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Trace level detection of gaseous ammonia is extremely important both in terms of environmental monitoring as well as health monitoring 
sectors. Metal oxide semiconductor, p-Co3O4 based nanostructures have been widely used as gas sensing materials to detect a wide range 
of toxic gases. However, the pristine p-Co3O4 based sensors always face poor sensitivity and selectivity towards target gases. In order to 
enhance the sensitivity and selectivity of p-Co3O4 based NH3 sensors, integration into carbon nanofibers forming heterojunction materials 
could be a suitable strategy. Herein, we report the synthesis and characterization of NH3 gas sensing characteristics of p-Co3O4 supported 
heterojunction carbon nanofibers (CNF) for the detection of trace level concentration of NH3. Structural and morphological characterization 
of the material have been carried out using X-ray diffraction (XRD), Raman spectroscopy and Field-Emission Scanning Electron microscope 
(FE-SEM). The evaluation of gas sensing properties of p-Co3O4 supported CNFs exhibited high sensitivity for detecting NH3 at lower working 
temperature and plausible gas sensing mechanism has been discussed. This study can pave the way to novel strategies for developing and 
commercialize low-cost, highly sensitive NH3 sensors application.  
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INTRODUCTION 
Recently, there has been a significant increase in the demand 

for air pollution monitoring and control, in which ammonia is 
being one of the most prominent pollutants generating serious 
environmental issues.1,2 Since ammonia is being using in several 
fields such as agriculture, cleaning products, refrigerants, etc., 
because it can cause serious health concerns, it necessitates 
stringent safety procedures and also higher concentration of NH3 

leads to combustible in the presence of air at 50oC.3,4 Hence, it is 
highly desirable to develop cost-effective high-performance 
sensor material to detect trace level concentration of NH3 in the 

environment. In various industries, such as automotive, industrial 
process monitoring, medical diagnostics, air quality management 
and solid state based chemical sensors finds their applications in 
detection of trace level concentrations of NH3 in environment.5,6 
Metal oxide based chemiresistive type sensors generally utilizes 
least expensive sensor materials such as, SnO2, ZnO, CuO, NiO, 
In2O3, WO3, Co3O4 etc.7–11 

Based on the conductivity of the semiconductor-based sensor 
materials, p-type metal-oxide semiconductors are less explored 
than n-type MOS materials which are in the early stages of 
development.12,13 In comparison to n-type metal oxides, p-type 
metal oxides have demonstrated superior performance in gas 
detection due to the majority of hole carriers, their charge 
transport, resistance towards humidity upon gas exposure, 
enhanced catalyst properties, long-standing stability, and lower 
open circuit resistance.14,15 Among various p-type metal-oxide 
semiconductors, cobalt oxide (Co3O4) has gained a great attention 
towards detection of NH3 based on various type of transduction 
mechanisms because of its corrosion resistance, incredible 
sensitivity, response/recovery, and stability even at ambient 
condition with improved electrical and chemical properties as 
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well as their abundance.16,17 However, pristine Co3O4 does not 
provide any adequate sensor response to NH3, particularly under 
ambient conditions. Therefore, it is necessary to modify pristine 
Co3O4 by integration with  suitable materials to form 
heterojunctions to enhance the sensor performance.  

In this scenario, it is established that the physical and chemical 
properties of heterojunction nanostructures are greatly influenced 
by their dimensionality, size, and morphology. In order to modify 
the properties of Co3O4, it could be functionalized on conducting 
carbon-based nanostructures which can exhibit improved NH3 
sensing performance.18,19 Carbon-based nanomaterials can 
impose remarkable sensor response to varied gaseous molecules 
under ambient conditions, owing to its magnificent surface to 
volume ratio and relatively high electrical conductivity.20 Among 
various carbon nanostructures, carbon nanofibers are considered 
as an attractive support material for many applications due to its 
unique one-dimensional structure that exhibit high aspect ratio, 
low density and high electrical conductivity.21 Therefore, 
adopting carbon nanofibers as a suitable support material to form 
MOS heterojunctions could be a unique strategy to further 
increase the NH3 sensing performance due to its fast charge 
transport mechanism which has not been explored widely.22,23 

In this investigation, we have synthesized p-Co3O4 supported 
heterojunction carbon nano-fibers using simple ultrasound probe-
sonication process. The pristine and heterojunction materials 
have been characterized using spectroscopic and microscopic 
analysis which confirmed the formation of heterojunction 
nanofibers and a uniform distribution of p-Co3O4 nanoparticles 
on the surface of carbon nanofibers was achieved. NH3 gas 
sensing properties of p-Co3O4 supported heterojunction carbon 
nano-fibers revealed enhanced sensor response under ambient 
conditions compared to pristine p-Co3O4 nanoparticles. The gas 
sensing mechanism of heterojunction nanocomposite during NH3 
exposure also has been discussed. 

EXPERIMENTAL PROCEDURE 
Chemicals Used: Cobalt Nitrate (Co(NO3)2.H2O, 99.8%, 

Merck), potassium nitrite (KNO2, 99.8%, Merck), Acetic acid 
(CH3COOH, 99.8%, Merck), Sodium hydroxide (NaOH, 99.8%, 
Merck), ethanol (C2H5OH, 99%, Merck), Sulfuric acid (H2SO4, 
Merck) and Nitric acid (HNO3, Merck) Polyacrylonitrile (PAN, 
150,000 g/mol), Dimethyl formamide (C3H7NO, 99%, Merck),  
were used without any further purifications. Deionised ultra-pure 
water was used throughout the experiments. 
 
Synthesis of p-Co3O4 nanoparticles 

p-Co3O4 nanoparticles were synthesized by simple wet 
chemical hydrothermal synthesis method. Typically, in 1 wt% of 
cobalt nitrate solution, 0.5:4 ratio of potassium nitrate and acetic 
acid was blended and kept stirring for 15 min. After complete 
dissolution of the substances, 2 M sodium hydroxide was slowly 
added to the above solution. Stirring was continued for another 
15 min and the obtained mixture was transferred and sealed in a 
100 mLTeflon lined stainless steel autoclave. The autoclave was 
maintained at a temperature of 180oC for 12 h. After the 
hydrothermal process, the solution was cooled to ambient 

condition and the obtained powder sample was purified with a 
mixture of ethanol and DI water and kept in oven at 80oC for 
drying.24,25 
 
Synthesis of Carbon nanofibers: 

Carbon nanofibers (CNF) were synthesized using 
electrospinning method. For this, Polyacrylonitrile (PAN) was 
dissolved in Dimethyl formamide (8 wt %) stirred for 2hr at 60oC. 
The needle and the collector were separated with a distance of 
21cm and applied high voltage of 20 kV was employed for 
Electrospinning. The PAN loaded syringe was maintained a 
constant flow rate of 0.1mL/h. The obtained polymeric mat on 
the copper foil was further converted to CNFs by thermal 
processing. Stabilization of the mat at 300°C in air was followed 
by carbonization at 800°C in N2 atmosphere with a heating rate 
of 3°C/min. Further to synthesis the heterojunction 
nanocomposite, CNFs were acid functionalized by treating with 
nitrating mixture (H2SO4 and HNO3).26 
 
Synthesis of p-Co3O4 nanoparticles supported Carbon 
nanofiber: 

p-Co3O4 nanoparticles supported heterojunction Carbon 
nanofiber was synthesized using simple probe-sonication 
process. The functionalized CNFs were dispersed in the ethanol 
solution and simultaneously an appropriate amount of as 
synthesized p-Co3O4 nanoparticles was added to this solution. 
The sample was sonicated using a high frequency probe-
sonication which was maintained at 20 kHz for 30 min with time 
interval of 2 min. The collected precipitate sample was filtered 
and washed using ethanol and DI water and finally dried at 60oC 
overnight. 
 

 
Scheme 1. Synthesis of p-Co3O4 supported heterojunction carbon 
nano-fibers. 

 
Evaluation of dynamic NH3 gas sensing procedure: 

The sensor device was fabricated as inter-digitated array (IDA) 
electrode made of Au (∼200 nm) with an inter finger gap of 16 
µm using planar DC magnetron sputtering on alumina substrates. 
Thin films of pure p-Co3O4 nanoparticles and p-Co3O4 supported 
heterojunction carbon fibers (1 mg/mL) were dispersed in ethanol 
and drop-casted on IDA transducer electrodes at 60oC. The gas 
sensing properties of the materials were analyzed using a custom-
built gas sensor test station consisting of a stainless-steel double-
walled test chamber equipped with temperature-controlled hot 
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stage, sensor holder, mass flow controllers (MFC, Alicat, USA), 
digital multimeter (Agilent 34401A, USA) connected with a data 
acquisition system interfaced with Labview software. A 
temperature controller (Eurotherm, 2420, U.K.) was used to 
maintain the working temperature of the sensor mounted inside 
the sensing chamber. The required concentration of a NH3 gas in 
the chamber was attained by introducing a derived quantity of 
NH3 gas mixed with carrier gas (high pure Nitrogen (N2), 
99.999%) using Owlstone gas generator unit (OVG-4, U.K.). The 
gas concentration was accurately controlled using OVG gas 
generator with pre-calibrated permeation tubes with a constant 
flow rate of 300 sccm was maintained throughout the experiment. 

RESULTS AND DISCUSSION 
In this investigation, p-Co3O4 nanoparticles supported 

heterojunction carbon nanofibers were synthesized using 
ultrasound high frequency probe-sonication method. The carbon 
nanofibers were surface activated via acid functionalization for 
effective formation of heterojunction. During high frequency 
irradiation, the dispersed p-Co3O4 nanoparticles tends to be 
anchored over the active sites of acid functionalized carbon 
nanofiber surface. The p-Co3O4 nanoparticles maintained a 
strong bonding with the carbon nanofibers forming 
nanocomposite heterojunctions as depicted in scheme 1. 

Structural and morphological characterization: 
The structural analysis of pristine p-Co3O4 nanoparticles and 

p-Co3O4 supported heterojunction carbon nano-fibers has been 
studies using X-ray diffraction pattern as shown in Figure 1. The 
high intense, prominent peaks observed from the XRD pattern of 
pristine p-Co3O4 nanoparticles and p-Co3O4 supported 
heterojunction carbon fibers reveals the crystalline structure of 
the samples. The major diffraction peaks arise at the 2-theta 
values of 19°, 25.4°, 31.6°, 37.3°, 39.2°, 44.7°, 55.6°, 59.4°, 
62.9° and corresponding to the (111), (220), (222), (311), (400), 
(422), (333), and (440) planes of respectively which represents 
the characteristic cubic crystal plane of Co3O4 confirmed from 
JCPDS file No: 43-1003.27 The intense peak at 24.6° appeared 
for carbon nano-fibers is attributed to the amorphous graphitic  
 

 
Figure 1. XRD patterns of p-Co3O4, carbon nano-fibers, and p-
Co3O4 supported heterojunction carbon fibers 

carbon with (002) plane present in the XRD pattern of carbon 
nano-fibers which is allotted to hexagonal graphite confirmed 
from the JCPDS card 41-1487 as depicted in Figure 1.28 Further, 
XRD pattern of p-Co3O4 supported heterojunction carbon fibers 
shows the characteristics peaks of p-Co3O4 along with carbon 
nano-fibers features which further confirm the formation of 
effective heterojunctions without any impurities. There were no 
peak shifts or peak broadening observed. 

The micro-Raman spectra acquired for Co3O4, CNFs, and p-
Co3O4 supported heterojunction carbon fibers (Figure 2) was 
implemented to reveal the chemical identification through 
vibration modes of the composite material. The D and G bands 
of carbon nano-fibers and p-Co3O4 supported heterojunction 
carbon fibers are spotted at 963 and 937 cm−1, and 652 and 644 
cm−1 respectively, which is the breathing mode of the A1g 
symmetry of defects with the presence of sp3 carbon atom and the 
E2g phonon mode of sp2 carbon.29 The ID/IG ratio was found to be 
decreased (1.01) for Co3O4 supported heterojunction carbon 
fibers compared to bare carbon fibers (1.02), assigning to the 
structural distortions caused by the interaction between 
Co3O4 nanoparticles with the carbon fibers. Raman peaks located 
at around 220, 464, 508, 602 and 669 cm−1, corresponding to F2g, 
Eg, F2g1, A1g, F2g2 vibrational modes of Co3O4.30 The Raman peaks 
of p-Co3O4 supported heterojunction carbon fibers exhibited 
characteristic vibration modes of both Co3O4 and carbon nano-
fibers confirming the presence of Co3O4 nanoparticles anchored 
over the carbon nano-fibers forming heterojunctions. 31 

 

 
Figure 2. Raman Spectra of p-Co3O4, carbon nano-fibers, and p-
Co3O4 supported heterojunction carbon fibers 

 
In order to study the morphological characteristics of Co3O4, 

CNFs, and p-Co3O4 supported heterojunction carbon fibers, SEM 
analysis was carried out to as shown in Figure 3(A-D). The 
dispersed Co3O4 nanoparticles shows the particles size of 85 ± 10 
nm without agglomeration and SEM image of carbon nano-fibers 
depict the fiber diameter of 150 ± 15 nm with several length of 
micrometer as shown in Figure 3 (A-B). The heterojunction 
material depicted the attachments of Co3O4 nanoparticles all over 
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Figure 3. SEM images of the (A) Co3O4 NPs, (B) carbon nano-fibers, 
(C-D) p-Co3O4 supported heterojunction carbon nano-fibers. 

 
the region of carbon nano-fibers which is evident from Figure 
3(C-D). The corresponding EDX spectra show the presence of 
Co, O, and C elements as depicted in Figure S1. Further, EDX 
mapping clearly implies the presence of Co and O elements over 
the carbon nano-fibers as shown in Figure 4(A-D) which 
confirms the formation of p-Co3O4 supported heterojunction 
carbon fibers.22,32 

Gas sensing Properties of Co3O4 NPs and p-Co3O4 
supported carbon nanofibers: 

NH3 gas sensing properties of Co3O4 NPs and p-Co3O4 
supported heterojunction carbon nano-fibers were evaluated 
using an in-house sensor test station developed in our laboratory. 
Since both the pristine and heterojunction sensor materials 
operate in room temperature, the sensor calibration towards NH3  

 
Figure 4(A-D) Corresponding EDS Elemental mapping of p-
Co3O4 supported heterojunction carbon nano-fibers 

 

gas was carried out in the ambient condition. Dynamic response 
and recovery graph of Co3O4 NPs shows increased resistance 
change when exposure to NH3 gas, in related with the usual 
behavior of p-type MOS interact with reducing gas evident in the 
Figure 5(A&D).33,34 During the evaluation of sensor response, 
NH3 gas was purged with N2 as carrier gas after achieving the 
steady baseline. The change in increasing resistance rapidly to a 
saturation after exposure to NH3 and resistance decreases to the 
base resistance once the flow of NH3 gas was stopped. The 
relative sensor response (∆R/Ra) versus concentration ranging 
from 500 ppb to 5 ppm was monitored and shown in Figure 
5(B&E). The NH3 sensor properties were tabulated in Table S1. 
The sensitivity rapidly amplified from ~3.6% to ∼45% for 500 
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Figure 5. Dynamic NH3 sensing characteristics of (A) Co3O4 NPs and (B) p-Co3O4 supported heterojunction carbon fibers, (B & E) NH3 
response as a function of concentration, (C & F) NH3 response as a function of response and recovery time. 
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ppb of NH3 gas for p-Co3O4 supported heterojunction carbon 
fibers compared to pure Co3O4 NPs. Similarly, it shows rapid 
response time (tres (90)) of 5-6 s for heterojunction materials than 
the pristine Co3O4 (tres (90): 12-14s).  While increasing the 
concentrations of NH3, the response and recovery characteristics 
were slower whereas, at trace level concentrations, time taken for 
response and recovery was much faster owing to the accessibility 
of minimal gas species to the sensor material as depicted from the 
Figure 5(C&F). 

Moreover, the sensor responses were studied towards exposure 
to various interfering reducing gases, such as H2S, isoprene, 
ethanol, acetone, etc. by keeping the concentration as 1 ppm 
constant for all gases in order to study the cross-interference 
properties. p-Co3O4 supported heterojunction carbon nano-fibers 
shows good selectivity towards NH3 at room temperature which 
is depicted in Figure 6(A). Furthermore, the effect of humidity on 
the gas sensing performance of p-Co3O4 supported heterojunction 
carbon nano-fibers were studied as shown in Figure 6(B). The 
response was found to be dropped when the humidity exceeded 
25% due to more RH % intervention of moisture persists on the 
material which decreased the electron transfer process at room 
temperature. 

Table 1 compares the performance of p-Co3O4 supported 
heterojunction carbon nano-fibers based NH3 gas sensors 
reported in literature.  

The detection mechanism based on the sensing behavior of p-
Co3O4 supported heterojunction carbon nano-fibers towards NH3 
gas can be elucidated in terms of their electron transport 
phenomenon. The as synthesized Co3O4 nanoparticles is being p-
type conductivity and the carbon nanofibers behave like semi-
metal nature, the electron received from the reducing gas NH3 
during the surface adsorption, these electrons could trap by the p-
Co3O4 nanoparticles further transfer to one dimensional carbon 
nanofibers by reducing the charge carrier holes as depicted in the  

 

 
Figure 6(A) Cross-selectivity studies and (B) relative humidity 
interference studies of p-Co3O4 supported heterojunction carbon 
nano-fibers 

B

Table 1. Comparison of the NH3 sensing characteristics of p-Co3O4 supported heterojunction carbon nano-fibers based sensors reported 
in the literature with the present sensor. 

Sensor materials Fabrication 
method 

Measuring 
range (ppm) 

Operating 
temp. 

Response 
(Rg/Ra) 

TRes/TRec(s) Ref. 

Nano-sheet  Co3O4 arrays Hydrothermal-method 0.2-100 ppm  RT 2.3@20 ppm 9/134 11 

Co3O4 Nanorods Hydrothermal 
Strategy 10–200 ppm 160oC 3.0@10 ppm 2/4 36 

Co3O4/SnO2 Nanospheres Hydrothermal 
Process 10–100 ppm 200oC 2.8@10 ppm 4/17 37 

Co3O4@CuO Nanochains Electrospinning 1–100 ppm RT 5.72@100 ppm 1.3/31.3 33 

rGO-Co3O4  Nanofibers Electrospinning 5-100 ppm RT 0.59@50ppm 4 s/5 min 38 

Co3O4/polyethyleneimine-CNT Hydrothermal- method 1-1000 ppm RT 70.9%@1000ppm 8/- 39 

p-Co3O4 -CNFs Ultrasonication 0.5 – 5 ppm RT 0.4 @ 0.5 ppm 4/6 Present 
work 
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schematic diagram in scheme 2. Consequently, a drastic increase 
in the sensor resistance was observed for the nanocomposite 
material. Owing to its dimensionality effect, the enhanced charge 
transport leads to boost the sensing performance of the 
nanocomposite heterojunction material. 35 

 
Scheme 2. Schematic representation of charge transport in p-Co3O4 
supported heterojunction carbon nano-fibers during NH3 adsorption 

CONCLUSIONS 
To summarize, p-Co3O4 supported heterojunction carbon 

fibers were synthesized by a simply ultrasonication process. The 
structural and morphological analysis of the p-Co3O4 supported 
heterojunction carbon nano-fibers was done by XRD, Raman 
spectroscopy and SEM characterizations to confirm the 
formation of heterojunctions. NH3 gas sensing properties of p-
Co3O4 supported heterojunction carbon nano-fibers based 
sensors exposed better sensitivity towards NH3 in the range of 
0.5–5 ppm with low detection limit of 500 ppb with rapid 
response of 5-6 s than that of sensitivity of pristine Co3O4 with 
response time (tres(90)) of 12-14 s. The enhanced sensitivity 
towards NH3 gas was attributed to the presence of carbon 
nanofiber further leads to fast charge transport mechanism. The 
present investigation discloses the importance of Co3O4 
supported heterojunction carbon nano-fibers based sensor for 
cost-effective and room temperature sensing of NH3 in the real-
time applications. 
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