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NO3
- is the main component of PM2.5. NO3

- will be converted into carcinogenic and teratogenic nitrite 

by microorganisms in the intestine after ingestion by human body. Therefore, it is particularly important 

to establish a rapid, sensitive, simple and accurate NO3
- detection method. This work used UiO-67 

directly as an electrode material to construct a UiO-67/glass carbon electrode (GCE) sensor. The work 

carefully investigated its electrochemical detection of NO3
- in PM2.5. Its current response to NO3

- was 

explored by cyclic voltammetry (CV), and a pair of reversible redox peaks was found. The work explored 

the effects of pH and interfering species on the sensing performance. The results showed that the 

differential pulse voltammetry (DPV) detected NO3
- in the linear range of 6.67×10-6~2.00×10-4 M at 

UiO-67/CCE with a detection limit of 2 μM. The sensor was successfully used for the detection of actual 

atmospheric PM 2.5 samples. 
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1. INTRODUCTION 

 

With the accelerating industrialization and urbanization, energy consumption is rapidly 

increasing and the problem of air pollution is becoming serious. The essence of haze is fine particulate 

matter pollution (PM 2.5, aerodynamic diameter ≤ 2.5) [1–3]. It has been well established in many 

studies that PM25 pollution not only affects air quality, reduces atmospheric visibility, causes climate 

and ecosystem changes, but also poses important risks to human health, including increased mortality, 

reduced lung and immune function, lower fertility, and cardiovascular and respiratory diseases [4,5]. In 

addition, PM 2.5 pollution can also have many adverse effects on social and economic activities, such 

as delaying or canceling flights and closing highways. Secondary water-soluble inorganic ions such as 

SO4
2-, NO3

- and NH4
+ (SNA) are important components of PM 2.5. They have strong hygroscopic and 
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indirect radiative forcing effects, and can directly affect the acidity of precipitation and the formation of 

cloud condensation nodules [6–8]. They are the main contributors to the atmospheric scattering 

extinction coefficient, which can greatly reduce the atmospheric visibility, and are also important 

components of the atmospheric regional complex pollution [9,10]. Therefore, studying the concentration 

level and pollution characteristics of SNA can help to analyze the source of PM 2.5 pollution and its 

impact on the environment. 

SNA is mainly generated by gaseous precursors sulfur dioxide (SO2), nitrogen oxides (NOx), 

ammonia (NH3) through homogeneous or non-homogeneous chemical reactions [11–13]. For example, 

SO4
2- is mainly generated through gas-phase oxidation of SO2, or by multiphase chemical reactions 

between SO2 with H2O2 and O3 in clouds. NO3
- is mainly generated by homogeneous reactions of NOx 

in the atmosphere first to form gaseous or liquid HNO3, and then to react with NH3 under NH3-rich 

conditions [14–16]. Or it is generated by the non-homogeneous hydrolysis reaction of N2O5 on the 

surface of the particles under the conditions of NO3 deficiency. In contrast, NH4
+ is mainly generated by 

neutralization reactions between the only alkaline gas in the atmosphere (NH3, mainly from emissions 

from agriculture, livestock, farming, etc.) and acidic H2SO4 and HNO3 [17,18]. The formation of SNA 

depends largely on the nature of the present particulate matter, the level of occurrence of gaseous 

precursors, meteorological conditions, relative humidity, temperature, and atmospheric oxidants [19–

22]. 

SNA is highly hygroscopic and can affect the chemical composition and optical characteristics 

of particulate matter [23–25]. It can affect cloud number by forming cloud condensation nuclei and cause 

indirect radiative forcing, thus indirectly affecting atmospheric visibility and global climate. Water-

soluble ions are one of the most important factors affecting atmospheric visibility, with SNA contributing 

the most to visibility reduction. In addition, the acidity of PM 2.5 is determined by the content of water-

soluble acidic and basic components [26]. The major acidic components are SO4
2- and NO3

-. The acidity 

of PM 2.5 has important effects on both the environment and human health. Acidic particulate can 

activate harmful components in the particulate matter and increase the risk to human health. Therefore, 

the study of SNA fraction in PM 2.5 is helpful to elucidate the main sources of PM 2.5 pollution, the 

formation mechanism and the impact on human health [27,28].  

Along with the continuous improvement and refinement of analytical testing techniques, the 

detection methods for particulate matter PM 2.5 have been gradually improved. Scanning electron 

microscopy and transmission electron microscopy are used to analyze the structure of PM 2.5 and its 

constituent elements [29]. The determination of trace elements in PM 2.5 can be performed by plasma 

mass spectrometry, atomic absorption spectroscopy, plasma atomic emission spectroscopy, X-ray 

fluorescence spectroscopy, instrumental neutron activation analysis, etc. The determination of organic 

substances such as aromatic monsters adsorbed on PM 2.5 is usually performed by GC-MS or HPLC 

[30–33]. The chemically modified electrode is modified by chemically modifying the surface of the 

electrode with specific modifiers, so that the modified electrode has some specific properties and thus 

can make efficient and sensitive selection of the reaction. Therefore, the surface of the modified electrode 

provides a variety of properties that not only allow efficient separation and enrichment of the substance 

to be measured, but also combine the selectivity of the reaction as well as the sensitivity of the 

measurement [34–36]. Therefore, the chemically modified electrode is an ideal system that can 
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effectively combine separation, enrichment and measurement. Different types of modified electrodes 

can be produced by attaching different functional groups to the electrode surface according to different 

needs. There are various materials for electrode modification, and both metals and non-metals can be 

used as modifiers to modify the electrode surface. The sensitivity of most chemically modified electrodes 

is excellent, so that the modified electrodes can make accurate determination of trace or even ultra-trace 

substances [37–40]. Chemically modified electrodes have many advantages such as simple electrode 

preparation method, high sensitivity, good reproducibility and long service life, which make them widely 

used in the field of environmental monitoring. 

Electrochemical methods are widely used in the field of PM 2.5 detection because of their low 

detection limits, low cost and simple operation. The main methods used for ion detection include anodic 

dissolution voltammetry, ion-selective electrodes, dissolution timing potentiometry, etc. In addition, the 

combination of electrochemical methods and biotechnology has led to the emergence of biosensors, 

which have become a popular research area in recent years [41–44]. The excellent performance of 

enzyme electrochemical sensors, immune-electrochemical sensors, and especially DNA electrochemical 

sensors in the detection of heavy metal ions has attracted the attention of scientists [45]. 

Currently, the commonly used methods for the detection of NO3
- are polarimetry, fluorescence 

kinetic photometry, ultraviolet spectroscopy, and chromatography [46,47]. However, these methods are 

usually time-consuming and involve complex chemical reactions, or require large amounts of reagents, 

analytes and large and complex instruments [48]. Electrochemical methods are favored by researchers 

because they have many advantages such as fast detection speed, wide measurement range, and 

portability. Metal organic backbones (MOFs) are a class of porous crystalline materials assembled from 

metal ions or ion clusters bridged by organic ligands. It is of great interest in various fields such as 

catalyst adsorption, separation and drug delivery [49]. UiO series MOFs are three-dimensional porous 

materials containing one octahedral central cage and eight tetrahedral corner cages constructed from Zr 

and dicarboxylic acid ligands, such as: UiO-66, UiO-67, UiO-68, etc. Most of these MOFs have excellent 

stability, especially hydrothermal stability, and can be used as catalysts, sensor materials and adsorbents. 

In this experiment, the UiO-67 material was synthesized by the solvent thermal method, and the 

material was modified with a CCE for the electrochemical detection of NO3
- (Figure 1). The prepared 

UiO-67 materials were characterized by X-ray powder diffraction (XRD) and gas adsorption instrument 

for the physical phase, morphology, pore size and specific surface area, respectively. The properties of 

the electrodes were investigated by electrochemical impedance spectroscopy (EIS). It was found that the 

electron transport rate on the UiO-67 surface was better compared with that of the bare electrode. The 

linear range of 6.67×10-6~2.00×10-4 M was determined by differential pulse voltammetry (DPV) with a 

detection limit of 2 μM under optimal experimental conditions. 

 
Figure 1. Schematic illustration of the fabrication of UiO-67/GCE sensors for determination of nitrate. 
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2. EXPERIMENTAL 

2.1. Reagents and instruments 

Zirconium tetrachloride (AR, alladdin Chemical Reagent Co., Ltd.), 4,4'-biphenyldicarboxylic 

acid (AR, alladdin Chemical Reagent Co., Ltd.), benzoic acid (AR, Shanghai Laize Fine Chemical 

Factory), acetone, sodium nitrate, ascorbic acid, magnesium sulfate, N,N'-dimethylformamide, calcium 

chloride, potassium chloride, copper chloride and glucose were all analytically pure and purchased from 

Sinopharm Chemical Reagent Co. Potassium chloride, copper chloride and glucose were all analytically 

pure and purchased from Sinopharm Chemical Reagent Co. The phosphate buffer solution (NaH2PO4-

Na2HPO4) with different pH values was prepared by preparing 0.1 M NaH2PO4 and 0.1 M Na2HPO4 

solutions in a certain volume ratio. 

Powder X-ray diffraction (XRD) analysis was performed on a PAN alytical X'Pert3 powder 

diffractometer with CuKa radiation source. Thermogravimetric (TGA) curves were measured with a 

METTLER STDA 851° thermogravimetric analyzer (test temperature range: 30 ~ 600 °C under nitrogen 

atmosphere, 10 °C-min). Infrared spectroscopy (FT-IR) was performed with a Nicolet 5700 FT-IR 

spectrometer (KBr press, 4000-400 cm). Gas adsorption tests were performed on a Micromeritics ASAP 

2020 analyzer. The electrochemical tests were performed on a CHI 660E (CHI Instruments, Shanghai, 

China). 

 

2.2. Preparation of UiO-67 

Weighed 0.120 g ZnCl and 0.125 g 4,4-biphenyldicarboxylic acid in a glass vial, and added 20 

mL DMF solvent to dissolve them. Then 1.83 g of benzoic acid was added and sonicated for 5 min. 

Finally, the cap was tightened and placed in an oven at 100 ℃ for 2 d. The product was cooled to room 

temperature, centrifuged, and UiO-67 product was obtained at the bottom of the centrifuge tube. The 

activation of UiO-67 was carried out by solvent exchange method. The UiO-67 powder was washed 

three times with DMF and acetone in order to remove the unreacted ligands and metal ions, and finally 

the product was dried at 80 ℃. 

 

2.3. Electrochemical test 

The GCE (3 mm) was polished with Al2O3 grinding powder of 1.0, 0.3 and 0.05 μm particle size 

on chamois in turn. After each polishing, the electrodes were ultrasonicated with anhydrous ethanol and 

water for 2 min to remove impurities on the electrode surface and dried under an infrared lamp. After 

weighing 4 mg of UiO-67 in 1 mL of anhydrous ethanol, the dispersion was dispersed well with 

ultrasound and 10 uL of the dispersion was applied to the polished GCE surface, and then dried under 

an infrared lamp. Finally, 5 uL of 0.5% Nafion was added dropwise to the electrode surface to obtain 

UiO-67/GCE. The electrochemical experiments were performed using the conventional three-electrode 

system, in which the GCE was the working electrode, the saturated Ag/AgCl electrode was the reference 

electrode and the platinum wire was the auxiliary electrode. 
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3. RESULTS AND DISCUSSION 

The XRD pattern of UiO-67 is shown in Figure 2A. It can be seen that the XRD peaks of the 

synthesized UiO-67 are almost identical to the simulated ones [50], which indicates that UiO-67 has 

been successfully synthesized. 

Figure 2B shows the TGA curves of the activated UiO-67. From Figure 2B, it can be seen that 

the prepared UiO-67 has three main weight loss plateaus. The first weight loss platform has a temperature 

variation range of 30-60 ℃, which is generated by the weight loss of residual acetone in the material. 

The second weight-loss plateau is from 100 to 400 °C, which is mainly due to the removal of solvent 

from the material. The third weight loss plateau has a temperature variation range of 400~600 °C, which 

is due to the weight loss caused by the collapse of the metal-organic structure [51,52]. The above results 

indicate that UiO-67 has excellent thermal stability [53]. 

The results of FTIR analysis of UiO-67 material are shown in Figure 2C. As can be seen from 

the spectrum: 3430 cm-1 corresponds to the -OH stretching vibration peak, indicating the presence of -

OH in the material [54]. The characteristic absorption peaks at 1592 and 1421 cm-1 correspond to the 

carboxylate ion C-O and benzene ring, respectively. 

 

  

 
 

Figure 2. (A) XRD pattern, (B) TGA curve and (C) FTIR spectrum of UiO-67. 

 

 

To evaluate the effect of the pore properties of UiO-67, a series of N adsorption isotherms were 

collected at -196 ℃, and the results are shown in Figure 3A. The isothermal adsorption curve of UiO-

67 is type Ⅰ isotherm, which indicates that the sample is a microporous material [55]. The corresponding 

pore size distribution curves are shown in Figure 3B, which indicates that the pore size distribution is 

mainly around 1 nm. 
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Figure 3. (A) 77 K N2 sorption isotherms and (B) pore-size distribution of UiO-67 calculated by using 

a slit NLDFT model. 

 

 

Figure 4A shows the EIS plots of GCE and UiO-67/GCE. Figure 4B shows the Bode plot EIS 

spectra of the same electrodes as shown in Figure 4A with the phase shifts and absolute values of the 

impedance plotted against the tested frequencies. The resistance value of GCE is obviously much larger 

than that of the porous copper modified electrode, indicating that the bare electrode was successfully 

modified to UiO-67, thus contributing to the electron transfer [56]. 

 

 

 
Figure 4. (A) EIS plots and (B) Bode plots of GCE and UiO-67/GCE in 5 mM Fe(CN)6

3-/Fe(CN)6
4-

+0.01 M KCl. 

 

 

The CV curves of UiO-67/GCE were compared with those of GCE in a NO3
- containing 

electrolyte (0.1M Na2SO4, pH=3.0). As can be seen from Figure 5A, the curve of GCE in the test solution 

showed no reduction peak near -0.55 V, while UiO-67/GCE had a clear reduction peak at -0.55 V. This 
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indicates that the modification of a layer of UiO-67 on the electrode surface is more sensitive to the 

response of nitrate ions [57,58]. 

We tested the electrochemical properties of UiO-67/GCE in different electrolytes. We tested 0.1 

M solutions of Na2SO4, Na2CO3, NaHCO3, and (NH4)2SO4 containing equal concentrations of NO3
-, 

respectively. As can be seen from Figure 5B, the sensitivity of the determination was better with the 

choice of 0.1 M Na2SO4 as the supporting electrolyte. 

 

 
 

Figure 5. (A) Cyclic voltammetry of GCE and UiO-67/GCE in 1.00×10-5 M NO3
- of 0.1 M Na2SO4（

pH=3.0) base solution. The scan rate is 100 mV/s. (B) The influence of the electrolyte for the 

determination of 1.00×10-5 M NO3
-. The scan rate is 100 mV/s. 

 

 

 
 

Figure 6. (A) The influence of the pH of electrolyte for the determination of 1.00×10-5 M NO3
-. The 

scan rate is 100 mV/s. (B) The interference study of the UiO-67/GCE towards 1.00×10-5 M NO3
- 

at pH 3.0 Na2SO4. 

 

The variation of the voltammetric response of UiO-67/GCE to NO3
- in Na2SO4 with pH ranging 

from 0.0 to 4.0 is given in Figure 6A. From the figure, it can be seen that the difference in pH of the 

electrolyte affects the voltammetric response and has a greater effect on the catalytic reduction of NO3
- 
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[59]. The current response showed maximum when the pH was 3.0, so the electrolyte with pH 3.0 was 

chosen. 

Figure 6B shows the interference of UiO-67/GCE with other common ions (SO4
2-, Cl-, HCO3

-, 

Na+, Ca2+, Mg2+) in PM 2.5 for the determination of NO3
-. The results showed that none of these ions 

interfered significantly with the determination. 

Figure 7 shows the peak current of the electrode in Na2SO4 solution at pH=3 versus 6.67×10-6 to 

2.00×10-4 M nitrate concentration. It can be seen from the figure that the peak current has a good linear 

relationship with the nitrate concentration with a linear correlation coefficient of 0.994. The detection 

limit of the determination can be calculated to be 2.00×10-6 M. Table 1 shows the comparison of the 

proposed electrochemical sensor with previous reports. 

 

 
 

Figure 7. DPV of different concentrations of NO3
- on the UiO-67/GCE in 0.1 M Na2SO4(pH=3.0). Inset 

was the linearity between the concentration of NO3
- and peak current. 

 

Table 1. Comparison of the proposed UiO-67/GCE with previous reported electrochemical sensors 

toward NO3
- detection. 

 

Sensor Linear detection range Limit of detection  Reference 

Au/GO-CS/GCE 0.9–18.9 μM 0.3 μM [60] 

Pt-GO-PB - 6.6 μM [61] 

Ag-RGO/GCE 0.1–120 μM 0.012 μM [62] 

CuO/H-C3N4/RGO 0.2–110 μM 0.016 μM [63] 

UiO-67/GCE 6.67×10-6 to 2.00×10-4 

M 

2.00×10-6 M This work 
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Table 2. The results of electrochemical test and ion chromatography test for detecting the NO3
- in PM 

2.5 particle. 

 

Sample UiO-67/GCE (10-5 

M) 

IC (10-5 M) SD (%) In air (μg/m3) 

1 1.58 1.56 1.31 0.19 

2 1.80 1.88 0.95 0.11 

3 2.04 2.07 1.08 0.08 

 

 

We obtained the actual PM 2.5 samples from Xinxiang City Environmental Monitoring Station, 

measured with UiO-67/GCE and compared the test results with those of ion chromatography. The actual 

paper strip samples were soaked in Na2SO4 solution at pH 3.0 for 48 h. Each sample was divided into 

two parts, one part of the sample was tested using the UiO-67/GCE developed in this paper and the other 

part was determined using ion chromatography [64]. Table 1 shows the test results of NO3
--content in 

the samples measured by electrochemical and ion chromatography methods. From Table 2, it can be 

seen that the relative deviations between the test results of UiO-67/GCE and the test values of ion 

chromatography method ranged from 0.95 to 1.31%. 

 

 

4. CONCLUSION 

In this work, we synthesized UiO-67 by a solvent method and constructed the material as an 

electrochemical sensor that can be used to detect NO3
-. Under the optimal conditions, the linear range of 

NO3
- response on UiO-67/CCE was 6.67×10-6~2.00×10-4 M, and the detection limit was 2 μM (S/N=3). 

The sensor was used for the detection of real air PM2.5 samples with relative deviations between 0.95 

and 1.31%. 
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