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Abstract
Energy devices with high energy/power density are the need of the day, and to achieve the same, electrolytes with faster  
ion transport and wider electrochemical stability window are required. Polymer-in-salt electrolytes (PISEs) are predicted to have  
the better required electrochemical properties in comparison to salt-in-polymer electrolytes (SIPEs), but desired success is 
still to be achieved due to recrystallization problems. PISEs suffer from poor mechanical and/or electrochemical properties 
along with aging effects as well; hence, special efforts are required to reduce the crystallinity of PISEs. The present paper 
discusses a crosslinked corn starch complexed with Mg(ClO4)2 which not only has desired electrochemical properties but 
is also flexible. XRD study confirms the absence of crystalline nature, without any extra efforts to reduce it. Synthesized 
PISEs have high conductivity (~0.01  Scm−1), wide ESW (> 3 V), and low relaxation time (µs) along with being economical.  
Supercapacitors fabricated using this novel PISE with laboratory synthesized activated carbon (from leaves and corn starch)  
have shown good specific capacitance (~ 20  Fg−1 and ~ 45  Fg−1, respectively). The power density is of the order of kW  kg−1, 
which is quite high in comparison to other reports. The shape of CV and LSV is strongly influenced by the salt concentra-
tion, i.e., by the ion-cluster size, and is also affected by the volume/size of the activated carbon pores.
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Introduction

Energy devices with higher energy density and power 
density are required for different applications [1–7]. To 
enhance these two parameters, lots of efforts are being 
made by material scientists, to develop novel electrode and 
electrolyte materials. Great success has been achieved in 
the area of electrode material, but for better device perfor-
mance, the scientific community still relies on liquid elec-
trolytes, whenever new electrode performance has to be 
demonstrated [8–10]. Although some organic electrolyte 
and/or ionic liquid-based electrolytes [11–13] can operate 
at higher voltage, like all solid state electrolytes they suffer 

from low conductivity. Also, the polymer electrolyte (which 
is commercially being used in many energy devices) suffers 
from slow ion transport and hence special efforts have to 
be made to achieve the desired properties. High performing 
energy devices with solid electrolytes are still a target to be 
achieved. In the 1990s [14], a new class of polymer electro-
lyte (polymer-in-salt electrolyte (PISE)) came into existence 
which is supposed to have faster ion conduction. Due to 
faster ion transport in PISEs, energy devices are expected to 
have a higher power density and hence these materials may 
be promising electrolytes for supercapacitor applications. 
The present paper aims to synthesize a novel ecofriendly and 
economical PISEs and to demonstrate its possible applica-
tion in supercapacitor.

Polymer-in-salt electrolytes (PISEs) have received great 
attention because of their promising predicted characteristics 
of being free from disadvantages (like poor cation transfer-
ence number and slower ion movement) of salt-in-polymer 
electrolyte (SIPEs) [15–17]. Researchers have been working 
in the field since Angell et al. [18–20] reported that if the 
salt concentration is increased beyond the threshold value 
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then, due to formation of continuous clusters throughout the 
matrix, cation transference number increases and ion trans-
port becomes faster. These both are very favorable charac-
teristics for the performance of energy devices. Still, these 
electrolytes have not achieved the desired success. The big-
gest constraint in achieving the commercial level PISEs is 
the recrystallization of salt [21], brittle lattice [22, 23] and 
aging effects [24]. Researchers are putting special efforts to 
reduce crystallinity by using different additives such as  ZrO2 
[25], montmorillonite clays [26], graphene oxide [27],  SiO2 
[28], halloysite nanoclay (HNC) [29], and LLZO [30] or 
by giving thermal treatment to enhance the electrochemical 
performance and to achieve morphology suitable for device 
fabrication. The present work is to achieve a stable soft-
flexible high conducting PISE which is free from recrystal-
lization problems without any special treatment.

Before selecting the host material, it is important to 
understand that the host requirement for SIPE and PISE is 
very different [31] and that is why the initial attempts to 
synthesize the PISE, using the SIPE’s host, did not result 
in desired success. The reason for this is basically the role 
of the host in SIPEs and PISEs is different. In SIPE, the 
host polymer and salt interaction has to be strong enough 
so that host not only dissociates the salt but it controls 
the ion movement through its segmental motion [32–34], 
whereas in PISE host should be able to dissociate salt and 
hold the ions but the host-salt interaction should be weak 
enough to lead to polymer segmental motion decoupled 
ion transport [35, 36]. Moreover, the host should be ready 
to accommodate a large amount of salt without degrading 
the mechanical properties. The theoretical calculation indi-
cates [37, 38] that molecules having loose bonding and/or 
hydrogen bonding may be a better host for PISEs, as this 
matrix facilitates cluster formation because of their loose 
and modifiable morphology.

Keeping all these in background and the fact that addi-
tion of salt breaks the starch into smaller [39] molecules 
which decreases the covalent bonding leading to increase 
in hydrogen bonding and providing new -OH and -H to 
interact with salt. This not only increases the salt accept-
ability but also, due to increasing hydrogen bonding which 
are weak, and can easily modify their length and strength as 
per the surroundings [40], facilitates the cluster formation. 
Starch being direct food for microorganisms has a tendency 
of fungal growth and hence instead of pristine starch our 
group preferred the glutaraldehyde (GA) crosslinked starch 
[41–43]. Crosslinked starch is not only free from fungus 
problems but it also results in soft and flexible morphology 
suitable for device fabrication.

Mg(ClO4)2 is used as dopant salt. The salt selection 
was biased by many factors: (i) limited availability of Li 
in future and hence we have to look for alternative cation, 
and in this race, sodium (Na) and magnesium (Mg) have 

received greater attention [44–53]; (ii) Mg salt handling 
does not require too much precautions; (iii) Mg-S batter-
ies [54–58] are being explored and hence its energy device 
fabrication processes are readily available to understand its 
suitability for device fabrications. Cost effectiveness is one 
of the most important factors for commercial application of 
any material. Simple and easy protocol without requiring 
sophisticated instruments will certainly make it more cost 
effective. Hence, in the present study, we have synthesized 
the material in ambient using a cost-effective simple solu-
tion cast technique protocol. PISEs have large amounts of 
salt; hence, their moisture content will certainly be high if 
they are not being handled in a closed atmosphere. Litera-
ture generally discusses Li-based PISEs which are operated 
in an inert atmosphere [59–66] and hence no reports could 
be found in the literature that if the material is prepared in 
ambient then how the water molecules will affect the con-
ductivity and electrochemical stability window (ESW). The 
present PISE system is unique in the sense that although 
it has water content but, at the same time, ESW is wide. 
Hence, it may also be classified as water-in-polymer salt 
electrolyte (WiPSE) [40, 67–72].

Experimental section

Electrolyte preparation

For electrolyte preparation, procured chemicals were amy-
lopectin rich-corn starch (CS) (Sigma Aldrich), Mg(ClO4)2 
(Sigma Aldrich), methanol (Merck, India), and glutaralde-
hyde (GA) (Merck, India).

Simple solution cast technique was used for the synthesis 
of electrolytes of 65 wt% salt and 75 wt% salt, in ambi-
ent (34 °C room temperature and 45% RH). Total amount 
of corn starch and Mg(ClO4)2 in electrolyte was kept con-
stant at 1 g. For the synthesis of electrolyte with 65 wt% 
salt, 10 ml methanol was taken in a beaker, and then, 0.35 g 
of corn starch and 0.7 ml of GA were added and magneti-
cally stirred. In a separate beaker, 0.65 g of Mg(ClO4)2 salt 
was completely dissolved in 10 ml methanol by magnetic 
stirring. Then, Mg(ClO4)2 salt solution was added in the 
crosslinked corn starch solution. Obtained solution was con-
tinuously magnetically stirred for 5–6 h to get a homogene-
ous solution. This solution was poured in the petri dishes 
and was left for drying in the ambient. After 10 days, free-
standing films were obtained as shown in Fig. 1. Similar 
synthesis procedure was followed for the electrolyte with 
75 wt% salt. In this, 0.25 g of corn starch, 0.5 ml of GA and 
0.75 g of Mg(ClO4)2 salt were added. Amount of crosslinker 
(GA) was optimized from the previous reports [49, 52]. For 
further discussions, electrolytes with 65wt% Mg(ClO4)2 and 
75wt% Mg(ClO4)2 are named as S1 and S2, respectively.
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Effect of moisture on the electrochemical properties of 
the prepared electrolytes, S1 and S2, was critical as both 
corn starch and Mg(ClO4)2 are hydrophilic. Hence, a 
detailed attempt was made by treating S1 and S2 in differ-
ent humidity atmospheres including exposure varying from 
22 to 99% RH. This high humidity had forced the water 
molecules into the bulk of the electrolyte. ESR and moisture 
content were recorded at every step to understand the role/
stability of water inside S1 and S2.

Electrode preparation

For the preparation of activated carbon, environment benign 
materials were selected, cornstarch and leaf. KOH was used 
for chemical activation [73, 74]. Corn starch (CS) was the 
same which was used in electrolyte synthesis and leaves 
were collected from the Tectona grandis tree in univer-
sity campus. For making activated carbon, corn starch was 
directly used for pre-carbonization as received from the 
Sigma Aldrich and leaves were thoroughly washed multiple 
times with distilled water, dried, and crushed in fine powder 
before pre-carbonization. To prepare activated carbon from 
corn starch and leaves, a two-step activation process was 
followed. The first step was the pre-carbonization of the bio-
mass at 600 °C in an inert atmosphere with the constant flow 
 N2 gas in a high temperature tube furnace. In the second 
step, pre-carbonized mass was mixed thoroughly with KOH 
in the ratio 1:2 and heated at 800 °C in an inert atmosphere 
with the constant flow of  N2 gas in a high temperature tube 
furnace. The obtained material was rinsed multiple times 
with diluted HCl and distilled water to remove the potassium 
remnants. Washed material was dried at 100 °C for 24 h to 
remove water. Material remaining after drying was the final 
activated carbon, used in the present study.

Electrodes were made by making slurry of activated car-
bon, PVA (binder), and carbon black Super P as a conduc-
tive agent which were mixed in a ratio of 8:1:1 in distilled 
water. Prepared slurry was coated on carbon cloth by using 
doctor’s blade technique and was kept for drying at 100 °C 
for 12 h to remove water. Now onwards the activated carbon 
prepared from cornstarch and leaves was named as CAC and 
LAC, respectively.

Supercapacitor fabrication

Four supercapacitors were fabricated having a combina-
tion of two electrolytes S1 and S2 and two electrodes LAC 
and CAC. Fabricated supercapacitors were named as SC-
LACS1, SC-LACS2, SC-CACS1, and SC-CACS2. Area 
of each electrode is 1  cm2 with ~0.25 mg of active loaded 
mass (after the reduction of weight of binder and conductive 
agent) on each electrode and the commercial tissue paper 
(TP) was used as a separator. The configuration electrode/
electrolyte/separator/electrolyte/electrode was used in all 
four cases (schematic of fabricated supercapacitor is shown 
in Fig. SM1 of Supplementary material (SM)).

Structural characterization

For the morphological characterization of the electrolyte, 
X-ray diffraction (XRD) patterns were recorded over the range 
of diffraction angle (2 theta) 5 to 80° using Bruker AXS (D2 
Phaser) which employed Cu-K(alpha) radiation, with time/step 
of 2 s. Moisture content of S1 and S2 was measured using Met-
tler Toledo HS 153 Moisture Analyzer. For the surface mor-
phology of the electrolyte, SEM micrographs were obtained 
from Jeol JXA 8100 (JAPAN) Electron Probe Micro Analyzer 
and Carl Zeiss EVO-18 Research Model (Scanning Electron 

Fig. 1  a Schematic of PISE synthesis process. b Images of synthesized solid state PISE depicting flexibility, stretching, and freestanding nature 
of S1 and S2. c Image of fabricated supercapacitor
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Microscope, Germany). Porosity, surface area, and pore vol-
ume of the activated carbon were found from the  N2 adsorp-
tion-desorption isotherm data (using Brunauer-Emmett-Teller 
(BET)) at 77.35 K from Autosorb iQ Station 1 instrument.

Electrochemical characterization

Electrochemical impedance spectroscopy analysis was carried 
out at applied voltage of 5 mV in the frequency range 1 mHz to 
1 MHz. Linear sweep voltammetry (LSV), cyclic voltammetry 
(CV), and charging/discharging curves (GCD) of the superca-
pacitors were carried out by using CHI660E electrochemical 
workstation. Ionic conductivity of electrolyte was calculated 
by using the following equation:

where σ gives the conductivity in  Scm−1, R denotes the ESR 
in ohm of the electrolyte, l represents the thickness of the 
electrolyte, and S stands for surface area of the electrode/
electrolyte contact in  cm2. Specific capacitance C  (Fg−1) 
[75] was calculated by using the following formula:

� = l∕(R × S)

C = (∫ IdV)∕(2mVs)

where C was the specific capacitance  (Fg−1), I was the cur-
rent (A), dV was the differential voltage (V), m was the mass 
of loaded activated carbon, s was scan rate  (Vs−1), and V 
was the voltage range in which the CV has been recorded.

Specific energy density (E) and power density (P) [76] 
were calculated from the GCD curves by using the follow-
ing formula:

where C was specific capacitance  (Fg−1), V was the potential 
change after IR drop, and t (s) was discharging time.

Result/discussion

Structural characterization of polymer‑in‑salt 
electrolyte (PISE)

Absence of phase separation patterns, in SEM micrographs 
shown in Fig. 2c–f, confirms homogeneous mixing of starch 
and salt and also confirms that there is no recrystallization of 

E (Wh kg−1) = 0.5CV
2∕3.6

P (Wkg−1) = (E∕t) 3600

Fig. 2  SEM images of GA crosslinked cornstarch at resolutions 
a  100x (scale 100  µm) and b 500x (scale 10  µm), respectively. S1 
electrolyte at resolution c 100x (scale 100  µm) and d 500x (scale 

10  µm), respectively. S2 electrolyte at resolution e 100x (scale 
100 µm) and f 500x (scale 10 µm), respectively
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salt. Significant changes in morphology/texture are clearly 
visible on addition/increase in salt concentration. SEM 
micrographs are given at two different resolutions: (i) GA 
crosslinked starch, S1, and S2 at 100x magnification and 
(ii) GA crosslinked starch, S1, and S2 at 500x magnifica-
tion to see the ion-cluster formation pattern. In Fig. 2a, b, 
granules are distinctly visible in crosslinked starch, which 
disappear after salt addition, confirming that salt breaks the 
starch granules. As discussed in report [39] because of this 
breaking of starch, which results in increasing the number 
of OH molecules to interact with cation and to enhance the 
hydrogen bonding resulting in increased amorphous nature 
and better acceptance of salt, crosslinked starch-based PISEs 
are free from crystallinity problems. Instead of these gran-
ule structures, a different type of morphology is seen in 
SEM micrographs of S1 and S2 at both resolutions (100x 
and 500x). The well-defined structures visible in Fig. 2d, 
f can be attributed to the formation of ion clusters. From 
the SEM micrographs at lower resolution (100x), Fig. 2c, 
e, where larger area is visible, it is clearly observed that S2 
has a bigger ion-cluster (both in length and width) in com-
parison to S1. The impact of the bigger ion-cluster size has 
its impact in ESW estimation (details will be discussed in  

the following section of “Performance of supercapacitors 
fabricated using CAC and LAC”).

At higher salt concentration, the salt recrystallization is an 
obvious phenomenon, in PISEs [77], which adversely affects 
the morphological and electrochemical properties of PISEs, 
and reducing the crystallinity at higher salt concentration is 
a great challenge for PISE synthesis. Researchers adopt dif-
ferent methodologies to bring the crystallinity to the lowest 
possible value [38, 78–81]. X-ray diffraction (XRD) pattern 
of the pure salt (Mg(ClO4)2), GA crosslinked corn starch 
(CS + GA), S1, and S2 is given in Fig. 3. Crystalline peaks 
and semi-crystalline peaks, respectively, visible in the XRD 
pattern of pure salt and CS + GA (GA crosslinked CS) have 
completely disappeared in S1 and S2. Amorphous nature is 
further enhanced with the increase in salt concentration from 
S1 to S2. The increasing amorphicity with increasing salt 
concentration without recrystallization of salt is a unique and 
favorable phenomenon as observed in the present system. Dis-
appearance of salt characteristic peaks indicates the complete 
dissolution of salt in the crosslinked starch matrix. Hence, as 
mentioned above, the synthesized PISEs have an edge over 
the other reported PISEs, as no treatment is required to control 
recrystallization at higher salt concentration.

Fig. 3  XRD spectra of a 
pure magnesium perchlo-
rate (Mg(ClO4)2) salt, b GA 
crosslinked corn starch, c S1 
PISE, and d S2 PISE
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ESR dependence on moisture

The PISEs have high salt concentration and hence are 
highly prone to water absorption, and in the present 
study, starch being hydrophilic host polymer adds up 
to it. Inspired by the water-in-polymer salt electrolyte 
(WiPSE) [40, 67–72] and method of using the diluents 
to enhance electrochemical and mechanical properties of 
PISEs [82–84], in the present study, instead of removing 
the water/moisture from synthesized PISEs, a reverse 
technique has been utilized, and by exposing the mate-
rial to high humidity, the material’s stability toward the 
ambient humidity has been increased. For understand-
ing the effect of the ambient moisture, a detailed study 
of samples S1and S2 has been carried out, where using 
impedance measurements in aluminum electrode/PISE/
aluminum electrode cell configuration. Using a novel 
approach of exposing the synthesized material to high 
humidity by keeping it in a constant humidity chamber 
[85] for 24 h, the effect of high humidity exposure has 
been analyzed by measuring the impedance and mois-
ture content, (i) fresh sample (RH~45%), (ii) keeping the 
sample in low humidity (RH~22%) for 24 h, (iii) expos-
ing the sample to high humidity (RH~99%) for 24 h, 
and then again (iv) keeping the sample in low humid-
ity chamber for 24 h. Tables  1 and 2 summarize the 
value of ESR and the detailed Nyquist plots (given as 
Fig. SM2), and moisture content (MC%) measurement 
curves are given as Supplementary material (given in 
Figs. SM3–SM12). Negligibly small negative value at 
step 2 is just because of the acceptance of water from the 

atmosphere during the heating process as the material 
is too dry. These results indicate that exposure to high 
humidity has an irreversible effect on conductivity and 
stabilizes the material with ambient humidity change, 
as observed by very small variation in resistance value. 
Slight increase in MC % after step (iv) indicates that 
high humidity exposure resulted in some well bonded 
molecules which do not come out of the matrix by keep-
ing the material at low RH, indicating that present PISE 
is quite stable.

The absorbed water seems to play the role of diluent [82] 
and stabilizes the conductivity value. The ambient measure-
ments have been repeated multiple times in the duration of 
6 months and the resistance is within 3–5 Ω (for S1) and 
1–3 Ω (for S2). The presence of water helps in maintaining 
its flexible nature which adds up to ease of cutting these 
PISEs into different shapes and sizes for device fabrication 
(Fig. 1). This absorbed water is electrochemically stable and 
does not break at low potential as indicated by LSV studies 
in the following section of “Performance of supercapacitors 
fabricated using CAC and LAC”.

Structural analysis of laboratory synthesized 
activated carbons

In the present study, activated carbons have been synthesized 
using cornstarch and leaf as initial material. The structural 
analysis of CAC and LAC has been carried out using SEM 
and BET techniques to understand their morphology and 
pore size/surface area. SEM images of the CAC and LAC 
are given in Fig. 4a, b at the same scale of 200 nm. CAC is 
observed to have greater surface area as compared to LAC, 
which has its impact on supercapacitor behavior.

Surface area and the porosity analysis of the CAC and 
LAC have been done by  N2-sorption isotherms at 77 K 
(detailed parameters are mentioned in Tables SM1–SM4 of 
Supplementary material) as shown in Fig. 4c, d. Surface 
area, pore volume, and pore radius values of the LAC and 
CAC are shown in Table 3. According to IUPAC classifi-
cation, CAC and LAC show type IV isotherms. Type IV 
isotherms correspond to microporous solids with relatively 
small external surface area and attributes to mesoporous 
structures where capillary condensation of liquid nitrogen 
takes place [86].

Volume of nitrogen adsorbed in CAC is relatively higher 
than in LAC which indicates high porosity of CAC. The 
initial slight rise in both the isotherms of CAC and LAC 
indicates the little uptake of nitrogen at low relative pres-
sure for the formation of monolayer in different sized pores. 
Further, the slope of the isotherm gradually increases with 
the pressure leading to the formation of a hysteresis loop 
during  N2 desorption indicating the mesoporous interiors 
in isotherms of CAC and LAC.

Table 1  ESR (Ω) and moisture content (%) study of S1 at different 
states of sample

S1 State of sample ESR (ohm) MC (%)

Step 1 Fresh sample (at 45% RH) 3.4 6.09
Step 2 Kept for 24 h at 22% RH 80,000 − 2.91
Step 3 Kept for 24 h at 99% RH 3 51.92
Step 4 Kept for 24 h at 22% RH 7.6 3.88
Step 5 Again left in ambient for 24 h 3.9 21.82

Table 2  ESR (Ω) and moisture content (%) study of S2 at different 
states of sample

S2 State of sample ESR (ohm) MC (%)

Step 1 Fresh sample (at 45% RH) 1.5 18.26
Step 2 Kept for 24 h at 22% RH 453 − 1.57
Step 3 Kept for 24 h at 99% RH 2 64.52
Step 4 Kept for 24 h at 22% RH 6.8 13.27
Step 5 Again left in ambient for 24 h 2.5 21.31
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Different types of hysteresis loops are observed in type 
IV isotherms which attributes to specific pore structures. 
CAC exhibits type H3 loop indicating aggregates of plate-
like particles that give rise to slit-shaped pores, cracks, 
and wedge structure. LAC exhibits type H4 loop, which 
is associated with narrow slit-like pores but the adsorp-
tion-desorption isotherm does not overlap at low pressure 
attributing to micropores. H4 hysteresis also occurs over 
solids containing micropores, mesopores, and narrow 
cracked pores [87]. This low pressure hysteresis may be 

observed extending to the lowest attainable pressure which 
is due to the residual adsorbed  N2 in the pores attributing 
to the swelling of a non-rigid porous structure or irrevers-
ible uptake of molecules in pores. This residual  N2 can be 
removed by out-gassing adsorbent at higher temperatures 
[86].

Performance of supercapacitors fabricated using 
CAC and LAC

Carbon cloth is used to prepare the electrodes for superca-
pacitor fabrication; hence, four different supercapacitors are 
fabricated (i) LAC/S1/TP/S1/LAC (SC-LACS1), (ii) LAC/
S2/TP/S2/LAC (SC-LACS2), (iii) CAC/S1/TP/S1/CAC 
(SC-CACS1), and (iv) CAC/S2/TP/S2/CAC (SC-CACS2), 
(i) and (ii) carbon cloth loaded with LAC and (iii) and (iv) 
carbon cloth loaded with CAC. In all these supercapacitors 
(SC), tissue paper (TP) is used as a separator. To estimate 
the ESR value of fabricated supercapacitors, the Nyquist 
plots have been used as shown in Fig. 5a, b. ESR values 

Fig. 4  a SEM image of activated carbon synthesized from cornstarch (CAC). b SEM image of activated carbon synthesized from leaf (Tectona 
grandis) (LAC). c  N2-adsorption-desorption isotherm of LAC and CAC. d Pore size distribution curve of LAC and CAC 

Table 3  Characteristics of pore structures of synthesized activated 
carbon, LAC and CAC 

Sample type Surface area 
 (m2g−1)

Pore volume 
 (cm3g−1)

Pore radius (nm)

LAC (adsorption) 30.881 0.134 1.5284
LAC (desorption) 40.077 0.133 1.9105
CAC (adsorption) 57.994 0.324 1.7065
CAC (desorption) 76.692 0.335 1.9098
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are tabulated in Table 4. Figure 5c, d shows the Bode phase 
plots for the system. The phase angle approaches to nearly 
80° which is indicative of the capacitance dominating nature 
of the system.

The ESR value remains below 10 Ω for S1 electrolyte and 
for S2 it is below 6 Ω, with a nominal difference with the 
electrode variation. The absence of the semicircle is indic-
ative of the fast ion transport [88, 89] and dominance of 
capacitive behavior. Slope of the Nyquist plots is observed to 
be higher with S2 electrolyte as compared to S1 electrolyte, 
indicating the relatively high capacitive achieved with S2.

ESW [90–93] of all the six fabricated supercapacitors 
are estimated using LSV measurements and are shown in 
Fig. 6. The electrochemical stability window (ESW) of 

supercapacitor fabricated from Pristine Carbon Cloth (PCC) 
reduces from 4 to 3 V for SC-PCCS1 (PCC/S1/TP/S1/PCC 
(SC-PCCS1)) and SC-PCCS2 (PCC/S2/TP/S2/PCC (SC-
PCCS1)). In the presence of coated activated carbon, quite 
a large decrease in ESW has been observed. ESW for SC-
LACS1 is 3.4 V and for SC-LACS2 it has reduced to ~1 V, 
whereas the ESW for SC-CACS1 and SC-CACS2 is 2.5 V 
and ~1 V, respectively. The probable causes of lower value 
of ESW for S2 based SCs may be caused by either (i) the 
presence of water in PISEs and/or (ii) it may be an ion (or 
cluster) size effect. The first option is ruled out by the ESW 
studies of SC-PCCS1 and SC-PCCS2 as the ESW is quite 
wide in these cases, indicating that PISEs S1 and S2 are 
stable and no water electrolysis is observed. Literature [94] 
indicates that ESW width strongly depends upon the size 
of ion/ion clusters and pore size. Considering a particular 
supercapacitor system, a clear decrease in ESW from SC-
PCCS1 to SC-PCCS2 is an obvious result because, with 
increasing salt concentration, increasing size of ion cluster 
is expected as confirmed by SEM micrographs. This phe-
nomenon is invariably observed with all the three electrode 
systems selected in the present study. Shilina et al. [95] 
have correlated the phenomenon of decreased ESW with 
increased ion size in terms of initiation of side reaction. 
Stripping off of ion cluster [94] may also be a reason for 
decreased ESW in case of S2. Longer ion clusters are more 
prone to break at the electrode/electrolyte interface during 
polarization as compared to shorter ion clusters.

Fig. 5  Nyquist plot of fabricated 
supercapacitors. a SC-LACS1 
and SC-CACS1. b SC-LACS2 
and SC-CACS2. Bode plots of 
fabricated supercapacitors. c 
SC-LACS1 and SC-LACS2. d 
SC-CACS1 and SC-CACS2

Table 4  Electrochemical parameters of fabricated supercapacitors 
from CV, SC-LACS1, SC-LACS2, SC-CACS1, and SC-CACS2

Fabricated 
supercapacitor

ESR 
(ohm)

Relaxation 
time (ms)

Calculation from CV data at 
scan rate 1  mVs−1

Specific 
capacitance 
 (Fg−1)

Energy 
density (Wh 
 kg−1)

SC-LACS1 10.12 10 13 1.8
SC-LACS2 4.09 5.7 20 2.7
SC-CACS1 7.25 4.6 41 5.7
SC-CACS2 5.73 2.1 45 6.25
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Electrode/electrolyte interfaces are crucial to understand 
the charge storage mechanisms in the supercapacitor sys-
tems. Reorganization of structure of ions and their adsorp-
tion at the electrode decide the capacitive behavior of the 
system. In the water-in-polymer salt electrolytes (WiPSEs), 
which are studied here, understanding of ionic arrangements 
in the electrolyte is yet to be established [40, 67–72]. Appli-
cability of WiPSEs for supercapacitor applications is not 

much explored and is quite new. Value of relaxation time 
of the fabricated SCs is shown in Table 4, and analysis is 
mentioned in Supplementary material under the section 
Frequency-dependent capacitive behavior with Fig. SM14.

Herein, an attempt is made to understand the govern-
ing mechanisms. Cyclic voltammograms for SC-LACS1, 
SC-LACS2, SC-CACS1, and SC-CACS2 are shown in 
Fig. 7. Specific capacitances are estimated by using the 

Fig. 6  Electrochemical stability window (ESW) of a SC-PCCS1 and SC-PCCS2, b SC-LACS1 and SC-LACS2, and c SC-CACS1 and 
SC-CACS2

Fig. 7  Cyclic voltammograms of fabricated supercapacitor from scan 
rate of 1 to 10  mVs−1 a SC-LACS1 and b SC-LACS2. c Variation of 
specific capacitance with scan rate of 1 to 10  mVs−1 of SC-LACS1 

and SC-LACS2. Cyclic voltammograms of fabricated supercapacitor 
from scan rate of 1 to 10  mVs−1 d SC-CACS1 and e SC-CACS2. f 
Variation of specific capacitance with scan rate of 1 to 10  mVs−1
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formula mentioned in “Experimental section” at the scan 
rate of 1  mVs−1 in the potential range of −0.5 to +0.5 V 
[49, 52, 96–98].

As mentioned in the ESW section, reorganization of the 
ion clusters at the electrode/electrolyte interface might be the 
dominating process in the capacitive behavior. SC fabricated 
using S2 has higher specific capacitance in comparison to 
SC fabricated using S1. This might be correlated with the 
size of ion clusters and their adsorption at the pores of elec-
trodes. In S1, ion cluster size of SC-CACS1 and SC-CACS2 
is small, as can be observed from the SEM micrographs, 
as compared to S2. A smaller effective ion cluster being 
adsorbed at the larger pore leads to some vacant space result-
ing in lower capacitance [99, 100]. With the increase in the 
effective size of the ion clusters, vacant space of the carbon 
pores get filled and effective distance between pore wall 

and ion cluster decreases, leading to the increased specific 
capacitance (as shown in Fig. SM13 of Supplementary mate-
rial) [101, 102].

Cyclic ability of the electrode/electrolyte interface 
of the supercapacitor system is analyzed by performing 
charging/discharging at constant current density of 4  Ag−1 
from −0.5 to +0.5 V for 3000 cycles. Coulombic efficiency 
of the fabricated supercapacitors is shown in Fig. 8. The 
coulombic efficiency (η%) is evaluated from the expres-
sion [103–106] η = td/tc × 100%, where tc and td are the 
time of charging and discharging of the cell, respectively, 
at a constant current. Coulombic efficiency of fabricated 
supercapacitors is observed to be > 95% [107]. Charging/
discharging of fabricated supercapacitors at different cur-
rent densities (from 4 to 36  Ag−1) is shown in Fig. 8a–f. 
The estimated energy density and power density from 

Fig. 8  Charge-discharge cycles at 4  Ag−1 of a SC-LACS1 and SC-
LACS2 and b SC-CACS1 and SC-CACS2. Charge-discharge cycles 
from 12 to 36  Ag−1 of c SC-LACS1, d SC-LACS2, e SC-CACS1, 
and f SC-CACS2. Cyclic behavior of coulombic efficiency (CE) and 

specific capacitance at 4  Ag−1 of g SC-LACS1, h SC-LACS2, i SC-
CACS1, and j SC-CACS2. Cyclic stability of k SC-LACS1, l SC-
LACS2, m SC-CACS1, and n SC-CACS2
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these curves are mentioned in Table 5. Figure 8g–j indi-
cates the cyclic behavior of coulombic efficiency and 
capacitance value. Stability of cyclic behavior of charg-
ing/discharging curves is demonstrated in Fig. 8k–n by 
showing curves at selected cycles.

As expected, since the faster ion transfer is observed 
in PISEs, hence the power density value is quite high. 
Both the estimated values are similar to those reported in 
literature for similar systems as summarized in Table SM5 
of Supplementary material [108–113].

Conclusion

Using an economical synthesis protocol, flexible PISEs have 
been synthesized having GA crosslinked corn starch doped 
Mg(ClO4)2 salt. The special feature of synthesis protocol 
and selected chemicals is that it is free from the need of 
having the eutectic salt/mixture and/or any other additive to 
achieve the desired mechanical and electrochemical prop-
erties. PISEs have high salt concentration and are prone 
to water absorption. Its stability toward ambient humidity 
changes has been improved by using a unique technique of 
exposing the sample to high humidity. PISEs have a wide 
electrochemical stability window (> 3 V) even with high 
moisture content. Supercapacitors fabricated using labora-
tory synthesized activated carbon (synthesized from leaves 
and corn starch) have shown good specific capacitance 
(~20  Fg−1 and ~ 45  Fg−1, respectively) and energy density 
for SC-LACS1, SC-LACS2, SC-CACS1, and SC-CACS2, 
1.8 Wh  kg−1, 2.7 Wh  kg−1, 5.7 Wh  kg−1, and 6.25 Wh 
 kg−1. Coulombic efficiency is more than 95%, and shorter 
charging/discharging time resulted in high power density 
for SC-LACS1, SC-LACS2, SC-CACS1, and SC-CACS2, 
2.1 kW  kg−1, 1.9 kW  kg−1, 2.2 kW  kg−1, and 1.9 kW  kg−1, 
respectively, which is possible because of the faster ion 
transport in PISEs. All these results indicate that the GA 
crosslinked starch-based PISE is a potential candidate for 

future energy devices, which being cost-effective, easy to 
handle, and easy to synthesize PISE may reach to commer-
cial level, if explored in greater detail.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10008- 024- 05982-8.
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