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We have reviewed recent progress on various types of humidity
sensors as it is one of the most significant issues in various
areas of sensing appliances such as instrumentation, charge
storage automated systems, industries and agriculture. Various
effective approaches have been discussed to develop ceramic,
semiconducting and polymer based graphite sensors. It was
found that graphite based nanocomposite materials have unique
potential for detecting humidity due to specific structure, high
electro thermal conductivities, good mechanical properties,
low cost and ultrahigh surface area that increases applications in
the field of energy storage devices.
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Introduction

Electrodes are the integral part of devices related to
power production, communication, charge storage
and light harvesting. They play an important role in
powering systems of portable electronic devices like
batteries and supercapacitors.' They have attracted
worldwide attention due to various functions as
energy storage appliances, in digital communication
devices, digital cameras, mobile phones, electric

tools and solar cell.>® They can be categorized as
pseudo capacitor or electric double layer capacitor
(EDLC). EDLCs focuses on charge storage across
double layer of the electrode in carbon based
electrode.” Pseudo capacitance involves faradic
processes it stores energy like EDLC but also
performs reaction between electrode materials and
ions in restricted potential window such as oxides
of nickel, manganese, vanadium.®
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Graphical abstract

The performance and life of electrical and electronic
devices is best dictated of the stability of electrode
working under hazardous conditions. Functionality
and performance are compromised during their
working in humid environment and heat production
due to long term application. Therefore due to
numerous applications of humidity sensors in
agriculture, medical fields, semiconductor industry
moisture levels are constantly examined. With
emerging technologies low power consumption
based miniaturized humidity sensors can be
designed for various types of electrochemical
studies.® These can be categorized as organic/
inorganic based sensors, ceramic type (AL,O,, SiO,),
semiconductors,(TiO,, SnO,, Zn0O), organic polymer
hybrid sensors and pervoskite sensors.' Present
century has witnessed significant advancements
in the development of power producing and power
storage accessories for better performance of
electronic devices applicable in communication.
For such reason, there has been a continuous need
of electrode that may impart enhancement and
longevity of devices for best possible application
in communication, energy storage and light
harvesting.'-?

However, limited exploration has been made on
impact of humidity on electrical conductivity of
graphite based electrodes.'*'® Due to unique
properties and extraordinary atomic arrangement of
graphite it has wide applications in energy storage,
chemical sensors, optoelectronics and molecular

separation. This review focuses on recent advances
in humidity sensors and effect of humidity on
electrical conductivity of working electrodes.

Fabrication of Electrodes

Electrodes are chemically designed through
deposition of a mixture of graphitic materials with
electrically conducting inorganic or organic additives
in presence of binders over a conducting surface.

Components of Surface Coating Materials
Graphitic Materials

Materials employed for developing graphitic
electrodes are various forms of natural, expanded
graphite, carbon black, graphene fullerenes and
tubular nanostructures.'”-'® Graphite is naturally most
abundant allotrope of carbon with two dimensional
(2-D) hexagonal lattices in which sp?-bounded
carbon is present. Flat sheet like structure of
graphite bound to each other by weak Vander Waal
forces, in which the electrons are delocalized, due
to thin gap between valence and conduction band
it is a good conductor of electricity.?2® Graphite
has wide applications in the development of
batteries,?'?> sensor?*? supercapacitors,?2® and
nanocomposites.?®

Structure of graphite consists of hexagonal rings
forming thin parallel plates (graphenes) in which
each carbon atom is covalently bonded to three other
atoms in the plate (the angle between two bonds is
120°). The outermost electron shell of a carbon atom
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has four valence electrons, three of which are used
by the covalent bonds. The forth valence electron
does not take part in covalent bond formation and
may be easily displaced from the electron shell
making graphite electrically conducting.

Polymers with enhanced solubility in polar solvents
are employed in trace proportions as binders for
graphitic materials to achieve the stable conducting
surface over metallic substrates.®® In recent years
use of graphitic materials as conducting matrix
has numerous applications including ceramics,
semiconductors, solar cells, light emitting diodes.

Polyindole

Composite polymers such as polyindole, polypyrolle,
polyacrylonitrile etc are also employed as conducting
filler for graphitic electrodes to enhance their I-V
response under varying voltages.®-%¢ In early 1976
initial work on chemical polymerization of PIN from
indole can be traced. Tourillon et al., in 1982 firstly
reported the formation of PIN by electrochemical
formation. PIN is a conducting electroactive polymer,
which can be obtained by electrochemical oxidation
of Indole in a variety of electrolytes and chemical
polymerization through oxidants.®”*® PIN have
N-containing five member aromatic compound which
is responsible for its easy synthesis. PIN process
high redox activity, low decomposition rate and
batter air durability but poor mechanical properties
(Fig. 1).4°

Indole

Polyindole

Fig.1: Electrochemical oxidation of
indole into PIN

In recent times, the application of PIN as an
electroactive material has been realized for the
development of respective NCs in combination with
carbon NCs electrodes for communication, energy
storage and light harvesting complexes.*' PIN-based
rechargeable batteries have been reported for fast

charging and discharging due to high electromotive
force together. It is believed that PIN uses protons
as charge carriers to speed up the electrical
conductivity.*

Tungsten Carbide

The conductivity of polymers may be improved
greatly by modifying them with electrically conducting
fillers. Such fillers may be metals or their molecular
derivatives with chacogens and alike molecules.**4
Recently, metal carbides have received increasing
attention as electrically conducting fillers for
polymers to derive the NCs.**¢ Such NCs are
blended with graphitic materials such as coke,
graphene, graphite oxide and carbon nanotubes to
develop the electrodes for energy storage devices
and production of energy.+48

Fig. 2: Schematic Representation of
Crystalline Structure of (a) WC (b) G

Fig.2 (a) and (b) represent crystalline structure of WC
and graphite respectively. WC exhibits a hexagonal
structure made of a grid of tungsten and carbon. It's
most striking properties are a high density and a high
melting point of 2600°C, a high hardness as well
as the metal-like, high values of electric and thermal
conductivity. The WC grid causes a certain plasticity
and high breaking ductility while maintaining the
high hardness of tungsten carbide. Exposed to air,
WC corrodes only at temperatures above 600°C.
Furthermore, besides its high hardness at ambient
temperature and at temperatures above 1000°C, the
ability to bind metals such as cobalt, nickel and iron
is responsible for its economical importance. WC is
mainly used for the production of hard metals.*-5

Effect of Humidity on Nanocomposites based
Electrodes

Humidity is of great interest to researchers
due to their important role in both basic and
applied research.®? This paper reviews reported
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studies on different humidity sensor fabrication
technologies, principles of materials and applications
(graphical abstract). The practical performance of
electrode such as conductivity, sensitivity, stability
and reliability depends on structure of polymer.

The performances of electronic devices are affected
in humid environment. Table 1 shows summary of
the sensing performance of humidity sensors based
on various working electrodes.

Table1: Summary of the sensing performance of humidity
sensors based on various working electrodes

S. Coating Preparation Method Conductivity Operating Characterization Response Ref
No. Material Temperature
1. CH,NH,PbI, Electrodeposition 85°C XRD, AAS, SEM  80% [53]
2. MMA/ZnS _ 0.360 Sm"" R.T SEM, TEM, XRD  _ [54]
3. Thiophene/ Chemical oxidative 4.2x107 R.T SEM, FTIR, XRD _ [55]
Nickel oxide Polymerisation Scm-!
4. Mo/ WS,/PANI  Electro deposition 6.3 x 10° 30°C FTIR, Raman _ [44]
Scm-’
5. PIN/CNT Electrospining _ 28°C SEM, XRD, 95% [56]
FTIR, Raman
6. PIN Electrodeposition 1.89 x 10 R.T FESEM, XRD 80% [61]
Scm”’
7. Graphene/ Electrohydrodynamic R.T _ 5-95% [69]
Methyl red
8. Graphene/ Sol- gel _ 25°C XRD, FTIR, SEM  12- 90% [70]
TiO,
9. GO/MWCNT Drop Casting _ 25°C SEM, Raman 11-97% [71]
10. RGO/ Cellulose Pour Casting _ 25-45°C  XRD, SEM, FTIR 25-90% [72]

Perovskite type Humidity Sensors

Study of the humidity sensing behaviour of porous
perovskite films and bulk materials continues
to give rise to novel results. Quantitative and
systematic investigation of perovskite degradation
has been conducted. It was found that rapid
decomposition of CH,NH_Pbl, semiconductor
in moist air limits their commercial utility as an
electrode material for Perovskite solar cells.
The phase changes in Perovskite degradation
under humid environment was monitored through
in situ absorption spectroscopy and XRD. This has
revealed the formation of [Pbl ]*- octahedral as a
first degradation product under humid environment.
In subsequent studies, it was found that the lead
role of moisture on formation of discrete hydrate
phases that implies to corrosion of electrodes'" '
Effect of humidity and temperature on stability
of encapsulated planar-structured CH,NH Pbl,
perovskite solar cells has been investigated.

The device has shown significant degradation under
prolonged exposure temperature up to 85°C and
RH up to 80%.The degradation of CH,NH,Pbl, was
revealed through SEM and XRD.*

Nanocomposites based Humidity Sensors
Nano composites with improved optical and
electrical properties through insitu polymerization
of GNP/silicone composites has been synthesized.
Microstructure of composite was investigated
through XRD, FESEM, TEM and PL spectra.
PL spectra reveal maxima at blue wavelength with
enhanced rate of electron-hole recombination.'®
Electrically and thermally conductive TEM in
combination with XRD reveals a decrease in
thickness of G nanoplatelets from 60 to 35 nm under
mechanical mixing. NCs derived through dispersion
of 20 wt% G nanoplatelets shows DC conductivity of
0.360 S.m™" that was higher over Si (8.33x103 S.m™)
whereas became insulating at 15 wt%.%*
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Polymer Nanocomposites based Humidity
Sensors

Electrically conducting NCs of poly
(8-methoxythiophene) and nickel oxide through
chemical oxidative polymerization has been
synthesized. Conductivity of the composites was
found to be the function of concentration of NiO and
was percolated up to 4.2x 107 Q/cm-1.Diversified
spectral and microscopic method reveals clustered
morphology of NCs with dispersion of crystalline
nanocrystalline (5 nm) NiO into polythiophene
matrix.>®* Mo and WS, particles over PANI for
electrorheological application has been coated.
Coating of WS, over PANI was revealed through
FTIR and Raman spectra. Conductivity of WS,
was increased from 0.056 Scm-' to 0.98 Scm~' on
coating with PANI. However, this was decreased to
6.3 x 10-6 Scm~" with PANI base. TGA reveals
improved thermal stability of films.*

Humidity Sensors Containing Polyindole

Over stainless steel fabric, binder free electrodes
have been fabricated through electrospinning of PIN/
CNT nanofibers. Microanalysis reveals restricted
surface area and inactive morphology of electrodes.
Electrodes display moderate DC conductivity
with improved charge storage. DC conductivity
of electrodes was improved through addition of
10 wt% of CNT. A single step supercapacitor system
was developed with 95% capacitive retention till
2000 cycles. Under cyclic conditions the energy
density and power density of electrode were
17.14 W h Kg' at 426 W Kg' respectively.®® NCs
with improved spintronic behavior, thermal stability
and Tg has been synthesized through insitu
polymerization of PIN in presence of PVA and
magnetite for electrical and dielectric applications.
Effect of magnetite concentration on conducting
behavior of composite was investigated. This has
revealed the highest conductivity of NCs at 10
wit% of magnetite. With frequency, NCs reveals a
characteristic decrease in dielectric constant and
loss tangent that was enhanced with concentration
of magnetite. Microstructure of NCs was investigated
through SEM and XRD.5” NCs through insitu
polymerization of indole has been prepared in
presence of chloro-auric acid.

Polymerization was conducted under surfactant
free micro emulsion system under electrically

conductive control of AFM. Microanalysis reveals
core shell morphology of NCs highly populated, size
controlled, stable mono dispersed Au nanoparticle in
core of PIN.*” PIN/CNTs composite with The battery
achieves about 80—70 mAh/g at discharge current
densities of 10-103 A/m?. Surface measurements
of composite were done via BET, XRD, XPS, SEM,
TEM, FTIR and Raman spectroscopy.%Li-ion battery
has been fabricated using Na foil, electrospun poly
(5-cyanoindole) nanofiber and NaPF,_ as anode,
cathode and electrolyte solutions respectively.
Fabricated battery was characterized through
Cyclic voltammetry, electrochemical impedance
spectroscopy shows electromotive force of 3.4V,
discharge capacity of 106—75 mAh/g.%® Li-ion
battery has been synthesized with cyclic life of
10%A/m? and discharge depth 60% at 25°C with
30,000 time’s cyclic stability using PIN cathode,
Li anode and LiBF, with electromotive force of 3.0V
as electrolyte medium. Battery renders the discharge
@10-10® A/m?2 with power storage of 80-70mAh/g.
Bhagat and Dhokane has prepared polyvinyl acetate
(PVAc) through insitu polymerization of indole
in presence of ferric chloride. This has afforded
PVAc films with DC conductivity of 4.46x10°
S/cm at 383K under two point probes. The formation,
composition and morphology of films were well
investigated through XRD, FTIR, UV-Vis spectra,
FE-SEM, EDAX.® In subsequent years, the same
class of composites with 30 wt % of PIN has been
re-synthesized. Composites were investigated for AC
conductivity. It was found that the AC conductivity of
composites was 1.89x10° S/cm at 1IMHz.TG-DTA
reveals enhanced thermal stability of composite with
endo and exo DTG peaks at 11.844-25.775KJ/g
mol and 54.454-61.603 KJ g mol. FESEM reveals
cauliflower like morphology of composites with soft
circles.®!

Humidity Sensors Based on Metal Oxides

Boron/ZnO composite film was developed through
chemical vapor deposition method. Nano composites
were investigated for stability under damped heat
treatment. Electrical and optical characterization of
films reveals increase in the scattering of electron
gain boundary. Films show an increase in resistivity
during exposure of humidity due to decrease in Hall
mobility.° The stability of electrodes of Li-ion batteries
has been investigated. The humidity experiments
were conducted over LiFeSO,F as cathode material.
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Complete degradation of cathode material in FeSO,.
nH,O (n=1, 4, 7) and LiF in environments with relative
humidity greater than 62%. A rapid decomposition
of LiFeSO4F into FeSO,.nH,O (n = 1, 4, 7) and
LiF was observed in highly humid environment
(>62% RH at 25°C) till destruction of electrodes.
Degradation of organic photovoltaics under humid
environment has been done. Experiments performed
shows drop performance of photovoltaic below
40% within only 45 min under o RH of 85%.52
Heteropolyacid derived membrane electrode
assembly (MEA) for operation at 1200C and 35%
relative humidity has been developed. Assembly
material was characterized through spectra, CV,
EIS and TGA and was found stable under humid
environment.

Humidity Sensors Applications

Effect of Humidity is essential for various applications
at industrial, environmental, domestic, medical,
and agriculture sites. Conductivity of electrodes
under accelerated heat and humid environments is
hereby compromised, that alters the performance
of storage and disbursement of charge from
batteries and capacitors. Most of the workers work
on development of humidity sensors®-5 but limited
reports are available on impact of humidity over
stability and conducting behavior of semiconducting
electrodes.®668

Conclusions

This review summarizes numerous humidity sensors
based on metal oxides, pervoskite, ceramic, polymer
metal nano composite and semiconducting materials.
It also provides a simplified method of fabrication of
NCs derived WEs with enhanced thermal stability,
electrical conductivity and application under
humid environment. Graphene based polymer
nanocomposites develop excellent humidity sensors
having high sensitivity, fast response and long term
stability The electrodes may find their potential
applications for energy production and storage
devices.
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