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Abstract 26 

Environmental nitro hazards (NO2
- and NO) are important contaminants in food and 27 

aquatic environments. Consumption of excessive nitro hazards can trigger a bio-oxidation reaction 28 

between hemoglobin (Fe2+) and methemoglobin (Fe3+) through an irreversible mechanism and 29 

restrict oxygen transport, which can lead to death. Therefore, the quantitative determination of 30 

nitro hazards is essential. The present study describes the quantitative determination of NO2
- and 31 

NO using Bi-MOF intercalated carbon nanofibers (CNFs). The CNFs-Bi-MOF nanocomposite 32 

was prepared by a simple and effective ultrasonic synthetic route. The synthesized nanocomposite 33 

was evaluated using various spectral and microscopic techniques. FE-SEM and TEM results 34 

revealed the biphenyl-4,4'-dicarboxylic acid MOF (Bi-MOF) with an irregular rod-like structure. 35 

The composite showed intensely incorporated Bi-MOF with CNFs. The XPS result strongly 36 

confirmed that the oxidation state of the framework metal site was Bi3+. The composite modified 37 

on the GCE and then used for electrocatalytic oxidation of NO2
- and NO. The CNFs-Bi-38 

MOF/GCE exhibited excellent electrocatalytic activity with minimized overpotential for the 39 

oxidation of NO2
- and NO. The CNFs-Bi-MOF/GCE displayed a wide linear range from 2 nM – 2 40 

mM and 10 nM – 1 mM with LODs of 0.184 nM and 3.463 nM for NO2
- and NO, respectively. 41 

Finally, the method was used in environmental effluent and tap water samples for the quantitative 42 

determination of nitro hazards.  43 

Keywords: 44 

Bismuth metal-organic framework; Carbon nanofibers; Electrocatalyst; Nitrite; Nitric oxide. 45 

46 
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1. Introduction  47 

Metal-organic frameworks (MOFs) are a class of porous crystalline hybrid materials 48 

constructed from organic ligands and inorganic metal ions linked via strong covalent interactions 49 

[1,2]. The MOF materials possess high thermal and chemical stability, large surface area and pore 50 

volume with desirable morphological structures [1-5]. MOFs are considered as potential 51 

candidates for various applications like drug delivery, gas adsorption and storage, dye 52 

degradation, catalysis, energy storage, bio-imaging and sensors [1-8]. However, very few MOFs-53 

based functional materials have been used for electrocatalytic sensors, mainly because of their 54 

weaker electronic properties and poor electron mediation [3, 5, 9-11]. 55 

To overcome the above shortcomings, we have constructed a new MOF-based composite, 56 

which is then used for a variety of electrocatalytic applications [12-21]. In recent years, many 57 

electroactive materials have been used to fabricate a successive composite, such as metal oxides 58 

[12, 13], metal nanoparticles [14, 15], conducting polymers [16, 17], doping of heteroatoms [18, 59 

19], and carbon-based materials [20, 21]. Among the various functional materials, the carbon-60 

based materials showed a well-ordered template in the synthesis of MOF composites [4, 5, 20, 61 

21]. To accelerate the electrical conductivity and electron transfer rate constant in MOF, it is 62 

tuned by the composition with carbon-based materials such as carbon nanotubes (CNTs) [4], 63 

carbon nanofibers (CNFs) [22], graphene oxide (GO) [5, 23] and reduced graphene oxide (rGO) 64 

[24, 25]. They have many promising properties, such as π-π interaction, large active surface area, 65 

strong synergistic effect, robust hydrogen bonding interaction between the carbon composites and 66 

MOF [4, 5, 22-25]. These properties and interactions could enhance the electrical conductivity of 67 

the composites with the improvement of electrocatalytic performance. 68 

 69 
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  Nitrite (NO2
-) is the major naturally occurring chemical species in the ecological system 70 

[26, 27]. It originates from the nitrification process of the nitrogen cycle and from various 71 

industrial by-products (dyes, organic synthesis, metal treatment processes, and food stabilizers) 72 

[26-29]. According to the European Union (EU), the recommended limits of nitrite ions in water 73 

and food samples are, 806 µM and 10-500 mg/Kg, respectively [30]. The excess nitrite levels 74 

causes serious health problems, especially immunological and carcinogenic disorders [4]. In 75 

addition, they induce an irreversible reaction mechanism of hemoglobin to methemoglobin via a 76 

biochemical oxidation of Fe2+ to Fe3+ and negatively affects the oxygen transport [4, 31, 32]. At 77 

acidic pH conditions, nitrite can aggressively interact with amine functional moieties to form 78 

carcinogenic N-nitrosamines, i.e., blue baby syndrome [32].  79 

Another important nitro hazard is nitric oxide (NO), which is a free radical that forms a 80 

highly reactive species with molecular oxygen, peroxides and metal centres (hemoglobin) [33,34]. 81 

NO plays a role as an endothelium-derived relaxing factor and is responsible for regulating 82 

vasodilation and blood pressure in the nervous and cardiovascular systems [33]. In addition, NO 83 

plays an important role as a biotic messenger, gasotransmitter, neurotransmitter and molecular 84 

building block [34-37]. Ingestion of high concentration of NO can cause serious health problems 85 

such as septic shock, diabetes, immune response, Parkinson's and Alzheimer's diseases [34, 36]. 86 

Therefore, there is a need to find an effective, simple and selective way to determine the levels of 87 

NO2
- and NO in effluent water samples. 88 

 Various detection methods have been developed for the quantitative determination of 89 

nitro-hazards, including spectrophotometry [38, 39], spectrofluorometry [40, 41], HPLC [42, 43], 90 

ion exchange chromatography [44], chemiluminescence [45] etc. Most of these methods have 91 

some shortcomings, such as expensive equipment, bulky instrumentation, sample pre-treatment, 92 

tedious workflow and time consumption. Electrochemical methods showed relatively several 93 
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advantage such as easy detection, low-cost, rapid response, and portability over conventional 94 

methods [24-33]. The electrochemical oxidations of NO2
- and NO at an unmodified conventional 95 

electrode encounter issues such as, high overpotential, poor sensitivity, fouling and lack of 96 

stability [46-49]. Nanomaterials modified electrode solve most of the problems of conventional 97 

electrodes and able to provide robust, sensitive determination platform for NO2
- and NO. In recent 98 

years, advanced hybrid materials of MOFs with nano materials have been used as active 99 

electrocatalysts owing to their excellent conductivity and high active surface area [4, 50-52].  100 

In this study, Bi-MOF with CNFs composite was prepared by a simple and effective 101 

ultrasonic synthesis route. The composite was characterized by various spectral and microscopic 102 

techniques. The results showed that the Bi-MOF uniformly intercalated with CNFs. The CNFs-Bi-103 

MOF showed well-defined sharp oxidation peaks for NO2
- and NO. The composite electrode 104 

showed wide linear ranges, low detection limits and high sensitivities.  Finally, the modified 105 

composite electrode was used for practical application in effluent water samples. 106 

2. Experimental methods 107 

2.1. Synthesis of Bi-based metal organic framework    108 

 The synthesis of Bi-MOF follows previous procedures with modifications [4, 5]. Briefly, 109 

equimolar concentrations of Bi(NO3)2.10H2O and biphenyl-4,4'-dicarboxylic acid (BPDC) were 110 

dissolved in 30 mL DMF and sonicated for 30 min. After completion of sonication, the mixture 111 

was transferred to a Teflon-lined autoclave container, tightly sealed, and hydrothermally treated 112 

for 24 h at 120°C. Finally, the synthesized Bi-based organic scaffold was washed several times 113 

with DMF and EtOH and then the sample was dried in a hot air oven. 114 

 115 

 116 
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2.2. Synthesis of CNFs-Bi-MOF nanocomposite 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

Preparation of CNFs-Bi-MOF nanocomposite as follows (Scheme 1); first, 0.2 mg/mL of CNFs 126 

were dissolved in EtOH via 2 h of ultrasonication to form well-dispersed CNFs. Then, a known 127 

amount of Bi-MOF was added to the CNFs reaction mixture and ultrasonicated for additional 2 h. 128 

Then, the nanocomposite was collected and washed with EtOH and H2O. Finally, the 129 

nanocomposite was dried under hot air oven and then stored in a glass container. 130 

2.3. Fabrication of CNFs-Bi-MOF on GCE 131 

 The glass carbon electrode (GCE) was prepared according to reported procedures [5, 50]. 132 

The nanocomposite material (CNFs-Bi-MOF) (4 mg/mL) was re-dispersed in DI water through 30 133 

min of ultrasonication. Then, the dispersion of nanocomposite was dropped onto the cleaned GCE 134 

surface and dried in a hot air oven. The modified electrode is named as, CNFs-Bi-MOF/GCE. The 135 

control electrodes were also prepared by similar procedures. Furthermore, the detailed preparation 136 

of saturated NO solution was included in the supplementary material (section S1.3). 137 

 138 

Scheme 1. Synthesis of CNFs-Bi-MOF. 
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3. Results and discussions 139 

3.1. Choice of materials 140 

In recent years, MOFs are favoured by researchers due to their high surface area, high 141 

porosity, excellent structural stability, and diverse structures, and are widely used in catalysis, 142 

sensing, adsorption, proton conduction, and so on [1, 2]. Although research on most MOFs has 143 

made amazing progress, the reports on Bi-based MOFs are interesting because the bismuth metal 144 

has a relatively large radius, is nontoxic, environmentally friendly, and has a high affinity for 145 

oxygen and nitrogen atoms than other metals/clusters [52]. Generally, a single material does not 146 

fulfill all the characteristic performances for analyte recognition and lacks flexibility, 147 

conductivity, active surface area and strong synergistic effect [3, 4]. To fulfill the above 148 

limitations, we used two different functional materials such as metal-based organic scaffolds and 149 

carbon-based nanomaterials (carbon nanofibers – CNFs) [22]. A combination of two different 150 

characteristic behaviors of advanced functional materials could enhance the physicochemical 151 

properties such as high conductivity, extended active surface area, large pore volume, high 152 

chemical and thermal stability, lower bad gap energy between the material and the analyte with 153 

good synergistic effect. These extraordinary characteristic behaviors of CNFs-Bi-MOF composite 154 

material showed high sensitivity and selectivity to electrochemical sensor. 155 

3.2. Characterization of CNFs-Bi-MOF by various spectral studies  156 

          The FT-IR spectrum of CNFs consists of four distinct peaks at 675, 1678, 2315 and 3326 157 

cm-1, which are assigned to the vibrations of –C–H, –C=O, –C=C and –OH, respectively (Fig. S1) 158 

[51]. The FT-IR spectra of BPDC, Bi-MOF and CNFs-Bi-MOF were given in Fig. S2 shows. FT-159 

IR spectrum of BPDC shows notable peaks at 669, 753, 845, 924, 1126, 1428, 1678 and 3589 cm-160 

1. The sharp peaks at 669, 753 and 845 cm-1 matching with –C–H, –C–C and aromatic –C–H, 161 

respectively [52]. The peaks located at 1126, 1428 and 1678 cm-1 can be correlated to the phenyl –162 

C–H vibrations, –C–O bending and –C=O vibrations, respectively [50, 52]. The broad peak 163 
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observed at 3589 cm-1 corresponds to the hydroxyl functional group [50-52]. The FT-IR spectrum 164 

of Bi-MOF displays observable peaks at 546, 668, 762, 997, 1129, 1361, 1511 and 3421 cm-1 165 

(Fig. S2). The intense peak noted at 546 cm-1 confirms the metal stretching vibration [4]. The 166 

sharp peaks at 668, 762 and 997 cm-1 correspond to the stretching vibrations of –C–H, aromatic –167 

C–C and –C–O, respectively [5]. The intense peak at 1129 cm-1 is due to C–O–C bond and broad 168 

peaks at 1361, 1511 cm-1 are due to the vibrations of –CH and –C–O (bending) [53]. The absence 169 

of carbonyl peak of BPDC is disappeared in Bi-MOF, but a new peak was observed at 1568 cm-1, 170 

which is due to the coordination of metal sites with the carbonyl functional groups of BPDC [53]. 171 

Finally, the broad hydroxyl peak at 3421 cm-1 is less shifted, which is consistent with the fact that 172 

-OH group interacting with the coordination bond [4, 5].) The FT-IR pattern of CNFs-Bi-MOF is 173 

similar to Bi-MOF with a slight (inset, Fig. S2). 174 

Next, the nature of the carbon bands in the CNFs and the functional groups are 175 

investigated by Raman spectroscopy (Fig. S3). The sharp and broad bands observed at 1340 and 176 

1597 cm-1 can be correlated to the graphitic levels of the D- and G-bands of CNFs. All other less 177 

intense peaks are due to the organic functional groups of Bi-MOF, while the lower intensity of the 178 

peaks is due to the ITO substrate. 179 

The XRD patterns of Bi-MOF, CNFs and CNFs-Bi-MOF were investigated by powder 180 

XRD (Fig. S4). The XRD pattern of Bi-MOF displayed distinct peaks at 5.41º, 11.26º, 23.47º, 181 

27.27º, 33.42º, 37.92º, 39.72º, 44.52º, 46.07º, 48.52º, 52.67º, 56.07º, 59.65º and 64.47º, which are 182 

characteristic peaks of Bi-MOF [52]. The obtained sharp peaks clearly indicate a well-ordered 183 

crystalline nature of Bi-MOF. The XRD curve of CNFs showed two different patterns at 26.02º 184 

and 44.02º, which corresponding to the graphitic carbon environments [51]. The CNFs-Bi-MOF 185 

nanocomposite showed all the peaks of Bi-MOF and CNT, but with less intensity and slight shifts 186 
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in the peak positions. The less intense peaks indicating that the crystalline nature of the Bi-MOF 187 

was slightly affected after the introduction of CNFs [53].  188 

Next, thermal stability of the material was monitored by TGA. Fig. S5 shows the TGA 189 

curves of CNFs (a), Bi-MOF (b) and CNFs-Bi-MOF (c). Four different weight losses at 70, 145, 190 

693 and 810ºC were observed corresponding to losses of 8.2, 9.6, 14.4 and 16.2%, respectively. 191 

On the other hand, the TGA curve of Bi-MOF shows two larger weight losses at 407 and 540ºC, 192 

resulting in losses of 2.4 and 23.8%, respectively (curve b). The nanocomposite showed two 193 

significant weight losses at decomposition temperatures of 388 and 526ºC, which are lower than 194 

Bi-MOF. Thus, the decomposition temperature of nanocomposite was significantly affected when 195 

the CNFs were introduced. Both the MOF and CNFs-Bi-MOF were not significantly altered when 196 

the temperature was increased above 880ºC, indicating good stability of these materials. 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

Fig. 1 XPS of CNFs-Bi-MOF. (A) Survey spectrum, (B) Bi 4f, (C) C1s, and (D) O1s 

regions. 
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The electronic state and the nature of the chemical environment of the CNFs-Bi-MOF 208 

were investigated by XPS (Fig. 1). The XPS curve shows three main binding energies of carbon 209 

(C1s), oxygen (O1s) and Bi (Bi- 4f, 4p and 5d). The deconvoluted spectrum of Bi shows two 210 

different sharp binding energies at 158.8 and 164.1 eV corresponding to Bi3+ 4f7/2 and 4f5/2 (Fig. 211 

1B) [54]. The C1s shows four different types of binding energies at 284.5, 285.1, 286.4 and 289.2 212 

eV confirming the –C=C–, –C–C–, –C–O– and –C=O– stretching environments, respectively [5, 213 

53] (Fig. 1C). The deconvolution spectrum of O1s showed prominent peaks at 531.2, 530.2 and 214 

532.6 eV, which can be correlated to –OH, –M–O and –C–O groups, respectively (Fig. 1D) 215 

[53,54].  Thus, the XPS result adding strong evidence for the successful formation of CNFs-Bi-216 

MOF [54]. 217 

3.3. Morphological characterizations of CNFs-Bi-MOF 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

Next, surface morphology of the Bi-MOF (a, a’ and a”) and CNFs-Bi-MOF (b, b’, b”) 227 

were monitored using FE-SEM and TEM (Fig. 2). The SEM image of Bi-MOF showed an 228 

irregular rod-like structure with an average diameter of about 1 µm (a, a', a''). The SEM of CNFs-229 

Fig. 2. FE-SEM of Bi-MOF (a, a’ and a”), and CNFs-Bi-MOF (b, b’, b”). 

10 µm 

a 

1 µm 

a’ 

100 nm 

a’’ 

10 µm 

b 

1 µm 

b’ 

100 nm 

b’’ 
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Bi-image of MOF showed a different morphology containing typical rod-like structure of Bi-MOF 230 

and fibre-like structure of CNFs. The CNFs are incorporated with Bi-MOF to form a uniform and 231 

cross-linked composite. The average diameter of CNFs is ~10 nm (b, b', b''). Furthermore, the 232 

surfaces were viewed by TEM (Fig. 3). The TEM results are matching with SEM data. The Bi-233 

MOF showed clear rod-like structures with diameters in the µm range (a, a', a''). The TEM of 234 

CNFs-Bi-MOFs added strong evidence for the successful integration of CNFs with Bi-MOFs (b, 235 

b', b''). 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

The elemental composition of the Bi-MOF and CNFs-Bi-MOF was monitored by EDX 248 

and elemental mapping (Fig. S6A, B). Three major peaks located at binding energies of 0.277, 249 

0.525 and 2.342 and 10.552 keV are observed, corresponding to carbon, oxygen and bismuth (Mα 250 

and Lα), respectively. The weight percentages of the Bi-MOF and CNTs-Bi-MOF are, 58.6, 21.9 251 

and 19.5 and 66.8, 18.8 and 14.3 for carbon, oxygen and bismuth, respectively. Notably, the 252 

carbon percentage was increased after the addition of CNFs in Bi-MOF. This result suggesting 253 

that the CNFs were successfully assembled with Bi-MOF. Furthermore, the element distribution 254 

Fig. 3 TEM images of Bi-MOF (a, a’ and a”), and CNFs-Bi-MOF (b, b’ and b”). 

a a’’ a’ 

b b’ b’’ 
CNFs 

CNFs 
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of the CNFs-Bi-MOF was evaluated by mapping analysis (Fig. 4A). The mapping survey reveals 255 

the distribution of carbon, oxygen, and bismuth in the composite  256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

3.4. Electrochemical behavior of CNFs-Bi-MOF/GC electrode 270 

 Next, the CNFs-Bi-MOF/GCE and control electrodes have been characterized using EIS. 271 

About 5 mM [Fe(CN)6]
3-/4- containing 0.1 M KCl was used as a electrolyte. Fig. 4B displays the 272 

Nyquist plots of bare GCE, Bi-MOF, CNFs and CNFs-Bi-MOF/GCEs. The charge transfer 273 

resistance (Rct) values have been calculated to be 513, 409, 166 and 43 Ω for bare GCE, Bi-274 

MOF/GCE, CNFs/GCE and CNFs-Bi-MOF/GCE, respectively. A significant decrease in the 275 

value of Rct was observed for CNFs-Bi-MOF/GCE compared to all other electrodes, which 276 

indicating good electrical conductivity. Evidently, the Rct value of CNFs-Bi-MOF/GCEs is about 277 

12 times lower than that of unmodified GCE. The modification of GCE surface with CNFs-Bi-278 

Fig. 4 (A) Elemental mapping of CNFs-Bi-MOF. (B) Nyquist plots for (a) bare, (b) CNFs, (c) 

Bi-MOF, (d) CNFs-Bi-MOF modified GCEs in 5 mM [Fe(CN)6]
3-/4- containing 0.1 M KCl, 

frequency: 0.01–100,000 Hz. Inset: Randles equivalent circuit; where Rs (solution resistance), 

Rct (charge transfer resistance), Cdl (electrical double layer capacitance), and RW (Warburg 

constant) 

 

C 

O 
Bi 

A B 
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MOF transforms the bulk surface into a nano-structured surface, enabling an interface that can 279 

perform faster electron transfers.  Next, the heterogeneous electron transfer rate constant (ket) of 280 

the modified electrode was calculated using eq. (1), 281 

ket = RT/n2F2ARctC°                                                          (1)   282 

Here, R, C, and T are common notations [53]. The ket values were found to be, 0.75, 0.93, 283 

2.25 and 8.84 × 10-4 cm2 s-1 for unmodified, CNFs, Bi-MOF and CNFs-Bi-MOF modified GCEs, 284 

respectively. The ket value of CNFs-Bi-MOF/GCE was 11.8, 9.5, and 3.9 folds higher than the 285 

bare GCE, CNFs/GCE and Bi-MOF/GCE. Thus, a faster electron transport is possible at CNFs-286 

Bi-MOF/GCEs compared to control electrodes. Next, the electrochemical active areas of the 287 

electrodes have been estimated using Randles-Sevcik equation (eq. 2) 288 

                                 Ip = 2.69 × 105n3/2AD1/2Cυ1/2                            (2)   289 

Here, Ip = peak current, n = number of electrons involved in the reaction, A = active 290 

surface area of the electrode, D = diffusion co-efficient, C = concentration of [Fe(CN)6]
3-, and υ = 291 

scan rate have their usual meanings. Potassium ferricyanide (5 mM) was used as a model probe. 292 

The electrochemically active surface area were 0.067, 0.081, 0.126 and 0.225 cm2 for bare GCE, 293 

CNFs/GCE, Bi-MOF/GCE and CNFs-Bi-MOF/GCE. Thus, the CNFs-Bi-MOF/GCE has a greater 294 

electroactive surface area compared to other modified electrodes. 295 

3.5. Electrochemical oxidation behavior of NO2
- and NO  296 

Fig. 5A shows the CVs for 0.3 mM NO2
- on various modified GCEs in 0.2 M PBS (pH 297 

7.0) at a scan rate of 50 mV/s. Bare GCE shows a broad oxidation peak at Epa of + 1.03 V with 298 

less pronounced Ipa of 20.48 µA (curve a). Relatively better oxidation peaks were observed for 299 

CNFs and Bi-MOF/GCEs, at Epa of + 0.92 and + 0.73 V with Ipa of 36.27 µA and 45.21 µA, 300 

respectively (curves b, c). The CNFs-Bi-MOF/GCE showed a well-defined oxidation peak at Epa 301 
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of + 0.67 V with Ipa of 71.51 × 10-6 A (curve d). The electrode modified with the CNFs-Bi-MOF 302 

exhibited more than 3-fold higher current and 360 mV lesser overpotential compared to 303 

unmodified electrode. More than 98% of peak current is retained after ten cycles, indicating that 304 

the modified electrode showed a stable response for NO2
-. Fig. 5B shows the bar graph profile for 305 

different modified electrodes against oxidation current. The best performance of CNFs-Bi-306 

MOF/GCE is due to its high electrical conductivity, larger active surface area and easier kinetic 307 

reaction rate.  308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

Fig. 5 (A) CVs for 0.3 mM NO2
- at (a) bare GCE, (b) CNFs/GCE, (c) Bi-MOF/GCE, and (d) 

CNFs-Bi MOF/GCE (blue curve: 1st cycle and red curve: after 10th cycle) in 0.2 M PBS (pH 7.0) 

at a scan rate of 50 mV/s. (e) CNFs-Bi-MOF/GCE in the absence of NO2
-. (B) Bar graph profile 

for modified electrodes vs. current response of NO2
-. (C) CVs for 0.3 mM NO at (a) bare GCE, 

(b) CNFs, (c) Bi-MOF, and (d) CNFs-Bi-MOF/GCEs in 0.2 M PBS (pH 3.0) at a scan rate of 50 

mV/s. (e) CNFs-Bi-MOF/GCE in the absence of NO. (D) Bar graph profile for modified 

electrodes vs. current response of NO. 
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The different modified electrodes were further used for the oxidation of NO in 0.2 M PBS (pH 322 

3.0) at a scan rate of 50 mV/s. Fig. 5C shows the CVs for 0.3 mM NO on bare GCE, CNFs/GCE, 323 

Bi-MOF and CNFs-Bi-MOF/GCEs. The oxidation of NO at bare GCE observed at Epa of + 1.06 V 324 

with Ipa of 22.74 µA (curve a). At CNFs, Bi-MOF and CNFs-Bi-MOF modified GCEs, the NO 325 

oxidation occurred at Epa of + 0.82, + 0.98 and + 0.75 V with Ipa of 27.85, 31.78 and 50.26 µA, 326 

respectively (curves b, c and d). No current response was observed in the absence of NO (curve 327 

e). Fig. 5D shows the bar graph profile for modified electrodes vs. oxidation current. During the 328 

oxidation process under acidic conditions (less than pH = 4), NaNO2 able to produce NO by a 329 

disproportionation process given as eq. 3, [55, 56]. 330 

3HONO  H+ + 2NO + NO3
- + H2O  (3) 331 

3.6. Effect of mass loading against electrochemical oxidation of NO2
- 332 

 The influence of mass loading ratio is an important parameter for NO2
- oxidation. Fig. S7 333 

shows the CV responses for 0.3 mM NO2
- on CNFs-Bi-MOF (in varied mass) modified GCE. The 334 

electrode fabricated with 1 mg/mL dispersion of CNFs-Bi-MOF showed an oxidation peak at + 335 

0.73 V with a peak current of 20.60 × 10-6 A. The anodic peak current values were found to be 336 

38.54, 54.42, and 72.09 µA for 2, 3 and to 4 mg/mL, respectively. As the mass loading of CNFs-337 

Bi-MOF increased, the peak currents increased, while no change in peak potentials occurred. 338 

When the mass loading level was further increased to 5 mg/mL, a decrease in the oxidation 339 

current was noted (Ipa = 66.63 µA). The aforementioned result indicating that about 4 mg/mL of 340 

CNFs-Bi-MOF is optimum to obtain maximum sensing performance. 341 

3.7. Effects of scan rate and pH  342 

 The kinetic behavior of the oxidation of 0.3 mM NO2
- and NO on CNFs-Bi-MOF/GCE in 343 

0.2 M PBS (pH 7.0 and 3.0) at scan rates of 10-100 mV/s was evaluated (Fig. 6). The oxidation 344 
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current of NO2
- (Fig. 6A) and NO (Fig. 6C) increased linearly with increasing scan rate between 345 

10 to 100 mV/s. The plots of the oxidation peak current as a function of square root of scan rates 346 

are linear. The corresponding regression equations are, Ipa (µA) = 9.178 ν1/2 (µA/ (mV.s-1)1/2) + 347 

9.063; R2 = 0.9987 (NO2
-, Fig. 6B) and Ipa (µA) = 9.578 ν1/2 (µA/ (mV.s-1)1/2) + 5.359; R2 = 348 

0.9965 (NO, Fig. 6D). The kinetics study indicating that the oxidation of NO2
- and NO at the 349 

CNFs-Bi-MOF/GCE follows a diffusion-controlled process. The kinetic behaviour of an 350 

irreversible oxidation of NO2
- is expressed by eq. (4) [57].  351 

                             Epa = E0´ + 2.3RT                                 (4) 352 

Where, E0´= formal potential (V), Epa = anodic peak potentials (V), α = charge transfer co-353 

efficient for the oxidation reaction, and n = number of electrons. A linear relationship was 354 

observed between the oxidation peak potential (Epa) and logarithm values of υ (log υ) (Fig. S8). 355 

From the slope value and eq. (4), the value of α was estimated to be 0.87, which indicating that 356 

the activation complex is deviated from the centre.  357 

Fig. S9A shows the CVs for 0.3 mM NO2
- in various pH (4.0, 5.0, 6.0, 7.0, and 8.0) of the 358 

supporting electrolyte. As the pH of the buffer increased, the oxidation current was also increased; 359 

Ipa = 44.15 µA (pH 4.0), 50.45 µA (pH 5.0), 55.01 µA (pH 6.0), and 63.48 µA (pH 7.0). The peak 360 

potentials were, + 0.93, + 0.82, + 0.74, and + 0.69 V for pH 4.0, 5.0, 6.0, and 7.0, respectively. 361 

When pH was further increased from 7.0 to 8.0, a decrease in response current was noted (from 362 

63.48 µA to 59.78 µA). The pH 7.0 showed a maximum response compared to other pH (Fig. 363 

S9B). On the one hand, the instability of nitrite ion is possible in the acidic medium. On the other 364 

hand, the electrochemical oxidation of nitrite became more difficult at high pH due to the lack of 365 

protons. Therefore, pH 7.0 was selected as optimized pH for further studies on NO2
- (Fig. S9A, 366 

C). The plot between Epa vs. pH is found to be linear and the linear regression equation is, Epa = 367 

0.0584 pH + 0.601 (Fig. S9D). The obtained slope value of 58.4 mV/pH is close to the theoretical 368 

log ν 
(1-α) nF 
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value of 59 mV/pH for a reaction involving equal number of electrons and protons. Thus, the pH 369 

results suggesting that the electrochemical oxidation process of NO2
- can be a two-electron/proton 370 

transfer reaction [31]. 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

3.8. Sensitive determination of NO2
- and NO by DPV 383 

 DPV is an important analytical tool for the sensitive determination of NO2
- and NO. Fig. 384 

7A shows the DPVs for NO2
- on CNFs-Bi-MOF/GCE in 0.2 M PBS (pH 7.0). The oxidation peak 385 

observed at Epa + 0.61 V is due to the addition of 3 µM NO2
- (curve a). As the concentration of 386 

NO2
- increased from 6 µM to 69 µM, the anodic current increased in a linear manner (curves b-387 

w). The regression equation is, Ipa (µA) = 0.0456 [NO2
-] (µA/µM) + 0.0391; R2 = 0.997 (Fig. 7B). 388 

Fig. 6. CVs for 0.3 mM NO2
- (A), and NO (C) at CNFs-Bi-MOF/GCE in 0.2 M PBS (pH 7.0 

and 3.0) at scan rates from 10 to 100 mV/s. Plots of oxidation currents vs. square root of scan 

rates for NO2
- (B) and NO (D). 
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 403 

 404 

 405 

Next, the CNFs-Bi-MOF/GCE was used for the sensitive determination of NO in 0.2 M 406 

PBS (pH = 3.0) (Fig. 7C). As the concentration of NO increased from 3 to 48 µM, the oxidation 407 

peak current increased linearly. The calibration plot showed good linearly and the regression 408 

equation is, Ipa (µA) = 1.176 [NO] (µA/µM) + 0.0190; R2 = 0.994 (Fig. 7D). From the DPV 409 

results, it is clear that the CNFs-Bi-MOF/GCE holds excellent sensitivity to quantify low 410 

concentrations of NO2
- and NO. 411 

 412 

 413 

Fig. 7. DPVs for 3 µM NO2
- (A) and NO (C) at CNFs-Bi-MOF/GCE in 0.2 M PBS (pH 7.0 and 

3.0) (curve a). Each addition of NO2
- and NO were increased the concentration by 3 µM 

(curves b-w and b-p). Linear regression plots of NO2
- (B) and NO (D). 
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 414 

3.9. Sensitive determination of NO2
- and NO by amperometry 415 

 Fig. 8 shows the amperometric i-t curve for NO2
- (Fig. 8A) and NO (Fig. 8C) on 416 

CNFs-Bi-MOF/GCE in 0.2 M PBS. The electrolyte pH was maintained as 7.0 for NO2
- and 3.0 for 417 

NO. It shows the initial oxidation current behaviour by adding 2 µM NO2
- and NO (curve a). 418 

Then, the concentrations of NO2
- and NO were increased and the oxidation currents were also 419 

increased with a sample interval of 50 s.  420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

Fig. 8. Amperometric i-t curves for NO2
- (A) and NO (C) at CNFs-Bi-MOF/GCE in 0.2 M 

PBS (pH 7.0 and pH 3.0) at an applied potential of + 1.0 V. Every addition increases 2 µM 

NO2
- and NO (a-j and a-l) at an ordered interval of 50 s. Linear regression plots of NO2

- (B) 

and NO (D). 
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The plots of the current against the concentration of NO2
- and NO are linear. The linear regression 437 

equations are, Ipa (µA) = 8.488 [NO2
-] (µA/µM) + 6.839; R2 = 0.996 (Fig. 8B) and Ipa (µA) = 438 

17.48 [NO] (µA/µM) + 14.44; R2 = 0.995 (Fig. 8D).  439 

 Furthermore, the wide range determinations of NO2
- and NO were also evaluated by 440 

amperometrically (Fig. 9A, C). As the concentrations of and increased from 2 nM to 2 mM (NO2
-) 441 

and from 10 nM to 1 mM (NO), the response currents also increased in a linear manner. The 442 

corresponding calibration plots show good linearly (Fig. 9B, D). The regression equations are, Ipa 443 

(µA) = 10.23 [NO2
-] (µA/µM) + 0.655; R2 = 0.970 and Ipa (µA) = 6.148 [NO] (µA/µM) + 0.473; 444 

R2 = 0.9669.  445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

  458 

 459 

 460 

Fig. 9 Amperometric curves for NO2
- (A) and NO (C) at CNFs-Bi-MOF/GCE in 0.2 M PBS 

(pH 7.0 for NO2
- and 3.0 for NO). For NO2

-: (a) 0.002, (b) 0.005, (c) 0.01, (d) 0.02, (e) 0.05, (f) 

0.1, (g) 0.25, (h) 0.5, (i) 0.75, (j) 1, (k) 5, (l) 10, (m) 25, (n) 50, (o) 75, (p) 100, (q) 250, (r) 500, 

(s) 750, (t) 1000, (u) 1250, (v) 1500, (w) 1750, and (x) 2000 µM. For NO: (a) 0.01, (b) 0.05, 

(c) 0. 1, (d) 0. 2, (e) 0. 5, (f) 1, (g) 2.5, (h) 5.0, (i) 10.0, (j) 25.0, (k) 50.0, (l) 75.0, (m) 100.0, 

(n) 250.0, (o) 500.0, (p) 750.0, and (q) 1000 µM. The interval between each addition is 50 s. 

Linear calibration plot for NO2
- (B) and NO (D). 
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 The LOD was calculated using the well-known formula given in eq. (5) [4] 461 

LOD = 3 ×  / slope                                   (5) 462 

The LODs are 0.184 and 3.463 nM for NO2
- and NO, respectively. Moreover, the sensitivity 463 

values were calculated to be 291.6 µA mM-1 cm-2 and 210.3 µA mM-1 cm-2 for NO2
- and NO, 464 

respectively. The analytical parameters for the determination of NO2
- and NO in this study were 465 

compared with the previously reported works (Table 1) [4, 24, 28, 29, 31-36, 46, 47, 55, 56, 58, 466 

59]. Among the different functional materials, the CNFs-Bi-MOF/GC electrode showed either 467 

comparable or better electrocatalytic performances against NO2
- and NO. 468 

3.10. Selectivity, stability, and reproducibility  469 

 DPV was used investigate selectivity of the modified electrode. Fig. S10 shows the DPVs 470 

for the absence (dotted line) and presence of NO2
- on CNFs-Bi-MOF/GCE in 0.2 M PBS (pH 7.0). 471 

No current response was observed in the absence of NO2
-; but, a pronounced current response was 472 

observed at + 0.62 V when 10 µM NO2
- was added (curve a). Then, 15-fold higher concentrations 473 

of other possible metal cations such as Na+, Mg2+, Cu2+, Zn2+, Ca2+ and Al3+ were added to the 474 

same electrolyte solution; however, no significant current change was observed (curves b to g). 475 

Next, 25-fold higher concentrations of anionic species such as SO4
2-, NO3

-, ClO4
- and CH3COO- 476 

were added, again no significant current changes were observed (curves h-k). When 10 µM NO2
- 477 

was added simultaneously to a cationic and anionic mixture containing the supporting electrolyte, 478 

the current response was enhanced (curve a). These results clearly shows that the fabricated 479 

nanocomposite modified electrode is highly selective to NO2
-. The selectivity results and 480 

discussions for NO is given in the supplementary material (Fig. S11, Section S1.3).  481 

 482 
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Table 1. Evaluation of analytical performance of CNFs-Bi-MOF with previously reported 483 

modified electrodes. 484 

Electrochemical sensing of NO2
- 

 

Electrocatalyst Method pH (PBS) Linear range (µM) LOD (µM) Ref. 

 

      

Cu-MOF–GO AMP 7.2 0.01-100 0.00147 [4] 

      

Co3O4-rGO/CNTs AMP 7.0 0.1-8000; 8000-56000 0.016 [24] 

      

CeO2-SnO2/Pd AMP 6.0 0.36-2200 0.10 [28] 

      

GO-Cu-tpa SWV 7.0 5-625 0.3 [29] 

      

FMWCNTs AMP 7.2 0.01-1 0.0002 [31] 

      

RGO/MnFe2O4 DPV 7.0 0.05-12000 0.015 [32] 

      

MOF-525 CV 0.1 M KCl 20-800 2.1 [46] 

      

Cu-MOF/Au AMP 7.0 0.1-4000; 

4000-10000 

0.082 [47] 

      

BSA-AuNPs AMP 7.2 0.01-1 0.002 [58] 

      

CNFs-Bi-MOF AMP 7.0 0.002-2000 0.000184 Present work 

 

      

Electrochemical sensing of NO 

 

ERG AMP 7.0 0.72-78.4 0.2 [33] 

      

rGO-Co3O4/Pt AMP 2.5 1000-14000 1.73 [34] 

      

Mb-AuNR/rGO LSV 2.5 100-1000 5.5 [35] 

      

rGO-Ag AMP 2.5 10-220 2.84 [36] 

      

AuNPs/MWCNTs DPV 4.4 0.25-2.25 0.00024 [55] 

      

RGO-Au-TPDT NRs AMP 7.2 0.01-0.14 0.0065 [56] 

      

AuPt/G LSV 7.4 180-1800 2200 [59] 

      

CNFs-Bi-MOF AMP 3.0 0.0010-1000 0.00346 Present work 

 485 
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GO: Graphene oxide; RGO: Reduced graphene oxide; CNTs: Carbon nanotubes; Cu-tpa: Copper 486 

terephthalate; FMWCNTs: Acid functionalized multiwalled carbon nanotubes; MnFe2O4: 487 

Manganese ferrite; ERG: Electrochemically reduced graphene oxide; MOF-525: Zirconium-based 488 

porphyrin metal–organic framework; BSA: Bovine serum albumin; Mb: Myoglobin; TPDT NRs: 489 

Amine functionalized silicate sol–gel matrix; SWV: Square wave voltammetry; LSV: Linear 490 

sweep voltammetry; AMP: Amperometry; DPV: Differential pulse voltammetry. 491 

 Fig. 10A shows the CVs for 0.5 × 10-3 M NO2
- at CNFs-Bi-MOF/GCE in 0.2 M PBS (pH 492 

7.0) for seven days (curve a to g). The remaining time, the modified electrode was stored in an 493 

ambient atmosphere. The oxidation current responses of NO2
- were almost same for all seven days 494 

with a standard error percentage of less than 0.86% (Fig. 10B). The results suggesting that the 495 

electrode holds good storage stability at ambient conditions. 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 

Fig. 10(A). CVs for 0.3 mM NO2
- at CNFs-Bi-MOF/GCE in 0.2 M PBS (pH 7.0) for seven 

days (a-g). (C). DPVs for 50 µM NO2
- at five different modified GCEs in 0.2 M PB solution 

pH (7.0). Bar graph profile for stability (B) and reproducibility (D) with error bars (n = 5).  
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The reproducibility of CNFs-Bi-MOF/GCE was verified with 50 µM NO2
- on five independents 508 

nanocomposites modified GCEs by DPVs (Fig. 10C). The obtained NO2
- oxidation peak potential 509 

is similar to the view oxidation current response (curves a-e). The standard error values of all five 510 

nanocomposite modified electrodes is 1.48%, indicating appreciable reproducibility of the sensor. 511 

The bar graph for five different modified electrodes vs. oxidation current of NO2
- (Fig. 10D). The 512 

detailed stability, and reproducibility results of NO analysis is given in the supplementary material 513 

(Fig. S12A-D, section S1.4).    514 

3.11. Real sample analysis  515 

 The sensing ability of the CNFs-Bi-MOF/GCE was demonstrated to the quantitative 516 

determination of NO2
- and NO in sewage effluent and tap water samples. The whole effluent and 517 

tap water samples were used directly without further processing. Fig. S13 shows the DPVs for 300 518 

µL of effluent water on CNFs-Bi-MOF/GCE in 0.2 M PBS (pH 7.0). It shows the broad oxidation 519 

peak at Epa = +0.62 V and the peak reached could be due to the oxidation of NO2
- (curve a). Then, 520 

when the additional NO2
- were spiked to the same electrolyte solution, the oxidation peak current 521 

increased at the same peak potential (curves b and c). The same analytical procedure was applied 522 

to tap water samples for NO2
- and also for the quantitative determination of NO in effluent and tap 523 

water samples with optimized parameters (Fig. S14). The typical addition method was used to 524 

determine the recovery concentration in effluent and tap water samples and the detailed recovery 525 

results were tabulated in Table S1 and S2. The recovery concentration of NO2
- and NO in the 526 

effluent and tap water samples is more than 96%, indicating that the present nanocomposite 527 

electrocatalyst was successfully applied for practical use in water samples. 528 

 529 

 530 
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4. Conclusions 531 

In summary, a facile synthetic procedure is developed for CNFs-Bi-MOF nanocomposite. 532 

The described solvothermal step and ultrasonic step are easy to perform to prepare material in 533 

bulk quantities.  Various spectral and microscopic techniques confirmed the successful formation 534 

of nanocomposite via intercalation of CNFs between Bi-MOF rods. The CNFs-Bi-MOF 535 

nanocomposite modified electrode exhibited highly enhanced catalytic currents and minimized 536 

overpotential and it a suitable probe for the electrocatalytic oxidation of NO2
- and NO. A wide 537 

linear ranges of 2 nM – 2 mM and 10 nM – 1 m M were obtained for NO2
- and NO, respectively. 538 

Trace level detection limits are possible with LODs of 0.184, and 3.46 nM for NO2
- and NO, 539 

respectively. Finally, the present electrocatalyst was success in detecting NO2
- and NO spiked in 540 

real effluent and tap water samples with appreciable recoveries.  541 
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