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Abstract: Self-assembled MnO2 nanowires were hydrothermally synthesized and electrically char-

acterized in different ambiences. The nanowires were approximately 3-10 µm long and about 20-

100 nm in diameter. Single nanowires were aligned perpendicularly across two parallel gold elec-

trodes transducer by means of dielectrophoresis (DEP) technique. Resistivity changes in synthetic 

air, nitrogen, and NO2 were tested in a range from 100 °C up to 300 °C. The resistivity changes were 

observed accounting for oxygen reduction on the NWs surface as the electrons were moving from 

the NWs to the oxygen. The resistivity was explored at a constant current arrangement test. Based 

on resistivity changes, electrical properties, such as, activation energy and a type of semiconductor, 

were estimated.  
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1. Introduction 

Manganese, a transition metal, can form a range of semiconducting oxides with oxi-

dation state from +2 to +7. Manganese dioxide is a suitable candidate in photo-catalysis, 

sensors, supercapacitors, etc., with different crystalline phases like α-MnO2, β-MnO2, γ-

MnO2 and δ-MnO2 [1]. Diverse deposition techniques of nanostructured MnO2, such as, 

plasma-enhanced chemical vapor deposition (PE-CVD) [2], electrochemical deposition [3] 

or hydrothermal deposition [4] are known. Although, MnO2 is abundant, low cost and 

environmentally friendly semiconductor, only a limited number of reports were dedi-

cated to manganese dioxide gas sensors. Resistive MnO2 response towards, e.g., ethanol 

[1, 5], NH3 [6, 7], H2 or warfare agents [8, 9] adsorption/desorption was tested. Only few 

studies have been conducted recently regarding MnO2 as a NO2 chemoresistive sensor, 

e.g.: [3, 10]. The NO2 detection limit was 5 ppm [3]. Herein, hydrothermally prepared sin-

gle standing α-MnO2 nanowires (NWs) were tested for the first time on their resistivity 

changes upon NO2 gas adsorption/desorption processes. Analyzed concentration range 

was 0.1 to 11 ppm. Temperature sensing range was 100-300 °C at the concentration of 11 

ppm NO2 in synthetic air (SA). 
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2. Materials and methods 

2.1. Sample preparation and stabilization 

MnO2 NWs (about 3-10 µm long and about 20-100 nm wide) were prepared hydro-

thermally according to our previous study by Claros et al. [11]. Comparing X-ray diffrac-

tion (XRD) peaks and ICDD card No. (44-0141) of our MnO2 NWs with XRD pattern and 

ICDD card number collected by Wang and Li [4], α-phase might be attributed to our MnO2 

NWs. Brown NWs powder was suspended in water and redeposited by dielectrophoresis 

[12] on two parallel gold electrodes having separation distance of 4 or 6 µm. Single nan-

owires standing perpendicularly to the electrodes were observed by scanning electron 

microscopy (SEM), whereas large bunches were removed by focused ion beam. These sen-

sor chips were characterized in a test chamber (140 cm3 volume) at constant gas flow. A 

heater with thermocouple was used to control the temperature and constant current was 

applied to the NWs (Keithley 2401 SourceMeter) to monitor the resistance. The NWs re-

sponse to NO2 gas ambient was tested at diverse temperatures and concentrations. The 

measurements were performed on two diverse samples with 1 or 3 MnO2 NWs. The entire 

cross-sectional area was 9.5·10-3 µm2 or 98.2·10-3 µm2, respectively. The NW ś length was 

about 4 or 6 µm, equal to the gold electrodes gap. The nanowires were initially stabilized 

at 300 °C for 3 hours at potential up to 0.5 V under synthetic air (SA) flow 50 sccm. 

2.2. Thermal resistivity analysis 

After the initial stabilization a sample with one MnO2 NW was tested under low con-

stant SA flow (50 sccm) and constant probing current 10 nA. Temperature was set from 

25 °C to 300 °C with 10 °C increment in 5 minutes. Afterwards, the test chamber was 

purged with N2 for 24 hrs at 250 °C followed by 10 hrs at room temperature to remove 

oxygen and stabilize the sample. The entire cross-sectional area was 9.5·10-3 µm2. 

2.3. NO2 thermal analysis 

Sensor resistivity response to NO2 gas (11 ppm in SA) was tested at five different 

temperatures 100-300 °C at constant current 20 nA and constant gas flow 200 sccm. The 

sensor response was defined as R = RSA/RNO2 where RNO2 is the sensor resistance after NO2 

exposure and RSA represents the sensor resistance baseline. The baseline was average of 5 

last minutes before first NO2 exposure obtained at pure SA and given temperature (100-

300 °C). The baseline differed with each temperature, and it was defined after 30 minutes 

SA purge (200 sccm) at given temperature. Among the five temperature steps, there was 

always additional stabilization under SA flow at 250 °C for 40 minutes due to baseline 

fluctuations and to desorb NO2 from the sensor which would be slow at low temperatures. 

Response was further evaluated at 5 to 30 minutes after the start of the exposure. Each 

NO2 gas exposure took 30 minutes. The sensor cross-sectional area was 98.2·10-3 µm2. 

2.4. NO2 concentration analysis 

The sample with three MnO2 NWs was tested at diverse NO2 concentrations obtained 

by mixing pure synthetic air (SA) and NO2 (11 ppm in SA) gas. The NO2 concentration 

was set from 0.1 ppm in SA up to 10 ppm in SA. The sensor cross-sectional area was 

98.2·10-3 µm2. Before the initial NO2 exposure, the sample was further stabilized at the 

working temperature 250 °C for 30 minutes and pure SA flow (200 sccm). The NO2 con-

centration was increased at every exposure step from 0.1 ppm up to 10 ppm. A constant 

NO2 flow of 200 sccm for 10 minutes was set at each step. After each exposure the sensor 

was purged by pure SA (200 sccm flow) for 110 minutes. Sensor response and recovery 

were evaluated. As the baseline shift could not be neglected, the baseline RSA was deter-

mined newly before each NO2 pulse. The baseline was average resistance of 5 last minutes 

before every NO2 exposure pulse.  
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3. Results and discussion 

3.1. Thermal resistivity analysis 

The thermal analysis in a range 25-300 °C was measured in SA and N2, see Figure 1. 

In standard semiconductor, the free charge carriers are thermally activated meaning the 

resistivity should follow (if other effects are negligible) the equation: 

𝜌 = 𝜌0 𝑒𝐸𝑎/𝑘𝑇 (1) 

where ρ is the resistivity, ρ0 a material constant, Ea activation energy and k is Boltz-

mann constant. If this simple equation fits the measured data, then the sensor behavior 

would be well predictable. In SA, the data fit well up to 220 °C with activation energy 0.2 

eV. Above 220 °C the resistivity starts to deviate from the exponential fit and increases. In 

nitrogen, the resistivity deviates from the fit above 150 °C and starts to decrease. Under 

N2, the activation energy was 0.16 eV in the temperature range 25-150 °C and 0.31 eV in 

150-300 °C. P-type semiconductive sensors have lower resistivity in O2 compared to N2 

ambient. It is generally explained by formation of positively charge accumulation layer 

(holes accumulation) under the surface where oxygen adsorbs. In some studies, MnO2 

oxides were classified as p-type [13], in other studies as n-type semiconductors [9]. We 

might presume that both types of the semiconductive behavior might be possible under 

certain circumstances. In our previous study [12] we had determined that 24 single stand-

ing MnO2 NWs behaved as p-type semiconductor. However, the number of NWs tested 

in present study is 24 times lower than in that work. Moreover, our recent impedance and 

Mott-Schottky analyses made on one single standing NW determined that both types of 

semiconductive behavior are possible at low frequency range. According to our previous 

X-ray photoelectron spectroscopy (XPS), the bonding energies in the MnO2 NWs indicate 

mainly Mn (IV) oxidation state with low contribution of Mn (III) [11]. Bonds, such as Mn-

O-Mn, Mn-O-H, or H-O-H were determined in our NWs by that study. Moreover, it was 

published elsewhere that among the structural polymorphs, the α (our case) and δ phases 

exhibit a strongly mixed valent character, with Mn3+ defects being common throughout 

the structure [14]. Mn3+ defects make it more likely that ionic oxygen species (O-, O2
-, O2-) 

and hydroxyl groups (OH), will form on the MnO2 surface and react with NO2 [3].  

Under N2 ambient the activation energy below and above 150 °C was different. The 

reason is not clear, possibly some structural changes might occur due to the current flow 

in conjunction with the high temperature as the MnO2 is very active material and struc-

tural changes are known. For example, Bailey [15] reviewed that MnO2 exists in variety 

structural forms, which include cation vacancies, lower valent manganese ions (particu-

larly Mn3+), structural water (present as protons to accommodate absent of lower valent 

manganese species [16-18]), and possibly microtwinning [19], although there is still debate 

as to its presence [20]. Donne et al. [21] published, that position of individual ionic species, 

such as Mn4+, Mn3+, O2-, OH- within the MnO2 crystal lattice is not fixed, with proton and 

electron movement tending towards a homogeneous distribution. Therefore, we think 

that elevated ionic and defect mobility in the MnO2 structure especially at high tempera-

tures might possibly switch the semiconductor type behavior. A possible surface reaction 

of Mn3+ with oxygen might lead to the resistivity sudden increase above 220 °C in the O2 

ambient, see Figure 1. 

Additionaly, Iwamoto et al. [22] determined that a large amount of oxygen is ad-

sorbed in MnO2 structure related to its low stability associated with redox reactions pro-

moted by variable oxidation states. In general, the unexpected behavior of this type of 

sensor might be given by its low structural stability. 

Additionally, the NW cannot be held at high temperatures (above 250 °C) for more 

than approximately 40 minutes as it leads to irreversible rapid increase of the resistivity 

up to unmeasurable values, even though the sample has not shown any damage by SEM 

imaging. This was the case only during N2 purge, not under SA or NO2 ambient. 
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Figure 1. Arrhenius plot of resistivity vs. temperature range 25 – 300 °C fitted to equation (1). 

3.2. NO2 thermal analysis 

NO2 gas sensing (11 ppm) of three MnO2 nanowires at diverse temperatures is shown 

in Figure 2. We see the thermal activation of response, which is typical for metal oxide 

semiconductive sensors. The response increases with temperature. However, in our case, 

a deviation from that behavior occurred at 300 °C as the initial resistivity decrease (typical 

for p-type behavior) was followed up with unexpected resistivity increase after about 10 

minutes of NO2 exposure. Again, some structural changes at 300 °C might be a reason for 

this phenomenon. The sensor response to 11 ppm NO2 reached its maximum at 250 °C, 

being almost 1.07. Baseline resistivity instabilities (especially unexpected and random re-

sistivity increase in SA at 200 and 300 °C) might indicate the structural changes too. It was 

not possible to propelly evaluate the recovery process due to the baseline instabilities 

however it seems that after 30 min exposure to NO2 the 30 min purge by SA migt not be 

long enough. 

  

(a) (b) 

Figure 2. Sensor response to 11 ppm NO2 at diverse temperatures: (a) Sensor response with 30 

minutes NO2 exposure and 30 minutes SA purge; (b) Sensor response after 5, 10, 20 and 30 minutes 

NO2 exposure. 

3.2. NO2 concentration analysis 

Response of three single standing MnO2 NWs to NO2 gas at diverse concentration 

was studied, see Figure 3. To increase the signal to noise ratio the probing current was 

raised to 100 nA. The response had growing trend up to 4 ppm concentration followed by 

almost random value around 1.04 up to 10 ppm concentration, Figure 3 (b). Despite the 

low responsivity when compared to alternate sensors, e.g. WO3 based, the signal to noise 

ratio allows to detect NO2 clearly already at 2 ppm with response 1.02 at 250 °C. Figure 3 

(a) shows the response within 10 minutes exposure followed by 110 minutes of SA purge. 
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Up to about 8 ppm NO2 the baseline resistivity increased rapidly without any hint of re-

turning to the initial value. As this phenomenon would further complicate the NO2 detec-

tion at low concetrations, conditions under which the baseline stabilizes should be further 

tested. Recovery in our experiment was estimated only at two concentrations with more 

or less stable baseline (2 and 9 ppm NO2), see Figure 4.  

  

(a) (b) 

Figure 3. Sensor response at 250°C to diverse NO2 concentrations: (a) 10 min NO2 exposure followed 

by 110 min pure SA purge; (b) Response to NO2 after 10 min exposure. 

 

Figure 4. Sensor response during recovery in pure SA over 110 minutes after 10 min exposure to 2 

and 9 ppm NO2 gas. 

4. Conclusions 

Single standing MnO2 nanowires revealed low stability during the resistive sensing 

experiments. The resistivity fluctuations might be caused be structural changes because 

of high ionic and defect mobilities. Conditions under which the baseline stabilizes should 

be further tested. Sensor response at 250 °C varied from 1.02 up to 1.07 approximately for 

2 ppm and 11 ppm of NO2, respectively.  
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