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ARTICLE INFO ABSTRACT
Keywords: The ZnO nanostructure layers have been widely investigated as electrodes for sensors due to their
Zinc oxide nanorod arrays intrinsic advantages such as high active area and low cost. In this work, to enhance the detection

Chemical bath-deposition
Electrochemical detection
Cyclic voltammetry
2,4,6-trinitrotoluene

properties of ZnO nanostructural electrodes, self-organized ZnO nanorod arrays were synthesized
using the chemical bath deposition (CBD) method on FTO glasses and ZnO nanoparticles. The
fabricated ZnO electrodes on the two different substrates were characterized by SEM, TEM, XRD,
and XPS. Subsequently, the detection performance of ZnO nanorod electrodes was electro-
chemically measured in a 2,4,6-trinitrotoluene (2,4,6-TNT) solution by CV and EIS. The differ-
ences in current densities between the ZnO electrodes were determined by the width of the ZnO
nanorods, resulting in a ~45% higher detection efficiency with F-CBD (the ZnO nanorods on FTO)
electrodes compared to S-CBD (the ZnO nanorods on ZnO nanoparticles) electrodes.

1. Introduction

Explosives have been applicated in the wide-field of industry, such as mining, demolition, and military activities [1-3]. However,
explosive compounds, such as the major explosive nitro-compounds that decompose into toxic amine-compounds of 2,4,6-trinitrotol-
uene (2,4,6-TNT), 2,4-dinitrotoluene, octogen, hexogen, and picric acid, are harmful to the environment as they can permeate into
underground water [2]. Moreover, explosives have been used for terrorist activities for several decades. Thus, detecting explosive
compounds is crucial, not only to identify pollutants but also to trace terrorism activities. To detect the explosive compounds, chro-
matographic and spectrometric analysis including high-performance liquid chromatography [4], gas chromatography [5], mass
spectrometry [6], and ion mobility spectrometry [7] have been utilized to verify the presence of explosive compounds. Among these
methods, electrochemical detection techniques are applied for a portable explosive sensor due to its rapid response, convenient
operation, and high reproducibility [1,2]. As an electrode for the electrochemical sensors, generally carbon-based electrodes with
noble metals are used [8]. However, recently, lots of researcher have investigated metal-oxide-based nanostructure electrodes to avoid
using noble metals and obtain economic benefits [9]. In particular, ZnO is one of the reliable materials, allowing detection of the major
explosive nitro-compounds. To fabricate ZnO, numerous techniques have been investigated, such as, thermal evaporation [10], metal
organic chemical-vapor-deposition [11], and chemical bath-deposition (CBD) method [12]. In this study, CBD method, the one of the
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simple and facile processes was constructed to grow ZnO nanorod arrays [1]. Through the CBD method, two distinct geometric of ZnO
nanorods were obtained on different types of bottom layers. After that, the ZnO nanorod layers were applied to electrochemical
detection of 2,4,6-TNT by cyclic voltammetry (CV) technique in an aqueous solution.

2. Experimental
2.1. Fabrication of ZnO electrodes

To obtain two different types of ZnO nanorod electrodes, fluorine-doped tin oxide (FTO) and ZnO nanoparticle coated FTO glasses
were prepared as substrates. First, FTO glass was cut into 2 x 6 cm. The cut FTO glasses were ultrasonically cleaned by acetone,
ethanol, and deionized water for 5 min. All the cleaned glasses were dried by nitrogen stream. The spin-coating method was applied to
deposit the ZnO nanoparticle seed layer onto the FTO surface. A 0.4 mL of ZnO nanoparticle dispersed solution (50-80 nm; US
Research Nanomaterials, Inc.) was dropped on the FTO surface; the sample was rotated at 1,000 rpm for 30 s followed by 3,000 rpm for
30 s. The seed-layer-deposited FTO sample was dried in the convection oven and air atmosphere at 60 °C for 2 min.

CBD method was utilized to fabricate the ZnO nanorod arrays on the two different types of oxide layer’s surface: the cleaned FTO
(denoted as ‘F-CBD’) and the seed-layer-deposited FTO (denoted as ‘S-CBD’). 0.05 M of zinc nitrate hexahydrate (ZNH; reagent grade
with 98%, Sigma-Aldrich) and hexamethylenetetramine (HMT; ACS reagent >99.0%, Sigma-Aldrich) were mixed in 500 mL of
deionized water. The prepared two-different substrates were immersed in the solution at 70 °C for 48 h [12]. After the CBD process, all
samples were rinsed by deionized water and annealed at 400 °C in air for 30 min (Scheme 1).

2.2. Characterization of ZnO nanorod electrodes

Field emission scanning microscope (FE-SEM, S-4300, Hitachi) was used to observe the morphological properties of ZnO nanorod
electrodes with top views and cross-sectional views (Inha University, Core Facility Center for Sustainable Energy). X-ray diffractometer
(XRD, X’pert PRO MRD, Phillips) and field emission transmission electron microscope (FE-TEM, JEM-2100F, JEOL) were employed to
analyze the crystallinity and plane distance of the electrodes. Binding energy of elements and element composition of the electrodes
were analyzed by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific).
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Scheme 1. Schematic diagram of CBD fabricating process for two different types of ZnO nanorod array electrodes: (left) direct-grown on FTO layer;
F-CBD and (right) seed-layer-deposited layer; S-CBD.
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2.3. Electrochemical analysis

All of electrochemical performance evaluations were conducted in three-electrode system. The three types of electrodes (i.e.
pristine FTO, ZnO nanorod arrays directly grown on the FTO and on the seed layer) were utilized as a working electrode; Pt mesh was
used as a counter electrode; Ag/AgCl | 3 M KCl was used as a reference electrode. All the electrochemical measurements were pro-
gressed by a potentiostat (SP-150 and VSP, Biologic). The difference of redox trace of nitro-compounds and active site density of the
three electrodes were investigated by cyclic voltammetry in a 0.1 M of KCl including 100 ppm 2,4,6-TNT. 2,4,6-TNT were fabricated
following our previous reports [2]. Where, the potential range was set to —1.3 to 1.3 V (vs. Ag/AgCl, 3 M KCI) with 10 mV s * of scan
rate. The electrochemical impedance spectroscopy (EIS) was investigated at 0 V vs. open-circuit potential with 10 mV amplitude, and
the frequency range was set 1072 to 10* Hz. All Nyquist plots were fitted to the Randles equivalent circuit.

3. Results and discussion

The synthesis mechanism of ZnO nanorods on the different substrates is described briefly via the following equations [13-15];

Zn(NO;), @ 6H,0 — Zn?* +2NO; + 6H,0 (€}
CsH ;N + 6H,0 — 6HCHO ~+ 4NH; (2)
Zn** 4+ 4NH; »Zn(NH;);" 3
Zn** +40H —Zn(OH)}~ 4
Zn(OH)}” - ZnO 4 H,0 + 20H" 5)
Zn(NH;)" 4 20H = ZnO + 4NH; + H,0 (6)

According to the equation, zinc nitrate hexahydrate (ZNH) and hexamethylenetetramine (HMT) in the solution provides Zn?*
sources (Equation (1)) and NHj sources (Equation (2)), respectively. The 7Zn%* and NHj3 are essential to form zinc-tetraammine ions
(Equation (3)) and zinc-hydroxide ion complex (Equation (4)), fabricating solid state of ZnO (Equations 5 and 6). Through the CBD
method, the ZnO are precipitated as particles and stacked on the substrates during immersing process.

Fig. 1a indicates the FE-SEM images of 500 nm thick pristine FTO layer on a glass substrate. After CBD process, the FTO substrates
were covered with ~500 nm width and ~2.3 pm length of ZnO nanorods (F-CBD, Fig. 1b) and ~100 nm width and ~1.3 pm length of
ZnO nanorods on the 1 pm thick ZnO nanoparticle seed layer (S-CBD, Fig. 1¢). As shown Fig. 1b and ¢, the large grain of FTO provides
the larger size of ZnO nanorods (500 nm, F-CBD) and the small grains (~80 nm, S-CBD) of ZnO nanoparticles formed small size of ZnO
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Fig. 1. FE-SEM images of (a) pristine FTO, (b) F-CBD, and (c) S-CBD. Insets show cross-section of the FTO, F-CBD, and S-CBD. (d) XRD patterns of
the pristine FTO, F-CBD, and S-CBD electrode.
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nanorods (~100 nm). Thus, the results indicate that the width of the ZnO nanorods are dependent on the grain sizes of the substrates.
Both ZnO nanorod arrays were grown up to 2.3 pm. The crystalline structures of the electrodes were analyzed by XRD (Fig. 1d). The
peaks of F-CBD and S-CBD were appeared at 31.7, 34.4, 36.2, 47.5, 56.6, 62.8, and 67.9° corresponding to (100), (002), (101), (102),
(110), (103), and (112) plane of ZnO (JCPDS card number: 01-079-0206). Additionally, the crystallinity of ZnO electrodes were
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Fig. 2. HR-TEM images of the (a) F-CBD and (b) S-CBD (insets show low-magnification images of the electrodes). SAED patterns of the (c) F-CBD
and (d) S-CBD. High-resolution XPS spectra of the F-CBD and S-CBD: (e) Zn2p and (f) Ols.
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characterized by high-resolution TEM (Fig. 2a and b) and Selected Area Electron Diffraction (SAED) patterns (Fig. 2c and d). Inter-
planar distances (d-spacing) of the ZnO nanorods in Fig. 2 were calculated by Equation (7) and cross-checked by using Bragg’s Law
(Equation (8)) with XRD patterns of ZnO nanorods in Fig. 1d [1].

AreyL=dr @)
nixgp =2d sin 0 ®

where Argy L is a camera constant (9.25 nm?), d is d-spacing value (nm) of the ZnO nanorods, r is a radius of spot in SAED pattern, n is an
order of diffraction (set as ‘1), Axrp is a wavelength of X-ray (Cu ka, 0.15406 nm), and 6 is a Bragg angle (°). According to Fig. 2a and b,
lattice fringes of ~0.26 nm and ~0.52 nm corresponds to the (002) and (001) plane of hexagonal ZnO structure. It suggests that ZnO
nanorod arrays were grown as a [0002] direction (the insets in Fig. 2a and b) [13]. Thus, calculated d-spacing values from SAED

(@) 2,4,6-Trinitrotoluene Reduction Pathway
(i) NH, (iii)

. i +6e I+6H+ . i +6e [ +6H* < i +6e 1 +6H* < i
NO, '2H2° ON NO, '2"'20 HN NO, '2H2° HN

(b)zo_ j j j ' ! ' ] (c) F-CBD S-CBD
| 504---- background ---- background
- e ——100 ppm 2,4,6-TNT |—— 100 ppm 2,4,6-TNT
< «
£ ol pristneFT0 | & |
o ] ——F-CBD o
<L 40 ——S-CBD 1 <
S S -50
z | 2
2 30 2
8 | 8 -100-
— 100+ { =
5 0. 5
E -120-. - g -150-
O -140- 41 O
-160- =
1 1 L 1
42 -9 -06 -03 00 03 06 42 -08 -04 00 -12 -08 -0.4 00
Potential (V vs. Ag/AgCI | 3 M KCI) Potential (V vs. Ag/AgCI | 3 M KCI)
e F-CBD /—— F-CBD-fitted 0- ——F-CBD
1254 (d) A S-CBD /—— S-CBD-fitted . (e) ——S-CBD
104
— 20
(] y
@ 304 5.553 Hz
= o (0.029 s)
g £ -
e N 1
i . 501 1.691 Hz
) & .60 (0.094 s)
@ ] ;
T -70-
-804
-90 4 :
0 A 1 A 1 A il i il A 1 A L A 1 acaasaned s aasaad s oaa PETRTTTT BETETRTTIT B |
0 25 50 75 100 125 150 175 102 10" 10° 10" 10*° 10° 10*
Z' (kQ) Frequency (Hz)

Fig. 3. (a) Electrochemical reduction pathway of 2,4,6-trinitrotoluene. (b) Cyclic voltammograms of 100 ppm 2,4,6-TNT, which was detected with
pristine FTO, F-CBD, and S-CBD electrode (background signals were subtracted). (c) Cyclic voltammograms of background signals and detection
performance of F-CBD, and S-CBD electrode in 100 ppm of 2,4,6-TNT (background was not subtracted). (d) Nyquist plots and (e) Bode plots of F-
CBD and S-CBD; Randle’s equivalent circuit was represented in the inset of Fig. 3d.
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patterns are consistent with the diffraction peaks of 31.7, 34.4, 36.2, 56.6, and 67.9° in Fig. 1d, indicating that F-CBD and S-CBD were
well-crystallized during fabrication. High-resolution XPS spectrum of Zn2p and O1s were additionally analyzed to the ZnO nanorod
array electrodes. In Fig. 2e, Zn2p;» and Zn2ps,, were observed at 1044.6 and 1021.5 eV, corresponding to the Zn?" of ZnO lattice.
Moreover, the peaks at 531.5 and 530.1 eV indicate Zn-(OH); and Zn-O bonds in the O1s spectra (Fig. 2f). The identical peaks in Fig. 2e
and f demonstrate that the surface of F-CBD and S-CBD electrodes include the same chemical bonding, consisting of the oxygen and
hydroxide with zinc atoms.

The reduction pathway of 2,4,6-TNT in an aqueous medium is displayed in Fig. 3a. Each nitro group is electrochemically reduced to
amine group with six electrons and protons [3,16], and the reduction steps are observed as cathodic reduction peaks in a voltam-
mogram. The cyclic voltammograms of the three different types of ZnO electrodes (pristine FTO, F-CBD, and S-CBD) were shown in
Fig. 3b. All the voltammograms were subtracted background signals. The voltammograms indicate that all the electrodes can conduct
electrochemical detection of 2,4,6-TNT in an aqueous solution as generating the three reduction peaks from —0.4 to —1.0 V. Each
reduction peak represents the reduction steps of 2,4,6-TNT as shown in Fig. 3a. Interestingly, current intensity of reduction peaks with
FTO and S-CBD electrode is similar. However, in case of FTO electrode result, the peaks are not clear enough to be identified. In
contrast, the ZnO nanorod electrodes show three distinct peaks. Furthermore, F-CBD achieved higher current density compared with
S-CBD at the voltammogram results, i.e. 35.4, 45.9 and 18.9% at the first, second, and third reduction peak respectively. The results
indicate that grown ZnO nanorod arrays on FTO substrate allow to enhance the detecting sensitivity of 2,4,6-TNT since Zn and O atoms
at the lattice of ZnO act as adsorption sites of the 2,4,6-TNT or other nitro groups. Moreover, the active site density (ASD) was
measured and evaluated by Equation (9) [17-20].

CV area x N

ASD=———— 9
n X scan rate X F

where ‘CV area’ is a faradaic area between background and analyte-detected signal of CVs, N is the number of Avogadro (6.023 x 10%
active sites - mol™1), n is the number of electrons that used to reduce the 2,4,6-TNT (18 electrons were used in the reduction process),
and F is the Faraday constant (96485 C mol1). At the equation, ‘CV area’ is a key parameter to compare the ASD. As shown in Fig. 3¢,
ASD of F-CBD was obtained 65.28, which is are 34.43% larger active sites compared with S-CBD (48.56 pA V cm2). Thus, it is
concluded that adsorbing performance of 2,4,6-TNT is much higher on the F-CBD surface than on S-CBD. EIS was additionally
measured to obtain a correlation with charge transfer resistance, electrochemical reaction time, and detection performance. Nyquist
plots in Fig. 3d were fitted to Randle’s circuit (inset of the figure): Ry, is a resistance of electrolyte, R is a charge transport resistance,
CPE is a constant phase element. The R is crucial parameter because it enables to compare an electric conductivity. From Figs. 3d and
213.4 (F-CBD) and 253.9 kQ (S-CBD) of the R obtained, indicating the electric conductivity of the F-CBD is 18.9% higher compared to
the S-CBD. The ZnO nanoparticle seed layers acted as a resistance layer and reduce the conductivity. Additionally, electrochemical
reaction time (z) in the Bode plot (Fig. 3e) was calculated by Equation (10) [1],

1 1

@Dipax 2”f max

T (10)

where the wn,x is @ maximum angular velocity at a maximum phase angle (fiax). The fimax of F-CBD and S-CBD was evaluated to 5.553
and 1.691 Hz and the 7 was calculated to 0.029 and 0.094 s, respectively. Consequently, the analytes were 224% efficiently detected at
the F-CBD’s surface compared to at the S-CBD surface. Finally, from EIS results, it is concluded that the 2,4,6-TNT detecting perfor-
mance of ZnO nanorod electrodes is critically affected by three factors: (1) active site density, (2) electric conductivity, and (3)
electrochemical reaction kinetics. Moreover, although the S-CBD has smaller ZnO nanorods than F-CBD (Fig. 1), F-CBD has a larger
electrochemical surface area due to better diffusion behavior and additional resistance on the seed layer of S-CBD. This allows F-CBD to
provide better detection performance.

4. Conclusion

In the present work, we addressed that the synthesis of self-aligned ZnO nanorod arrays as a detecting electrode for 2,4,6-TNT by
CBD method. The SEM images demonstrated that ZnO nanorod arrays were well-grown on two different substrates (pristine FTO and
ZnO nanoparticle layer on FTO), and the nanorod width is dependent on the grain sizes of the substrates, i.e. ~500 on the FTO (F-CBD)
and ~100 nm on the ZnO nanoparticle seed layer (S-CBD). From CV results, pristine FTO, F-CBD, and S-CBD showed three peaks
related to 2,4,6-TNT reduction, however, the peaks of pristine FTO were not clear to be identified and the intensity of S-CBD peaks
much smaller than the peaks of F-CBD. The enhancement of detection performance at F-CBD was elucidated by CV and EIS mea-
surements. In the case of ASD, high active site density of F-CBD was measured and calculated, and by Nyquist and bode plot, the low
charge transfer resistance, and fast kinetics of electrochemical reaction at electrode surface/electrolyte interface was investigated and
evaluated. Consequently, all the electrochemical measurement resulted that the ZnO nanorod arrays directly fabricated on FTO layer
for 2,4,6-TNT performed ~45% higher compared with ZnO nanorods on ZnO nanoparticle layers. However, further research must be
conducted to improve the detection sensitivity as adjusting the geometry of the ZnO nanorod arrays. Furthemore, the optimized ZnO
electrode has to be able to detect not only 2,4,6-TNT but also various explosive analytes (e.g., 2,4,6-dinitrotoluene, octogen, hexogen,
picric acid).
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