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1. Introduction

The synthesis of a Cug gZng >Sb,—polyacrylamide
nanocomposite by frontal polymerization for
moisture and photodetection performance
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B. C. Yadav, 2 *? Nina D. Golubeva,® Evgeniya |. Knerelman,“ Igor E. Uflyand
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Herein, the preparation of a CuggZng 2Sb,AAm—polymer nanocomposite synthesized via a frontal poly-
merization technique is reported, together with its humidity sensing and photoconductive behaviour.
The surface texture was examined using scanning electron microscopy (SEM) analysis. X-ray diffraction
(XRD) and transmission electron microscopy (TEM) studies confirm the crystallinity of the as-fabricated
nanocomposite thin film based sensing element. The surface area, particle size, optical absorbance, and
thermal stability of the as-fabricated thin film were successively investigated using Brunauer—Emmett—
Teller (BET) analysis, particle size analysis, ultra-violet absorption studies, Fourier-transform infrared
(FTIR) spectroscopy, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and
differential scanning calorimetric (DSC) analysis. The humidity sensing characteristics were also
investigated based on the capacitive performance of Cug gZng >Sb,AAM film when exposed to moisture.
The average sensitivity (S) of the as-fabricated sensor was found to be ~168.477 pF/% RH at an
optimum frequency of 20 Hz. The sensor exhibited rapid response and recovery times of 4.6 s and 5.6 s,
respectively, with persistent stability of 96% after 60 d. Thus, the CuggZngSb,AAm polymer-based
capacitive humidity sensor shows its potential for reliable and safe use in the detection of humidity
levels, as well as for photoconduction.

flocculating nature, PAam is a globally used synthetic polymer
in different applications such as removal of toxic ions during

The polymer structure of polyacrylamide (PAam) is just like a
polyethylene chain with an amide group attached at one end.
The PAam is synthesized by polymerization of acrylamide
(AAm, C3H;NO), a compound obtained by the hydration of
acrylonitrile. The dissolved monomers (AAm) are induced to
polymerize by the action of free-radical initiators. The highly
reactive amide (NH,) group and the polymer can be chemically
modified to produce a positively charged cationic polymer or a
negatively charged anionic polymer.' Ionic polymers are
especially useful in separating metals from residues in various
mineral-processing and metallurgical operations. Because of its
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water treatment, in the paper making industry, in the petroleum
sector, for soil conditioning and so.*”

The energy of these PAams becomes more prominent with
the development of a metal-polymer complexes. The rapid
development of metal incorporated polymer complexes revived
the modern polymer industry by producing more advanced
materials. The complexion of metal ions with polymeric ligands
drastically affects the properties of the parent polymer.® From
the technological point of view, the thermal stability of
polymers is important in their high-temperature applications.
Insertion of metal ions in the polymer matrix generates many
charge carrier ions, thus increasing the rigidity of the polymer
chains and raising the glass transition temperature (Ty) of
the material. Metal-doped PAam is extensively harvested in
the water-soluble polymer synthesis. Different metal-polymer
complexes have been successfully synthesized by doping of
transition metal ions with a divalent nature such as Cd*,
Co**, cu®, Fe’", Mn**, Ni**, and Zn>" resulting in them
possessing better chemical and thermal stabilities.”™"> These
metallopolymers have the functionality of polymers as well as

This journal is © The Royal Society of Chemistry 2020
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metals enabling their use to be possible in various industries
such as memory devices, humidity sensors, gas sensors,
solar appliances, and light-emitting devices. Depending on
the precursors, different methods of production of metallo-
polymers (metal-containing polymers) have been reported. The
preparation method proceeds in three steps:

o firstly, the interaction of the metal compound (MXn) with
functionalized polymers, which means carboxyl-containing
polymers, and an analogous transformation, defined as occur-
ring when the main polymer chain remains untouched by the
metal compound;

e secondly, polycondensation of the appropriate precursors
occurs, when the metal ions are combined into and removed
from the main chain of the polymers;

o finally, a new method, recently developed for the polymeri-
zation and copolymerization of metallopolymer monomers
(metal-containing) is used. Metallopolymers are based on
transition metals, and are obtained by the previously described
methods.

Recently, a single metal-based polymer complex has been
harvested for use in humidity sensing via an electrical mode as
well as an optoelectronic mode."® Several charge carriers are a
crucial factor in determining the sensing characteristic of a
material.'>** Allocation of isovalent dopant ions in the metal
sites strengthens the synergistic effect between metal ions and
the host polymer.

The zinc-antimony (Zn-Sb) binary system is one of the best
thermoelectric materials due to its low lattice thermal conduc-
tivity which is stable at intermediate temperatures.'*' This
alloy contains a higher degree of atomic disorder within
the whole concentration. Doping of Cu in the Zn-Sb alloys
enhances the whole concentration, and leads to the higher
carrier concentration. In addition, the atomic radius of Cu is
compatible with the Zn-Sb polymorph and can easily be
accommodated in the interstitial gaps in the Zn-Sb lattice,
thus facilitating disruption in the lattice stability and reduction
of the lattice thermal conductivity."**®'” The Cu-Zn-Sb based
ternary system fulfils the goals of technological as well as
humidity sensing needs. The incorporation of this ternary
system in the polymer matrix will improve thermal properties
as well as providing a better sensing capability for use as a
humidity sensor.

For the detection and control of humidity, large numbers
of materials have been reported. These materials also play an
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important role in environmental monitoring for atmosphere,
seed storage, agriculture, in the chemical field, in biomedical
sectors, in electronics processing, and the food industry, as well
as being used in daily life, for example as air conditioners and
in hospitals, and so on."*° A large number of sensing materials
have been exploited for humidity sensing and these are mainly
organic polymers, metal oxides, polymer/inorganic nanohybrids
and polymer electrolytes (polyelectrolytes), and every material has
its own inherent property responsible for humidity adsorption
and desorption.>' > Nowadays the photodetection properties are
also thoroughly investigated together with the humidity sensing
behaviour.?*** Some of the nanomaterials show the extraordinary
behaviour of responding to both humidity as well as acting as a
photodetector. In recent years to minimize the wastage of energy
and improve the energy-saving practices, photoconduction has
been studied for different nanomaterials.”®***° The results of a
literature survey based on other metal oxides used as humidity
sensors is shown in Table 1:**7*

Here, in the method described in the present manuscript,
a ternary metal-doped AAm composite was used for photo-
conduction behaviour and as a humidity sensor for the mea-
surement of moisture. Previous investigations were focussed
only on single metal-doped complexes but here a stable ternary
system for humidity sensing is reported for the first time. This
will provide an insight into the implementation of the ternary
system in sensing applications.

2. Experimental details
2.1 Synthesis method

The synthesis was performed in two phases; initially, the metal
complex with polyacrylamide was prepared via frontal polymeri-
zation and then a sensing film of Cu,gZn,,Sb,AAm was fabri-
cated using a spin coating technique.

2.2 Preparation of CuggZn, ,Sb,AAm via frontal
polymerization

The preparation of the monomer of Cu, sZn, ,Sb, nitrate AAm
complex was carried out by a modified procedure (Fig. 1).
Initially, the transition metal nitrates embedded in AAm com-
plexes were prepared. For this Cu(NOs),-3H,O (0.77 g, 2.26 X
10? mol), Zn(NO;),-6H,0 (0.136 g, 0.56 x 10> mol), Sb(NO3),
(1.74 g, 5.66 x 10> mol) and AAm (2.0 g, 4.23 x 10> mol) were

Table 1 A detailed literature survey of other humidity sensing materials with % RH values

S. no. Material Sensitivity (pF/% RH) Range (% RH) Ref.

1 SnO, nanostructures 0.01 11-96 32

2 Fe-GO 5.18 10-95 33

3 Au/PVA 11.38 11.3-97 34

4 Polyimide 24.5 16-90 35

5 Graphene oxide 46.253 15-95 31

6 Modified MWCNT (dispersed in NMP) 6.41 10-90 39

7 Tin dioxide/reduced graphene oxide (RGO) 146.53 25-95 37

8 MoS,-modified SnO, 156.97 11-95 38

9 Cug.gZn, ,Sb,AAm nanocomposite 168.477 10-95 Present paper

This journal is © The Royal Society of Chemistry 2020
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mol)

Zn(NO5),6H,0
(0.136 g, 0.56-103
mol)
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Sb(NO,); (1.74
g, 5.66-10-> mol)

Molar ratio 1:5

Acrylamide (AAm) (2.0 g, 4.23-1073
mol ) was mixed with metal
complexes

;vereashed oi and ether
for remove the excess of AAm

Dried in desiccator and the acrylamide
complex (CuygZn,,Sb,AAm) paste was
obtained

Washed with anhydrous éther
and dried in vacuum

For Frontal polymerization technique

the mixture was pressed as pellets
placed in a glass ampule

‘ at 130°C

The ampule with the sample was
immersed by 0.2 cm into the bath with
the heat carrier for 10-15 s

Fig. 1 Flow chart showing the synthesis of the polymer hanocomposite (Cug gZng 2Sb,AAM).

mixed uniformly to maintain a metal : acrylamide polymer mole
ratio of 1:5 in an inert atmosphere. After washing the homo-
genous mixture, a green paste was obtained and then dried in a
desiccator for one day over P,0Os. Next, the paste was rewashed
with methanol and ether to remove the excess AAm. The paste
was dried again in a desiccator for 24 h to a constant weight
and the fine paste of Cug gZn,,Sb,AAm was obtained. After the
preparation of the monomer, the Cu,gZng,Sb,AAm sample
was used for the frontal polymerization technique, where
the acrylamide complex was pressed into a pellet with fixed
dimensions; the diameter d of the pellet was 0.5-0.8 cm,
the height 7 was 1.2-1.5 c¢m, and the density p was 1.45 £+
0.02 ¢ cm >, Next, this pellet was placed in a glass test tube,
and to initiate the polymerization, the bottom region of the
test tube containing the sample was immersed 0.2 cm into a
bath with Wood’s metal alloy as the heat carrier for 10-15 s
at 130 °C. The reaction rate was monitored from the movement
of the front of the colored zone over time. Next, the powder
was washed several times with methanol and ether to remove
excess AAm and then dried in a vacuum at room temperature
for 24 h. Thus, Cu,gZn,,Sb,AAm powder was obtained and
used for further characterization and then in a humidity sensor
application.

2.3 Experimental set-up for the photoconduction
measurements

The room temperature photoconduction properties of the pre-
pared samples were recorded using a 6517B source measuring unit
(SMU, Keithley, UK) in the resistance mode at an illumi-
nation intensity of ~100 mW cm ™. Fig. 2 shows the schematic
diagram of photoconductive device based on the CuggZng,-
Sb,AAm nanomaterial.

2806 | Mater. Adv., 2020, 1, 2804-2817
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Fig. 2 A schematic diagram of the photoconduction set-up.

2.4 Fabrication of the thin film

A thin film based sensing element was fabricated by a spin
coating technique which is shown in Fig. 3.

The uniformity in the deposition of the film was influenced
by key parameters such as rotation of the spinner, and tem-
perature and viscosity of the solution. Initially, borosilicate
substrates having uniform dimensions of 1.5 x 1.5 cm?® were
treated in an ultrasonic cleaner (WUC-AO2H, Witeg, Germany)
using de-ionized water, isopropyl alcohol and acetone as a
cleaning agent. The solution was coated on the glass substrate
using a spin coater (RC100, Metrex India) with an angular
rotation of 2000 rpm and further dried for 30 min at 60 °C.
The fabricated film was then annealed at 200 °C for 2 h in a
tubular electric furnace for the complete removal of organic
components. Probe contacts were developed on both the ends

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 A schematic presentation of the preparation of CuggZng2Sb,AAM
film via a spin-coating method.

of the thin film using a silver paste with a copper wire
connecting with them, which acted as electrodes. Thus, this
film was employed as a sensing element for the detection and
measurement of humidity.

3. Results and discussion
3.1 Morphological investigation (SEM analysis)

A porous surface morphology of a thin film is a key feature for
a humidity sensing application. Surface morphology of the
as-fabricated CuggZng,Sb,AAm thin film was investigated
using SEM (JSEM-6490LV, Jeol) at different magnifications
and the images are shown in Fig. 4(a-d). It was confirmed from
the images that the surface morphology of the Cu,gZn,,Sb,AAm
thin-film possessed a highly porous structure with intermediate
voids on the surface being responsible for the characteristic
adsorption and desorption of humidity. The high surface to

Fig. 4 SEM images (at different scales) showing that the morphology of
the Cug.gZng 2Sb,AAm thin film possesses a highly porous rigid structure
with few cracks and pores on the surface.

This journal is © The Royal Society of Chemistry 2020
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volume ratio confirmed its applicability for humidity sensing
because a higher ratio facilitates the increase in active sites of
the material which regulates the desorption/adsorption of
humidity.*****' Consequently, the mesoporous nature of the
Cug.gZn,,Sb,AAm thin film exhibited a higher surface area
solely responsible for the high sensitivity of the sensor at
an ambient temperature. The presence of active sites on the
surface comprised of dangling bonds encouraged high sensi-
tivity over a short period. This favors the strong adhesion of
water vapors that come in to contact with the surface.'>*>

3.2 Brunauer-Emmett-Teller (BET) analysis

The porosity and surface area are the critical parameters that
affect the sensitivity of a material. So the responsible surface
area of the CuggZn,,Sb,AAm thin film and the corresponding
pore size distribution were estimated by the BET method, from
the nitrogen (N,) adsorption/desorption isotherms at 77 K
(Autosorb-1, Quantachrome, USA). For the CuggZn,,Sb,AAm
thin film, the specific surface area was found to be 2.0 S,/m> g,
whereas the pore volume and pore radius were estimated to be
0.0084 Vcm ® g " and 82.4 A, respectively, see Fig. 5(a and b).

3.3 XRD analysis

The influence of incorporating metal ions in the polymer
matrix was reflected in the crystalline nature of the host
polymer.**** This influence was investigated using the XRD
diffraction pattern of the Cug gZn, ,Sb,AAm thin film shown in
Fig. 6. It can be easily seen from the diffraction pattern that
the crystallinity of the host PAam decreases with the addition
of Cu, Zn and Sb metal ions.*>"*® Here, the high-intensity peaks
corresponding to Cu, Zn, and Sb were also observed at 26 values
of 24.01°, 28.94°, 40.42°, and 51.25°. Thus, the diffraction
pattern obtained confirmed the polycrystalline nature of the
Cug gZng ,Sb,AAm thin film. The minimum crystallite was
calculated to be 19 nm using the Debye Scherrer formula.

3.4 Transmission electron microscopy (TEM) analysis

Fig. 7 shows the TEM image of the Cu, gZn, ,Sb,AAm thin film
at a 20 nm scale with an inset SAED image showing the circular
fringes. These circular fringes reveal the periodic distribution
among the crystal giving a well-defined diffraction pattern.
The TEM image confirms the well-defined crystalline nature
of the metallopolymer with oval-shaped voids on the surface of
the Cug gZn, ,Sb,AAm.

3.5 Particle size analysis

The particle size of an aqueous solution of poly-CuZnSbAAm
complex was determined using a particle size analyzer (Zetasizer
Nano-ZS90, Malvern Panalytical) and the resultant data is plotted
in Fig. 8(a). The particle size analysis obtained from the dynamic
scattering of light phenomena. From Fig. 8(a) the particle size
distribution curve shows that the peaks are divided into two major
intensities, the first one is the peak of the particles at ~21 nm
with the neighboring peak at 50 nm.

Mater. Adv., 2020, 1, 2804-2817 | 2807
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Fig. 6 The XRD pattern of CuggZng,Sb,AAm, which confirms the
crystalline nature and the presence of Cu, Zn and Sb via their charac-
teristic peaks.
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Fig. 7 (a) A TEM image of the CuggZng2Sb,AAmM thin film, and (b) the
SAED pattern of Cug gZno 2Sb,AAmM.

3.6 UV-visible absorption analysis

The UV-visible absorption analysis was carried out using a
spectrophotometer (Evolution 201, ThermoScientific). The
absorption spectrum was recorded in the wavelength range
from 190 to 1100 nm. Singh and co-workers, reported that the
principal band of pure acrylamide appears at 197 nm,*”*?
whereas in this case the characteristic band of the CuZnSb Aam

2808 | Mater. Adv., 2020, 1, 2804-2817
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(a) Adsorption—desorption isotherms of Cug gZng >Sb,AAmM, and (b) pore radius distribution curves relative to variations in pore volume.

complex has been found at 320 nm due to the complexation
between the metal ion and the PAam polymer. In Fig. §(b), the
variation of absorbance with the wavelength is shown with an
in situ plot between the optical absorption coefficient (o)
and photon energy (hv) known as the Tauc plot. The optical
band-gap E, of the Cug sZn, ,Sb,AAm thin film was calculated
using the formula:

ohv = A(hv — )"

where v is defined as the transition frequency, 4 is a constant
and n is the value of allowed transitions characteristic to the
nature of the material. The direct band transitions, n = 1/2
and 3/2 correspond to allowed and forbidden transitions,
respectively, while for indirect transitions, n = 2 and 3 relate
to allowed and forbidden transitions, respectively. For this
material, the transition is the direct allowed type, therefore,
n =1/2 was used in the previous formula for the calculation of
the optical bandgap. The optical band gap E, was estimated by
extrapolating the straight line where o = 0 on the («hv)* vs. hv
(Tauc plot) curve and it was found to be 3.91 eV.

3.7 IR spectroscopy studies

The IR spectroscopic analysis is shown in Fig. 9. Several peaks
in the IR spectra indicate that the metal atom is coordinated
to the oxygen atoms of the carbonyl group of the AAm ligand.
The partial shift of 2(CO) vibration bands (1676 cm ™) towards
the longer wavelength region, is in agreement with the results
of previous transition metal complex analysis. The spectra of
the complexes contain the footprints of the vibration bands
of the nitrate anion at 1384 cm ™' (¢(NOj3)) together with the
stretching and deformation vibration bands of the NH-groups
(vs NH and v,s NH at 3184 cm 'and 3352 em ™Y, respectively, and
ONH at 1612 cm™ '), The vibrations of the vinyl bond: 812 cm ™,
980 cm ' d (out-of-plane deformation mode of =CH,), 1052 cm ™~ *
(stretching mode of —CH-C), were observed in the range of
810-1000 cm™". Due to an overlap of the strong CO absorption
band with the =C—C<=Z band, the latter was not observed in the
complex.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The IR spectrum of the Cug gZng 2Sb,AAM thin film.

3.8 Thermogravimetric analysis

Fig. 10 reveals the thermogravimetric degradation results of the
Cug.gZng ,Sb,AAm, measured from 35 °C to 400 °C in a N,
atmosphere. From the figure, successive decomposition can be
observed with an increase in temperature. There are mainly two
regions as observed in the curve. Initial weight loss was
observed at 35-200 °C due to the absorption of heat and later

on successive evaporation of water vapour was seen above
100 °C. In this region, the weight loss was observed to be
44.44% of the initial weight. The second major weight loss was
observed during the temperature range of 200-400 °C due to
thermal decomposition of the gases and removal of functional
groups such as CO, OH and NH, of the polymer, with a
degradation of about 33% and the final thermal decomposition
of CugygZn, ,Sb,AAm occurred beyond 400 °C, caused by the
thermal deformation of the polymer.*® This analysis showed
that CuZnSb AAm was more stable than the AAm with an
increased decomposition temperature of 400 °C.

3.9 Differential scanning calorimetry (DSC)

Calorimetry is particularly useful in the study of crystallization
as it provides a direct measurement of thermodynamic properties,
for example, heats of fusion, melting temperatures, and so on.
Insertion of metal ions within the polymer matrix drastically
influences the thermal characteristics of the parent polymer.
To investigate the thermal behaviour of CuggZn,,Sb,AAm, the
bonded metal ions embedded in polymer matrices which produce
a higher number of charge carrier ions causing rigidity enhance-
ment in the polymer chain up to the optimum metal salt

100 1
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concentration were investigated. Consequently, the T, reached a
higher value as shown in Fig. 10(a). The DSC analysis was
performed in a temperature range from 35-400 °C in the presence
of N,. The DSC curve for CuygZn, ,Sb,AAm is shown in Fig. 10(b).
It is worth noting from the curve the presence of one
sharp endothermic peak with two wider exothermic peaks were
confirmed at temperatures of 81.5 °C, 195 °C and 238.7 °C,
respectively.

4. X-ray photoelectron spectroscopy
(XPS) analysis

The chemical composition of the CugygZng,Sb, AAam nano-
composite was confirmed by XPS analysis and the results are
shown in Fig. 11(a—f). The XPS results show the binding
energies of the Cu, Zn, Sb, C, N and O elements with their
corresponding atomic weight%. Characteristic peaks of Cu are
shown in Fig. 11(b) having the binding energies of 933 eV and
953.3 eV, which corresponded to two states, Cu 2pz, and
Cu 2ps,, respectively.*® The presence of zinc (Zn 2p) is also

View Article Online
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confirmed from Fig. 11(c) which shows the binding energies of
1022.7 eV and 1045 eV corresponding to the energy states of
Zn 2ps), and Zn 2p,,, respectively.*” The presence of antimony
was also observed from Fig. 11(d), where the electronic states of
this element are Sb,03; and Sbsdj;/,, which matches well with
the binding energies of 532.14 eV and 540 eV.*’ The remaining
elements, O, C and N have two broad peaks of carbon as shown
in Fig. 11(e). The binding energies of 285 eV and 288 eV
confirmed the presence of the (C-C, C-O) and O-C—0, respectively.
Fig. 11(f and g) shows the presence of O and N elements with
binding energies of 532 eV and 400 eV which confirmed the
presence of the energy states of O 1s(C-O) and N 1s.*° The
histogram plot of atomic weight % and the binding energies
can be seen in Fig. 11(g and h).

5. Photoconduction analysis

The photoconduction behaviour of CuggZn,,Sb, AAam nano-
composite was investigated under the exposure of white light
to determine its applicability in energy-saving elements,
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Fig. 11 XPS analysis of the Cug gZng »Sb, AAam nanocomposite: (a) survey;

(b) copper (Cu 2p) element; (c) zinc (Zn 2p) element; (d) antimony (Sb 3d)

element; (e) carbon (C 1s) element; (f) oxygen (O 1s) element; (g) nitrogen (N 1s) element; (h) atomic weight% values of the elements; and (i) a histogram

showing the binding energies of the nanocomposites.
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Fig. 12 (a and b) Photoconduction behaviour of the Cug gZng >Sb,AAm nanomaterial.

light-dependent resistors, and so on, and the characteristic
curve is shown in Fig. 12(a and b). Fig. 12(a) shows the variation
of change in electrical resistance with respect to time at
100 mW cm > power intensity and Fig. 12(a) shows the photo-
degradation and saturation in the polymer nanocomposite
after a few cycles of response and recovery. This maximum
response accompanied by a saturated response may be due to
the polymeric nature of the metallopolymer nanomaterial.
Successive changes in the electrical resistance of the thin film
under the illumination of white light was measured. On expo-
sure of light, the reduction in resistance showed a generation of
excess carriers in the Cuy gZng,Sb,AAm nanomaterial.

The resistance measurement was executed in two condi-
tions: initially in the dark and then in the light at ambient
temperature under the exposure of a light beam having a power
intensity of ~100 mW cm™ > Hence, it was found that the
nanomaterial performed as a photoconductive material. The
photoresponse was evaluated by using the following equation:

Ri— R
d

% Respose = x 100 (1)
where R4 and R, are the electrical resistance in dark conditions
and light conditions, respectively. The excess carriers in the
photoconductive nanomaterials were generated simulta-
neously; they start by recombining with nearby counterparts.
This change in electrical resistance of the sample can be
accounted for by the conduction of unrecombined photoexcited
charge carriers. For a better understanding of the conduction of
charge carriers, the following equation can be used:

/

AR=——
qudtAn

(2)
where [/, d, and t are the length, width and thickness of the
sample, respectively, ¢ and p are the electronic charge and
mobility, respectively, and An is the change in charge carrier
concentration in the presence of light.

When the light beam is incident on the surface of a material,
photons of the ray interacted with the material causing the
generation of electron-hole pairs. The generated electron-
hole pairs at a different junction in the sample can easily be

This journal is © The Royal Society of Chemistry 2020

separated from each other. Due to sufficient excitation energy,
the electrons transition from the valence band to the conduc-
tion band. After the first few cycles of change in resistance, the
photoresponse of the nanomaterial gets stabilized at ~17.1%.
This may also be possible because of the combined effect of
slight photodegradation and an increase in the concentration
of electron-hole pairs. The representative curve shows a saw-
tooth wave characteristic which implies that the response
changed subsequently with time and was repeatable. In the
light region, the material follows a dramatic drop in resistance
value. However, when the light is turned off, the material
almost regains its original state which is also a requirement
of a photoconductive nanomaterial. The highly sensitive poly-
mer nanocomposite CuggZn,,Sb,AAm has a narrow optical
band gap which provides the larger surface area, and because
of this reason the active sites of the material are responsible for
the electron-hole pair generation through the photon-phonon
interaction. This phenomenon leads to the enhanced photo-
conductive properties of the material. The resistance of material
in the presence of light and dark regions can be given by the
following equations:

—t
Ry = Ryexp— 3)

Tres

Ry = Ro{l — exp (%) } @)

where R, is the electrical resistance in the dark region, and
Tres and T, are the response and recovery time, respectively.
The response time is defined as the time taken to obtain 90% of
the maximum resistance. The response and recovery times
are very important properties of any photoconductive device,
therefore, the response and recovery time of CugygZng,Sb,AAm
nanomaterial was evaluated and found to be 6.6 s and 10.24 s,
respectively. The response and recovery times have been evaluated
in this work and were found to be quite good and highly
comparable with other reported results. These data are shown
in Table 2.
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Table 2 A comparative study of response and recovery times from the literature

Material name Synthesis method Response time (s) Recovery time (s) Ref.

MoS, Chemical vapour deposition 20 10.97 50

SnSe Chemical vapour deposition 8.2 5.3 51

WS, Chemical vapor deposition 51 88 52
Phosphorus Electrochemical exfoliation 15 30 53

V,0s Hydrothermal method 65 75 54

Cug gZn, ,Sb,AAm nanomaterial Frontal polymerization 6.6 10.24 This work

6. Humidity sensing measurements

The hydrophilic nature of the CuggZn,,Sb, AAm favors its
humidity sensing properties. Morphological features of the
as-synthesized thin-film strongly encourage the adsorption/
desorption on the surface. The presence of mesoporous voids
provides more chemical affinity towards water molecules.'*>*
These physical and chemical properties of CuggZng,Sb, AAm,
in turn, improve the sensitivity of the film.

To examine the deterministic features of the Cug gZn,,Sb,
AAm thin-film sensor, the sensing characteristics were tested
under the frequency range of 20 Hz to 2 MHz at ambient
temperature. Later on, the humidity-sensing performance of
Cup gZng,Sb, AAm thin-film sensor was investigated under
various levels of humidity (% RH) shown in Fig. 13(a and b).
Because the sensitivity curve, response time and recovery time,
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and stability are the key parameters which authenticate the
reliability of this material as a humidity sensor these para-
meters were plotted and are discussed in this paper.

It has been observed that as the value of the operating
frequencies increases, there is a gradual decrease in the capa-
citance of the film.**>” The maximum capacitance value at 95%
RH was found to be 10 000 pF at a frequency of 20 Hz whereas
the lowest capacitance value was found at 20 MHz. The same
trend was observed for both adsorption and desorption pro-
cesses. It has been observed that as humidity (% RH) increases
from 33% to 95%, the value of capacitance increases mono-
tonically following the same trend. Because the relative humidity
level increases, the output capacitance of the sensor ultimately
reached a higher value. The cause responsible for this behaviour
is the adsorbed water molecules which empower the polarization
process and due to this polarization, the dielectric constant of the

500000 T
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_~
32 4000001 y = 145.46 exp(x/11.72) +1704.41
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2 300000
g ] 2
= =V.
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Fig. 13 Humidity sensor response curves at room temperature. (a) The variation of capacitance corresponding to the variation of % RH in an
increasing mode at different frequencies (20 Hz to 2 MHz). (b) The capacitive humidity sensor curves at different frequencies in a decreasing mode.
(c and d) The normalized responses via an exponential data fitting function for increasing mode and decreasing mode.
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sensing element increases. This, in turn, affects the capacitance.”®*
Among the various test frequencies, 20 Hz exhibits the best
linearity for humidity sensing characteristics, so this frequency
was selected for determining the other sensing characteristics.
The CuggZng,Sb,AAm polymer nanocomposite sensing film
showed a linear curve from the 70-95% RH in an increasing
mode and 95-75% RH in a decreasing mode at a 20 Hz
frequency, which are shown as an inset in Fig. 13(a and b).
In Fig. 13(c and d), the normalized sensor response with the
exponential data fitting curves as a function of %RH for nano-
composite at 20 Hz frequency is also provided.

The dependency of capacitance and frequency under the
influence of different % RH values were thoroughly investigated
and the results are shown in Fig. 15(a). The variation of capaci-
tance with operating frequency exhibited an excellent charac-
teristic trend.**®® It is obvious from the curve that the
capacitance (C) changed with increases in frequency. Interest-
ingly, the level of decrease in capacitance value was faster at
higher % RH levels compared to lower % RH values. The
capacitance value increased with % RH in the lower frequency
range (below 2 kHz) and in the higher frequency range, the
change in capacitance was almost negligible and became inde-
pendent of the humidity conditions.®" Humidity seems to be
ineffective at a frequency beyond 2 kHz. The ideal capacitive
sensor inherited this property, i.e., the value of capacitance was
independent of applied frequency. In low humidity conditions,

View Article Online

Materials Advances

the sensing material absorbed a small quantity of water, thus acting
as a favourable circumstance for an ideal capacitive sensor.™*> This
is because the electric field direction changed gradually at low
frequencies with the appearance of space-charge polarization in
adsorbed water when the frequency was high, the electrical field
direction changes so fast that the polarization of the adsorbed water
cannot be connected with it, and hence, the dielectric constant was
small and independent of relative humidity.

From Fig. 14(b), it can be observed that the value of
capacitance was influenced by the frequency (20 Hz-2 MHz).
The relative humidity (10-95% RH) affected the sensitivity of
the material which varied with the frequency variation. It can
easily be seen that at a frequency of 20 Hz, the capacitance
increased rapidly with the relative humidity and the value of
capacitance changed from 3.5 pF to 9486 pF which gave the
average sensitivity of S ~ 168.477%. However, at a frequency of
2 MHz, a small change in capacitance, from 3.6 pF to 4.59 pF,
was found which corresponded to the sensitivity of S ~ 0.004%
across the RH range of 10-95%. Thus, the major difference in
the sensitivity was observed at 20 Hz, and this value was chosen
as the optimum frequency for this sensor and is shown in
Fig. 14(b). The sensitivity of the humidity-dependent capacitive
CUg gZn, »Sb, AAm thin-film is defined as:*”

Crinal — Cinitial

Sensitivity = ——m—————
Y RHifinal — RHinitial

(5)
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Fig. 14

(a) Variations of capacitance with frequency at different % RH values (10-95% RH) for a Cu-Zn—-Sb PAam thin-film based humidity sensor at

room temperature. (b) The sensitivity response at different test frequencies at 25 °C to different % RH values. (c) The humidity sensor response on the

logarithmic scale, and (d) a linear fitted curve for sensitivity calculations.
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Table 3 Sensitivity of the Cug gZng 2Sb,AAm polymer nanocomposite at different frequencies

Low-humidity region

Frequency (10-45% RH) (45-75% RH)

Mid-humidity region

High-humidity region
(75-95% RH)

Average sensitivity
(PF/% RH)

10! Hz
10% Hz
10° Hz
10" Hz
10° Hz
10° Hz

3.890
2.801
1.890
0.161
0.002
0.001

45.466
3.562
2.145
0.552
0.006
0.004

NN N
X X X X X X

where Crina and Cinitial are the capacitive values at the final and
initial % RH levels, respectively. Fig. 14(b) shows that the
frequency affects the sensitivity of the material. Fig. 14(c) shows
the humidity sensor response curve of capacitance and time.
The linear coordinate curve is shown as a blue line whereas the
logarithmic coordinates are shown as a pink line. There is a
non-linear curve over the whole range (10-95% RH). Fig. 14(d)
displays the sensitivity calculation for the linear data fitting of
the adsorption curve at 20 Hz, and as is known the sensor
response curve shows the exponential change between capaci-
tance and humidity.””®® The humidity is linearly fitted into
three regions 10-45% RH, 45-75% RH and 75-95% RH, and the
values of the slope obtained are shown in Table 3.

6.1 Stability

Stability is a very important parameter for any sensor. The
reliability of any sensor for long term operation corresponds to
its stability over a certain duration of time. The stability
characteristics of sensing elements operating at a frequency
of 20 Hz under different % RH values, e.g., 15%, 35%, 55%,
75%, and 95% for 60 d, were monitored. The measurements of
the humidity sensing parameters were repeated every five days
(Fig. 15). The stability curve shows a 4% variation in the
capacitance at this operating frequency. This shows that the
consistency of the sensing capability of PAam film makes it
suitable for the purpose for which it was fabricated.

6.2 Response and recovery

Response and recovery times are the essential demands which
significantly define the performance of a humidity sensor.
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Fig. 15 Stability curve of the sensing element at different % RH values.
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Fig. 16 A response curve showing a response time of 4.6 s and a recovery

curve showing a recovery time of 5.6 s.

0 50

Sensors with short response and recovery times are the best for
applications and commercialization. The time taken by a sensor to
accomplish ~95% of the total capacitance change is defined as the
response time in case of adsorption or termed as the recovery time
in the case of desorption of water vapour.'***** Both response and
recovery time are plotted in Fig. 16. Consequently, the sensor
response time (humidity from 10% RH to 95% RH) and the recovery
time (desiccation from 95% RH to 10% RH) were calculated to be
4.6 s and 5.6 s respectively. In comparison to the conventional
polymer-based humidity sensors, the CuggZng,Sb, acrylamide
thin-film sensor has proven to be better.”>*>** These exceptional
characteristics occur because of the repeating units of the mono-
mer CH,CH(CONH,). The nitrogen forms hydrogen bonds with
water molecules resulting in a strong hydrophilic nature and can
form aqueous solutions of a very high concentration. Polymers
are generally gel forms and due to their gel-like properties, these
polymers are widely employed as flocculants in the removal of
suspended particles from sewage and industrial effluents.

6.3 Sensing mechanism

The mechanism devoted to the electrical response of the sensing
element upon exposure to humidity is the chemical and physical
adsorption of water molecules on the surface of the sensing
element. A particular concern with a capacitive-based humidity
sensor is the relationship between the capacitance and the % RH
can be expressed by the following equation:

_ _ 7
C= (sr leo) Co (6)
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Fig. 17 A schematic presentation of the humidity sensing mechanism on
the surface of the film; three regions are shown at low, medium, and high
levels of % RH.

where C indicates the conductance and v represents applied
frequency. From eqn (6), it is clear that the capacitance of the
sensing element is proportional to C,, whereas C is inversely
proportional to the operating frequency.>***°®“®* The C, is
related to the physisorption of water molecules on the sensing
film so that different adsorption processes yield different
conduction values. From the formula, it is obvious that the
capacitance increases with rising RH, and also depends on the
frequency.

Fig. 17 shows the humidity sensing mechanism, and despite
the minimal surface area of the thin film, the presence of
metals provided more surface-active sites in the form of M*
ions to bond with the OH™ causing the formation of the initial
chemisorption on the sensor surface. Initially, at a lower % RH,
water molecules were chemisorbed onto the available unsatu-
rated nitrogen bonds (hydrophilic group) of the sensing film
through double hydrogen bonding, and this was considered as
the first-layer chemisorption of water. In this regime, it is hard
for the water molecules to travel independently because of the
strong attraction from the double hydrogen bonding. Succes-
sive proton hopping initiated between adjacent hydroxyl groups
in the first chemisorbed layer of water influenced a greater
amount of energy, thus exhibiting a strong electrical resistance.
Later, a few protons are available on the surface of the polymer
film which had been confined by irregular mobile layers. These
protons still contribute to the leakage conduction, ¢, which
ultimately increases the capacitance at low humidity. As the %
RH increases, the multilayer physisorbed water molecules
arise,***° forming the physisorbed layer, with water molecules
attached by single hydrogen bonding on the hydroxyl groups.
Consequently, the water molecules become transportable, and
were likely to appear as the bulk liquid. With the formation of a
subsequent multilayer, physical adsorption and the decompo-
sition of physisorbed water caused ionization under an electro-
static field to produce a large number of hydronium ions
(H;0") in the form of charge carriers. Thus, charge transport
on the film took place via the conductivity of the material
generated by a Grotthuss chain reaction. The charge transport
expression is given as:

H,0 - H'+ OH™

This journal is © The Royal Society of Chemistry 2020
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H,0 + H" - H,;0"

H,O + H;0" < H;0" + H,0

Finally, at high % RH, the physisorbed water molecules will
penetrate the interlayer of the sensing film. A large number of
prevailing amide groups in the polymer facilitated proton
migration. This leads to a sudden increase of the capacitance
of the material, causing quite a high sensitivity at high % RH,
which is very useful for the dielectric constant of the material.

7. Conclusions

A CuggZn,,Sb,AAm-based capacitive humidity sensor was
successfully fabricated using a spin-coating technique and the
photoconduction behaviour of the material was also investi-
gated. The mesoporous morphology of the fabricated thin film
energized the sensing capabilities of the film. The wide band-
gap of 3.91 eV facilitates better conduction, accompanied by
a synergistic interaction between the metal Cu-Zn-Sb ternary
phase and PAAm, which boosts the sensitivity as well as the
photoconductivity of the thin film based sensing element. The
Cuy gZn, ,Sb,AAm-polymer interfaces exhibited photoconduc-
tion behaviour, revealing response and recovery times of 6.6 s
and 10.24 s, respectively. The humidity sensing characteristics
of the film surface were evaluated based on the capacitive
performance of the Cuy gZn, ,Sb,AAm based thin film humidity
sensor. The average sensitivity (S) was found to be ~168.477 pF/%
RH at an optimum frequency of 20 Hz. The thin-film-based sensor
exhibited rapid response and recovery times of 4.6 s and 5.6 s,
respectively, with 96% sensitivity retention after 60 d. Thus, this
study of a Cug gZn, ,Sb,AAm polymer-based capacitive humid-
ity sensor provides insight into the use of a stabilized ternary
system based on a polymer nanocomposite for humidity sen-
sing and photoconduction applications.
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