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Well-crystalline α-MnO2 nanotubes were synthesized and used as potential scaffold 

for the efficient detection of p-nitrophenol chemical 
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Abstract  

This paper reports the successful fabrication and characterization of highly 

sensitive p-nitrophenol (p-NP) amperometric chemical sensor based on 

well-crystalline α-MnO2 nanotubes. The α-MnO2 nanotubes were successfully 

synthesized using a simple hydrothermal treatment of potassium permanganate 

(KMnO4) and concentrated hydrochloric acid (HCl). The prepared nanotubes were 

examined in detail by using various analytical methods which revealed that the 

synthesized nanotubes are grown in very high density, possessing well-crystallinity 

and purity. The as-synthesized α-MnO2 nanotubes were used for the fabrication of 

p-NP chemical sensor which exhibited high sensitivity of 19.18 mA·mM
-1

·cm
-2 

and 

low detection limit of 0.1 mΜ. To best of our knowledge, this is the first report that 

used α-MnO2 nanotubes to fabricate p-NP chemical sensor with such high sensitivity 

and low detection limit. 

 

Keywords: α-MnO2 nanotubes; 4-Nitrophenol chemical sensor; nanomaterials; 

phenolic compounds 
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1. Introduction 

Phenolic compounds are protoplasmic poisons that have a toxic effect on humans, 

animals and plants. They are extensively used in the production of dyes, 

pharmaceuticals, pesticides, insecticides and so on 
1, 2

. Overexposure to these 

compounds by inhalation, ingestion, eyes or skin contacts can result in comas, 

convulsions, cyanosis, and even death for the human beings 
3
. Phenolic compounds, 

especially p-nitrophenol (p-NP) are considered as priority pollutants because they are 

harmful to living organisms even at low concentrations. p-NP is an intermediate or a 

final product in the degradation pathway of organo-phosphorous pesticides and has 

huge impact on humans owing to their persistence and toxicity. Furthermore, it is 

highly soluble in water and is found in both terrestrial and aquatic environment. This 

hazardous substance can result in physical, chemical and biological changes in water, 

and consequently have a negative impact on human health
4-6

. Due to the highly 

hazardous nature of p-NP towards human beings and animals, it is important to 

manufacture an efficient, reliable, robust and highly sensitive chemical sensor for the 

detection of p-NP.  

Various methods such as fluorescence
7
, capillary, electrophoresis 

8
, gas 

chromatography 
9, 10

, high performance liquid chromatography 
11

, and liquid 

chromatography combined with mass spectrometry 
12

, etc have been reported in the 

literature which are widely used to investigate even low-concentration of hazardous 

chemicals. However, these methods require a complicated, time-consuming sample 

treatment process, and also cause damage to the expensive instruments 
1
, which is not 
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economical for large-scale use in industry and daily life. Among various techniques, 

the electrochemical method is regarded as a promising approach for the determination 

of p-NP with portability, cost effectiveness, high sensitivity and reliability 
13, 14

. The 

performance of electrochemical process strongly depends on the electrode material 

15-17
. However, one disadvantage of electrochemical methods is that the over-potential 

is high and the detection selectivity is poor, if a conventional electrode is used as an 

electrochemical detector or transducer 
18

. As a result, much effort has been devoted in 

developing advanced materials that have outstanding electrochemical properties to 

modify commercial electrodes. 

In recent years, different metal oxides have attracted great attention for the 

fabrication of electrochemical sensors in the fields of environmental analysis. There 

are some reports on the detection of p-NP using, Mg(Ni)FeO 
19

, metal 

oxide-composite nanoparticles 
20

, reduced graphene oxide/Au nanoparticle composite 

21
, and CuO nanotubes 

13
. Among theses nanostructured metal oxides, manganese 

dioxides (MnO2) have drawn particular attention owing to their low cost, high activity, 

and non-toxicity 
22

. MnO2 can form different types of polymorphs including α-, β-, γ-, 

and δ-, which leads to distinctive properties and wide applications like molecular 

sieves, ion sieves, catalysts, cathode materials of secondary rechargeable batteries, 

and new magnetic materials 
23

. Even though MnO2 have been applied in a variety of 

applications, to the best of our knowledge, there is no literature available for the 

application of α-MnO2 nanomaterial to the sensoring of p-NP. Thus in this 

contribution, we have synthesized high quality well-crystalline α-MnO2 nanotubes 
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using a simple hydrothermal method and utilize the prepared nanotubes to fabricate 

p-NP chemical sensor with high sensitivity (19.18 mA·mM
-1

·cm
-2

) and low-detection 

limit of 0.1 mM. The prepared α-MnO2 nanotubes were also characterized in detail in 

terms of their morphological, structural and compositional properties.  

 

2. Experimental details 

2.1 Synthesis of α-MnO2 nanotubes 

The potassium permanganate (KMnO4) and concentrated hydrochloric acid (HCl) 

utilized in the synthesis of α-MnO2 were purchase from Bejing Chemical Works, and 

used without any further purification. In a typical experimental procedure, 2.5 mmol 

KMnO4 and 10 mmol HCl were added to 45 mL de-ionized water (DW). The obtained 

precursor solution was then transferred into a Teflon-lined stainless steel autoclave 

with a capacity of 65 mL, which was sealed and hydrothermally treated at 140 
o
C for 

12h. After completing the reaction, the autoclave was cooled down to 

room-temperature naturally and finally black precipitates were collected by 

centrifugation and washed several times by DW and dried in air overnight 
24

.  

 

2.2  Characterization of α-MnO2 nanotubes 

The as-synthesized α-MnO2 nanotubes were characterized in details by different 

techniques. The morphologies of the nanotubes were investigated by field emission 

scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). 

The crystallinity and crystal phases were examined by the X-ray diffraction (XRD, 
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Shimadzu XRD-6000) pattern measured with Cu-Kα Radiation in the range of 10
o
‒70

 

o
 at a scanning rate of 5

 o
 /min. The chemical composition of as-synthesized α-MnO2 

nanotubes were examined by Fourier transform infrared (FT-IR) spectroscopy, 

measured at room temperature, in the range of 400‒4000 cm
-1

.  

 

2.3 Fabrication and characterization of p-NP sensor based on α-MnO2 nanotubes 

Before modification, the surface of glassy carbon electrode (GCE) was polished 

with 1.0, 0.3, and 0.05 μm alumina slurry for ten minutes respectively, followed by 

rinsing with DW thoroughly and then dried at room temperature. The α-MnO2 

nanotubes modified GCE was prepared as follows: 5.0 mg α-MnO2 nanotube powder 

were dispersed in 1.0 mL water and ultrosonicated for 30 min, then 5 μL of the 

suspension was dropped on the freshly cleaned GCE surface (surface area: 0.0707 

cm
2
) and dried in ambient conditions for 3h. Electrochemical experiments were 

conducted on a CHI 660D electrochemical workstation (Shanghai Chenhua Company, 

China). All the electrochemical experiments were performed at room temperature 

with a three electrode system in which the modified GCE was used as working 

electrode, a Pt wire as a counter electrode and a saturated calomel electrode as 

reference. For all the measurements, 0.1 M phosphate buffer solution (PBS; PH=7.0) 

was used. 
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3. Results and discussion  

3.1 Structural and morphological properties of as-synthesized α-MnO2 nanotubes 

To examine the structural, crystallinity and crystal phases, the as-prepared 

material was examined by X-ray diffraction (XRD) at room-temperature with Cu-Kα 

Radiation in the range of 10
o
‒70

 o
 at a scanning rate of 5

 o
 /min. For XRD analysis, the 

prepared α-MnO2 powder was used. Figure 1 exhibits the typical XRD pattern of 

as-prepared powder which exhibited several well-defined diffraction reflections. 

Interestingly, it was confirmed from JCPDS data card no. 44-0141, that all the 

observed diffraction reflections are well-matched with well-crystalline α-MnO2. The 

observed well-defined diffraction reflections appeared at 12.6, 18.1, 25.5, 28.6, 36.6, 

37.5, 38.7, 41.1, 41.8, 46.1, 47.3, 49.8, 56.3, 60.1, 65.2, 66.9, and 69.3° are assigned 

as MnO2 (110), (200), (220), (310), (400), (211), (330), (420), (301), (321), (510), 

(411), (600), (521), (002), (112), and (541), respectively.  The observed diffraction 

reflections are sharp and intense and no other reflections were observed in the pattern 

which indicated that the synthesized α-MnO2 nanomaterials are well-crystalline 

without any significant impurity up to the detection limit of X-ray. 
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Figure 1. Typical XRD pattern of as-synthesized α-MnO2 nanotubes 

 

The general morphologies of as-prepared α-MnO2 material were examined by 

FESEM and TEM. Figure 2 (a) and (b) exhibited typical FESEM images which 

revealed that the prepared materials are nanotubes which are synthesized in very high 

density. Figure 2 (c) and (d) exhibited high-resolution FESEM images of 

as-synthesized α-MnO2 nanotubes. The nanotubes exhibited tetragonal shapes with 

hollow interiors. The diameters of the nanotubes are not uniform and vary from 55 nm 

to 90 nm. The typical lengths of the prepared nanotubes are in the range of 2-3 µm. 

The nanotubes exhibited smooth and clean surfaces throughout their lengths.  

For further and detailed morphological characterizations, the prepared α-MnO2 
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nanotubes were examined by TEM. For TEM observations the as-prepared α-MnO2 

nanotubes were ultrasonically dispersed in Acetone and a drop of acetone solution 

which contains the α-MnO2 nanotubes was placed on a copper grid and examined. 

Figure 3 (a) and (b) exhibit the typical TEM image of as-synthesized α-MnO2 

nanotubes. The observed TEM images are well consistent with the FESEM results in 

terms of their morphologies and dimensionalities. The observed TEM images 

confirmed that the prepared α-MnO2 nanotubes possess smooth and clean surfaces 

throughout their length with well-defined hollow interiors. The typical diameters of 

the nanotubes are in the range of 70 ± 20 nm. To examine the crystallinity and crystal 

quality, the prepared nanotubes were further characterized by selected area electron 

diffraction (SAED) pattern attached with TEM (inset 3 (b)). The selected area electron 

diffraction pattern reveals a well defined, ordered diffraction pattern indicating 

well-crystallinity for the prepared α-MnO2 nanotubes.  
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Figure 2. Typical FESEM images of as-synthesized α-MnO2 nanotubes 
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Figure 3. Typical (a) and (b) TEM images of as-synthesized α-MnO2 nanotubes. Inset 

(b) shows the SAED pattern of corresponding α-MnO2 nanotube. 

 

To examine the chemical compositions and purity, the as-synthesized α-MnO2 

nanotubes were characterized by FTIR spectroscopy measured at room temperature, 

in the range of 400‒4000 cm
-1

. To measure FTIR of as-prepared sample, certain 
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amount of as-synthesized α-MnO2 nanotubes was mixed well with potassium bromide 

(KBr) and compressed under high-pressure of ~4 tons to form the pellet. The prepared 

pellet was then used for the FTIR measurement. Figure 4 exhibits the typical FTIR 

spectrum of as-synthesized α-MnO2 nanotubes. Several well-defined peaks are seen in 

the observed FTIR spectrum at 437, 527, 712, 1631 and 3421 cm
-1

. The observed 

broadband appeared at 3421 cm
-1

 for α-MnO2 nanotubes can be assigned to the 

absorbent of interlayer hydrates and some hydroxyl groups not from the hydrates but 

those directly bound to the metal ions. The bands appeared at 1631 cm
-1

 represents the 

vibrations from the interaction of Mn with surrounding species such as OH, O, H
+
 and 

K
+ 25

,
26

. Basu et al. also reported that the hydrous α-MnO2 samples also show a peak 

at 1620 cm
-1 27

. Finally, the absorption peaks at 712 cm
-1

, 527 cm
-1

 and 473 cm
-1

 

revealed the Mn-O vibrations from MnO6 octahedra, which confirms the formation of 

α-MnO2 nanocrystals 
25, 28, 29

.  

 

Figure 4. Typical FTIR spectrum of as-synthesized α-MnO2 nanotubes 
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3.2 Electrochemical p-NP sensor performance of α-MnO2 nanotubes modified GC 

Electrodes 

To fabricate the p-NP amperometric chemical sensor, the as-prepared α-MnO2 

nanotubes were deposited on GC electrode. The p-NP amperometric chemical sensor 

performance was evaluated by three electrode system in which the α-MnO2 nanotubes 

modified electrode was used as working electrode, a Pt wire as a counter electrode 

and a saturated calomel electrode as reference electrode. 

Figure 5 exhibited the representative CV graph of α-MnO2 nanotubes modified 

GCE in the absence (black line) and presence (red line) of p-NP in 0.1 M PBS at scan 

rate of 50 mV/s. It is apparent from the observed CV analysis that when a small 

amount of p-NP (1 mM) was added in the PBS solution, the CV graph exhibited a 

clear irreversible reduction peak (R1) appears at around -0.78 V with the current of Ip 

= -12.26 μA. Also a pair of reversible peak O1 and R2 appeared at around 0.070 V 

(Ip= 2.714 μA) and 0.0162 V (Ip= -1.594 μA), respectively. This phenomenon 

confirmed that the as-prepared α-MnO2 nanotubes are promising candidate for the 

efficient detection of p-NP.  
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Figure 5. Typical CV sweep curve for α-MnO2 nanotubes modified electrode without 

(black line) and with 1 mM p-NP (red line) at a scan rate of 50 mV/s in 10 mL PBS. 

 

The effect of scan rates on the performance of α-MnO2 modified GCE was also 

conducted by cyclic voltammetry in a wide range of scan rates from 50 mV/s to 900 

mV/s in 0.1 M PBS containing 1 mM p-NP. Figure 6 shows the CV response of the 

modified electrode at scan rates of 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 

700, 800 and 900 mV/s. Interestingly, it was observed that all the Ip values of 

oxidation and reduction peaks increased with the increase of scan rates, and exhibited 

a linear relation to the square root of the scan rate (Figure 6 (b)), indicating that 

diffusion process controls the kinetics of the overall process
14, 30

.  
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Figure 6. (a) CV sweep curves at different scan rates (50, 60, 70, 80, 90, 100, 200, 

300, 400, 500, 600, 700, 800 and 900 mV/s) and (b) anodic peak current vs. square 

root of scan rate (v
1/2

). 

 

 To examine in detail the sensing performance of the fabricated p-NP chemical 

sensor, a series of CV measurements were performed with α-MnO2 nanotubes 

modified electrode using different concentrations (from 0.1 mM to 1 mM) of p-NP in 

0.1 M PBS at 50 mV/s. Figure 7 (a) shows a series of CV measurements at several 
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p-NP concentrations from 0.1 mM to 1 mM of the fabricated α-MnO2 nanotubes 

modified electrode.  

 

 

Figure 7. (a) CV response of α-MnO2 nanotubes modified electrode with different 

concentrations of p-NP from 0.1 mM to 1 mM at 50 mV/s and (b) anodic peak current 

vs. concentrations of p-NP. 

 

From the observed results, it is seen that with increasing the concentrations of p-NP, 

the peak currents (O1) also increases. Moreover, the peak potential also shifted 
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positively. It was interesting to observe that by adding the p-NP into PBS solution, an 

increase in the current response was observed which revealed that the α-MnO2 

nanotubes modified electrode has sensitive a rapid response towards p-NP. This fast 

electrical response of the modified electrode can be related with the fast redox 

reaction and good electro-catalytic oxidation properties of the fabricated α-MnO2 

nanotubes based sensors and p-NP.
30-32

 Figure 7 (b) demonstrates the typical graph for 

the anodic peak current vs. concentrations of p-NP which demonstrates that the 

oxidation current increases linearly with the p-NP concentration (n=10, R=0.9763).  

Scheme 1 depicts the typical and proposed electrochemical reaction mechanism 

of p-NP on α-MnO2 nanotubes modified electrode
33

. During the reaction, at the initial 

step, the p-nitroso-phenol undergoes redox reaction and produce 

p-hydroxyl-amino-phenol. During the reaction, later the oxidation of 

p-hydroxyl-amino-phenol takes place which give rise to 4-nitrosophenol and the 

subsequent reversible reduction. In the CV measurement, the large reduction peak 

shows the reduction of p-NP to 4-hydroxy-amino-phenol (figure 5) while the pair of 

coupled redox peaks indicate the oxidation of 4-hydroxy-amino-phenol to 

4-nitrosophenol and the subsequent reversible reduction. 
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Scheme 1. Electrochemical reaction mechanism of p-NP on α-MnO2 nanotubes 

modified electrode 

 

The amperometric experiments were also performed and the constant potential 

was set at 0.95 V for the experiment with successive addition of p-NP from 0.1 mM to 

0.7 mM into continuously stirred 0.1 M PBS solution of PH=7.0. As can be seen in 

Figure 8(a), a rapid increase in the current was observed after each addition of p-NP 

into the electrolyte solution. The response current increases with increasing the 

concentration of p-NP, and exhibited a liner relationship between current vs. p-NP 

concentrations with a correlation coefficient of 0.9841 (Figure 8 (b), n=7). The 

detection limit for the fabricated p-NP chemical sensor was found to be 0.1 mM 

(S/N=3). The sensitivity was determined by the slope of the calibration curve and the 

area of the electrode was calculated by the following equation: πR2, where R is 

measured to be 0.15 mm. Therefore, the sensitivity, calculated from slope of 

calibration curve/area of electrode, was found to be 19.18 mA·mM
-1

·cm
-2

. To 

evaluate the performance of α-MnO2 nanotubes modified electrode, previously 

Page 19 of 26 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



-20- 

 

reported p-NP chemical sensors fabricated based on different mediators were 

compared and shown in Table 1. The observed sensitivity for the fabricated p-NP 

chemical sensor is very much higher than the other reported p-NP electrochemical 

sensor fabricated based on the utilization of various material electron mediators such 

as ordered mesoporous carbons/GCE
34

, Mg(Ni)FeO/CPE
19

 , molecularly imprinting 

chitosan/phenyltrimethoxysilane/AuNPs hybrid film
35

, graphene/polymer/GCE
1
, 

Mn2O3-ZnO nanoparticles/flat-silver electrodes
20

, reduced graphene oxide/Au 

nanoparticle composite/GCE
21

, CuO nanotubes/GCE
13

, etc. Moreover, in terms of the 

detection limit, the α-MnO2 nanotubes modified electrode exhibited smaller detection 

limit than that of graphene/polymer composites based electrode
1
. The fabricated p-NP 

chemical sensor shows very good reproducibility and it was found that the fabricated 

sensor did not show any significant decrease in the sensitivity for more than 3 weeks, 

while storing in an appropriate form when not in use. Finally, from the observed 

results, it is clear that the α-MnO2 nanotubes are promising material for the effective 

determination of p-NP. 
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Figure 8. (a) Amperometric response of the α-MnO2 nanotubes modified electrode 

with successive addition of p-NP into 0.1 M PBS solution and (b) current vs. 

concentrations of p-NP. 
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Table 1. Comparison summary of the performances of p-NP chemical sensors 

fabricated based on different nanomaterials modified electrode.  

Electrode materials 
Sensitivity 

(mA·mM
-1

·cm
-2

) 

Detection 

limit 

Linear 

range 
Ref. 

α-MnO2 nanotubes/GCE 19.18  0.1 mΜ 

0.1 mM 

-0.7 

mM 

This 

work 

Ordered mesoporous 

carbons /GCE 
- 0.1 μM 

2 

μM-90

μM 

32 

Mg(Ni)FeO/CPE 0.811  0.2 μΜ 

2.0 

μM-200 

μM 

19 

Molecularly imprinting 

chitosan/phenyltrimethoxy

silane/AuNPs hybrid film 

- 5.0 nM 

30.0 

nM-35.

0 mM 

33 

Graphene/polymer/GCE - 20.0 mM 

5.331μ

M-0.48

87 mM 

1 

Mn2O3-ZnO 

nanoparticles/flat-silver 

electrodes 

~4.6667  
~0.83 ± 

0.2 nM 

0.1 

nM-50.

0 μM 

20 

Reduced graphene 

oxide/Au nanoparticle 

composite/GCE 

- 0.01 μM 
0.05-2.

0μM 
21 

CuO nanotubes/GCE ~0.13284±0.02 ~5 nM 

10 

nM-1 

mM 

13 

 

4. Conclusion 

In conclusion, well-crystalline α-MnO2 nanotubes were synthesized using a 

simple hydrothermal treatment and were characterized by different techniques to 

investigate its morphological and structural properties. Moreover, the as-synthesized 

α-MnO2 nanotubes were utilized as an efficient electron mediator for the fabrication 

of p-NP chemical sensor. The modified sensor based on α-MnO2 nanotubes exhibited 
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reliable high sensitivity of 19.18 mA·mM
-1

·cm
-2

 and low-detection limit of 0.1 mΜ. 

The obtained linear range for the fabricated sensor was from 0.1 mM to 0.7 mM. The 

presented work demonstrates that α-MnO2 nanomaterials can efficiently be used for 

the fabrication of highly sensitive and reproducible chemical sensor. 
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