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a b s t r a c t

In this paper, a humidity sensor with tricobalt tetroxide (Co3O4)/poly(sodium styrene sulfonate) (PSS)
film coated was fabricated using layer-by-layer (LbL) nano self-assembly method. The nanostructural,
surface morphology and the specific surface area of the LbL self-assembled Co3O4/PSS nanocomposite
were examined by scanning electron microscopy (SEM), X-ray diffraction (XRD), nitrogen sorption
analysis and transmission electron microscopy (TEM) measurements. The humidity sensing properties of
the sensor were investigated by exposing to a wide relative humidity range of 11e97% at room tem-
perature. The experimental results indicate that the presented sensor not only exhibited favorable
response of up to 2479.97, but also possessed fast response and recovery time, acceptable repeatability
and stability. The sensing performance was greatly better than that of pure Co3O4. Moreover, the possible
humidity sensing mechanism can ascribed to the synergistic effect of Co3O4 and PSS toward water
molecules, as well as the layered nanostructure. This work highlights the LbL self-assembled Co3O4/PSS
film is a candidate material for constructing humidity sensors with high performance for various
applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Effective and exact identification of environmental humidity for
various fields, including electronic device fabrication, food pro-
cessing and industrial chemicals synthesis, is considerable impor-
tant. Therefore, the development of humidity sensor with high
sensitivity, short response and recovery time, excellent stability,
wide sensing range and low cost is needed [1,2]. Various kind of
sensing materials like metal oxide semiconductors, polymers, car-
bon nanotubes and composites have been employed in humidity
sensors [3e6]. They have their own advantages and specific con-
ditions of application. Among these sensing materials, the metal
oxide semiconductor is one of the most commonmaterials used for
humidity sensors, because they exhibit facile synthesis route,
controllable size and morphology, accessible surface modification
as well as stable physical and chemical properties. Meanwhile,
compared with humidity sensors based on other sensing materials,

the remarkable characteristics of metal oxide semiconductor sen-
sors are low cost, simple construction, small size and easy instal-
lation [1]. Cobalt oxide, as a kind of metal oxide semiconductor,
exists in three different crystalline forms namely CoO, Co2O3 and
Co3O4. Among all stoichiometry, Co3O4 have been extensively
employed due to its chemical stability and desired electrochemical
properties [7], such as solar selective absorber at high temperature,
electrochemical capacitors, gas and humidity sensors, heteroge-
neous catalysts in oxidation process, magnetic materials and
lithium-ion battery electrodes [8e14]. However, Co3O4 serves as
gas sensing materials is usually operated at elevated temperatures
above 200 �C to obtain the catalytic properties of surface oxide
species [15,16]. Therefore, the application of Co3O4 is restricted in
commercialization application due to its high resistance and low
catalytic activity at room temperature [17,18].

Current research efforts are directed toward developing high-
performance humidity or gas sensor working at room tempera-
ture with low fabrication costs and low power consumption
[19e22]. Remarkably, metal oxide semiconductors modified with
conducting polymers have been demonstrated to be an effective
method for room temperature detection of gas or humidity. For
instance, Lin et al. synthesized WO3-3, 4-ethylenedioxythiophene:
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4-styrenesulfonicacid nanocomposite on flexible foils, which ex-
hibits a high sensitivity to low concentration NO2 gas at room
temperature [23]. Patil et al. synthesized a nanocomposite of poly
(o-anisidine)etin oxide (POA-SnO2) using an in-situ chemical
polymerization route and used it as new humidity-sensing mate-
rial. The humidity-sensing characteristics of the nanocomposite
confirmed a significant enhancement for humidity sensing appli-
cation in comparison with pure POA [24].

In this work, we demonstrated a facile and cost-effective fabri-
cation route, layer-by-layer (LbL) self-assembly, to prepare Co3O4/
PSS nanocomposite sensor for humidity sensing. The nano-
structural, surface morphology and the specific surface area of the
LbL self-assembled Co3O4/PSS nanocomposite were examined by
SEM, XRD, nitrogen sorption analysis and TEM measurements. The
humidity-sensing properties of the presented film sensor were
investigated by exposing to various relative humidity (RH) envi-
ronments. Results indicate that the presented sensor has an
admirable response, fast response/recovery time and outstanding
repeatability as well as stability. Moreover, the LbL self-assembled
Co3O4/PSS nanocomposite film sensor exhibits great enhance-
ment for humidity detection compared to the pure Co3O4 coun-
terpart, demonstrating the admirable properties of nanocomposite
and unique advantages of LbL self-assembly for film sensors
fabrication. Finally, the possible humidity-sensing mechanism of
the nanocomposite humidity sensor was also discussed.

2. Experiment

2.1. Materials

Reagents used in the experiment including cobalt nitrate
hexahydrate, sodium phosphate dodecahydrate and hydrazine
hydrate were obtained from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Additionally, polycation and polyanion used for
enhancing the ionic strength and polyions adsorption in LbL as-
sembly, including 1.5 wt% poly(diallyldimethylammonium chlo-
ride) (PDDA) and 0.3 wt% poly(sodium styrene sulfonate) (PSS),
which were purchased from Sigma-Aldrich Inc. (USA). All the re-
agents were used as received without further purification.

A facile hydrothermal route was used to synthesize Co3O4
nanorod, as reported in reference [25]. 0.5 mmol cobalt nitrate
hexahydrate and 0.0125 mmol sodium phosphate dodecahydrate
were dissolved into 70 mL of deionized (DI) water and subse-
quently stirred for 0.5 h. Then, 2 mL of hydrazine hydrate was
added to the mixture dropwise and ultrasonic vibration for 0.5 h.
After that, the resulting mixture was hydrothermally treated at
180 �C for 12 h. At last, the obtained sample was further anneal-

treated at 500 �C in nitrogen for 5 h to get high-quality Co3O4
crystalline.

2.2. Sensor fabrication

Printed circuit board (PCB) was used as mechanical support for
the sensor due to its low cost, simple processing and ease-of-
integration. The typical MEMS processes for manufacturing the
devices are as follows: A Cu/Ni layer with thickness of 20 mm was
first deposited on PCB using sputtering system. Subsequently,
positive photoresist (PR) was coated on the substrate to make
interdigital electrodes (IDEs) pattern using lithography, and then
the redundant Cu/Ni layer was etched out to form micro-IDEs via
exposure and development. Both width and gap spacing of 200 mm
for the IDE fingers was designed. Lastly, the sensing film was self-
assembled onto the sensor substrate.

The LbL self-assembly method was adopted to fabricate Co3O4/
PSS film as sensing materials for the humidity sensor, as shown in
Fig. 1. Firstly, the device was immersed into solution of PDDA for
10 min, then rinsed by DI water and dried by nitrogen flow for
enhancing the interaction between layers. Then immersing the
device into solution of PSS for 10 min and following with rinsing
and drying. Repeating once again and completing the production of
two bi-layers of PDDA/PSS on the sensor substrate. It namely pre-
cursor layers which play an important role for charge enhance-
ment. Secondly, the device was alternately immersed into the
solutions of Co3O4 and PSS for n cycles. The immersion time was
15 min for the Co3O4 and PSS, respectively. In this way, the multi-
layer films (PDDA/PSS)2/(Co3O4/PSS)n were formed, here the n is 1,
3, 5, 7, 9. Finally, the self-assembled sensing device was heated
under 70 �C for 3 h, and Co3O4/PSS nanocomposite film was ob-
tained. Fig. 1 shows the layer-by-layer fabrication process of Co3O4/
PSS nanocomposite film and its structure. The layer thickness can
be controlled under the layer-by-layer self-assembly route, which is
measured about 50 nm.Moreover, for making comparison, the pure
Co3O4 film sensor was prepared by drop-casting method.

2.3. Instrument and analysis

A schematic diagram of the experimental setup used for hu-
midity sensing measurement is illustrated in Fig. 2. The humidity
sensing properties were investigated by exposing the Co3O4/PSS
film sensor to various RH levels, which were achieved by several
saturated aqueous solutions. Saturated aqueous solutions in closed
vessel at a stable temperature can provide stable and controllable
RH levels in their equilibrium states [26]. The experiment was
performed at room temperature of 25 �C. Saturated solutions of

Fig. 1. Layer-by-layer fabrication process of Co3O4/PSS nanocomposite film and its structure.
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