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g of low cost paper based flexible
electrodes and touch pad devices using silver nano-
ink and ZnO nanoparticles†

Kamlesh Shrivas, *ab Archana Ghosale,a Tushar Kant,b P. K. Bajpaic

and Ravi Shankard

We report a novel and simple approach for the synthesis of silver nanoparticles capped with inositol (Ag NPs/

Ino) by the reduction of silver salt with ascorbic acid under basic conditions. UV-vis, TEM, FTIR and TGA

techniques were used to characterize the Ag NPs/Ino to determine the size, shape and surface modification

of the NPs. Stable silver nano-ink was prepared in aqueous solution containing 1% PVP (stabilizer) and

glycerol (cosolvent) and was used for the direct-writing of a paper electrode with a roller ball-point pen for

electrochemical applications. The solvent, stabilizing agents, concentration of NPs (10%), paper substrate,

sintering temperature (40 �C) and sintering time (15 min) were optimized to obtain a uniform coating of Ag

NPs on the paper substrate. Further, the synthesis and fabrication of ZnO NPs on a paper substrate was put

forward to design a touch pad device based on the piezoelectric effect. The preparation of paper based

devices suggests a direction for the development of a simple, low cost and compatible approach for the

direct-writing of paper based flexible electrodes and electronics for future applications.
Introduction

The preparation of functional conductive materials has been
widely investigated by several researchers for a variety of
applications such as transistors,1 displays,2 solar cells,3 capaci-
tors,4 and touch pads.5 Among these, the touch pad is basically
made of an input device for sending the signals to an appliance
by mechanical touch with a nger. It acts as an interface
between the nger of a person and the device. The main
phenomenon involved in this process is the piezoelectric effect
where the pressure applied on the solid surface will transform
the electric current to the device for a desired function.6

Commonly, substrates used are made of polymeric and plastic
materials for preparation of exible touch pad devices.7 The
disadvantages of using these type of substrate are they are
expensive and non-biodegradable. Recently, paper has been
used as a substrate for preparation of exible electronics
because it is commercially and easily available with different
sizes, width and porosity. It provides the fabrication of
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functional materials for the preparation of low cost, biode-
gradable and exible electronics.8 Paper is composed of
a natural polymer of cellulose with multiple folding and
compact 3D structures with pores. Hence, a paper based touch
pad is prepared where the ow of piezoelectricity is due to the
fabrication of functional nanomaterials on the paper substrate.9

The term piezoelectricity is referred to the electricity
produced as result of a change in pressure and latent heat. It is
derived from the Greek word ‘piezein’, whichmeans ‘to press’ or
‘to squeeze’. Therefore, piezoelectricity is a ow of electric
charge that mounts on certain solid materials due to the
applied mechanical stress. Piezoelectricity is a result of linear
electromechanical interaction between mechanical and elec-
trical states on crystalline materials with no inversion of
symmetry and it is a reversible process.10 There are various
materials that show piezoelectric properties such as certain
crystals, ceramics and also some biomolecules (e.g. DNA and
certain proteins). Nanoparticles (NPs), such as ZnO,11,12 ZnS,13

CdS14 and CdSe15 also show piezoelectric properties. Among
these, ZnO NPs exhibited extraordinary semiconducting and
piezoelectric properties with good stability and cost effective-
ness. Thus, they are a better choice for the preparation of
piezoelectric devices from this type of nanomaterial.

The connectivity of piezoelectric devices is created through
plastic wires which are found to be complex and expensive. This
can be minimized by the preparation of a fabricated conductive
electronic circuit with metal NPs. The fabricated circuit can be
made from conductive NPs such as (Au),16 silver (Ag)17 and
copper (Cu).18 Among these, Ag NPs showed a better conductive
This journal is © The Royal Society of Chemistry 2019
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property and comparatively low cost compared to gold NPs.
Thermal methods such as microwave irradiation19,20 and
chemical reduction21 are reported for the preparation of Ag NPs.
The wet chemical method is commonly used for preparation of
Ag NPs by the reduction of metal salts of silver with sodium
borohydride, hydrazine or ascorbic acid as the reducing agent.
Dispersions and suspensions of NPs have attracted interest due
to their large variety of applications in various elds such as
chemistry, biology, medical and material sciences.22–24 The
preparation of homogenous dispersed and stable NPs is very
important because of its simplicity in fabricating a conductive
track on a paper substrate. Stable and homogenous dispersed
NPs in solvent would require the NPs to be covered with certain
stabilizing molecules which prevent them from aggregation.
Thus, the NPs are stabilized with certain polymers (PVA, PVP
and chitosan) in solvent which kept the particles stabilized for
long periods of time. If the coating material does not form
stable clusters then stabilizers are added in very small amounts
to form a homogenous stable phase.25–27 The methods for
fabrication of conductive NPs on a solid surface are done
through printing, lithography, stamping, chemical vapor
deposition, sputtering, spin coating and direct-writing. The
method of direct-writing is easy, user friendly and cost effective.
It does not require any expensive and tedious equipment for the
fabrication of functional materials on substrate materials.28,29

In this work, Ag NPs capped with inositol (Ag NPs/Ino) were
synthesized by the reduction of silver salt with ascorbic acid in
basic conditions where inositol was used as the capping agent.
The solvent, stabilizing agents (PVP, PVA and chitosan) and
concentration of NPs were optimized for the preparation of
stable ink; the sintering temperature and sintering time were
optimized for obtaining a uniform coating of NPs on different
paper substrates. The fabricated NPs on the photo paper
substrate were tested as a working electrode in cyclic voltam-
metry for electrochemical applications. In addition, the novel
piezoelectric touchpad was prepared by deposition of ZnO NPs
on the conductive track of Ag NPs. The produced piezoelectric
current aer applying mechanical stress by pressing on the
paper substrate through the nger tip was measured using
amperometry.
Experimental section
Reagents

Silver nitrate, ascorbic acid, acetone, methanol, potassium
chloride, polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP),
inositol (Ino), ammonia and chitosan were obtained from
Himedia (Mumbai, India). Phosphate buffer solutions (PBS) of
pH 7.0 prepared from NaH2PO4 and Na2HPO4 were obtained
from Merck (Germany). All other chemicals and reagents used
in this study were of analytical grade. Digital photo paper was
purchased from the local stationary shop.
Synthesis of Ag NPs/Ino

Ag NPs/Ino were synthesized by employing silver nitrate as
a precursor and inositol as a capping agent in basic media as
This journal is © The Royal Society of Chemistry 2019
reported in the literature with slight modications.29 The steps
for the synthesis of Ag NPs capped with inositol are shown in
Fig. 1A(a). Briey, 300 mg of silver nitrate was dissolved in
10 mL of deionized water (DW) followed by the dropwise addi-
tion of ammonia solution until the color of the solution become
transparent. Then, 150 mg of inositol was added into the
solution mixture followed by the addition of 1 mL of 10%
ascorbic acid solution. The solution mixture was stirred for
30 min at room temperature. The conversion of silver salt to Ag
NPs was monitored by color change over different reaction
periods, which was observed to change from colorless to
grayish. Aer the completion of the reaction, the mixture was
precipitated with methanol 3 times to remove the residual of
the products. The grayish product of Ag NPs/Ino obtained was
used for preparation of nano-ink.
Preparation of silver nano-ink

A suitable amount of Ag NPs/Ino was dispersed in different
solvents such as DW, methanol, ethylene glycol and iso-prop-
anol.30,31 The prepared dispersed Ag NPs/Ino were tested for
their dispersity and stability to use as a nano-ink. The homog-
enized nano-ink was obtained when DW was used as a solvent.
However, the solution mixture was stable just for few hours.
Therefore, very small amounts of stabilizers (PVP, PVA and
chitosan) were added to each solution for their stabilities. In
this way, three different types of inks with different stabilizing
agents were prepared. Finally 10 mL of glycerol was added to the
solution to provide sufficient moisture to the nano-ink solu-
tions for stability. The prepared silver nano-ink is shown in
Fig. 1A(b).
Fabrication of the paper electrode with silver nano-ink using
a roller-ball point pen

The prepared nano-ink was lled into the roller-ball point pen
which was already cleaned with methanol and acetone several
times. A 10 � 0.5 cm length with a base of 1 � 1 cm2 area was
drawn on photo paper with a pen containing nano-ink. The
sintering time and sintering temperature were optimized for
better conductive responses of the prepared paper electrode
and used for electrochemical applications.32 The fabrication of
an electrode with direct-writing (Fig. 1A(c)), sintering
(Fig. 1A(d)) and the application for measurement of electro-
chemical responses are shown in Fig. 1A(e).
Synthesis of ZnO NPs

ZnO NPs were prepared by a hydrothermal method, a 10 mL
zinc acetate (5 mM) solution was added dropwise into a 10 mL
stirred solution of NaOH (5 mM).33 The appearance of a white
precipitate in the solution showed the formation of ZnO NPs.
The synthesis of ZnO NPs was performed for different reaction
times from 15 to 60 min. The NPs were allowed to settle down
and the solution was decanted and washed with methanol. The
precipitate obtained was dried and used for fabricating the
paper substrate to investigate the piezoelectric effect. The
synthesis of ZnO NPs is shown in Fig. 1B(a).
RSC Adv., 2019, 9, 17868–17876 | 17869
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Fig. 1 (A) A schematic diagram to show: (a) the synthesis of Ag NPs/Ino and (b) nano-ink, (c) the direct writing of the paper electrode, (d) the
sintering process and (e) the cyclic voltammetric measurements; (B) (a) the synthesis of ZnONPs, and the (b) fabrication of ZnONPs on the paper
substrate connected with (c) the silver conductive track and (d) the paper based touch pad and amperometric measurement of current.
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Fabrication of ZnO NPs on a paper substrate and connection
with a silver conductive track

The ZnO NPs were dispersed in methanol using an ultrasonic
bath for 5 min and then deposited onto the surface of paper
(dimension 5 cm � 5 cm). This process was repeated 10 times
to obtain better growth of ZnO NPs on the paper substrate. The
surface of the paper is rich with hydroxyl (OH) groups which
form a hydrogen bond with ZnO NPs. Thus, the growth of NPs
onto the surface of paper was found to be stable for a long
period of time with multiple mechanical stresses applied on the
substrate.8

For the piezoelectric study, a grown paper electrode with ZnO
NPs was kept over two pillars and the whole system was xed
with an insulating adhesive sheet by keeping the ends of the
electrode le open for connection with the potentiostat. The
mechanical press was applied on the paper touch pad and the
change in current was measured using amperometry. Fig. 1B(b)
shows the fabrication of ZnO NPs on the paper substrate and
Fig. 1B(c) shows the connection with the silver conductive track
followed by the measurement of current with amperometry,
which is shown in Fig. 1B(d).
Apparatus

A UV-visible spectrophotometer type-1800 (Shimadzu, Japan)
matched with a 1 cm quartz cell was used for measurement of
17870 | RSC Adv., 2019, 9, 17868–17876
the localized surface plasmon resonance (LSPR) absorption
band of Ag NPs/Ino. The shape and size of Ag NPs/Ino were
determined by transmission electron microscopy (TEM). The
surface modication of the Ag NPs with PVA was veried with
Fourier transform-infrared (FTIR) spectroscopy, type-IRA
affinity (Shimadzu, Japan). CV measurements and ampero-
metric studies were performed using a PGSTAT 101 potentiostat
operated by NOVA 1.10 soware packages (Metrohm Autolab,
Netherland). TGA was carried out in the temperature range from
0 to 900 �C with a rise of temperature at the rate of 10 �C min�1.
Thermal gravimetric analysis (TGA) was done with a Perki-
nElmer STA 6000 simultaneous thermal analyzer with a scan
rate of 10� min�1. The size distribution of the Ag NPs and ZnO
NPs was estimated by the dynamic light scattering (DLS)
measurements using the Nano-Zetasizer instrument (Malvern,
UK).
Results and discussion
Characterization of Ag NPs/Ino and ZnO NPs

The size and shape of Ag NPs/Ino were established by
measuring the LSPR absorption band of Ag NPs. The LSPR
absorption band at visible region around 400–420 nm provided
the size of NPs in the range of 10–60 nm.34 In the present study,
the LSPR absorption band for Ag NPs/Ino was around 410 nm as
shown in Fig. 2(a). TEM was used to determine the size of Ag
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The UV-visible spectrum of Ag NPs/Ino showing the LSPR absorption band at 410 nm, (b) TEM images of Ag NPs, (c) an enlarged view of
a single silver NP (d) showing the thickness of the capping agent on the surface of the NPs, (e) the selected area electron diffraction (SAED)
pattern of silver Ag NPs/Ino and (f) the percentage size distribution of Ag NPs/Ino using DLS measurements.
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NPs/Ino and the average size of the NPs was found to be 12.5 �
1.6 nm (as shown in Fig. 2(b)). The enlarged view of Ag NPs/Ino
shows the stabilization of the capping agent on the surface of
the NPs in Fig. 2(c) and (d). Fig. 2(e) shows the selected area
electron diffraction (SAED) pattern of silver NPs with fringes
and bright circular rings corresponding to the (111), (200), (220)
and (311) planes of silver showing that these NPs are highly
crystalline in nature.35 The DLS measurement also conrmed
the average size of the Ag NPs/Ino was about the same as the
results obtained with TEM (shown in Fig. 2(f)).

Moreover, for comparison of the IR data of Ag NPs/Ino before
and aer sintering at 40 �C was performed with Fourier
transform-infrared (FTIR) as shown in Fig. 3(a). Moreover, the
decrease in the peak intensity showed the removal of inositol
from the surface of the Ag NPs aer the sintering process. The
peaks obtained in the range of 2920–2850 cm�1 are attributed to
the CH2 symmetric and asymmetric stretching of the stabilizing
molecule. The decrease in the signal intensity and slight shi of
the peak bands veried the surface modication of the Ag NPs
with inositol and the decline in concentration of inositol from
the surface NPs.36 TGA analysis of Ag NPs/Ino was also done to
study the thermal stability of NPs. In this process, 10 mg of Ag
NPs/Ino was used to investigate the loss of the capping group
This journal is © The Royal Society of Chemistry 2019
from its surface against different temperatures. The result is
shown in Fig. 3(b). The TGA curve showed the 92.0% weight loss
of Ag NPs/Ino. The weight loss during the heating was due to
degradation and evaporation of the capping molecules from the
surface of the Ag NPs.37

Similarly, the size of the ZnO NPs was established by
measuring the LSPR absorption band with UV-vis. The LSPR
absorption band at around 350 nm shows that the average size
of the NPs was around 10–30 nm.38 The intense signal intensity
of the absorption peak at 350 nm for 60 min of reaction time
shows the optimum formation of the ZnO NPs and aer no
signicant improvement was observed as shown in Fig. 4(a).
This showed that the amount of NPs synthesized increased with
increasing the reaction time from 15min to 60 min and aer no
signicant increase in concentration of NPs. Therefore, the
maximum amount of NPs was produced when the reaction time
was 60min. Also the size and shape of the ZnONPs were veried
by TEM analysis as shown in Fig. 4(b) and (c). The TEM image
and the enlarged view of the TEM image conrmed the average
size of the ZnO NPs was about 12� 2.1 nm.39 Fig. 4(d) shows the
percentage distribution for the size of the ZnO NPs using DLS
measurement and a similar result was obtained as the TEM
analysis.
RSC Adv., 2019, 9, 17868–17876 | 17871
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Fig. 3 (a) FTIR spectra of Ag NPs/Ino before and after sintering and (b)
TGA analysis of Ag NPs/Ino performed over the temperature range of
0 to 800 �C with an increase of 10 �C min�1.
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Effect of solvent, stabilizer and concentration of NPs for
preparation of a stable nano-ink

The prepared Ag NPs/Ino were dispersed in different solvents
(DW, methanol, ethylene glycol and iso-propanol) in an ultra-
sonic bath for 10 min at room temperature. A uniform and
stable ink was not formed with the use of these solvents and the
NPs started to settle at the bottom aer some time. This is due
to the use of a small molecule, i.e. inositol as a capping agent for
the stabilization of NPs which can remain stable at lower
concentrations but not at higher concentrations.40,41 Therefore,
1% of PVP, PVA and chitosan was added as a stabilizer and
stirred for 2 min to prevent the settling of the NPs. The Ag NPs/
Ino dispersed in water showed better stability and dispersity,
thus they were used further for the preparation of the ink. In
addition, 1% glycerol was added as a wetting agent to the
solution mixture. The results are given in Table S1 and Fig. S1.†
Parameters such as polarity, viscosity, boiling point and surface
tension were important parameters that were considered during
the formulation of the stable ink. A stable silver nano-ink was
obtained with aqueous solution because of the difference in
dipole moments and polarity of NPs. The addition of a very
small amount of polymer to this solution mixture caused
a better stability of the prepared nano-ink. The ink was found to
be stable up to ve successive weeks with the addition of 1% of
PVP to the solution mixture. However, the inks with PVP and
chitosan showed better stability. This is due to the steric
hindrance arising from the long-chain of PVP as well as the
17872 | RSC Adv., 2019, 9, 17868–17876
polarity and enhanced pi–pi interaction with the NPs and PVP
providing a better stability to the conductive nano-ink.42 Finally,
glycerol was added to the nano-ink solution to improve
viscosity, moisture and surface tension to maintain the stability
the NPs during the fabrication of the paper substrate. In addi-
tion, the concentration of Ag NPs/Ino was also optimized to
acquire a better conductive surface on the substrate material.
For this, different concentrations of NPs from 2 to 12% were
dissolved in DW containing appropriate amounts of PVP and
glycerol. A linear decrease in the resistance value was observed
as the concentration of NPs increased to 10% and aer there
was no signicant decrease in the resistance value. The reason
for the decrease in resistance (increase in conductivity) with the
increase in NP concentration is due to the formation of
a uniform conductive layer of NPs on the paper substrate.
Further, the increase in the concentration of NPs may not cause
a signicant increase in conductivity aer acquiring an optimal
value. Thus, 10% silver nano-ink was used for fabricating the
paper substrates.32

Effect of paper substrates for fabricating the silver nano-ink
for making a conductive surface

Different paper such as lter paper, printing paper, photo
paper, butter paper and bond paper were selected for the
fabrication of paper based devices using silver nano-ink. For
this, 10% silver nano-ink was fabricated on different paper
substrates using a ball-point pen. The prepared conductive
tracks were sintered at a particular temperature for a given time
and the value of resistance was measured using a digital mul-
timeter. The lowest value of resistance was obtained when the
nano-ink was fabricated on photo paper. This is due to the
homogenous coating of nano-ink on photo paper as well the
ne pore size and moderate absorption of nano-ink within the
cellulose bers. However, lter papers, printing paper, photo
paper, butter paper and bond paper have large pore sizes which
caused trapping of the NPs into the bers leading to disconti-
nuity in the electronic track.34,43 Therefore, the photo paper
substrate was used for direct writing of conductive using silver
nano-ink.

Effect of sintering temperature and sintering time for making
a conductive surface

As we already know, sintering temperature and sintering time
are found to be the most important parameters that affect the
resistance of Ag NPs on the substrate materials. So, stability and
resistance were tested by preparing conductive tracks with
nano-ink using different stabilizers and varying the sintering
temperatures from 25 to 100 �C for 15 min of sintering time.
The results are shown in Table S2† and Fig. 5(a). The conductive
track showed a high value of resistance at room temperature
because of the presence of a high concentration of coating
agents, stabilizers and solvent molecules around the Ag NPs/
Ino. However, when the prepared conductive track was heated
form 25 �C to 100 �C, there was a gradual decrease in the
resistance value up to 40 �C. Further increasing the temperature
up to 100 �C caused a gradual increase in the resistance value.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) UV-visible spectra of ZnONPs showing the LSPR absorption band at 350 nm, (b) a TEM image of the ZnONPs and (c) the enlarged view
of the TEM of the ZnO NPs and (d) the percentage distribution for the size of the ZnO NPs using DLS measurements.
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This is due to the removal of some coating agents from the
surface of NPs resulting in the welding of particles to form an
uninterrupted layer of conductive surface as the temperature
increased to 40 �C. Aer, further heating might not aid the
formation of a continuous layer, instead it damages the paper
substrate and thus all the experiments were performed at
40 �C.33,34

The variation of sintering time also inuences the resistance
of NPs onto the photo paper substrate. For testing the effect of
the change of sintering time on the resistance, the conductive
track made of paper substrates with nano-ink was heated at
40 �C for different time intervals of 5, 10, 15, 20, 25 and 30 min.
The results are shown in Table S3† and Fig. 5(b). A sintering
time of 15 min was found to be best for accomplishing a lower
value of resistance for three different types of nano-ink with
This journal is © The Royal Society of Chemistry 2019
different stabilizing agents. A lower value of resistance was
obtained when PVP was used as a stabilizing agent for prepa-
ration of nano-ink and no signicant decrease in the resistance
was obtained aer heating the substrate beyond 15 min.33 The
low value of sintering temperature and time was found to be
suitable for making a conductive substrate on a paper substrate
for analytical and electronic applications.

Application of a fabricated electrode with silver nano-ink for
electrochemical applications

A paper fabricated electrode with Ag NPs/Ino was exploited as
a working electrode in cyclic voltammetric (CV) measurements
along with platinum and Ag/AgCl as the counter and reference
electrodes, respectively (Metrohm Autolab, Netherland) in the
presence of 0.1 M KNO3 as the electrolyte. The working
RSC Adv., 2019, 9, 17868–17876 | 17873
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Fig. 5 (a) The effect of sintering temperatures (25, 40, 60, 80 and 100 �C) on the resistance of AgNP/Ino without a stabilizer as well as AgNP/Ino
with stabilizers (PVA, PVP and chitosan) with a sintering time of 15 min; (b) the effect of different sintering times (5, 10, 15, 20, 25 and 30 min) on
the resistance of AgNP/Ino without a stabilizer, as well as AgNP/Ino with stabilizers (PVA, PVP and chitosan), with a sintering temperature of 40 �C.
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electrodes were prepared with silver nano-ink using three
different stabilizers (PVP, PVA and chitosan). The result is given
in Fig. 6. The curve showing the oxidation and reduction current
peaks corresponding to oxidation (Ag0 to Ag+) and reduction
(Ag+ to Ag0) of Ag NPs/Ino. No specic peaks were obtained for
the alcoholic and ketonic groups present in stabilizers, but their
presence in the nano-ink inuenced the current density of the
peak. The response obtained by the paper based electrode
prepared was found to be very similar to the response of the Ag
NPs modied electrodes when used as a working electrode.44

This gives us the deliberation for using paper based electrodes
as working electrodes in electroanalytical applications. A better
CV response was obtained when PVP was used as a stabilizer for
preparing the nano-ink because it supported the current
densities. On the contrary, the other two stabilizers (PVA and
Fig. 6 Cyclic voltammetry measurements of 0.1 M KNO3 with a paper
based electrode prepared using Ag NPs/Ino and different polymers
(PVP, PVA and Chitosan) as a working electrode, while conventional
platinum and Ag/AgCl were used as the counter and reference elec-
trodes, respectively, when scanned over a potential range from �1.0 V
to 1.0 V with a scan rate of 0.1 V s�1.

17874 | RSC Adv., 2019, 9, 17868–17876
chitosan) suppressed the current density of the prepared elec-
trodes with their corresponding inks. In addition, paper based
electrodes are easy, inexpensive, exible and user-friendly to use
in comparison with the conventional sophisticated electrodes
made from glass materials and expensive metals such as plat-
inum and gold. Also, the use of exible paper based electrodes
in CV measurements could certainly reduce the cost of analysis
compared to conventional commercially available electrodes.
Application of a paper based touch pad fabricated with ZnO
NPs along with the conductive track of Ag NPs

Next, the ZnO deposited on the paper substrate and connected
with a silver conductive track was used as a touch pad, as shown
in Fig. 7. The fabricated paper substrate with ZnO NPs was kept
over supporting pillars which acted as a touch button to
produce electric charges on the response of applied pressure. To
build the device, ZnO fabricated paper was placed on the top of
the pillars (acrylic substrate) separated from each other and
adhesive tape covered the top of the button surface providing
electrical insulation to the circuit, as shown in Fig. 7(a). The
working principle of the paper based touch pad was demon-
strated by measuring the piezoelectric current produced aer
applying mechanical stress on the deposited ZnO NPs. During
the pressing, the ZnO NPs fabricated paper becomes deformed,
followed by the generation of an electric charge against the
applied mechanical stress. The silver electrodes prepared with
conductive ink on the top of the ZnO NPs paper collect the
generated electric charges followed by the measurement in
amperometry, as shown in Fig. 7(b).

During the operation, electric current was induced in ZnO
fabricated paper by applying mechanical stress to the system.
However, no current was observed while mechanical stress was
not applied. A positive current peak at the milliampere level
appeared while pressing the pad and disappeared upon the
release of pressure.45,46 This is due to the release of the nger,
the deformed paper is restored and generates a positive current
peak. The basic cause for the generation of piezoelectricity is
due to the interaction between the mechanical and electrome-
chanical state of any material. When mechanical stress was
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) A schematic diagram to show the working of the paper based touch pad by mechanical pressure on the surface containing ZnO NPs
and the electronic circuit of Ag NPs/Ino along with a connection via a potentiostat. (b) The current response of the touch button upon repeated
application of pressure.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 4
:1

4:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
applied on the static structure of the ZnO crystal, 0.1% defor-
mation of material was caused, followed by a change in polarity
of the system. Here, the generation of piezoelectric current is
because of the two types of deformation: (a) that due to the
deformation of the ZnO NPs on the touched area of the paper
induced directly by a nger press; and (b) that due to the
deformation of ZnO NPs on the untouched area of paper that
were induced by deformation of the paper on which they were
grown.8 Hence, paper fabricated with ZnO NPs on a paper
substrate was successfully demonstrated for use in touch pad
devices for electronic applications.
Conclusions

The present work demonstrated the fabrication of a paper
electrode with Ag NPs/Ino, which was then used as a working
electrode for electrochemical applications in cyclic voltammetry
analysis. The paper electrode was prepared by the direct writing
of nano-ink (10% Ag NPs in water and PVP) on photo paper and
then sintering at 40 �C for 15 min. Further, the paper touch pad
fabricated with ZnO was illustrated to show the piezoelectric
effect reexive to mechanical stress. In the near future, the
preparation of paper based devices will help in designing touch
pads for the development of compatible electronics. The use of
a paper based electrode and touch pad was found to be simple,
exible, biodegradable, low cost and user-friendly for electro-
chemical and electronic applications compared to commer-
cially available sophisticated electrodes and the expensive touch
pads available.
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