and RC than previously reported sensor electrodes. Also, 364 

comparative results revealed that the fabricated electrode could simultaneously be used as an advanced 365 

sensor for low-level detection of HQ, CC, and RC.   366 

 367 

3.6. Anti-interference test, repeatability, and Reproducibility of the AZnMo-LDHs/CB NC/GCE 368 

We have tested the anti-interference properties of the AZnMo-LDHs/CB NC/GCE in the presence of 100 µm 369 

(HQ, CC, and RC) and with 100 µm of several interfering species, including uric acid, ascorbic acid, 370 

dopamine, glucose, metal ions (Cd2+, Cr2+, Pb2+), epinephrine, chloramphenicol, and mesalamine. In this 371 

study, the primary analytes were added together with the same amount of possible interference species; 372 

corresponding DPV analytical curves are shown in Fig. S8b. There is no existing response to the other 373 

interference peak current within 100 µm of HQ, CC, or RC of the anodic peak current, indicating excellent 374 

selectivity of AZnMo-LDHs/CB NC/GCE. Further, the repeatability test was conducted using CV on the 375 

AZnMo-LDHs/CB NC/GCE (Fig. S10), revealing an acceptable standard deviation (RSD) of 1.13% after eight 376 

consecutive runs. The above results confirm that the fabricated AZnMo-LDHs/CB NC/GCE can be used for 377 
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the selective and simultaneous detection of HQ, CC and RC in the presence of investigated interfering 378 

species.     379 

3.7. Real sample analysis 380 

We evaluated the AZnMo-LDHs/CB NC/GCE sensor's analytical applicability for simultaneous detection of 381 

HQ, CC, and RC in the water samples collected from rivers, ponds, taps, and soil. A real sample was collected 382 

from the Taipei Tamsui river, the NTUT campus, the laboratory tap water, and the neighborhood surrounding 383 

NTUT. In the first step, microparticles and harmful dust particles were removed from the collected samples, 384 

and the filtered solutions were centrifuged at 6000 rpm to obtain solutions. Afterward, the real samples were 385 

diluted ten times with PBS and analyzed as real samples. Analysis of the real sample was conducted using 386 

the standard addition method. A DPV response to different spiked water (Fig. S9 (a-c)) and soil samples (Fig. 387 

S9 (d)) revealed excellent recovery results for the real sample analysis. Table 1 shows the concentration and 388 

recovery results of river water, pond water, tap water, and soil water samples. The excellent recoveries of 389 

HQ, CC, and RC were obtained using AZnMo-LDHs/CB NC/GCE sensor in different water and soil samples, 390 

indicating the excellent practicality of the fabricated sensor. The results also confirmed that the AZnMo-391 

LDHs/CB NC sensor can be applied to simultaneously detect HQ, CC, and RC in environmental fluid 392 

samples. 393 

 394 

Table 1. Determination of HQ, CC, and RC in different water and soil samples using AZnMo-LDHs/CB 395 

modified electrode.  396 

Samples Added (µM) Found (µM) Recovery (%) 

Analyte HQ CC RC HQ CC RC HQ RC CC 

River water 80 80 80 80.5 80 78.5 100.6 100 98.1 

100 100 100 99.6 98.6 99.4 99.6 98.6 99.4 
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120 120 120 119.4 120.4 118.6 99.5 100.3 98.8 

140 140 140 138.8 139.2 139.8 99.1 99.4 99.8 

Pond water 40 40 40 38.6 40.2 38.8 96.5 100.5 97 

60 60 60 60.2 58.9 58.2 100.3 98.1 97 

80 80 80 79.9 79.4 78.6 99.8 99.2 98.2 

100 100 100 99.3 98.4 99.9 99.3 98.4 99.9 

120 120 120 118.4 119.6 118.2 98.6 99.6 98.5 

140 140 140 138.6 139.4 137.6 99 99.5 98.2 

160 160 160 159.8 160.5 158.4 99.8 100.3 99 

Tap water 50 50 50 48.5 49.3 48.6 97 98.6 97.2 

100 100 100 99.6 98.6 99.7 99.6 98.6 99.7 

150 150 150 149.1 148.6 149.5 99.4 99.06 99.6 

200 200 200 199.6 198.4 197.6 99.8 99.2 98.8 

250 250 250 250.3 249.8 248.3 100.1 99.92 99.32 

300 300 300 298.6 299.4 299.8 99.5 99.8 99.9 

100 100 100 98.5 100.2 98.5 98.5 100.2 98.5 

Soil  200 200 200 199.4 197.8 197.6 99.7 98.9 98.8 

300 300 300 300.3 299.4 299.2 100.1 99.8 99.7 

400 400 400 398.3 398.3 399.4 99.95 99.5 99.85 

 397 

 398 

 399 

 400 
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4. Conclusion 401 

In conclusion, we have developed a novel electrochemical sensor that can simultaneously determine HQ, 402 

CC, and RC using AZnMo-LDHs/CB NC modified electrodes. As a result of the high ratio surface area and 403 

good conductivity of AZnMo-LDHs/CB NC, the CB supporting AZnMo-LDHs could significantly enhance the 404 

sensitivity of the peak current response and decrease the oxidation overpotential of HQ, CC, and RC. Aside 405 

from the excellent stability and repeatability, AZnMo-LDHs/CB NC modified electrodes offer a low detection 406 

limit and a more comprehensive linear response range for determining HQ, CC, and RC. Results obtained 407 

from the application of the modified electrode to water and soil samples were satisfactory, with high recovery 408 

rates for HQ, CC, and RC. As a future possibility, AZnMo-LDHs/CB NC could be used for simultaneous 409 

detection of HQ, CC, and RC. It is also possible to use the AZnMo-LDHs/CB NC for other electrochemical 410 

sensors and energy-related applications.   411 
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