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A B S T R A C T   

The sensing of explosives such as 2,4,6-trinitrotoluene (TNT) directly at an explosion site requires a fast, simple 
and sensitive detection method, to which electrochemical techniques are well suited. Herein, we report an 
electrochemical sensor material for TNT based on an ammonium hydroxide (NH4OH) sensitized zinc- 
1,4–benzenedicarboxylate Zn(BDC) metal organic framework (MOF) mixed with carbon black on a glassy carbon 
electrode. In the solvent modulation mechanism, by merely changing the concentration of NH4OH during syn
thesis, two Zn(BDC) MOFs with novel morphologies were fabricated via a hydrothermal approach. The as- 
prepared MOFs were characterized using X-ray powder diffraction (XRD), scanning electron microscopy 
(SEM), Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and high- 
resolution field emission electron microscopy (FESEM) equipped with energy dispersive X-ray spectroscopy 
(EDS). The different morphologies of the MOFs, and their impact on the performance of the modified electrodes 
towards the electrochemical detection of TNT was investigated. Under optimum conditions, 0.7–Zn(BDC) 
demonstrated the best electrochemical response for TNT detection using square wave voltammetry (SWV) with a 
linear calibration response in the range of 0.3–1.0 μM, a limit of detection (LOD) of 0.042 μM, a limit of 
quantification (LOQ) of 0.14 μM and a high rate of repeatability. Atomic-scale simulations based on density 
functional theory authenticated the efficient sensing properties of Zn(BDC) MOF towards TNT. Furthermore, the 
promising response of the sensors in real sample matrices (tap water and wastewater) was demonstrated, opening 
new avenues towards the real-time detection of TNT in real environmental samples.   

1. Introduction 

Nitroaromatic compounds (NACs) are widely used in modern mili
tary explosives and are popular in the fireworks and aviation industries. 
However, the frequent use and chemical nature of nitro-based com
pounds leads to the formation of persistent environmental pollutants in 
soil and water, especially close to explosion sites and ammunition 
storage areas [1]. NACs are mutagenic and carcinogenic, meaning that 
prolonged exposure can pose serious threats to human health, including 
skin irritation, anaemia and liver abnormalities [2]. Among several 
NACs that are available, 2,4,6–trinitrotoluene (TNT) is one of the most 
widely used compounds because it undergoes rapid pressurization and 
decomposition and is designed to detonate under specific temperature 

and pressure conditions acquired through primary explosives [3]. TNT is 
toxic to humans at concentrations above 2 parts-per-million (ppm) and 
its upper advisory level in drinking water is 2 parts-per-billion (ppb) [4]. 
Based on its prevalence in the demolition and mining industries, the 
swift and accurate detection of TNT is imperative for environmental 
protection. Its detection is also important for national security e.g. if the 
explosive gets into the wrong hands. To attend these demands, there is a 
requirement for a sensing device for TNT with ideal properties that al
lows it to be miniaturized, portable, accurate and require simple sample 
preparation and measurement methods. Electrochemical techniques are 
highly suitable for this purpose [5–7]. 

The unique electrochemical reduction of TNT shows three distinct 
voltammetric peaks corresponding to the reduction of the three nitro 
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groups, and its mechanism has been widely explored and well- 
characterised in aqueous solutions. The generally accepted mechanism 
involves 6 electrons and 6 protons for each step, a total of 18 electrons, 
18 protons [8]. A range of electrochemical methods have been employed 
for TNT detection in water, including measuring the current, voltage, 
impedance, conductivity and membrane potential at different concen
trations of TNT [9]. Most often, the detection of TNT is carried out by 
combining a chemically selective layer with an electrochemical trans
ducer [9]. 

In recent years, many active materials have been used as modified 
electrodes for the electrochemical sensing of TNT, including carbon 
nanotubes, graphene, and noble metal-based nanomaterials [7,10,11]. 
However, there is limited literature on the electrochemical sensing of 
TNT using metal organic framework (MOF) structures [12,13]. Metal 
organic frameworks (MOFs) are new class of 3D functional material that 
comprise of metals connected by an organic linker. They exhibit excel
lent textural properties with ultra-high surface area, regular porosity 
and an abundance of functional groups. To date, hundreds of MOFs have 
been synthesized and used in a range of applications including gas 
adsorption, gas separation, sensors, liquid phase adsorption and in 
photocatalysis [14–19]. MOFs are also used as a template for the further 
synthesis of metal oxides, nitrides and composites through calcination, 
which requires heat-intensive treatments at temperatures of ca. 
500–580 ◦C [20]. The incorporation of an expensive noble metal such as 
gold or silver into MOFs has displayed encouraging electrochemical 
sensing performance for the detection of nitrobenzene [21]. However, it 
should be noted that even though the MOF precursors are themselves 
low cost, the use of gold and silver salts make these materials 
cost-prohibitive for scale-up. 

Several MOFs have been used for the detection of gases [22], water 
pollutants [23], biological species [24,25] and nerve agents [26]. 
Among those, only a few have been used as synthesized in the pristine 
state, e.g. HKUST-1 for sensing of hydrogen [17], 2,4-dichlorophenol 
(DCP) [27], dopamine and pharmaceuticals [28,29]. To detect analy
tes using pristine MOFs as the electrode material, the MOF can be 
electrodeposited directly onto the electrode, such as in the case of 
HKUST-1. However, there are only a limited number of MOFs that can be 
electrodeposited in this way, but there are many more MOFs with 
different properties that can be produced in powder form. With this in 
mind, the current work examines the use of MOFs synthesized by hy
drothermal methods with highly favourable inherent properties for the 
electrochemical detection of TNT. A Zn(BDC) MOF (where BDC =
benzene dicarboxylic acid) was selected due to its facile synthesis 
technique, large surface area, and well-defined porosity. To achieve high 
stability of the sensing signal, and to tune the morphological aspects of 
the selected MOF for the sensing application, the synthesis is modified 
by adding ammonium hydroxide (NH4OH) as a modulating solvent, 
leading to the formation of different flake-like morphologies. Two 
different volumes of NH4OH (0.4 and 0.7 mL) are introduced into the 
synthesis of Zn(BDC). The electrochemical sensing of TNT is conducted 
by using Zn(BDC) MOFs in a paste together with carbon black and 
Nafion as modified glassy carbon electrodes (GCEs). Various parame
ters, including the analyte solution pH, TNT concentration and waiting 
times are studied to elucidate performance of the Zn(BDC) MOFs for the 
detection of TNT in both simulated and real samples. First principles 
calculations based on spin-polarized density functional theory (DFT) are 
performed to reveal the exchange and correlation functional and the 
electron-ion interactions. This study provides a foundation to explore 
pristine MOFs without costly noble metals for their highly favourable 
performance in electrochemical sensing applications. 

2. Materials and methods 

2.1. Chemicals and solutions 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 98 %), benzene 

dicarboxylic acid (BDC, C6H4(CO2H)2, 98 %), dimethylformamide 
(DMF, HCON(CH3)2, 99.8 %), ammonium hydroxide (NH4OH, 29 wt% 
ammonia), sodium sulphate (Na2SO4, ≥99 %), boric acid (H3BO3, 
≥99.5 %), sodium tetraborate decahydrate (Na2B4O7.10H2O, ≥99.5 %) 
and Nafion (~5 % in a mixture of lower aliphatic alcohols and water) 
were purchased from Sigma Aldrich, Australia, and used as received 
without any further purification. 2,4,6-Trinitrotoluene (TNT, 1000 μg/ 
mL in acetonitrile) was purchased from Cerilliant Corporation, Round 
Rock, TX, USA. For electrochemical measurements, 0.5 M borate buff
ered Na2SO4 solution was used as a supporting electrolyte to prepare a 
0.044 mM TNT solution. The prepared TNT solutions were stored in a 
refrigerator. Ultrapure water (with a resistance of 18.2 MΩ cm) was 
prepared by an ultrapure water purification system (Millipore Pty Ltd., 
North Ryde, NSW, Australia). For preparation of the slurry for drop 
casting on the electrode, super P carbon from Alfa Aesar (Thermo Fisher 
Scientific) was used, along with Nafion, ethanol and the MOF (see later). 

2.2. Synthesis of 0.4–NH4OH modulated Zn(BDC) MOFs 

All MOF samples were synthesized using the hydrothermal method. 
First, 60 mL of DMF was heated to 100 ◦C for 2 h followed by adding 2.5 
g of Zn(NO3)2.6H2O and 0.53 g of BDC. After continuous stirring for 30 
min, 0.4 mL of NH4OH was added to the reaction mixture. The solution 
was then transferred into a 120 mL capacity Teflon lined autoclave 
which was tightly sealed and kept at 130 ◦C in a preheated oven for 24 h 
before leaving it to cool to room temperature. The white crystalline 
product was isolated through vacuum filtration and left to dry at 100 ◦C 
for 12 h. The material is termed 0.4–Zn(BDC) in this work, reflecting the 
volume of NH4OH (0.4 mL) added in the synthesis. 

2.3. Synthesis of 0.7–NH4OH modulated Zn(BDC) MOFs 

The synthesis procedure for 0.7–NH4OH modulated Zn(BDC) was 
similar to above, except that 0.7 mL of NH4OH was added into the zinc 
precursor solution. This material has been given the name 0.7–Zn(BDC) 
in this work. 

2.4. Preparation of Zn(BDC) modified GCE 

A glassy carbon electrode (GCE, d = 3 mm, BASi, West Lafayette, IN, 
USA) was polished with 3, 1 and 0.5 μm alumina slurry (Kemet, NSW, 
Australia), followed by ultrasonication in ultrapure water and ethanol 
separately for 5 min. Before modifying the surface of the GCE, a cocktail 
of active material was prepared by mixing 5 mg of the Zn(BDC) MOF, 3 
mg of carbon black, 50 μL of Nafion and 450 μL of ethanol. The cocktail 
was then sonicated for 60 min at room temperature. To prepare the Zn 
(BDC) modified electrode, 10 μL of the aforementioned cocktail was 
drop-casted onto the surface of a polished GCE and left to dry, yielding a 
robust electroactive surface denoted as either 0.4–Zn(BDC) or 0.7– 
(BDC) modified GCE. The modified GCEs were stored at room temper
ature. It is noted that carbon black was required to enhance the con
ductivity and improve the stability of the modified electrode. Films 
made with only MOF/Nafion (without carbon black) were non- 
homogeneous and gave irreproducible electrochemical results. 

2.5. Electrochemical experiments 

All electrochemical experiments were performed using a conven
tional three electrode system with a PGSTAT101 Autolab potentiostat 
(Metrohm Australia, Gladesville, NSW, Australia) interfaced to a PC 
system with NOVA 1.11 software. Experiments were performed at room 
temperature inside an aluminium Faraday cage to minimize electrical 
interference. The glassy carbon electrode, Pt mesh and Ag/AgCl (in 
saturated KCl, purchased from BASi) served as working, counter and 
reference electrodes, respectively. Prior to performing electrochemical 
experiments, the electrochemical cell was purged with high purity N2 for 
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at least 15 min to remove any dissolved oxygen. 
For the sensing experiments, cyclic voltammetry (CV) was performed 

at a scan rate (ν) of 100 mVs− 1, step potential of 2.44 mV, potential 
window between +0.1 and − 1.0 V in a 0.5 M borate buffered Na2SO4 
solution containing TNT. The pH of the electrolyte solution was adjusted 
carefully to 7 by using 99.5 % of H3BO3 and Na2B4O7, respectively. To 
investigate the stability, repeatability and recovery of the modified 
electrodes, CV measurements were obtained with 20 or 60 min wait 
between each scan. Square wave voltammetry (SWV) was used to 
identify the linear calibration range with different concentrations of 
TNT because of its high sensitivity compared to CV. Parameters used for 
SWV were: ν = 40 mV/s− 1, step potential = 4 mV, amplitude = 0.05 V 
and frequency = 10 Hz. 

2.6. Effect of pH 

To understand the influence of pH on the electrochemical reduction 
of TNT in aqueous media, three electrochemical measurements were 
carried out on the 0.7–NH4OH modified GCE. All other experimental 
parameters were kept the same, except the pH of the supporting elec
trolyte (borate buffered Na2SO4 solution) which was either acidic (pH 
4), neutral (pH 7) or basic (pH 9) to cover a wide range of pHs that 
mimics real water samples. 

2.7. Wastewater and tap water 

To determine the suitability of the prepared electrodes in real sam
ples, spiked tap water and wastewater samples were analysed to detect 
TNT. Tap water was collected from the Chemistry & Resources Precinct 
at Curtin University, Perth, WA, Australia, and wastewater was collected 
from a local water source at Write Lake, Camillo, Western Australia. 

2.8. Materials characterization techniques 

A spectrum 100-FT-IR (Fourier transform infrared) spectrometer 
(PerkinElmer) was used to study the linkage of metal clusters with 
organic ligands. The spectra were scanned from 650 to 4000 cm− 1 with a 
resolution of 4 cm− 1 using an attenuated total reflectance (ATR) tech
nique. Structural characterization of both the 0.4–NH4OH and 
0.7–NH4OH modulated Zn(BDC) powders was performed using a D8 
Advance diffractometer (40 kV/40 mA, Bruker AXS, Germany) with Cu – 
Kα radiation and a LynxEye detector to collect the X–ray diffraction 
(XRD) pattern. The MOF samples were scanned in a 2θ range of 20–80ο 

with a 0.03 step size. N2 adsorption/desorption isotherms of the samples 
were performed on a surface area and porosity analyser (Micromritics 
Tristar Plus 3020). All samples were degassed under vacuum at 5–10 
torr in a quartz sample tube reactor at 160 ◦C for 24 h prior to mea
surements. Morphological features of the MOFs were investigated by 
recording scanning electron microscope (SEM) images from a Zeiss Neon 
40EsB (Zeiss, Germany) instrument. High-resolution field emission 
scanning electron microscopy (FE-SEM, TESCAN MIRA3 LMU) equipped 
with an energy dispersive X-ray (EDX) spectrometer. Both machines 
were available at the John de Laeter Centre, Curtin University. Before 
imaging, the MOF samples were positioned onto carbon tape and coated 
with a 3 nm thick Pt layer. To investigate surface changes, X-ray 
photoelectron spectroscopy (XPS) (PHI 5000 Versaprobe III) measure
ments were performed with Al Kα (1486.6 eV) radiation operated at 72 
W (12 kV, 6 mA) in a vacuum chamber at ~2 × 10− 7 mbar pressure. The 
terms Zn(BDC) and Zn/GCE are used to indicate as-synthesized MOF, 
and the MOF modified electrode, respectively. 

3. Results and discussion 

3.1. Synthesis and modification of Zn(BDC) 

Zn(BDC) MOFs were synthesized by conventional hydrothermal 

methods using different amounts of NH4OH as a modulator. Two Zn 
(BDC) MOFs were prepared by adding either 0.4 or 0.7 mL of NH4OH 
into the precursor solution. The use of modulators in such synthetic 
processes provides hindrance to the organic linkers and metal ions 
during the synthesis of MOFs, which can lead to controlled crystal 
growth and extension of the MOF [30]. Increasing the basicity of the 
solution by the addition of NH4OH could also increase the availability of 
deprotonated BDC ions for coordination with zinc ions, thus producing 
more well-defined structures [31]. Therefore, it is generally agreed that 
adding NH4OH as a modulator has a significant influence on the 
morphology, predominantly producing layered thin sheets and 
flake-like structures [32]. Keeping this in mind, the inspiration behind 
using this modulation technique was to take control over the 
morphology, porosity and surface area of the synthesized Zn(BDC) 
MOFs, and investigate the impact towards the electrochemical sensing 
of TNT. The as-synthesized MOFs were employed as an active material to 
prepare MOF-modified GCEs for the electrochemical detection of TNT. 
Fig. 1 presents a schematic of the MOF-modified GCE (bottom right), the 
structure of the MOF (top right), the electrochemical reduction mech
anism (top left) and cyclic voltammetry for TNT reduction (bottom left). 

For an in-depth understanding of the structural and morphological 
aspects of the synthesized MOFs, a range of characterization tests were 
performed. FTIR analysis showed the successful linkage of the zinc 
nodes with benzene dicarboxylic acid linkers. The main peaks in the 
FTIR spectra (Fig. 2a) are observed at 1368, 1575, 742, 3206 and 3602 
cm− 1, corresponding to C––O, O–C–O, Zn–O, and –OH groups, respec
tively. To study the crystallinity, XRD patterns for pristine Zn(BDC), 
0.4–Zn(BDC) and 0.7–Zn(BDC) were recorded (see Fig. 2b), which dis
played characteristic reflections at 5, 10, 14 and 16ο that are in fair 
agreement with the simulated XRD pattern of Zn(BDC). There are two 
additional peaks for 0.7–Zn(BDC), one extra peak for 0.4-Zn(BDC), and 
no peaks for Zn(BDC) between 5 and 10◦, which may be a result of 
different space groups (C2/c, P21/m, and P21/C) for the same crystal 
structure [33]. Moreover, the intensity of 0.7–Zn(BDC) is higher 
compared to both the pristine and 0.4–Zn(BDC). Hence, the similarity 
and high crystallinity between the XRD pattern of both the 0.4–Zn(BDC) 
and 0.7–Zn(BDC) MOFs suggests that the addition of the modulator 
merely changes its morphology and not its core crystalline structure [21, 
34,35]. 

For a morphological understanding, SEM imaging was performed on 

Fig. 1. Schematic illustration of the proposed mechanism for the electro
chemical reduction of TNT on a 0.7-Zn/GCE modified electrode in an aqueous 
solution. Cyclic voltammetry was performed for 0.04 mM TNT in 0.5 M borate 
buffered Na2SO4 electrolyte at a scan rate of 100 mVs− 1. 
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both the 0.4–Zn(BDC) and 0.7–Zn(BDC) MOFs. The morphology is 
different from that previously reported literature without the addition of 
ammonium hydroxide, as the material has now been transformed into 
thin flakes and sheets. Fig. 2d clearly depicts the layered nanosheet-like 
structures for both representative samples [32]. The distinctive layered 
texture was more evident in 0.7–Zn(BDC) compared to 0.4–Zn(BDC), 
which supports the aforementioned role of NH4OH towards the forma
tion of a more well-defined morphology. 

Different morphologies have been reported in previous studies as a 
result of solvent modulation, additions of precursors, and/or template 
assisted synthesis techniques [36–39]. Such morphological changes can 
play a significant role in the performance of MOFs for different appli
cations, particularly upon transformation to thin sheets and/or flakes, 
resulting in reduced mass and electron transport resistance [40,41]. 
Specifically, the morphology and topology of MOFs can be tuned by the 
addition of NH4OH. Recently, different morphologies of Cu-based MOFs 
were reported by the addition of a small amount of NH4OH in a one-pot 
synthesis [42]. The change in morphology can be attributed to the for
mation of a sterically less-hindered zinc complex with ammonium and 
the high solubility of the organic ligand at high pH in the presence of 
NH4OH. The morphology of 0.7–Zn(BDC) was transformed from a 
nodular structure to well-defined sheets. Such a transformation of 
0.7–Zn(BDC) into thin sheets may contribute to the enhanced electrical 
conductivity [42]. The distribution of zinc in 0.4–Zn/GCE and 
0.7–Zn/GCE was verified through SEM/EDX (see Figure S1) by selecting 
a larger area of the samples. While the distribution of Zn seems similar in 
both, smoother and thinner sheets, with some discreet particles, can be 
seen for 0.7–Zn/GCE compared to the more course sheets/particles for 
0.4–Zn/GCE. Moreover, the nitrogen adsorption-desorption isotherms 
(Fig. 2c) showed a high surface area for pristine ZnBDC, 0.4–Zn(BDC) 
and 0.7–Zn(BDC) samples. The lowest surface area and single point pore 
volume i.e. 45 m2/g and 0.06 cm3/g is observed for pristine Zn(BDC) 
sample while surface area and single point pore volume is highest for the 
0.7–Zn(BDC) sample. Specifically, the BET surface area of 0.7–Zn(BDC) 
is 500 m2/g compared to 190 m2/g for 0.4–Zn(BDC), and the single 
point pore volume is 0.1 and 0.2 cm3/g for 0.4–Zn(BDC) and 0.7–Zn 
(BDC) MOFs, respectively. Such a high surface area and pore size plays a 
significant role in the enhanced electrochemical performance. It is 
important to note that the surface area of the MOF sheets decreased due 

to a change from 3D to 2D structures, however, the electrical conduc
tivity and mechanical properties can still be improved despite their 
lower surface area [43]. 

3.2. Electrochemical behaviour of Zn(BDC) based sensors towards TNT 

The two modified electrodes (0.4–Zn/GCE and 0.7–Zn/GCE) were 
prepared as films on a polished GCE substrate for the electrochemical 
sensing of TNT. Cyclic voltammetry (CV) was employed and the 
resulting voltammograms are shown in Fig. 3, with the corresponding 

Fig. 2. Characterization of the synthesized Zn(BDC) MOFs using: (a) FTIR, (b) XRD, (c) nitrogen adsorption–desorption isotherms, and (d) SEM imaging.  

Fig. 3. Superimposed cyclic voltammograms of 0.4–Zn/GCE (red) and 0.7–Zn/ 
GCE (blue) modified GCEs compared to the unmodified (bare) GCE in 0.5 M 
borate buffered Na2SO4 solution at pH 7. The inset shows a magnified image of 
the CV on the bare GCE. The corresponding blank experiments (in the absence 
of TNT) are shown in Figure S2 in the supporting information. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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blank scans in the absence of TNT shown in the supporting information 
(Figure S2). The pristine (unmodulated) Zn(BDC) sample was also tested 
in the film, but showed lower current responses compared to the two 
solvent modulated materials (see Figure S3), so was not studied further. 

The electrochemical reduction of TNT in aqueous media is well- 
studied mechanism, displaying three distinct reduction peaks in the 
CV attributed to the stepwise reduction of three aromatic nitro groups 
into amino groups (Fig. 1) [44,45]. Typically, this corresponds to a 6e– 

and 6H+ transfer reaction for each nitro (–NO2) group with the incoming 
protons from the solvent, making it a total 18e– transfer process [8]. 
Among the three –NO2 groups, the most conventional reduction 
pathway starts from one ortho group followed by the second ortho group 
then the para –NO2 group [8,46]. In this work, the reduction current of 
the first peak will be analysed for sensing purposes. 

The voltammetry of the unmodified GCE towards the electro
chemical detection of TNT (0.04 mM) in borate buffered Na2SO4 solu
tion at pH 7 and within a potential window of − 1.0 to +0.2 V was also 
studied (Fig. 3 inset). Fig. 3 shows a comparison of the reduction of TNT 
on a bare GCE and a Zn(BDC) modified GCE, in which the former showed 
a much smaller current response (− 8.8 μA, Ered = − 0.53 V) compared to 
the later (− 423 and − 568 μA for 0.4– and 0.7–Zn(BDC), respectively, 
Ered = – 0.622 V). The higher current for the 0.7–Zn/GCE compared to 
the 0.4–Zn/GCE is attributed to its well-defined morphology, higher 
surface area and larger porosity (Fig. 2). 

The electrochemical response of the blank (carbon black + Nafion) 
modified GCE was also examined. This film was prepared in the same 
way as described in the experimental section, except that the Zn(BDC) 
MOF was not added. A very weak signal was observed (Fig. 4, black line) 
compared to the 0.7–Zn/GCE modified electrode, (red line) confirming 
the exclusive contribution of the employed MOFs towards the detection 
of TNT. 

3.3. Stability of the MOF modified electrodes 

To determine the stability and reproducibility of the reported sensor, 
both the 0.4–(BDC) and 0.7–Zn(BDC) modified GCEs were subjected to 
repeated CV scans in 0.04 mM TNT solution with 20 and 60 min wait 
time between each scan, as shown in Figure S4. Employing different wait 
times ensured that there was enough time for the modified film to 
recover from the previous cycle, and to examine its stability under 

prolonged cycling and storage. To ensure consistency, electrode posi
tions were fixed across all measurements. As seen in Figure S4, there was 
only a very small variation in the peak currents using different wait 
times, indicating that 20 min is sufficient to maintain a stable current. 
For the experiments with longer wait times, the electrodes remained 
dipped into the electrolyte solution over a period of 10 h without any 
visible fall-off of the active material (MOF) film or any significant drop 
in current signal. These experiments also revealed the distinct reduction 
signals of TNT (0.04 mM, first peak at − 0.622V) for both modified GCEs, 
which shows the impressive ability of MOFs to remain electroactive even 
for long periods of time. Slightly better current stability for the three 
peaks of TNT on the 0.7–Zn/GCE compared 0.4–Zn/GCE is ascribed to 
its layered morphology (Fig. 2d), more homogeneous suspension (esti
mated by visual inspection), and higher surface area, porosity and 
roughness. 

3.4. Impact of pH and scan rate 

The pH of the electrolyte is known have substantial impact on the 
electro-reduction signal of TNT [46]. Indeed, the reduction of TNT in
volves the formation of radicals and the consumption of several (up to 
18) protons, thus the reaction is typically highly sensitive to variations 
in local pH. Three electrolyte pH values were selected: 4 (slightly 
acidic), 7 (neutral) and 9 (slightly basic) (Fig. 5. Interestingly, there was 
very little change in potential of the first reduction peak upon changing 
pH (less than 30 mV variation across all pH values), whereas ~300 mV 
shift was observed for a conventional redox probe, hydroquinone (see 
Figure S5 in the supporting information), using the same MOF modified 
electrodes. This could indicate an interaction of the MOF with the TNT 
structure that causes an almost pH independent reduction reaction, 
which is worthy of a follow-up study in the future. From an analytical 
perspective, the peak heights also changed with pH, which could be 
assigned to the involvement of hydronium ions during the reduction of 
compounds with nitro moieties [47]. The signals with lowest currents 
were obtained in basic media (pH 9). The most desirable feature for 
sensing applications (highest TNT current, moderate reduction poten
tial) was obtained at pH 7, so therefore this electrolyte was selected for 
further measurements. Borate buffered Na2SO4 (0.5 M) was used as a 
supporting electrolyte based on previously reported works, claiming its 
ability to retain the morphology of Zn based nanostructures [48,49]. For 
verification of the stability of the complex, the 0.7–Zn(BDC) powder was 

Fig. 4. Superimposed cyclic voltammograms (CVs) of the blank paste (black 
line, carbon black + Nafion) and 0.7–Zn/GCE (red) modified electrodes in 0.5 
M borate buffered Na2SO4 solution at pH 7 with 0.04 mM TNT and scan rate of 
100 mVs− 1. The inset shows the magnified image of the CV of the blank paste. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 5. Superimposed cyclic voltammograms (CVs) of a 0.7–Zn/GCE modified 
electrode at pH values of 4 (red), 7 (blue) and 9 (black) in 0.5 M borate buffered 
Na2SO4 solution with 0.04 mM TNT and scan rate of 100 mVs− 1. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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soaked in the electrolyte solution for 6 h before collecting SEM images 
(Figure S6), which did not display any significant changes compared to 
the original powder. 

The dependence of scan rate (ν) on the reduction peak current (Ipc) of 
TNT was investigated in the range of 10–1000 mVs− 1 for the 0.7–Zn/ 
GCE modified electrode. The recorded voltammograms are presented in 
Figure S7, which clearly show an increase in current signal with an in
crease in ν. With increasing ν, a shift in the reduction peak towards a 
more negative potential was observed, which suggests some electro
chemical quasi-reversibility for the reduction of the nitro compound. 
This behaviour was observed on both the 0.4–Zn/GCE and 0.7–Zn/GCE 
modified electrodes. The linear correlation between the square root of 
the scan rate and Ipc suggests that the electro-reduction of TNT on both 
0.4–Zn/GCE (R2 = 0.9852) and 0.7–Zn/GCE (R2 = 0.9854) modified 
electrodes is a diffusion controlled process (Figure S8). 

3.5. Electrochemical detection of TNT on 0.4–Zn/GCE and 0.7–Zn/GCE 

For analytical evaluation of the devised sensor, square wave vol
tammetry (SWV) was used as a sensing technique due to its higher 
sensitivity compared to cyclic voltammetry. Quantification was per
formed on the 0.4–Zn/GCE and 0.7–Zn/GCE modified electrodes under 
optimized conditions (see experimental section) in 0.5 M borate buff
ered Na2SO4 solution at pH 7. Using a spiking method, SWV was carried 
out in the range 0.3 μM–1.0 μM. The obtained SWV curves in the 
cathodic potential range are shown in Fig. 6a and b for 0.4–Zn/GCE and 
0.7–Zn/GCE modified electrodes, respectively. To maintain consistency 
between the CV and SWV measurements, a 20 min wait time was 
allowed between each scan. The selection of 20 min wait time for the 

recovery of the sensor was based on our earlier study on ZnO based 
sensors for methyl paraben detection [50]. To verify the wait time for 
the sensors in the current study, further tests were performed with wait 
times of 2 min–10 min for the 0.4–Zn/GCE MOF. It was seen that a wait 
time of 10 min (see Figure S9) is sufficient to almost recover the response 
of TNT sensor fully, but 20 min was used in the experiments to ensure 
full recovery. Three well-separated peaks for TNT were evident in the 
0.7–Zn/GCE voltammograms i.e., Fig. 6b at − 0.57, − 0.69 and − 0.79 V. 
Contrary to this, only two prominent reduction peaks were observed 
(first two peaks were overlapping and not well resolved) at − 0.57 and 
− 0.69 V on the 0.4–Zn/GCE (Fig. 6a). 

The current for the first reduction peak at − 0.57 V was measured to 
plot calibration graphs for both the 0.4–Zn/GCE and 0.7–Zn/GCE 
modified electrodes in the selected concentration range of 0.5–1.0 μM. 
The first reduction peak displayed excellent linearity compared to the 
other peaks. The corresponding calibration curves (Fig. 6c and d) for the 
reduction of TNT were found to be linear in the range of 0.5–1.0 μM for 
both the 0.4–Zn/GCE and 0.7 Zn/GCE modified electrodes (R2 > 0.99 
for both). The limit of detection (LOD) and limit of quantification (LOQ) 
were calculated by dividing either three or ten times the standard de
viation (σ), with the slope of the calibration curve. The calculated LOD 
values were 0.046 μM and 0.042 μM, and the LOQ values were 0.15 μM 
and 0.14 μM for the 0.4–Zn/GCE and 0.7–Zn/GCE modified electrodes, 
respectively. The sensitivities of the modified electrodes were calculated 
from the calibration curve slopes, and were 106.8 and 87.4 μA/μM for 
0.4–Zn/GCE and 0.7–Zn/GCE, respectively. In terms of LOD, our ZnBDC 
MOF-based sensor performs better than or comparable to the existing 
literature for TNT sensing on carbon-based electrochemical sensors, e.g. 
boron doped nanodiamond, carbon nanotubes (CNTs), and even 

Fig. 6. SWV for (a) 0.4–Zn/GCE and (b) 0.7–Zn/GCE modified electrodes at different concentrations of TNT. Calibration curves from 0.5 to 1.0 μM TNT in 0.5 M 
borate buffered Na2SO4 solution at pH 7 for (c) 0.4–Zn/GCE and (d) 0.7–Zn/GCE. The error bars represent one standard deviation of three repeats on separately 
prepared electrodes. 
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precious metals e.g. gold nanoparticles with CNTs (see Table S1 in the 
supporting information). It is imperative to mention that the LOD in this 
work for 0.7ZnBDC is 0.042 μM, which is much lower than the bench
mark of 0.44 μM for TNT set by the BTAG Freshwater Screening 
Benchmarks published by the United States Environmental Protection 
Agency [51]. 

To demonstrate the reproducibility of the proposed sensor, both 
modified electrodes were tested with 0.04 mM TNT on three separate 
electrodes using freshly prepared films. The results demonstrated 
exceptional reproducibility with a standard deviation of only 1.4 and 
0.8% for 0.4–Zn/GCE and 0.7–Zn/GCE, respectively. These results point 
towards a link between the visually evident more well-defined 
morphology of the 0.7–Zn/GCE and the better reproducibility and 
lower LOD towards TNT compared to the 0.4–Zn/GCE. Electrochemical 
impedance spectroscopy (EIS) was also performed to compare 0.4–Zn/ 
GCE and 0.7–Zn/GCE (see Figure S10). As expected, 0.7–Zn/GCE has 
lower impedance (49.71 Ω) (Figure S10) compared to 0.4–Zn/GCE 
(84.47 Ω), which might be attributed to the morphology of thin sheets of 
the former [42]. 

3.6. TNT sensing in real water samples 

To assess the sensor performance in real matrices, water samples 
were collected from two different sources: (1) untreated tap water (TW) 
from the Chemistry & Resources Precincy at Curtin University, Bentley, 
Perth, Western Australia, and lake water (LW) from Wright lake, 
Camillo, Western Australia (WA). In this experiment, 0.5 M KCl was 
added as a supporting electrolyte to provide sufficient conductivity for 
the measurement. To rule out the presence of interferences, SWV was 
first carried out in blank TW and LW samples with and without the 
supporting electrolyte. Fig. 7a shows three well-separated reduction 
peaks for TNT in LW compared to TW, where the second and third peaks 
seem to merge closer together. The recorded peak potentials for TNT 
were also quite different i.e. − 0.44 V and − 0.58 V vs. Ag/AgCl in LW 
and TW, respectively. Despite the difference, the results from both real 
samples clearly suggest the analytical robustness and promising ability 
of the reported sensor towards the detection of TNT in the presence of a 
non-toxic and inexpensive electrolyte (KCl). 

3.7. Post-characterization of the modified electrode 

To gain insights into the preservation of the elemental content and 

morphology of the MOFs after being subjected to electrochemical 
sensing experiments for an extended period, further characterization of 
the materials was performed. Fig. 8 shows scanning electron microscopy 
(SEM) and elemental maps of the constituent elements obtained for 
0.7–Zn(BDC) (a1-a3) in its original form, (b1-b3) before, and (c1-c3) 
after the extended electrochemical experiments. Comparing Fig. 8 (b1- 
b3) and (c1-c3) with Fig. 8 (a1-a3) is of prime importance to elaborate 
on the stability of the Zn(BDC) MOFs after sensing experiments. The 
existence of constituent elements, especially Zn, supports the fact that 
the structure of Zn(BDC) remains intact even after performing electro
chemical detection experiments for TNT. We note that the carbon and 
Nafion-containing paste was added to the sample for both the “before” 
and “after” experimental results, and the lower resolution could result in 
hazy images due to the high amount of carbon present. High resolution 
XPS spectra of Zn (Fig. 8 d-f) exhibits two intense peaks at 1022.7 and 
1045.8 eV assigned to 2p3/2 and 2p1/2, respectively, which further 
confirms the retention of the Zn(BDC) structure in its original form [52, 
53]. The corresponding XPS survey spectra are provided in Figure S11 
with the constituent elemental peaks remaining constant. The appear
ance of sharp fluorine (F) peaks in Figure S11 (b-c) spectra are believed 
to come from the Nafion used for the ink preparation (see Fig. 9). 

To gain atomic-scale insights into the structural and sensing prop
erties of the Zn(BDC) MOF towards trinitrotoluene (TNT), first princi
ples calculations based on spin-polarized density functional theory 
(DFT) were employed [54,55]. A cubic model system for Zn(BDC) MOF 
containing 424 atoms (C192O104H96Zn32) with an optimized lattice 
constant of 25.77 Å was considered for the atomistic simulations [56]. 
The ground state configuration of the bare Zn(BDC) MOF is shown in 
Fig. 8d. For a more efficient sensing mechanism, Zn(BDC) MOF must 
bind TNT with a binding that is between strong physisorption and weak 
chemisorption. This means the calculated binding energy should fall 
between − 0.50 eV and − 1.0 eV [57]. In order to find the most stable 
adsorption configuration of TNT within Zn(BDC), various binding for
mations were considered by placing the former at different binding sites 
within the later. On the basis of total energy comparison, the ground 
state system was found as shown in Fig. 8(a–c). The binding energy (Eb) 
of TNT with the Zn(BDC) MOF was calculated using the following 
relationship [35]:  

Eb = E (Zn(BDC) @TNT) – E (Zn(BDC)) – E (TNT)                           (1) 

Here, the first, second and third terms on the right-hand side of the 
above relation represent the total energies (E) of TNT adsorbed on the Zn 

Fig. 7. Superimposed SWV of the 0.7–Zn/GCE modified electrode towards (a) lake water (b) tap water. The water sample contains 0.5 M KCl or 0.5 M KCl spiked 
with 0.04 mM TNT. 
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(BDC), the bare Zn(BDC) and the TNT molecule, respectively. The most 
stable configuration yielded an Eb value of − 0.623 eV, which is adequate 
enough to anchor TNT with Zn(BDC) efficiently. An appropriate Eb value 
of TNT clearly indicates the promising sensing characteristics of the Zn 
(BDC) MOF. The TNT molecule aligns itself almost in the centre of the Zn 
(BDC) with a minimum binding distance between O (TNT) and H (Zn 
(BDC)) of 3.73 Å in the most stable configuration. 

4. Conclusions 

Two NH4OH sensitized Zn(BDC) MOFs were synthesized by using a 
facile hydrothermal approach and were employed as electrode materials 
for the voltammetric sensing of the explosive TNT. A higher concen
tration of NH4OH (sensitizing agent) during the synthesis leads to the 

formation of more well-defined structures. The prepared MOFs were 
used to construct a modified GCE surface for the detection of TNT. Under 
optimized conditions, improved electrochemical sensing signals could 
be associated with the different morphology of the MOFs under inves
tigation. The 0.7–Zn(BDC) MOF modified GCE exhibited higher stability 
and reproducibility as compared to the 0.4–Zn(BDC) MOF. First prin
ciples DFT calculations revealed the efficient binding mechanism of Zn 
(BDC) MOF towards TNT. Besides its excellent performance, the suc
cessful response of the electrodes in real spiked water samples shows the 
possibility of the devised sensor materials for the effective sensing of 
TNT close to explosion sites for remediation purposes. 

Fig. 8. SEM/EDX of 0.7–Zn(BDC), and high resolution Zn XPS of: (a1-a3) the as prepared 0.7–Zn(BDC), (b1-b3) the 0.7–Zn(BDC) cocktail before experiments, and 
(c1-c3) the 0.7–Zn(BDC) cocktail after electrochemical detection of TNT. Figures (d–f) show the high resolution XPS spectra of Zn for the three samples. 

Fig. 9. Optimized computational structures of various orientations (a–c) of TNT adsorbed Zn(BDC) and (d) a bare Zn(BDC). The brown, silver, red, pink, and blue 
balls represent C, N, O, H, and Zn atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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