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A B S T R A C T

Integrating metal nanoparticles (NPs) with ionic polymer blends/composites showed immense interest for their 
potential in wearable sensors, soft robotic arms, flexible man-machine interfaces of biomedical devices, and 
water purification applications. However, conventional NPs attached ionic polymer composites exhibit limita
tions such as low sensitivity (ΔR/R), low total dissolved solids (TDS) reduction, and low phosphate (PO4-P) 
removal rate. Herein, ionic polymer composites (IPCs) using flower-shaped silver oxide (Ag2O) attached Poly 
(vinylidene fluoride) (PVDF)/ polyvinylpyrrolidone (PVP)/ionic liquid (IL) were designed and developed for 
wearable sensing and water purification. The IPCs demonstrated remarkably high ΔR/R values of 50, 10, and 3.5 
corresponding to the wrist movement of 50◦, finger movement of 180◦, and chin movements respectively. The 
Ag2O-based IPC recorded a significant reduction of TDS from sewage water from 3405 ppm to 1035 ppm, 
elevated the dissolved oxygen (DO) levels in the sewage water from 1.2 mg/l to 6.8 mg/l, and removed 
approximately 87.38 % phosphate from sewage water. Due to the uniform distribution of Ag2O within pores of 
IPC, it demonstrated enhanced performance for wearable and wastewater treatment applications.

1. Introduction

Ionic polymer composites/blends have found applications across a 
broad spectrum of fields such as dynamic user-device interfaces [1], 
biomedical devices [2], sensors [3], strain gauges [4], actuators [5], and 
energy harvesting appliances [6]. This is primarily attributed to their 
high flexibility and the ease with which ions move when the samples are 
bent or stretched. Among these applications, piezoresistive strain 
sensing has gathered significant attention due to its extensive integra
tion into our daily lives. Notably, it finds practical use in commonly 
encountered devices such as breathing monitors, wrist movement sen
sors, blood pressure monitors, smartwatches, and mobile touchscreen 
interfaces [6,7]. The survival and progress of human society signifi
cantly depend on water, with its demand increasing nearly six-fold over 
the past century [8,9]. Water scarcity persists as a global challenge, 
impacting billions annually, prompting significant investment in 
seeking viable solutions. Enhancing the efficiency and affordability of 

water purification membranes has thus emerged as a crucial endeavor 
[10,11]. Widely used polymeric membranes are prone to fouling, 
especially when employed in treating surface water tainted with natural 
organic materials and bacteria. Surface alteration could potentially 
tackle this concern by providing the membrane with antifouling and 
antibacterial attributes [12,13].

For wearable applications, ionic polymer composites need to have 
high values of ΔR/R and gauge factor (G). Various PVA-based wearable 
sensors such as poly(vinyl alcohol) PVA/polyelectrolytes, PVA/ionic 
liquids, PVA/biodegradable ionic liquids, and PVA/conducting polymer 
were proposed due to their biocompatible nature and hydrophilic nature 
[14-17]. However, PVA-based wearable sensors typically generate low 
sensing signals in terms of resistance and voltage [18,19]. Moreover, the 
PVA-based membranes lack sufficient mechanical strength for water 
purification.

PVDF-based ionic polymer composites/blends have proven to be 
highly effective, offering advantages such as excellent sensitivity, cost- 
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effectiveness, versatile design options, customizable properties, 
remarkable mechanical flexibility, ductility in dry and wet conditions, 
and controllable environmental responsiveness [20-23]. Although 
PVDF/Ionic liquids were utilized for piezo sensing applications, they 
typically exhibited low gauge factor [20,24].

The charged nanofiltration membranes exhibited over 60 % TDS 
rejection in the power plant scrubber wastewater [25]. The PVA/
cellulose acetate (CA)/polyethylene glycol (PEG) composite multilayer 
membrane was employed in treating brackish groundwater samples, 
resulting in a low TDS content of 933 mg/L [26]. When comparing the 
polyethersulfone (PES)/polyvinylpyrrolidone (PVP) membrane with the 
Ag/polydopamine (PDA)/PES/PVP membrane, the latter demonstrates 
an approximately 8 % and 10 % higher removal of TDS from samples 
taken from the river and lake water, respectively [12]. Lake water pH 
increased from 5.04 to 5.75 with the PES/PVP membrane and from 5.68 
to 6.34 with the Ag/PDA/PES/PVP membrane while river water’s pH 
rose to 6.46 and 5.76 with Ag/PDA/PES/ PVP and PE/PVP membranes, 
respectively [12]. The graphene oxide (GO)/triethylenetetramine 
(TETA)/copper ferrite (CuFe2O4) composite membrane outperformed 
the PES NF membrane, demonstrating higher removal rates for TDS at 
93.8 %, As3+ at 81.2 %, and As5+ at 87.9 % [27]. The green naringin 
functionalized boehmite (γ-AlOOH@Nar)/PVDF membranes attained 
elevated normalized flux and delivered substantial removal rates, 
including complete removal for turbidity, 89.8 % for chemical oxygen 
demand (COD), and moderate removal for TDS (53.0 %) [28].

Several materials have been investigated to replace traditional metal 
foils, including organic polymers, carbon nanotubes, graphene, bionic 
fibers nanowire array, and nanoparticles (NPs) [29-31]. The incorpo
ration of NPs into the polymer solution of the examined membrane has 
proven successful. This approach serves to enhance various aspects of 
the fabricated membranes, including antifouling capabilities, 
morphology, mechanical properties, and overall performance. Addi
tionally, it facilitates the creation of novel types of membranes with 
antibacterial properties [32-34]. The integration of metal NPs into 

sensors has achieved significant success in both electrochemical and 
optical applications, leveraging their unique optical and electrical 
properties to great effect [35,36].

The advantages of flexible polymers incorporating NPs include their 
high conductivity, resulting in lower operation voltages, and enabling 
simple, rapid, and cost-effective fabrication processes. The Ag-NP for
mulations exhibit antimicrobial properties and can serve as highly 
reactive bactericidal agents, thanks to their elevated surface area 
[37-39]. The only disadvantage of ionic polymer-NP composites is their 
low gauge factor and sensitivity due to the lack of a functional group of 
O that reduces the reactivity and bonding of NPs with IPs.

In this study, we have developed an ionic polymer composite (IPC) 
employing a flower-shaped silver oxide (Ag2O) integrated with PVDF/ 
PVP/ionic liquid to achieve enhanced values of ΔR/R, G, and high 
values of TDS reduction and PO4-P removal from sewage water. This 
composite holds promise for wearable device applications, particularly 
in the detection of breathing patterns, wrist movements, and finger 
gestures on the human body. In this IPC, PVDF functions as the foun
dational polymer, providing structural support and flexibility. PVP acts 
as a crosslinking agent, facilitating the attachment of sensing materials 
to the composite membranes. Additionally, the ionic liquid serves a dual 
role, acting as both a reducing agent to convert silver nitrate into silver 
oxide crystals and as a means to anchor these crystals within the PVDF 
matrix. Our developed flexible piezoresistive strain exhibits high 
sensitivity and is cost-effective, with fabrication techniques that are 
straightforward to implement. Especially, IP/0.3 shows the highest 
gauge factor of 888 and showed a 69.6 % decrease in TDS from sewage 
water. Fig. 1 (a) demonstrates the chemical structure of the PVDF/PVP/ 
IL/Ag2O ionic polymer composite (IPC) membrane. Fig. 1 (c) demon
strates the schematic diagram of IPC. Fig. 1 (c) demonstrates the digital 
image of attaching IPCs on the wrist movement. Fig. 1 (d) displays the 
output sensing signals after attaching IPC on the bending hand, and 
Fig. 1 (e) demonstrates the DO of polluted and treated water using IPC 
with the number of days.

Fig. 1. (a) Chemical structure of PVDF/PVP/IL/Ag2O ionic polymer composite (IPC) membrane, (b) Skematic diagram of IPC (c) digital image of attaching IPCs on 
the wrist movement (d) Output sensing signals after attaching IPC on bending hand, and (e) DO of polluted and treated water using IPC with number of days.
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2. Experimental

2.1. Materials

PVDF powder, possessing an average molecular weight of 534,000, 
was procured under the commercial name 182,702. Silver nitrate 
(AgNO3), ionic liquid (IL) (1-butyl-3-methylimidazolium-hydrogen sul
fate), PVP, and N, N-dimethylformamide (DMF) with an average mo
lecular weight of 236.29 and commercial name 227,056, were all 
supplied by Sigma-Aldrich.

2.2. Fabrication process

IPCs were synthesized using a solution-casting technique. Firstly, IP 
was prepared using PVDF/PVP/IL with a ratio of 30/15/55, since we 
optimized the (P(VDF-TrFE-CTFE))/PVP/IL [40] and PVDF/PVP/po
lyelectrolytes ionic blend with 30/15/55 [41] ratio produced high ionic 
conductivity. The solutions were prepared using the different weight 
solute components of PVDF. To prepare the IP, the PVDF, PVP, and IL in 
the weight ratio of 30, 15, and 55 were dissolved in DMF and kept at a 
magnetic stir for 6 hours at 450 rpm. Once the solution was properly 
mixed, to prepare the IPC, a specific amount of AgNO3 was added, and 
the mixture was stirred again at 100 ◦C for 3 hours, resulting in a dark 
brown color. This brown-colored solution was then transferred to a Petri 
dish and heated for 8 hours at around 80 ◦C until the solvent fully 
evaporated, leaving behind a membrane. After complete evaporation, 
the Petri dish was allowed to cool to room temperature, and the dark 
brown membrane was peeled off. The dark brown color of the IPC is 
attributed to the presence of Ag2O. The composition of IP, various 
composition of IPC, and their naming are mentioned in the Table 1.

Different amounts of AgNO3 (0.3 g, 0.6 g, and 0.9 g) were added to 
the IP, and the IL in the IP converted AgNO3 into Ag2O crystals. 
Consequently, IP/Ag2O IPCs with three different ratios were named IP/ 
0.3, IP/0.6, and IP/0.9 based IPCs, respectively.

2.3. Characterization

The structure of the IPCs was confirmed using scanning electron 
microscopy (SEM) and energy dispersive X-ray analysis (EDX) with a 
Hitachi S-4700 electron microscope. The crystalline phase of the IPCs 
was validated by X-ray diffraction (XRD) within the angle range of 5–90◦

using a Rigaku X-ray diffractometer. Fourier transform infrared (FTIR) 
spectroscopy, performed with a Shimadzu IR spectrometer, was used to 
verify the intermolecular interactions within the IPCs. The miscibility of 
the IPCs was assessed using a differential scanning calorimeter (DSC) at 
a heating rate of 5 ◦C/min and a nitrogen flow rate of 200 ml/min.

2.4. Measurement

The dielectric constant (ε’) and dielectric loss (tanδ) of IPC were 
assessed utilizing an E4900A impedance analyzer (Keysight Technolo
gies) across 20 Hz to 10 MHz frequency (f) at room temperature (25 ◦C). 
ε’ was estimated as 

εʹ
= (C× l)/(A × ε0) (1) 

where C, l, A, and ε0 are capacitance, thickness (0.18 mm), the electrode 
area, and permittivity in air/free space, respectively.

The ionic conductivity σdcof the IPCs was estimated as 

σdc = L/(R×A) (2) 

where L is the sample thickness, A is the cross-sectional area and R is the 
composite resistance.

AC conductivity (σac) of sensors was estimated as 

σac = ωε0 ε tanδ (3) 

where ω is the angular frequency and is calculated using the formula ω=
2πf.

IPC’s water uptake (WUP) indicates the proportion of water in the 
material and is evaluated by Eq. (4). 

WUP =

(
Wwet − Wdry

)

Wdry
(4) 

where the weights of the wet and dried IPC are denoted by Wwet and 
Wdry, respectively.

The gauge factor (G) of IPC was calculated using Eq. (5) which de
fines the strain sensitivity of the sensor. 

G=ΔR(R1-R)/R ε                                                                           (5)

where ε is the bending strain, ΔR represents the resistance change due to 
ε, R denotes the IPC’s resistance without ε, R1 denotes the change in 
IPC’s resistance due to ε. This change in resistance results in a variation 
in the value of G. The schematic diagrams of IPCs without ε and with ε 
are shown in Fig. 2 (a) and Fig. 2 (b). The ε is computed using the for
mula l/2r, where r is the bending radius and l is the thickness of the 
sample. The measurement setup is utilized to determine the gauge factor 
for measuring the data. This setup comprises a bending machine 
equipped with holders to secure IPC within a humidity chamber, which 
is connected to an STM-32 Microcontroller for measuring ΔR and R. The 
data from the sample is retrieved using a data card reader. Electrical 
signals are captured utilizing an Arduino board with a delay of 0.5 s.

The efficacy of IPCs for sewage treatment was assessed through a 24- 
hour contact period with a known volume of sewage. Samples were 
collected before and after treatment, with subsequent analysis encom
passing TDS, DO, pH, σ, and PO4-P.

3. Results and discussion

3.1. Structural analysis

The crystalline structure of pure PVDF, IP, and IP/Ag2O-based IPC 
was investigated using XRD, and the pattern of PVDF is shown in Fig. 3
(a). The XRD pattern of PVDF exhibited reflections at 18.4◦ (020) and 
19.7◦ (110), along with a moderately intense peak at 26.6 (021), indi
cating the presence of monoclinic α-phase crystal. Fig. 3 (b) PVDF/PVP/ 
IL-based IP shows a single peak at 21.20◦ Fig. 3 (a) shows the XRD of 
pure PVDF, IP, IP/0.3, IP/0.6, and IP/0.9-based IPCs. The IP/0.3-based 
IPC shows the peaks at 20.85◦, 28◦, 32◦, 34◦, 36.5◦, 45◦, 55◦, and 67◦

peaks. The peak at 20.85◦ implies the polarized phase (β) of the PVDF in 
the IP/0.3 sample. The peaks at 28◦ (110), 32◦ (110), 34◦ (111), 36.5◦

(200), 55◦ (220), and 67◦ (222) are reflections from Ag2O [42-44]. The 
IP/0.6-based IPC shows the small and broad peaks at 21.2◦, 28◦, 32◦, 
34◦, 36.5◦, 45◦, 55, and 67◦ peaks. The peak at 21.2◦ shows the shifting 
of the β peak of the PVDF in this sample. The broadened and small peaks 

Table 1 
Compositions and their names.

Composition Name

PVDF/PVP/IL with 30/15/55 ratio IP
IP/0.3 Ag IP/0.3 IPC
IP/0.6 Ag IP/0.6 IPC
IP/0.9 Ag IP/0.9 IPC Fig. 2. (a) IPC’s resistance without ε (b) IPC’s resistance with ε.
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at 28◦, 32◦, 34◦, 36.5◦, ◦55, and 67◦ demonstrate the coagulated Ag2O 
crystal peaks. The IP/0.9-based IPC shows the small and broad peaks at 
19.4◦, 28◦, 32◦, 34◦, 36.5◦, 45◦, 55, and 67◦ The peak at 21.2◦ indicates 
the presence of a nonpolarized α peak of the PVDF in this sample. The 
broadened and small peaks at 28◦, 32◦, 34◦, 36.5◦, 55, and 67◦

demonstrate the Ag2O peaks. The peak around 45◦ related to the re
flections from the (200) plane of metallic Ag [45,46]. Therefore, traces 
of metallic Ag are also present in all of our samples. The 1-Butyl-3-me
thylimidazolium (cation) of IL is oxidized and helps to reduce the 
AgNO3 into Ag crystals [47]. The OH group of hydrogen sulphate 
(anion) helps to form Ag2O crystals from AgNO3 [46,48].

The UV–Vis absorbance spectra of IP, IP/0.3, IP/0.6, and IP/0.9- 
based IPCs in solution form are displayed in Fig. 3 (b). The IP/0.3, IP/ 
0.6, and IP/0.9-based IPCs, absorption peaks were observed at 321 nm, 

323 nm, and 332 nm respectively, related to the absorption from Ag2O 
nanoparticles (NPs peaks) [49]. The broad absorbance peak at 431 nm 
was also observed for the IP/0.3 IPC sample that implied the Ag NPs [50,
51]. However, in our IPC membranes, Ag2O NPs are connected to form a 
flower-shaped structure.

The intermolecular bonding between AgNO3, and PVDF. PVP and IL 
were examined using FTIR analysis of pure PVDF, IP and IP/0.3, IP/0.6, 
and IP/0.9-based IPCs. The FTIR analysis of PVDF, IP, and IPC between 
4000 and 500 cm-1 is displayed in Fig. 3 (c). Pure PVDF show sharp 
peaks at 1681 cm-1,1410 cm-1, 1180 cm-1, and 876 cm-1 representing the 
functional group C=O, C–F, C–C, and =C–H of pure PVDF, respectively 
[51,52]. The peak near IP shows the OH Peaks at 3420 cm-1, CH peak at 
2951 cm-1, amide peak of 1681 cm-1, α (nonpolar) peak of PVDF at 1210, 
and SO peak at 1090 cm-1 are observed. The IP/0.3-based IPC 

Fig. 3. (a) XRD spectra of pure PVDF and IPCs, (b) UV spectra of IPCs, (c) FTIR Spectra of pure PVDF and IPCs (d) DSC spectra of PVDF-and IPCs, (e) TGA spectra of 
IPCs, and (f) Tensile stress of IPCs with respect to tensile strain.
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demonstrates the sharp and broad peak of OH at 3451 cm-1, amide peak 
of 1681, CF peak at 1410, and β-peak (polar phase) at 1240 are 
observed. The IP/0.6-based IPC demonstrates the OH peak at 3471 cm-1, 
amide peak of 1681, CF peak at 1410, and β-peak (polar phase) at 1240 
are observed. The IP/0.9-based IPC demonstrates the OH peak at 3477 
cm-1, amide peak of 1681, CF peak at 1410, and β-peak (polar phase) at 
1240 are observed. The broadened and sharp peaks of OH, amide peak, 
β-peak of IP/0.3, IP/0.6, and IP/0.9-based IPCs were observed than that 
of the pure PVDF and IP that imply the hydrogen bonding among PVDF, 
PVP, IL, and AgNO3.

The amorphous and semi-crystalline nature of IPC was checked by 
Differential calorimetry scanning (DSC). DSC spectra of pure PVDF and 
IP (Fig. S1) and DSC spectra of IP/0.3, IP/0.6, and IP/0.9-based IPCs 
(Fig. 3 (d)) were examined to find out the melting temperature (Tm) and 

glass transition (Tg) of PVDF, IP and IPC, which reveal the chemical 
interaction between PVDF, PVP, IL and Ag2O crystals. The PVDF showed 
only the Tm at 165 ◦C. IP shows the Tg and Tm at 165 ◦C and 165 ◦C, 
respectively. The IP/0.3, IP/0.6, and IP/0.9-based IPCs display the Tg at 
68 ◦C, 46 ◦C, and 28 ◦C, respectively, while Tm of IP/0.3, IP/0.6, and IP/ 
0.9-based IPCs were determined to be 154 ◦C, 151 ◦C, and 154 ◦C, 223 
◦C, respectively. The IPC shows a lower Tm than that of the pure PVDF 
which implies the miscibility of the. IP/0.3, IP/0.6, and IP/0.9-based IPC 
via hydrogen bonding between PVFD, PVP, IL, and Ag2O. The IP/0.6- 
based IPC showed the lowest Tm indicating the highest miscibility and 
lowest resistance (see Fig. 3 (d)) among all blends.

Fig. 3 (e) displays the TGA spectra of the IP/0.3, IP/0.6, and IP/0.9- 
based IPCs aiming to assess their thermal stability. The first mass losses 
of the IP/0.3, IP/0.6, and IP/0.9-based IPCs membrane were 4 %, 3 %, 

Fig. 4. SEM images of (a-b) IP/0.3, (c-d) IP /0.6, and (e-f) IP /0.9 with different magnification of 10,000x and 50,000x, respectively.
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and 5 %, respectively, from 20 ◦C to 200 ◦C. This could be attributed to 
water loss from the IPCs. TGA analysis conducted on IPCs within this 
temperature range revealed that the IPC based on IP/0.9 absorbed a 
greater amount of water compared to the other two IPCs. This is further 
confirmed by the presence of highly hydrophilic Ag2O crystals observed 
in the SEM analysis. From 200 ◦C to 300 ◦C, the second mass losses of the 
IPC membranes based on IP/0.3, IP/0.6, and IP/0.9 were 12 %, 8 %, and 
10 % respectively. This loss is attributed to the desulfonation process, 
indicating the incorporation of sulfonic acid groups from the acidic ionic 
liquid into the polymer chain of the IPCs.

The temperature ranges between 300 ◦C and 600 ◦C is attributed to 
the degradation of the base of the IPC membrane.

The flexibility of IPCs was examined through tensile analysis. Tensile 
strain, tensile stress, and Young’s modulus were derived from the data 
presented in Fig. 3 (f) and are summarized in Table S1. Fig. 3 (f) displays 
the tensile stresses of the IP/0.3, IP/0.6, and IP/0.9-based IPCs with 
respect to tensile strain %. The IP/0.3-based IPC had a higher strain % of 
22.2 than the IP/0.6, and IP/0.9-based IPCs. Every IPC showed a 
reduced Young’s modulus, suggesting a high level of ductility. Because 

of IPCs’ high ductility, they can be affixed to the human body for the 
detection of piezoresistive signals originating from fingers and pulses.

SEM images were analyzed to examine the cross-section view of IPCs 
based on IP/0.3, IP/0.6, and IP/0.9 ratios, aiming to assess the disper
sion, porosity, and size of Ag2O crystals within the IPC backbone. The 
cross-section SEM image of IP/0.3 based IPC is displayed in Fig. 4(a) and 
(b) with 10,000x and 50,000x magnification, respectively. The large 
pores (5 μm) were found on IPC’s surface, where Ag2O crystals with 
flower-shaped particles were dispersed in the backbone of IPC at a 
10,000x magnification. The size of Ag2O crystals was detected from 0.12 
μm to 0.36 μm at an increased magnification, of 50,000x. The cross- 
section SEM image of IP/0.6 based IPC is displayed in Fig. 4(c) and 
(d) with 10,000x and 50,000x magnification, respectively. The pores 
with dimensions from 1 μm to 4 μm were discovered on the cross-section 
view of the IPC, where flower-shaped Ag2O crystals with smaller sizes 
were distributed in the interfacial area of the IPC at a 10,000x magni
fication. The size of Ag2O crystals was detected from 0.10 μm to 0.24 μm 
at an increased magnification, of 50,000x. The cross-section SEM image 
of IP/0.9 based IPC is displayed in Fig. 4(e) and (f) with 10,000x and 

Fig. 5. (a) ε’of IPCs, (b) tan δ of IPCs, (c) σac of IPCs, and (d) Z″of IPCs s with Z′, (e) Contact angle of IP/0.3, and (f) Contact angle of IP/0.6.
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50,000x magnification, respectively. The pore dimensions from 1 μm 
were to 3 μm discovered on the surface of the IPC, where large Ag2O 
flower-shaped particles were filled in the IPC’s backbone at a 10,000x 
magnification. The size of Ag2O crystals was estimated to be 0.24 μm to 
4 μm at an increased magnification, of 50,000x. It was reported earlier 
that a flower-shaped Ag2O crystal was developed from AgNO3 using PVP 
and a reducing agent with a heating effect. In our case IL as a reducing 
agent and PVP help to develop the flower-shaped Ag2O crystals from 
AgNO3 at 80 ◦C [53].

It was reported earlier that the flower-shaped Ag2O crystals have a 
high surface-to-volume ratio [54,55] that increased the reactivity and 
bonding of Ag2O crystals with IPC. The high reactivity of Ag2O-based 
IPC enhanced the sensing and water purification applications. The 
IP/0.3 showed a uniform distribution of Ag2O crystals than that of the 
IP/0.6 and IP/0.9 which is useful for high-performance wearable 
sensing applications.

To perform structural analysis, EDX evaluates the elemental 
composition analysis from IPC for various IPC compositions. Fig. S2(a) 
displays the cross-sectional SEM image of the IP /0.3 surface for EDX 
analysis, revealing the dispersion of Ag2O crystals within the large pores 
of IPC. The EDX spectrum of IP/0.3 (Fig. S2(b)) demonstrates the exis
tence of C, O, Ag, S, Fe, and Mg elements. In Fig. S2(c), the SEM image of 
the IP/0.6 for EDX analysis reveals the attachment of coagulated Ag2O 
crystals to the back of the IPC surfaces. The EDX spectrum from IP /0.6 is 
displayed in Fig. S2 (d), proving the presence of S, C, Ag, O, Fe, and Mg 
elements. The IP shows higher peaks of S and Ag elements than that of 
the IP/0.3. Fig. S2(e) illustrates SEM images of the IP/0.9 for EDX 
analysis, demonstrating the presence of clustered Ag2O crystals within 
the IPC structure. Fig. S2(f) displays the EDX spectra of IP/0.9, which 
confirms the presence of C, O, S, Ag, Fe, and Mg elements. The IP/0.9 
shows the highest peaks of S and Ag elements due to the large number of 
Ag2O crystals.

Table S2 presents the elemental compositions, both in weight (wt. 
percent) and atomic (wt. percent), of the surface of IP/0.3, IP/0.6, and 
IP/0.9 based IPC. According to Table S1 and the EDX spectra, IP/0.3 IPC 
comprises C, Ag, S, Mg, Fe, and O elements. The IP/0.6, and IP/0.9 
comprise C, S, O, Ag, and Fe elements. The presence of additional Mg 
and Fe elements within the IPC may be attributed to peaks arising from 
potential contamination originating from the surrounding environment. 
The large amount of O, S, and Ag elements peaks from the IPC surface 
provide free ionic conduction in the IPC that helps the IPC to generate 
piezoresistive signals and water purification applications.

3.2. Electrochemical and sensing analysis

Fig. 5(a) displays the ε’ of IPCs with frequency (f). The figure sug
gests that the dielectric constant (ε’) of IPCs exhibits higher values at 
lower frequencies, but decreases as the frequency increases, except the 
resonance frequency at 1.3 × 105 Hz, 2.5 × 105 Hz, and 1.06 × 106 Hz 
for IP/0.3, IP/0.6, and IP/0.9-based IPCs. This phenomenon occurs 
because the dipoles of the sensors fail to align with the rapidly changing 
field, resulting in a decrease in the dielectric constant (ε’) at higher 
frequencies. All the IPCs showed higher values of ε’ than that of the pure 
IP due to the addition of the Ag2O crystals in IPCs. Among the IPCs 
examined, the IP/0.3 exhibited the highest value of ε’ in comparison to 
the others. Fig. 5(b) displays the tan δ of the IPCs as a function of fre
quency. The tan δ of IPCs initially rises as frequency (f) increases, 
peaking at the resonance frequency, and subsequently declines as fre
quency further increases. The tan δ of IP/0.3, IP/0.6, and IP/0.9 based 
IPC showed the resonance f at 1.2 × 105 Hz, 2.6 × 105 Hz and 1.1 × 106 

Hz
The IP/0.9-based IPC exhibits the highest tan δ values at high reso

nance frequencies, attributed to the elevated concentration of Ag2O 
crystals. All the IPCs showed higher values of tan δ than that of the pure 
IP due to the addition of the Ag2O crystals in IPCs.

Fig. 5(c) shows the value of σac of IPCs with respect to f. The IP/0.6 

demonstrated a significantly elevated value of σac when compared to the 
other IPCs. The value of σac for IPCs exhibits a gradual increase with 
frequency until reaching the resonant frequency, after which it de
creases. Since σac is proportional to ε’, tan δ, and f, the σac of all IPCs all 
show identical behavior with f as tan δ behaves with f. The σac of IP/0.3, 
IP/0.6, and IP/0.9-based IPCs show resonance f at 1.3 × 105 Hz, 2.5 ×
105 Hz and 1.06 × 106 Hz p.

The IP/0.3-based IPC achieved its maximum value of σac at a certain 
frequency. The ionic conductivity of IPCs was assessed in a hydrated 
state through the Nyquist plot, which represents the spectrum from 
imaginary (Z”) to real impedance (Z’), as illustrated in Fig. 5(d). The 
membrane’s ionic resistance (R) is identified by the point where the Z" 
and Z’ plots intersect on the Z’ axis. The R-value of IP was evaluated to 
be 9687 and is also stated in Fig. 5(d). The Nyquist plot of the IP/0.3, IP/ 
0.6, and IP/0.9-based IPC is displayed in Fig. 4(d). R of IP/0.3, IP/0.6, 
and IP/0.9-based IPC was found to be 40, 36, and 72, respectively. From 
the spectra, the IP/0.6 yielded the minimum value of R. Table S3 shows 
the ionic conductivity of the IPC. The ionic conductivity of IP, IP/0.3, 
IP/0.6, and IP/0.9-based IPC were estimated to be 5.9 × 10–5, 1.4 ×
10–2, 1.5 × 10–2, and 7.9 × 10–3, respectively. The IP/0.6 exhibits the 
highest conductivity of 1.5 × 10–2 S/cm. The ionic conductivity of the 
IP/0.6 is shown to be 254 times greater than that of the IP. The enhanced 
conductivity observed in IP/0.6 was attributed to the uniform dispersion 
of smaller particles (0.10 μm to 24 μm)) of Ag2O crystals in the inter
facial region of IP that will be responsible for enhanced conduction in 
IP/0.6, among all IPCs.

The ionic conductivity of the IP/0.6-based IPC is shown to be 254 
times greater than that of the IP. The enhanced conductivity observed in 
IP/0.6-based IPC was attributed to the uniform dispersion of smaller 
particles (0.10 μm to 24 μm)) of Ag2O crystals in the interfacial region of 
IP, low conduct angle, and optimized WUP that will be responsible for 
enhanced conduction in IP/0.6, among all IPCs.

The contact angle measurement was employed to assess the hydro
philic nature of the IP/0.3, IP/0.6, and IP/0.9-based IPC. A surface 
exhibiting a contact angle below 90◦ is referred to as hydrophilic. Fig. 5
(e) and (f) demonstrate the contact angles of 45◦ and 39◦ which are IP/ 
0.3 and IP/0.6 IPC respectively. The IP/0.9 based IPC demonstrates the 
contact angle of 36◦ as shown in Fig. S4. All the samples of IPCs display a 
hydrophilic nature. The IP/0.9-based IPC displays the lowest contact 
angle of 36◦ compared to both the IP/0.3 and the IP/0.6 configurations. 
It implies that the hydrophilic nature of IPC increased with the addition 
of Ag2O crystals.

The appropriate amount of the WUP of IPC is required for ions to 
travel in IPC. Too low and too high WUP decrease the ionic conduction. 
The WUP of IPC is depicted in Table S3. The IP/0.9 IPC a has a high WUP 
among all blends; this might be due to the high hydrophilic nature of the 

Table 2 
G and ΔR/R of different samples.

Composites G ΔR/ 
R

Reference

IP 90 0.6 This work
IP/0.3 IPC 888 50 This work
IP/0.6 IPC 441 4 This work
IP/0.9 IPC 181 2.3 This work
Poly[styrene-b-(ethylene-co-butylene)-b-styrene] 

(SEBS)/carbon black/CNT
300 38 [56]

PVA/SCN-Ag IPNC 307 NA [57]
PVDF/IL/CNF 4.08 4 [63]
Polyurethane/Ag flakes 229 0.8 [64]
PVA/PEDOT:PSS 396 NA [60]
CNT/elastomeric tri-isocyanate-crosslinked 

polytetrahydrofuran
104 NA [61]

Graphene/styrene–ethylene–butylene–styrene 120 2 [62]
Polyurethane/cellulose/silver 26 1 [63]
Ag-polytetrafluoroethylene 7.08 10 [64]
PDMS/AgNPs conductive 8.38 25 [65]
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Ag2O crystals which shows the lowest contact angle.

3.3. Piezoresistive and wearable sensing analysis

The piezoresistive sensing properties of IP/0, IP/0.3, IP/0.6, and IP/ 
0.9-based IPCs were examined concerning the application of bending 
strain, focusing on parameters such as ΔR/R and G.

The piezoresistive characteristics of IPCs were examined under a BS 
of 0.018 (equivalent to a bending radius of 5 mm) at 0.1 Hz frequency, as 
outlined in Table 2. The IP/0.3-based IPC showed larger ΔR/R (16) and 
G (888) than the other IP/0, IP/0.6, and IP/0.9.

The highest sensitivity (ΔR/R) was attained at a BS of 0.018. Fig. 6(a) 
illustrates the sensing resistance of IPCs with compositions IP, IP/0.3, 

IP/0.6, and IP/0.9 under a BS of 0.018 at frequencies of 0.1 Hz and 0.2 
Hz. Compared to the IP/0, IP/0.6, and IP/0.9, the IP/0.3-based IPC 
exhibited the utmost sensitivity (ΔR/R) and G. Fig. 6(b) displays ΔR/R of 
various IP/0, IP/0.3, IP/0.6 and IP/0.9 with time at BS of 0.018. The ΔR/ 
R of IP/0, IP/0.3, IP/0.6, and IP/0.9 are found to be 2, 16, 8, and 3.76, 
respectively at BS of 0.018. The values of G of IP/0, IP/0.3, IP/0.6, and 
IP/0.9 are found to be 90, 888, 4,41, and 181, respectively at BS of 
0.018. Fig. 6(c) displays the ΔR/R of IP/0.3 with time at a frequency of 0. 
1 and 0. 2 Hz under a bending radius of 0.018. The IPC shows high 
values of piezoresistive signals at lower f of 0.1 Hz because at lower f, 
ions follow the input bending cycle, and ions don’t follow the bending 
cycle at higher f.

For wearable sensing performance, the ΔR/R of IPCs was checked 

Fig. 6. (a) ΔR/R of various IPCs with ε, (b) Sensing resistance of various IPCs with a ε of 0.018 at a different frequency, (c) ΔR/R of, IP/0.3 based IPC at 0.1 Hz & 0.2 
Hz frequency, (d) Sensing resistance of various IPCs by motion on wrist, (e) Sensing resistance of various IPCs by movement of finger, and (f) Sensing resistance of IP/ 
0.3 based IPC by variation in neck movement.
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after attaching IPCs on the wrist movement, finger movement, and 
breathing signals with the neck. The ΔR/R of IP/0, IP/0.3, IP/0.6, and 
IP/0.9 were checked after attaching IPCs on the wrist movement of 30 ◦

and 50 ◦ and displayed in Fig. 6(d). The values of ΔR/R of IP, IP/0.3, IP/ 
0.6, and IP/0.9 are found to be 0.6, 50, 3, 97, and 2.3, respectively with 
wrist movement of 50 ◦. The values of ΔR/R of IP/0, IP/0.3, IP/0.6, and 
IP/0.9 are found to be 0.3, 30, 2, and 0.76, respectively with wrist 
movement of 30 ◦.

Fig. 6(e) displays the variation of sensing ΔR/R of IPCs with time 
after attaching IPCs on finger bending of 180◦. The values of ΔR/R of IP/ 
0, IP/0.3, IP/0.6, and IP/0.9 are found to be 10, 50, 3.97, and 2.3, 
respectively with fingers. The digital image of the sample on a finger is 
displayed in the inset of Fig. 6 (e).

The movement examination also involved positioning 0.3-based IPC 
on the neck, while monitoring the sensing resistance through move
ments of tilting the chin downward and upward. Fig. 5(f) illustrates how 
the sensing ΔR/R varies in chin-up and chin-down positions. The ΔR/R 
of the IP/0.3 based IPC was observed to be 10 when the chin was 
positioned downward. When the chin was raised, the ΔR/R of the IP/0.3 
based IPC was measured at 3.5.

As observed from Table 2 and Fig. 6, the IP/0.3 based IPC generated 
high value of ΔR/R of 50 that is higher than that of the existing Poly 
[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS)/carbon black/ 
CNT [56], PVA/SCN-Ag IPNC [57], PVDF/IL/CNF [58], Poly
urethane/Ag flakes [59], PVA/PEDOT:PSSA [60], CNT/elastomeric 
tri-isocyanate-crosslinked polytetrahydrofuran [61], Graphene/styr
ene–ethylene–butylene–styrene [62], polyurethane/cellulose/silver 
[63], Ag-polytetrafluoroethylene [64], and PDMS/AgNPs [65] conduc
tive composites due to the highly reactive flower shaped Ag2O. The 
IP/0.3 showed a higher value of G than existing composites except for 
the CNT/elastomeric tri-isocyanate-crosslinked polytetrahydrofuran 
composite.

3.4. Water purification

The sewage water treatment was carried out using IP/0.3-based IPC. 
The sewage water samples were collected before and after treatment 
with IPC, with subsequent analysis encompassing the σ, TDS, DO, and 
pH. Fig. 7 (a), (b), (c), and (d) show the pH, σdc, TDS, and DO of the 
untreated and treated sewage water samples, respectively. The pH 
showed a decrease from 7.27 to 2.67, and σdc decreased from 5.708 mS 

cm-1 to 1.682 ms cm-1, signifying a decrease in dissolved salts. The TDS 
recorded a prominent reduction from 3405 ppm to 1035 ppm, indicating 
a 69.6 % decrease. The DO levels in the sewage rose from 1.3 mg/l to 3.8 
mg/l, confirming enhanced aerobic conditions post-treatment with the 
flower-shaped Ag2O attached IPC. Table S4 shows the pH and σdc of 
different IPCs. The σdc of IP, IP/0.6, and IP/0.9 decreased from 5.708 ms 
cm-1 to 3.72 ms cm-1, 1.25 ms cm-1, and 1.71 ms cm-1 respectively. The 
reduction of pH in sewage water by an IPC membrane can primarily be 
attributed to the acidic properties of the ionic liquid. These components 
release protons into the water, thus lowering the pH. The IP/0.6 mem
brane adsorbs the precipitation of acidic compounds present in sewage 
water, effectively removing these acids from the water phase and 
increasing the pH. The σdc of IP, IP/0.,6, and IP/0.9 decreased from 
5.708 ms cm-1 to 3.72 ms cm-1, 1.25 ms cm-1, and an1.71 ms cm-1, 
respectively.

Table 3 shows the change in DO concentration in sewage by different 
IPCs. The DO of IP, IP/0.6, and IP/0.9 increased from 1.3 mg/l to 2.9 
mg/l, 3.2 mg/l, and 3.4 mg/l respectively. This increase in DO levels 
may be attributed to various mechanisms, including catalytic oxidation, 
redox reactions, and photochemical reactions facilitated by silver ions, 

Fig. 7. (a) pH, (b) σ, (c) TDS, and (d) DO of sewage water by days for untreated and treated sewage water samples using 1/0.3 IPC, respectively.

Table 3 
Change in DO concentration in sewage by different IPCs.

Composites DO (mg/l) Reference

Untreated 
Sewage

Treated 
Sewage

IP 1.3 2.9 This work
IP/0.3 IPC 1.3 6.8 This work
IP/0.6 1.3 6.2 This work
IP/0.9 1.3 5.8 This work
Electrically-induced membrane 

bioreactor
NA 0.1–2.5 [66]

Polyhydroxybutyrate (PHB) NA 4 [79]
Sponge granular activated carbon 

MBR
NA 1–4 [67]

Oxygen-based membrane biofilm 
reactor

NA 0.4 [68]

Biological-band and
suspended-honeycomb carriers 

MBR
NA 4 [69]

Bacillus subtilis NA 5.7 [70]
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resulting in the creation of reactive oxygen species (ROS). These ROS 
contribute to the breakdown of organic matter, resulting in an overall 
enhancement of dissolved oxygen levels in the sewage In Table 3, an 
analysis of the IPCs is compared with DO data of existing membranes 
such as electrically-induced membrane bioreactor [66], poly
hydropolyhydroxy butyrateonge granular activated carbon [67], 
oxygen-based membrane biofilm reactor [68], Biological-band and 
suspended-honeycomb carriers [69], and bacillus subtilis [70]. From 
this table, it was found that our IPC shows comparable results with the 
existing membranes.

Table 4 shows the TDS of different IPCs and the TDS data of mem
branes reported by other groups. The TDS of IP, IP/0.6, and IP/0.9 
decreased from 3405 ppm to 2325 ppm, 1378 ppm, and 1523 respec
tively. Increased DO levels support the growth and activity of aerobic 
bacteria. The breakdown of organic matter by these microorganisms can 
reduce the concentration of dissolved organic compounds, thus 
contributing to a lower TDS. In Table 4, the TDS of IPCs is compared 
with various existing membranes such as ED stack equipped with Neo
septa ACS and CMX membranes [71], PVDF/PVP [72], NF-90 mem
branes [73], and PVDF-modified membranes [74]. From the TDS data 
analysis, IPC showed higher TDS reduction as compared to the other 
existing polymer membranes, except the modified PVDF membrane due 
to the flower-shaped Ag2O attached IPC.

Table 5 shows the PO4-P removal rate of different IPCs. As sewage 
water passes through the membrane, PO4-P –bound particulates are 
retained by the porous structure of IPC. IP/0.3 shows highest phosphate 
removal (88.92 %) from sewage water as compared to other IPCs 
because of large pores found on the surface as shown in SEM image 
(Fig. 3). In Table 5, the PO4-P of IPCs showed comparable values with 
various existing membranes such as TiO2 ceramic membranes [75], 
Alumina (Al2O3) membranes [76], Zr-modified-bentonite filled polyvi
nyl chloride membrane [77], and CMS-800 [78].

4. Conclusion

In this paper, the flower-shaped Ag2O attached IPC was designed for 
wearable sensing and wastewater treatment applications. The IP/0.3- 
based IPC generated a high value of ΔR/R of 50 that is higher than 
that of the existing Ag nanoparticles/nanowires-based nanocomposites, 
and many composites using CNF, graphene, and conducting polymers 
due to the flower-shaped Ag2O. The IP/0.3-based IPC displayed very 
high values of ΔR/R of 50, 10, and 3.5 after attaching IPCs on the wrist 
movement of 50◦, finger movement of 180◦, and chin movement 
respectively. The IP/0.3-based IPC recorded a prominent reduction of 
TDS from sewage water from 3405 ppm to 1035 ppm and increased the 
DO levels in the sewage water from 1.3 mg/l to 3.8 mg/l, confirming 
enhanced aerobic conditions post-treatment with the Ag2O-based IPC. 
The IP/0.3-based IPC shows the highest phosphate removal (88.92 %) 
from sewage water as compared to other IPCs because of large pores 
found on the surface The high-performance wearable sensing and large 
reduction of TDS from sewage water using Ag2O-based IPC was due to 
the production of flower shaped Ag2O crystals in the pores of IPC that 
improved the high reactivity of the Ag2O-based IPC.
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