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Recycling of the e-waste is a crucial concern to maintain healthy ecosystem as the technological 
advancement of electronic industries leads to the disposal of old electronic gadgets. The sustainable 
and green approaches to utilize these e-wastes in novel technologies is the prime requisite. Hence, 
present work aimed to use spent dry cell battery waste extracted Mn2O3-C-ZnO2 (MCZ) composite as 
e-waste to design and develop prototype device grade solid-state pouch and coin cells supercapacitors. 
Structural, surface morphological, compositional and oxidation state analysis of extracted materials 
have been performed. To optimise the electrochemical properties, the extracted waste battery 
material coated on stainless steel have been used in three electrode configuration followed by 
fabrication of symmetric solid-state device embedded with PVA-NaClO4 gel electrolyte in dual 
assembly as prototype pouch (area 4 cm x 4.5 cm) and coin (diameter 16 mm) cells which delivered 
specific capacitance of 49.69 F g−1 at 5 mV s−1 and 7.93 F g−1 at 25 mV s−1, respectively with remarkable 
potential window of 2 V along with energy density of 5.32 Wh kg−1 (@ power density 231.48 W kg−1) 
and 0.44 Wh kg−1 (@ power density of 291.67 W kg−1), respectively. Formed prototype device have 
been used to demonstrate practical applicability as TRL-3 through powering small fan, and ‘VNIT’ 
acronym LED panel. This work demonstrates the possibilities of converting waste battery material into 
liquid-free pouch and coin cell supercapacitor devices, resulting in sustainable and economic benefits.
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Development of advanced portable, and compact technologies has created great demand for various kinds 
of batteries. More than 81% of hand-held batteries comprises of primary, non-rechargeable, and single use 
batteries, among which zinc-carbon batteries contributes 19% 1. Among total battery market, approximately 
5–10% accounts for zinc carbon batteries, as they are cost effective and widespread availability. Even though 
production of zinc-carbon batteries is less in comparison to lithium-ion batteries, hundreds of millions of zinc-
carbon batteries are produced every year2. Nearly, three million tons of batteries were disposed globally every 
year, including zinc-carbon batteries, significant portion of which ends up in landfills3. The disposal of zinc-
carbon batteries causes major environmental issues due to their toxic nature and the recycling rate is significantly 
low, around 30–40% 2 Zinc and manganese are the common components of zinc carbon batteries, the improper 
disposal of them can lead soil and water contamination. The small amount of zinc is very much essential, but 
it can be toxic in higher concentrations4. The manganese can cause health risks such as respiratory issues, and 
neurological effects5. These battery wastes were declared to be hazardous waste by Environmental Protection 
Agency (EPA), and their proper disposal is very much important for the protection of ecosystem and human 
health6.

The zinc-carbon battery consists of zinc anode, manganese oxide mixed with carbon powder as cathode, 
paste of ammonium and zinc chloride as electrolyte. The recycling of battery involves extraction of its 
constituents, cleaning from impurities and utilizing them in different applications. Physical, pyrometallurgical 
and hydrometallurgical processes were used for recycling of batteries7. The hydrometallurgical process includes 
acidic or basic leaching of electrode material and extraction of its constituents by physicochemical processes 
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such as precipitation, electrodeposition, and solvent extraction. Toxic hydrochloric, nitric, and sulfuric acids 
were used for leaching process8.

In last few years, electrochemical supercapacitors have become more innovative energy storage devices than 
batteries in quest of high-power density, fast charge discharge cycles, and extended life cycle. Hence, there is 
a drastic advancement in the supercapacitors with wide range applications in portable electronic industries, 
automobiles etc. Generally, supercapacitors store energy through either electric double layer capacitance (EDLC) 
or pseudocapacitance mechanisms. In EDLC mechanism, the electrolyte ions are absorbed electrostatically on 
electrode material which is mainly governed by large electrochemical active surface area. Nanostructured carbon 
materials such as carbon nanotubes, activated carbon, graphene oxide etc. comes under EDLC supercapacitor 
category9,10. The pseudocapacitance arises from reversible redox activities, and intercalation mechanisms. 
Metal oxide11, chalcogenides12 phosphates, ferrites9 etc. nanomaterials were used as pseudocapactive electrode 
material. The EDLC electrode materials possess high power density, extended life, and fast charge discharge, but 
they are limited from low energy density and specific capacitance. Contrarily, pseudocapacitors delivers good 
energy density but they failed to attain good power density, and long life. Recently attempts were made to form 
composites of EDLC and pseudocapacitive material in order to attain good energy density, power density along 
with cyclic stability.

In this regard, transition metal oxides like ruthenium oxide13, copper oxide14, manganese oxide15, cobalt 
oxide16, nickel oxide17, etc. were widely used electrode material for supercapacitor application. Manganese 
oxide owing to its multiple oxide states, high theoretical specific capacitance, redox behaviour, physical stability, 
large surface area finds its application in various fields such as energy storage15, catalysis18, water treatment19, 
anti-microbial activities20 etc. Different methodologies have been developed like hydrothermal, chemical 
precipitation, sol-gel, green synthesis etc. to synthesize manganese oxide. But synthesis techniques might be 
complex and require toxic acids, but to achieve nano size particles, chemical methods are advantageous as it 
involves bottom-up approach21.

Present work is aimed at utilizing the spent zinc-carbon battery waste manganese oxide- carbon-zinc oxide 
(Mn2O3-C-ZnO2) by extracting simple method as pseudocapacitive-EDLC hybrid material. The extracted 
composite was coated on conducting stainless steel (SS) substrate and characterized through XRD, XPS, FE-
SEM, and HR-TEM. Electrochemical analysis was caried out by studying cyclic voltammetry, galvanostatic 
charge discharge, and electrochemical impedance spectroscopy from electrode to solid-state device grade 
configured supercapacitor in the form of dual assembly as pouch and coin cells.

Results and discussion
Structural and composition analysis
Structural analysis of e-waste material obtained from spent battery was explored by X-ray diffraction analysis as 
shown in Fig. 1 (a). The composite of Mn2O3, ZnO2, and C22 were detected, which were matched with Bragg’s 
diffraction peaks of JCPDS cards (Mn2O3: 73-1826, and ZnO2: 75-1526). The Mn2O3 peaks were observed at 2θ 
value of 18.87, 21.73, 28.71, 37.4, 41.94, 55.31, 56.69, 59.43, and 65.23˚ corresponding to hkl crystal planes of (0 
0 2), (0 2 1), (2 1 2), (0 0 4), (1 3 3), (4 0 4), (3 4 3), (0 6 1), and (2 2 6), respectively. The carbon peak present at 
26.71˚ corresponding to hkl plane of (0 0 2)22. The (1 0 1) hkl plane of ZnO2 was present at 2θ value of 36.66˚. 
Hence, Mn2O3-C-ZnO2 (MCZ) composite was concluded as a final product. The FTIR spectrum of battery 
derived material was represented in Fig. 1 (b). The absorption band observed at 593.23 cm−1 was correspond to 
the characteristic stretching of O-Mn-O23. The band observed at 1099.02 cm−1 shows the C-O stretching bond 
and at 1591.9 cm−1 shows the C = C stretching vibration bond24. The range 550 to 610 cm−1 was assigned to Mn-
O-Mn stretching [35], 1000 to 1100 cm−1 was assigned to C-O stretching25, and 1550 to 1650 cm−1 was assigned 
to C = C stretching26. The absorption peak around 694.2 cm−1 is due to Zn-O vibrations present in the extracted 
material27 showing the presence of Mn2O3-C-ZnO2 in the sample.

The chemical composition of spent battery extracted powder was further investigated through XPS analysis 
as presented in Fig. 2. The Fig. 2 (a) depicts the survey scan of powder extracted from spent battery, which shows 

Fig. 1.  (a) X-ray diffraction pattern, and (b) FTIR spectrum of powder extracted from spent battery waste.
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the presence of Mn, C, O, and Zn. The detailed scan survey of Mn was shown in Fig. 2 (b). The deconvoluted 
peaks at 641.75, and 653.75 eV corresponds to the + 3 state of Mn 2p3/2, and Mn 2p1/2 respectively, whereas peaks 
at 643.14, and 655.43 eV corresponds to the + 4 state of Mn 2p3/2, and Mn 2p1/2 respectively28,29. The multiple 
oxidation states on Mn might enhance the pseudocapacitive charge storage mechanisms. Figure 2 (c) shows the 
Zn spectra, with peak values of 1022.8, and 1046.0 eV corelated to Zn 2p3/2, and Zn 2p1/2, respectively30. The 
oxygen high resolution XPS spectra was represented in Fig. 2 (d), which shows peaks at 529.8 (OII) and 532.7 
(OI) eV corresponding to Mn and Zn oxygen bonds29,31. The Fig. 2 (e) depicts the high resolution XPS spectra of 
carbon. The peaks at 284.65, and 285.62 eV corresponds to sp3 C-C and C-H bonds, respectively32.

Fig. 2.  (a) XPS wide scan survey of powder extracted from spent battery waste, narrow scan survey of (b) Mn 
2p, (c) Zn 2p, (d) O 1s, and (e) C 1s.
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Morphological analysis
Surface morphology of powder was explored through FE-SEM analysis. The Fig. 3 (a, and b) confirmed the 
non-uniform agglomerated particles without any certain shape or orientation. The presence of manganese oxide, 
zinc oxide and carbon cannot be distinguished but they co-exist. Further morphological studies were carried 
out through HR-TEM analysis for the fine particles of powder and is shown in Fig. 3 (c). The high-resolution 
images of powder present the non-uniform agglomerated particles (Fig. 3 (d)). The SAED pattern is represented 
the Fig. 3 (e) which shows small spots making up concentric rings due to the Bragg reflection from crystallite 
indicating the polycrystallinity of the material. The SAED pattern shows the presence of (1 3 3), (4 0 4), and (2 
2 6) crystal planes of Mn2O3 corresponding to d-spacing values of 2.15, 1.66, and 1.40 Å, respectively whereas 
the d-spacing 3.35 Å corresponds to the carbon (2 0 2) plane. The crystal planes (1 0 1) with d-spacing of 2.47 Å 
corresponds to ZnO2. These results of HR-TEM are well supported to the results obtained from XRD analysis.

Electrochemical analysis of Mn2O3-C-ZnO2 electrode
The reusability of the Mn2O3-C-ZnO2 composite (MCZ) derived from waste battery cell in supercapacitor 
applications was explored through different electrochemical characterization such as cyclic voltammetry (CV), 
galvanostatic charge discharge (GCD), and electrochemical impedance spectroscopy (EIS). The electrode 
preparation from MCZ composite is provided in supplementary information S2. The mass loading of the MCZ 
electrode was found to be 1.2 mg cm−2. The initial electrochemical behaviour of material was scrutinized in three 
electrode configuration, and further potential applicability of electrodes were tested by fabricating prototype 
solid-state pouch and coin cell devices. Initial electrochemical investigation of MCZ electrodes were carried out 
using CV in 1 M concentrations of different (KOH, NaCl, NaClO4, LiClO4, LiCl, KCl) electrolytes to find out the 
most suitable where NaClO4 exhibited superior performance (supplementary Fig. 1) and used further for the 
electrochemical analysis. Figure 4 (a) presents CV plots of MCZ electrodes in 1 M NaClO4 electrolyte at different 
scan rate within the wide potential range of 0 to 1 V. EDLC based materials shows rectangular CV curves, while 
pseudocapacitive based material shows either redox peaks or non-rectangular CV curves. Even though metal 
oxides considered to be redox active, but in some cases, they do not show redox peaks in CV33–36. Since some 
metal oxides show prominent intercalation-deintercalation mechanisms in comparison with redox activities, 
they exhibit broad or no redox peaks in CV37. The CV plots of MCZ electrode exhibit quasi rectangular shape 
indicating hybrid nature of electric double layer capacitive and intercalation assisted pseudocapacitive charge 
storage mechanism38. The electric double layer charge storage originates from physical adsorption of electrolyte 
ions onto the electrode material while pseudocapacitive charge storage was due to intercalation of Na+ ions 
into the Mn2O3-C-ZnO2 composite present in the electrode material. The CV plot retains the shape; exhibiting 
symmetric anodic and cathodic curve even at lower scan rate indicating electrochemical reversibility39. The 

Fig. 3.  (a-b) FE-SEM micrographs, (c-d) HR-TEM images, and (e) SAED pattern of powder extracted from 
spent battery waste.
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electrode exhibited specific capacitance of 223.63 F g−1 (areal: 268.35 mF cm−2) at 100 mV s−1 scan rate attaining 
maximum value of 389.86 F g−1 (areal: 467.83 mF cm−2) at 5 mV s−1 as electrolyte ions interact with electrode 
material to optimum level as it gets sufficient time at lower scan rate (Fig. 4 (b)). The nature of electrochemical 
charge storage was critically scrutinized through power law given by Eq. (1). In CV curves current at particular 
potential for different voltages were determined, and log (i) vs. log (v) was plotted which follows the Eq. (2).

	 i = avb� (1)

	 log (i) = log (a) + b log (v)� (2)

where i is the current density, v is the scan rate, ‘a’ and ‘b’ are the empirical constants. The value of ‘b’ shows 
the nature of charge storage. When, the ‘b’ value attains the value of unity, it depicts the surface capacitive charge 
storage mechanism. It shows pure diffusion-controlled mechanism when its value reaches 0.5 40. The ‘b’ value 
was determined from the slope of log (i) vs. log (v) graph plotted at different voltage ranges from 0.4 to 0.9 V 
(inset Fig. 4 (c)). Figure 4 (c) presents the ‘b’ value obtained at different potentials, and average value of ‘b’ was 
0.84 indicating pseudocapacitive mechanism along with surface capacitive charge storage mechanisms.

The electrochemical active surface (ESCA) of electrode material taking part in electrochemical activities 
was calculated by using the Eq. (3). Mc Crory method of calculation of ECSA involves determination of surface 
involved in non-faradic electric double layer charge storage mechanism. Here, the non-faradic region with no 
evident faradic mechanisms in the CV curve needs to be identified. Earlier through power law we have calculated 
the ‘b’ value at different potentials. For ECSA calculation, CV was measured in the potential range of 0.5 to 0.9 V 
as “b” value (0.87) is much nearer to unity at potential 0.7 V (supplementary Fig. 2). The double layer capacitance 
( CDL= 0.105 mF cm-2) was determined from the slope of plot of ∆ j

2 vs. v (Fig. 4 (d)).

	
ECSA = CDL

Cs
� (3)

Fig. 4.  (a) Cyclic voltammetry in the scan rate ranging from 5 to 100 mV s-1, (b) specific capacitance with 
respect of different scan rates of electrode, (c) ‘b’ at different potential (inset: log (i) vs. log (v) plot) and (d) 
Δj/2 vs. scan rate.
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∆ j

2 = vCDL� (4)

The Cs is the standard specific capacitance of electrode (area 1 cm2) with smooth surface, which significantly 
depends on the electrolyte, potential window, electrolyte concentration, and crystal structure. The universal 
accepted standard value of Cs for metal oxides is 40 µF cm-2 41. The ESCA of MCZ electrode was calculated 
to be 2625 cm2  g-1. The significantly high value of ECSA results in better charge storage capability of MCZ 
electrode. The hybrid nature of charge storage was quantitatively analyzed through calculating the charge stored 
by surface capacitive and diffusion-controlled mechanisms. The total charge storage ( Qt) originates from scan 
rate independent surface capacitive mechanism ( Qs) and inverse square root of scan rate dependent diffusion-
controlled mechanism ( Qd α v−0.5)42.

	 Qt = Qs + Qd� (5)

	 Qt = Qs + kv−0.5� (6)

	
Qt =

∫ f
i
i (V) dV
m.v

� (7)

The total charge stored was calculated through determining area under CV curves (
∫ f

i
i (V) dV) and using 

the Eq. (7). Figure 5 (a) depicts the Qt vs. v−0.5, intercept of which shows the charge stored through surface 
capacitive mechanisms. The electrode stored 49.70% charges through surface capacitive mechanism at 5 mV s−1, 
which increases to 86.64% at 100 mV s-1 indicating hybrid charge storage mechanism (Fig. 5 (b)).

Further, the electrochemical analysis was carried out through galvanostatic charge- discharge (GCD) at 
different current densities ranging from 2 to 4.5 mA cm−2 within the same potential window (1 V) and is shown 
in Fig. 5 (c). The GCD curves presents hybrid nature of charge storage mechanism. The initial small rapid voltage 
drop in discharge curve originates from the internal resistance of the electrode material, which is followed by 
linear curve due to electric double layer charge storage mechanism. A curved part can be observed at near 
end of discharge curve indicating pseudocapacitive intercalation mechanism43. The electrode achieved highest 
specific capacitance of 197.34 F g−1 (areal: 236.80 mF cm−2) at 2 mA cm−2 current density, retaining 131.93 F g−1 
(areal: 158.31 mF cm−2) even at high current density 4.5 mA cm−2 (Fig. 5 (d)). The Coulombic efficiency is the 
ratio of time needed to discharge and charge the electrode, which determines the electrochemical reversibility 
of electrode material. Figure 5 (e) depicts the coulombic efficiency at different current densities. The electrode 
achieved excellent coulombic efficiency of 100.93%at 2  mA/cm2 which retained 98.49%at current density of 
4.5 mA/cm2. The GCD pots were helpful in calculating equivalent series resistance (ESR) of electrochemical 
system by measuring iRdrop of discharge curve. Figure 5 (f) represents the plot of iRdrop vs. current density, 
slope of which gives the ESR value. The minimum ESR value of 34.9 Ω indicates the low internal and diffusion 
resistance resulting in high power density of supercapacitor with least energy lost.

The electrochemical impedance analysis of the MCZ electrodes was carried out in the frequency regime 
of 100 mHz to 100 kHz to scrutinize the capacitive nature, resistive behaviour, diffusion and charge storage 
mechanisms. The Nyquist spectra of MCZ electrodes were plotted in Fig. 6 (a) and fitted with an equivalent 
circuit is as shown in inset Fig. 6 (a). The solution resistance (RS) arises from the resistances at electrolyte and 
electrode interface, which can be seen as real axis intercept at high frequency region. The small semicircle at high 
frequency region indicates charge transfer resistance (RCT) which originates from the electrochemical activities 
at electrode surface. Low value of RS (2.46 Ω∙cm2) and RCT (11.81 Ω∙cm2) indicates the better electrochemical 
activities44. The ion or charge separation at electrode-electrolyte interface results in double layer capacitance 
which was present as constat phase element (CPEDL)45. The leakage resistance (RL) in parallel with capacitive 
element (CDL) signifies the contribution of pseudocapacitance attributed to the surface redox activities at 
electrode-electrolyte interface46. The ‘W’ represents the Warburg element depicting diffusion of ions into the 
electrode material at intermediate frequency region and it mainly arises from frequency dependent diffusion 
process. Constant phase element (CPEL) presents pseudocapacitance due to potential dependent faradic charge 
transfer mechanism45. The material possessing ‘n’ (CPE-n) value in the range of 0.5 to 1 were considered to be 
pseudocapacitive, with more surface capacitive dominating when ‘n’ value reaches 1 and diffusion-controlled 
dominating when n value attains 0.5. The CPEDL (nDL) and CPEL (nL) were 0.71 and 0.74, respectively showing 
hybrid nature of charge storage47.

The accessibility of electrolyte ions into the active electrode material was studied through estimating diffusion 
coefficient. It can be calculated through the real impedance at low frequency region in Nyquist plot by using the 
equation provided in supplementary information S3. Figure 6 (b) depicts the real impedance vs. inverse square 
root of angular frequency. The diffusion coefficient was determined to be 9.9 × 10−16 cm2 s-1, smaller value of 
which shows the active diffusion of Na+ ions into the MCZ electrode through short path ways. The cyclic stability 
of MCZ electrode was carried out through 10,000 GCD cycles (Fig. 6 (c)). The capacitive retention of electrode 
initially increases to more than 125% till 2500 GCD cycles; might be due to the open up the active sizes of 
agglomerated particles providing enhanced electrochemical active surface area. Further, the capacitive retention 
gradually decreases after 2500 GCD cycles, and reaches 90.96% after 10,000 GCD cycles as material degradation 
might have happened.

Electrochemical analysis of prototype solid-state pouch cell device
To study the practical applicability of spent battery waste material in supercapacitor electrodes, prototype 
symmetric solid-state pouch cell devices was fabricated using NaClO4 electrolyte embedded in PVA gel polymer 
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(supplementary information S2). The optimization of solid-state pouch cell (schematic represented in Fig. 7 (a)) 
was performed in different potential window ranging from 1.4 to 2.0 V and shown in supplementary Fig. 4. The 
optimal potential window of 2 V was chosen and tested at varied scan rate from 100 to 5 mV s−1 (inset Fig. 7 
(b)). The non-rectangular nature of the CV plots with no significant redox peaks signifies the hybrid nature 
of the charge storage with pseudocapacitive intercalation mechanisms38. The CV profile remains identical at 
varied scan rate indicating good electrochemical reversibility. The device showed specific capacitance of 5.77 F 
g−1 (areal: 6.92 mF cm−2) at 100 mV s−1, achieving maximum value of 49.69 F g−1 (areal: 59.63 mF cm−2) at 
5 mV s−1 (Fig.  7 (b)). Figure  7 (c) shows the GCD plots at different currents. The GCD plot clearly depicts 
the non-triangular pseudocapacitive nature with initial voltage drop due to the internal resistance followed by 

Fig. 5.  (a) Qt vs. v−0.5 plot, (b) diffusion-controlled mechanism and surface capacitive mechanism 
contribution to total charge stored, (c) galvanostatic charge discharge plot at different current densities, (d) 
specific and areal capacitance at different current densities of electrode, (e) coulombic efficiency at different 
current density, and (f) iRdrop vs. current density.
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non-linear curve supported by diffusion-controlled mechanisms. Figure 7 (d) presents the specific capacitance 
of device at different currents, achieving highest value of 9.58  F g−1 (areal: 11.5 mF cm−2) at 2.5  mA. The 
reduced electrochemical stability in comparison to electrode might be due to the hinderance to the electrode 
agglomerated electrode material to open up in PVA-NaClO4 gel matrix. The EIS scrutiny was conducted to 
study the resistive behaviour, nature of charge storage and model the equivalent circuit same as that of electrode. 
Figure 7 (e) depicts the Nyquist plot of Zreal vs. -Zimg in the frequency range of 100 mHz to 100 kHz. The obtained 
data was fitted with same equivalent circuit as that of electrode. The RS resistance was determined to be 1.17 
Ω. Even though the RS value of minimum the large RCT value of 103.2 Ω restrict the transfer of charge and/
or ions between electrolyte gel polymer and electrode resulting in reduced specific capacitance44. Analogues 
to electrode, the system contains CPEDL due to ion or charge separation at electrode -electrolyte interface45, 
The leakage resistance (RL) in parallel with capacitive element (CDL) originating from pseudocapacitance due 
to intercalation activities at electrode electrolyte interface. The Warburg element (W) indicating diffusion 
of ions through the polymer gel electrolyte into the electrode material at intermediate frequency region and 
CPEL pseudocapacitance, resulting from potential dependent faradic charge transfer mechanism45. Further, 
electrochemical stability analysis of pouch cell device was studied through 5000 GCD cycles. The capacitance 
gradually decreased and achieved capacitive retention of 83.02% (Fig. 8 (a)). As TRL-3, the practical application 
of prototype solid-state pouch cell was tested by powering small fan (Fig.  8 (b)), and ‘VNIT’ acronym LED 
penal (Fig. 8 (c)). The pouch cell was discharged for 12 s through small fan which was charged for 20 s, whereas 
discharged for 75 s through VNIT LED panel, which was charged for 10 s. The output voltage of the device was 
measured through voltmeter meter which showed values of 2.0 V (supplementary Fig. 5).

Fig. 6.  (a) Nyquist plot of MCZ electrode (inset: equivalent circuit), (b) Zreal vs. ω−1/2, and (c) capacitive 
retention of electrode for 10,000 GCD cycles.
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Electrochemical analysis of prototype solid-state coin cell device
Coin-cell type supercapacitors are emerging as important gadget in new advanced electronics for many 
portable electronic devices. If it is in solid-state configuration, it has many advantages including non-leakage 
tendency leading to complete damage of electronic devices. In this regarding, designed symmetric coin cell 
schematic is presented in inset of Fig. 9 (a) which was fabricated by using PVA-NaClO4 as polymer gel electrolyte 
(supplementary information S2). Figure  9 (a) shows the cyclic voltammetry in the potential window of 2 V 
of MCZ coin cell at different scan rates. The CV profiles were quite similar to that of pouch cell with non-
rectangular nature with no significant redox peaks indicating intercalation mechanism with surface capacitive 
charge storage nature38. It achieved maximum specific capacitance of 7.93 F g−1 (areal: 9.51 mF cm−2) at 25 mV 

Fig. 7.  (a) Schematic of solid-state pouch cell, (b) specific and areal capacitance of solid-state pouch cell at 
different scan rates (inset: cyclic voltammetry in the scan rate ranging from 5 to 100 mV s-1), (c) galvanostatic 
charge discharge plot at different current densities, (d) specific and areal capacitance at different current of 
solid-state pouch cell, and (e) Nyquist plot of solid-state pouch cell (inset: equivalent circuit),
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s−1, retaining 2.32 F g−1 (areal: 2.78 mF cm−2) even at 100 mV s−1 demonstrated in supplementary Fig. 6. The 
GCD plot of MCZ coin cell was illustrated in Fig. 9 (b); presenting the pseudocapacitive type of charge storage 
with initial potential drop arising from the internal resistive nature of coin cell, followed by non-linear curve43 
and attained maximum specific capacitance of 0.78 F g−1 (areal: 0.95 mF cm−2) at 0.7 mA current (Fig. 9 (c)). 
Figure 9 (d) depicts the Nyquist plot of coin cell in the frequency range of 100 mHz to 100 kHz and the obtained 
data was fitted with same equivalent circuit as that of electrode and solid-state pouch cell. The RS and RCT value 
are found to be 1.66 and 22.72, Ω respectively. Even though silver paste was applied in-between the contacts to 
reduce the contact resistance, the coin cell suffered from high leakage current, as it showed minimum leakage 
resistance RL of 0.57 Ω resulting in low specific capacitance44. The circuit also consist of CDL, CPEDL, CPEL and 
Warburg element as that of pouch cell device. The cyclic stability analysis of solid-state coin cell was conducted 
by running GCD for 5000 cycles, which achieved capacitive retention of 57.14% (figure 9 (e)). The capacitance 
value of solid-state coin cell was reduced gradually till 4000 cycles and attained stable value of 57.14% at 4000 
cycles. The Ragone plot of pouch and coin cell devices are presented in Fig. 9 (f) where the pouch cell achieved 
maximum energy density of 5.32 Wh kg−1 at the expense of power density 231.48 W kg−1 and the coin cell device 
achieved maximum energy density of 0.44 Wh kg−1 at the power density of 291.67 W kg−1.

Conclusion
Utilization of battery waste Mn2O3-C-ZnO2 composite has been successfully demonstrated towards device 
grade development of prototype solid-state pouch and coin cell assemblies by initially optimizing through 
single electrode configuration in liquid electrolyte. The waste powder derived from the dry cell was processed 
through chemical methods to obtain Mn2O3-C-ZnO2 composite. The polycrystalline manganese oxide-carbon 
composite with presence of zinc oxide exhibited non-uniform morphology in FE-SEM and HR-TEM analysis. 
The FTIR and XPS analysis confirmed the presence of manganese oxide and carbon in the waste material from 
battery waste along with inclusion of Zn-O component. The extracted Mn2O3-C-ZnO2 composite electrode 
exhibited specific capacitance of 389.86 F g−1 (areal: 267.83 mF cm−2) at 5 mV s−1 scan rate and 197.34 F g−1 
(areal: 236.80 mF cm−2) at 2 mA cm−2 current density with potential window of 1 V in 1 M NaClO4 with 90.96% 
capacitive retention after 10,000 GCD cycles. The electrode was further used to fabricate solid-state device and 
coin cell supercapacitor. The solid-state pouch and coin cell devices fabricated with Na+ ions embedded in PVA 
gel polymer yields highest specific capacitance of 49.69 F g−1 (areal: 59.63 mF cm−2) at 5 mV s−1, and 7.93 F g−1 
(areal: 9.51 mF cm−2) at 25 mV s−1, respectively with remarkable wide voltage window of 2 V. The maximum 
energy density of 5.32 Wh kg−1 and 0.44 Wh kg−1 at power density 231.48 W kg−1 and 291.67 W kg−1 have been 
achieved for pouch and coin cell devices, respectively. Practical applicability through powering small fan, and 
‘VNIT’ acronym LED panel explores the potential for repurposing battery waste materials towards prototype 
device grade supercapacitive energy storage, offering both sustainable and economic advantages.

Methods
Materials
Discharged dry cell battery of Eveready Company, India, whereas 98% sulphuric acid (H2SO4) of Merck, PVDF 
(Polyvinylidene fluoride) of Sigma Aldrich, and NMP (N-Mrthylpyrrolidone) of Loba Chemie company were 
used.

Fig. 8.  (a) capacitive retention of MCZ solid-state pouch cell for 5000 GCD cycles, practical application of 
solid-state pouch cell through powering (b) small fan, and (c) VNIT LED panel.
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Extraction of manganese oxide- carbon- zinc oxide composite
The Everyday dry cell battery was first dismantled and then cathode powder manganese oxide-carbon-zinc 
dioxide (Mn2O3-C-ZnO2), hereafter termed as MCZ was taken out. The extracted powder was finely grinded. 5 
gm of extracted powder was mixed with 90 ml of double distilled water to that 10 ml of H2SO4 was added, kept it 
for stirring for 30 min and rinsed 8–10 times to remove some metal impurities, followed by filtering and drying 
of the powder over night at 80 °C and fine grinding.

Fig. 9.  (a) Cyclic voltammetry in the scan rate ranging from 5 to 100 mV s-1 (inset: schematic of solid-
state coin cell), (b) galvanostatic charge discharge plot at different current densities, (c) specific and areal 
capacitance of coin cell at different currents, (d) Nyquist plot of solid-state coin cell, (e) cyclic stability of solid-
state coin cell, and (f) ragone plot of solid-state pouch and coin cell.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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