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Three MnO, nanoparticles with different tunnel structures, a-, B-, and y-MnO,, were synthesized and char-
acterized. We demonstrated and compared their capabilities on the electrochemical oxidation of nitrite, pro-
viding a new perspective for MnO, or MnO,, based materials on sensing application. a-MnO, exhibited higher
electrochemical reactivity than - or y-MnO,, which was ascribed to its higher conductivity, more exposure to
MnOg edges, longer average Mn—O bond length, and lower Mn average oxidation state(AOS). We hereby re-

ported the first a-MnO, nanoparticle-based electrochemical sensor for nitrite sensing. A highly controlled micro-
plotter was used to deposit the MnO, nanoparticles for the sensor fabrication, providing a micro-pattern of the
sensing surface area of MnO, and ensuring the reproducibility and sensitivity of this MnO, based sensor. Using
differential pulse voltammetry, a detection range of 10-800 pM of nitrite was accomplished along with a sen-
sitivity of 17.1 yJAuM ™! and a detection limit of 0.5 uM.

1. Introduction

Nitrite (NO3) is a symmetric anion, which is considered an in-
organic pollutant present in food, physiological systems, and the en-
vironment [1]. The US Environmental Protection Agency (EPA) estab-
lished the maximum level of nitrite in drinking water to be 1 mg/L.
Nitrite may cause anoxia in fish and other aquatic living species, pro-
ducing adverse reproductive effects on animals [2,3]. Nitrite is also
known to react with nitrosatable compounds in human stomach
forming carcinogenic nitrosamines by interaction with amines, which
can cause methaemoglorbinaemia by oxidizing hemoglobin to methe-
moglobin [4]. Many analytical techniques have been developed for
nitrite measurement, including Griess method [5], high performance
liquid chromatography (HPLC) with UV/vis detector [6], chemilumi-
nescence [7], gas chromatography-mass spectrometry (GC-MS) [8],
and capillary electrophoresis [9]. However, these analytical techniques
are usually time-consuming, expensive, involving toxic reagents, or
requiring skilled operators. Hence, the development of a cost-effective,
simple, rapid and sensitive method for the determination of nitrite
concentrations is desirable. We hereby demonstrate a simply fabricated,
highly sensitive electrochemical sensor for the detection of nitrite using

a-MnO, nanoparticles.

Compared with noble metals such as palladium and platinum, MnO,
is thought to be one of the most attractive oxide materials due to its
high abundance, low cost, low toxicity, and environmental friendliness
[10-13]. In addition, MnO, has excellent electro-catalytic properties
and high specific capacitance, which have been applied in super-ca-
pacitors and developing catalysts for oxygen evolution reactions
[14,15]. MnO,-based material was functioned as an efficient sensing
interface for detection of H,O, [16], glucose [17], formaldehyde, [18]
and ascorbic acid [19] based on their oxidation behaviors at different
electrochemical potentials. One type of electrochemical nitrite sensors
also used MnO, or MnO,-based materials [20-22]. However, the phase
structure effect of the MnO,, on these applications is still lacking. The
basic unit [MnOg] links in different ways, therefore MnO, exists in
different structures, namely, tunnel structure (e.g., a-, -, and y-MnO5)
and layer structure (§-MnO,). MnO, exhibits various oxidative and
catalytic reactivity due to differences in their crystal lattice structures,
crystal cell parameters, and other surface and structural properties
[23,24]. For instance, a-MnO, was reported to be more reactive than [3-
and y-MnO, in catalytic oxidation of phenol, owing to its high surface
area, oxygen loss, as well as double tunneled structure [25]. In addition,
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CO oxidation by different structured MnO, follows the order: a- = §-
> y- > B-MnO,, due to the difference in the crystal phase and channel
structures of the MnO, [26]. Previous studies regarding electrochemical
nitrite sensors using MnO, or MnO, based materials focused only on
one structure. For instance, uniform B-MnO, was synthesized for elec-
trochemical oxidation of nitrite [20]. Hence, specifically, there was a
lack of understanding on the effect of phase structure of MnO, on
fabrication of high-sensitivity sensing devices. Furthermore, the effect
of phase structures of MnO, on oxidative and catalytic reactivity of
MnO,, per se was not clearly understood. Therefore, the assessment of
different phase structured MnO, on electrochemical oxidation behavior
is critical for developing high-sensitivity sensing platform using MnO,
or MnO,-based materials.

For sensing device fabrication, we used a well-characterized, cost-
effective three-electrode sensor platform with gold thin films as the
working and counter electrode and a thick film printed Ag/AgCl as the
reference electrode. The fabrication and configuration of the sensors
and their reproducibility and stability were described and characterized
in previous studies [27,28]. For nanoparticle-based sensor fabrication,
an inkjet-printer was typically used for non-direct printing of nano-
particles on electronics [29-31]. We hereby demonstratea direct
printing method using piezoelectric based micro-plotter for nano-
particle deposition. Compared with conventional inkjet-printers, the
micro-plotter directly “writes” (with contact) on the surface of the
substrate, providing a well-defined nanoparticle pattern. Moreover, the
application of piezoelectric on the “writing” tip ensured the weight of
the deposited nanoparticles which was identical from batch to batch
based on the constant AC current applied [32-34], delivering a highly
reproducible materialization of the nanoparticle surface.

2. Experiments and materials

(Shown in the SI).

3. Results and discussion

We first synthesized three different phase structures of MnO, using
simple one-step synthesis methods (details in the SI). X-ray diffraction
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(XRD) and scanning electron microscopy (SEM) were employed for
material characterization. In Fig. 1a, the phase structures of the three
synthesized MnO, were confirmed by the XRD patterns, where the peak
positions of each MnO, sample were precisely matched to the corre-
sponding standard patterns in the inorganic crystallographic database
or previous reports [23,24]. SEM images were obtained to assess the
morphologies of the different MnO, (Fig. 1b). Though a-MnO, in the
SEM images appeared to have layered structures, it was nanofiber as
shown in the high resolution transmission electron microscopy
(HRTEM) images with a diameter of 5~20nm and the length of
60~ 120 nm (Fig. S1). For 3-MnO,, the diameter was 5-100 nm and the
length was 0.4-1.4 pym. y-MnO, was also nanofiber with a diameter of
10-30nm and the length was around 1-2pm. The nanofiber would
accumulate together forming a sphere with a diameter 4 pm.

Cyclic voltammetry (CV) was applied as the signal transduction
mechanism for the determination of the oxidative reactivity of different
phases of MnO, toward 5mM nitrite ions in order to compare the
sensitivity of MnO, based sensors. The reactivity of a-MnO,, 3-MnO, or
y-MnO, particles was examined individually. Each type of MnO, ink
was prepared with the same concentration of 10 mg mL ™' and directly
applied to the micro-plotter for sensors fabrication based on the gold
sensor prototype (the ink preparation and sensor printing procedures
are shown in Text S5 and Fig S2, respectively). The microscope graphs
of the MnO, sensors before and after printing are shown in Fig. lc.
5mM of sodium nitrite solution in 0.1 M PBS solution was used as the
analyte for sensor sensitivity comparison. The oxidation potential was
identified at +0.65V using CV scans over the voltage range of +0 to
+1.2V, as shown in Fig. 2a (the parameters and procedures for the CV
measurement are shown in Text S5). The gold sensor prototype was also
used for electrochemical oxidation of nitrite in order to compare the
sensitivity, as shown in the green line of Fig. 2a. The a-MnO,-based
sensor showed the highest anodic current outputs based on the oxida-
tive catalytic reaction of MnO, with nitrite ions compared with that of
y-MnO, or B-MnO,. Therefore, a-MnO, was selected as the sensor
substrate material for further investigation of the sensitivity and se-
lectivity of nitrite detection in different environment conditions. The
proposed mechanism for nitrite oxidation might follow reactions based
on a previous research [21].

Fig. 1. a. XRD pattern of different tunnel structured MnO,. b. SEM images of different tunnel structured MnOs. c. Gold sensor before (left) and after (right) printing of

MnO, pattern on the working electrode.
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Fig. 2. a. CV scans of different MnO,, sensors for oxidation of 5 mM nitrite ions in 0.1 M PBS. b. Nyquist plot of different MnO, sensors for comparison of their relative

surface conductivity.

Mn**0, + NO; < (Mn* "0, — NO3)
(Mn**0, — NO3) <= (Mn®>*0, — NO3) + e~
(Mn®* 0, — NO3) <> (Mn®*0, — NO,) + e~
NO, + H,0 <> 2H* + NO; + NOj

NO, + H,0 <> 2H™ + NOj3 + 2e~
(Mn®>* 0, — NOy) <> Mn**0,

There are several reasons for a-MnO, to show better sensitivity than
B- and y-MnOs. First, the conductivity of different MnO, was examined.
Electrochemical impedance spectroscopy (EIS) was used to investigate
the interfacial surface conductivity of the different MnO, printed sen-
sors using redox coupling [Fe(CN)¢1® =74~ (The EIS procedure is shown
in Text S7). [Fe(CN)s]®>~/*~ was used to indicate the conductivity on
the sensor surface at the amplitude of 0.05 V. As shown in Fig. 2b, the
conductivity follows the order: a-MnO, > y-MnO, > [3-MnO,, which
agrees well with the oxidation sensitivity sequence shown in Fig. 2a.

Moreover, it has been reported that MnO,, with longer Mn-O bonds
would have lower Mn-O bond strength, indicating that MnO, can be
reduced at lower temperature. Previous studies demonstrated that
MnO, with longer Mn-O bond length was better oxidative degradation
of sulfamethoxazole [35] and catalytic reactivity for water oxidation
[36]. As shown in Table 1, similar results were found in electrochemical
oxidation of nitrite. The average Mn-O distance of a-, -, and y-MnO,
was reported to be 1.925, 1.888, and 1.91 17\, respectively. These bond
lengths illustrated the sensitivity of different structured MnO, based
sensors with a decreasing order: a-MnO5 > y-MnO, > 3-MnO5.

Also, it was shown that surface energies would decrease as de-
creasing average manganese oxidation state, resulting in improving its
functionality [38]. For instance, lower Mn AOS improved water oxi-
dation catalysis, owing to its higher content of Mn(III) [39]. The Mn
AOS in this study decreased in the following order: a-MnO, < y-
MnO; < (-MnO,, which was in agreement with its nitrite sensitivity,
indicating that Mn AOS might play an important role in the

Table 1
BET Surface Area, Mn Average Oxidation State (AOS), and average Mn-O bond
length.

MnO, Surface area (m?/g) [10] AOS Avg. Mn-O, A
a-MnO, 175 3.72 = 0.12 1.925 [37]
B-MnO, 168 3.84 + 0.09 1.888 [37]
y-MnO, 73 3.79 + 0.03 1.910 [26]
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electrochemical oxidation of nitrite.

Another possible reason could be the difference of their structures.
For the three tunnel structured MnO, investigated, a-MnO, contained
both edge-sharing and corner-sharing MnOg, and with a large tunnels
size (2 X 2). B-MnO, contained corner-shared MnOg, allowing only the
formation of small tunneled size (1 x 1) [40,41]. Similar to a-MnO,, y-
MnO, also contained both edge-sharing and corner-sharing MnOg
providing two types of tunnel size: one was (1 X 1) tunnels of pyr-
olusite, and the other was (1 X 2) tunnels of ramsdellite [42]. There-
fore, the sensitivity of a- or y-MnO, was better than that of the single-
tunnel structured -MnO,, which might be due to the more exposure of
MnOg edges, and was similar to a previous study on their catalytic re-
activity [25].

Differential pulse voltammetry (DPV) was applied as a highly-sen-
sitive transduction mechanism for electrochemical measurement
[28,43-46]. DPV was used to quantify different concentrations of ni-
trite ions (the parameters and procedures for DPV measurement are
shown in Text S9). As shown in Fig. 3a, the oxidation potential was
identical as that in the CV measurement. A concentration range of
800uM to 10puM of nitrite was analyzed by the a-MnO,-based sensor. A
detection limit of 0.5 uM was achieved (light blue line in Fig. 3a). The
calibration curve of the DPV measurements is shown in Fig. 3b with a
R-square value of 0.967 (n > 3). A high-sensitivity of 17.1 pA uyM !
was achieved based on this sensing platform.

In order to confirm the selectivity of this nitrite sensor, common
food-containing chemicals, such as glucose, uric acid, and ascorbic acid,
which also embrace positive oxidation potentials, were used to conduct
the interference study [20]. 3mM of glucose, 1 mM of uric acid, and
1 mM of ascorbic acid were mixed in 0.1 M PBS solution at pH = 7.4.
We first tested the oxidation capability of the interference solution only.
As shown in Fig. 3c red line, a small oxidation peak was shown at +
0.3V, which correlates with the oxidative behavior of the interference
chemicals. Different concentrations of nitrite were then prepared in the
interference solution and compared with the nitrite solution prepared
in 0.1 M PBS. As shown in Fig. 3c, for the same concentration of nitrite,
the oxidation peak at around 0.5V overlapped with each other even
though an oxidation peak at + 0.3 V remained, indicating the addition
of glucose, uric acid, and ascorbic did not interfere with the detection of
nitrite. In general, non-enzymatic metal oxide based sensors could only
oxidize glucose, uric acid and ascorbic acid in basic conditions [47].
Therefore, under neutral pH conditions, we observed no interference
for the quantification of nitrite.
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Fig. 3. a) DPV measurements of nitrite in 0.1 M PBS from 800 uM to 10 uM. b) Calibration curve based on DPV current outputs against concentrations (n > 3). c)

Interference study based on glucose, uric acid, ascorbic acid in 0.1 M PBS.

4. Conclusion

In summary, a highly-sensitive MnO, structure was identified for
electrochemical oxidation applications. A precisely-controlled piezo-
electric based nanoparticle-printing technique was applied for MnO,
based sensor fabrication, providing high sensitivity and reproducibility.
Differential pulse voltammetry with a detection range of 800 uM to 10
uM was accomplished along with a high sensitivity of 17.1 pA pM ™!
and a detection limit of 0.5 uM. Our study on the electrochemical
oxidation behavior of different structured MnO, provided a new per-
spective for the development of MnO, or MnO,, related materials-based
sensing devices.
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