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Abstract
This work presents the construction of a reversible zinc ion battery using components recovered from exhausted Zn/C 
primary cells. The reduced cathode material from the primary battery served as raw material to synthesize birnessite-type 
manganese oxide, which, when working as a cathode in conjunction with an aqueous electrolyte and a recovered zinc anode, 
exhibits a reversible capacity of 289 mAh  g−1 at 20 mA  g−1. This performance is similar to that observed for manganese 
oxide synthesized from potassium permanganate reagent (270 mAh  g−1 at 20 mA  g−1). The structural characterization shows 
that the material obtained from recycling activities changes its morphology and surface area due to the presence of sodium 
ions during the synthesis process, and these remain in their structure. These changes promote a 60% capacity lost after being 
cycled at different charges, compared to 26% of δ-MnO2 synthesized from permanganate reagent. The long-term stability test 
shows that both batteries can retain their capacity after 1000 discharge/charge cycles at a load of 1000 mA  g−1. The results 
support the sustainability of using a primary cell residue to get an electric energy storage device again.

Keywords Recycling of exhausted Zn/C batteries · Electrochemical energy storage · Zinc ion batteries · Manganese oxide

Introduction

Energy storage is essential for developing and growing sus-
tainable generation technologies, which point to alleviat-
ing climate change. Solar radiation and wind force have the 
potential to meet the growing electricity demand. However, 
due to the intermittent nature of the energy sources, it is 
necessary to have storage devices that can save the surplus 
of energy produced and deliver it to the grid when needed 
or provide power for stationary and mobile applications. 
Electrochemical energy storage devices such as secondary 
ion batteries [1–3], capacitors/supercapacitors [1, 4, 5], flow 

batteries [6, 7], and liquid metal batteries [8] can satisfy 
all these needs. Secondary batteries are devices based on 
reversible electrochemical reactions. Pb-acid accumula-
tors, Ni–Cd, Ni–Fe, Ni-Zn, nickel metal hydride (NMH), 
and alkali ion (Li-ion) batteries are standard configurations. 
Li-ion batteries are electrical energy storage devices that 
use lithium salt as an electrolyte that provides the ions nec-
essary for the reversible electrochemical reaction between 
the cathode and the anode. They are lightweight devices 
with high energy capacity that can operate for a high num-
ber of regeneration cycles [1]. Based on the principles of 
energy storage and conversion of Li-ion batteries and exist-
ing technology, earth-abundant ions such as  Na+ [9, 10], 
 K+ [11, 12], and  Mg2+ [13, 14] are used for energy storage. 
However, these systems suffer from the same problems as 
the  Li+ ion regarding safety, processing costs, and environ-
mental compatibility [1, 2]. At a practical level, the main 
drawback when assembling these devices is the reactivity of 
these alkaline and alkaline earth metal ions in the presence 
of humidity. Therefore, assembling the batteries under con-
trolled environmental conditions is necessary to guarantee 
their maximum effectiveness. Similarly alkaline ions, the 
 Zn2+ ion is used for energy storage using the intercalation/
de-intercalation principle [15].
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Material science researchers have recently increased 
their efforts in developing secondary zinc-ion batteries 
(ZIB) using aqueous electrolytes [15–21]. This fact opens 
the possibility of manufacturing safe and environmen-
tally friendly devices and reducing processing costs. The 
system of a ZIB consists of a metallic Zn anode, an aque-
ous electrolyte containing Zn ions, and a cathode based 
on a host material capable of storing zinc ions. The bat-
tery operation consists of two reversible electrochemical 
processes: (i) during discharge, the zinc from the anode 
is oxidized to  Zn2+ ions, diffuses into the electrolyte, 
and intercalates in the tunnels of the host material in the 
cathode, interacting with the flow of electrons from the 
external circuit; (ii) in the charging process, the electron 
excess in the cathode and generated  Zn2+ ions diffuse into 
the electrolyte and are deposited in the metallic Zn anode 
when interacting with electrons from the external circuit 
[8, 17, 22]. These two processes involve the participa-
tion of  Zn2+ ions in the electrolyte, connecting the host 
material with the metallic Zn to produce the rechargeable 
battery. Although metallic Zn can provide a capacity of 
820 mAh  g−1 [15], the determining factor in the energy 
storage capacity of a secondary battery is the amount of 
insertion and disinsertion of the host ion occurring on 
the cathode. In the last years, intense research has been 
carried out to obtain active materials for ZIB cathodes 
with high storage capacity, highlighting  MnO2 (285 mAh 
 g−1) [15, 17, 22],  Co3O4 (162 mAh  g−1) [23],  ZnMnO4 
(150 mAh  g−1) [24],  Na3V2(PO4)3 (97 mAh  g−1) [25], and 
some Prussian blue analogs (≪ 60 mAh  g−1) [26]. How-
ever, manganese dioxide is still the focus of research due 
to its abundance, low cost, and minimum toxicity.  MnO2 
polymorphism makes it an interesting candidate for ion 
storage due to its octahedral structure with 1 × 1, 2 × 2, 
and 1 × 2 one-dimensional channels or tunnels of the α, 
β, and γ phases, and the lamellar structure of the δ phase 
[15, 17, 22, 27–29]; all of them are ideal structures for 
zinc ion storage.

Electrochemical devices have developed into a depend-
able source of electrical energy since the end of the eight-
eenth century. From the galvanic cells, it was possible to 
generate the electrical charges necessary to carry out the 
oxidation–reduction process that led to significant scien-
tific advances. The use of Zn and  MnO2 for power supply 
applications dates back to 1865 when the Leclanché Zn-
MnO2 wet cell was introduced. The Zn-MnO2 cells obtain 
their energy from the irreversible chemical oxidation reac-
tion of the Zn anode and the irreversible reduction of the 
 MnO2 cathode. In the modern Zn-MnO2 primary cells, an 
acidic aqueous paste of  ZnCl2 or alkaline KOH is used as 
an electrolyte. In the first case, the electrolyte is mixed 

with the  MnO2 powder in the cathode, while in alkaline 
batteries, the anode is composed of a dispersion of zinc 
powder in a gel containing potassium hydroxide. Both 
devices have a voltage of 1.5 V per cell, although alka-
line batteries have a higher energy density and a longer 
life; the two types of batteries are widely used in portable 
electronic devices [30]. Primary Zn/MnO2 batteries are 
the world’s most widely used disposable energy storage 
devices. The global alkaline battery market was worth 
17.3 billion in 2019 and is expected to grow at a com-
pound annual growth rate of 9.22% by 2023 [31]. Once 
these devices have exhausted their useful life, they must 
be disposed of and treated as hazardous solid waste. The 
treatment of this waste is usually grinding and leaching 
to recover the elements of commercial value for possi-
ble applications in the iron and steel, metal, or ceramic 
industries or to make new primary cells. A little-explored 
proposal is the recovery of the components of the primary 
Zn/C batteries to obtain the raw materials for manufactur-
ing secondary batteries of the ZIB type. This work pro-
poses to reuse the exhausted cathode paste of primary Zn/
MnO2 cells and, following a simple route, obtain the active 
cathode material for secondary ZIB and compare it with 
material prepared from chemical reagents. All this is to 
compare the efficiency in the storage of renewable energy 
with the view to sustainability.

Experimental

Reagents

Oxalic acid di-hydrated  (H2C2O4  2H2O Sigma-Aldrich 98%), 
sodium carbonate  (Na2CO3 Sigma-Aldrich 99.5%), methyl 
acetate  (CH3COOCH3 Sigma-Aldrich 98%), poly(vinylidene 
fluoride) (Sigma-Aldrich MW ~ 534,000), and N-methyl-
2-pyrrolidone  (C5H9NO Sigma-Aldrich 99%), sulfuric acid 
 (H2SO4 FAGA lab 98%), potassium permanganate  (KMnO4 
FAGA lab 99%), and isopropanol ((CH3)2CHOH FAGA lab 
99%). Potassium carbonate  (K2CO3 Jalmek 98%) and zinc 
sulfate heptahydrate  (ZnSO4  7H2O Jalmek 99%), hydrochlo-
ric acid (HCl Fermont 36%), manganese (II) sulfate mono-
hydrate  (MnSO4  xH2O Fermont 98%), bleaching solution 
(NaClO Blancatel 45 g  L−1). All aqueous solutions were pre-
pared with Milli-Q® water (18 MΩ, Thermo Scientific®).

Recycling exhausted Zn/C cells

The synthesis of  KMnO4 produced by reusing the cathode 
paste of depleted primary Zn/C cells is briefly addressed. 
First, the exhausted Zn/C cells are disassembled, and the 
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Zn foil, graphite bar, and spend cathode paste (mainly com-
posed of MnO(OH), carbon powder, and electrolyte salts) 
are recovered. The paste is washed with distilled water, fil-
tered, rinsed with deionized water, and dried at 100 °C over-
night. The carbon content in the dry paste was determined 
by weighting the residue of different batches after thermal 
annealing at 600 °C for 3 h.

The recovery of manganese as a soluble salt was accom-
plished by reacting the dry paste with sufficient amounts 
of concentrated sulfuric acid and di-hydrated oxalic acid 
following reaction (1) and filtering the solution to remove 
the insoluble carbon particles. The manganese (II) precipi-
tation is carried out with sodium carbonate according to 
reaction (2).

The precipitated manganese carbonate is then filtered and 
washed with deionized water and dried at 80 °C overnight. 
To synthesize potassium permanganate, the dried  MnCO3 
was reacted with the necessary amounts of potassium car-
bonate and commercial sodium hypochlorite solution (45 g 
 L−1) under vigorous stirring and heated until the color 
changed to intense violet, following reaction (3).

The heating was maintained until the solution volume 
was reduced to one fourth of the original, then hot filtered 
through a glass filter, cooled down, and kept at 5 °C for 48 h. 
The precipitated crystals of the mixture  KMnO4/NaCl are 
separated from the mother liquors, dried, and recrystallized, 
redissolving them in deionized water and cooling down the 
solution to −3 °C. Finally, the crystals are dried and pre-
served for later use. Mn, K, and Na content in the obtained 
material was later determined.

Synthesis of δ‑MnO2 nanostructures

For the synthesis of δ-MnO2 nanostructures [32],  KMnO4 
(crystallized and reagent) and methyl acetate were employed. 
Eighty-five milliliters of 20 mM aqueous solution of  KMnO4 
and 41 mL of methyl acetate were added into a 250 mL flat 
bottom round flask. The mixture is heated at 60 °C and kept 
at reflux conditions for 2 h under continuous stirring. After 
the reaction time has elapsed, the  MnO2 dispersion is trans-
ferred to a separatory funnel, precipitated, and separated 
from the organic/aqueous biphasic part; washed with D.I. 
water, 0.1 M of HCl, and isopropanol; and dried at 50 °C 
for 48 h in air.

(1)
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2
CCO

2
H + 2H

2
SO

4
→ 2MnSO

4
+ 2CO

2
+ 4H

2
O

(2)MnSO
4
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2
CO

3
→ MnCO

3
↓ +Na

2
SO

4

(3)
2MnCO

3
+ 5NaClO + K

2
CO

3
→ 2KMnO

4
+ 5Nacl + 3CO

2

Material characterization

Mn, K, and Na content in the crystallized  KMnO4 was 
determined by Inductively Coupled Plasma Optic Emis-
sion Spectroscopy (ICP-OES; Perkin-Elmer Optima 
8300). The morphology of  MnO2 was analyzed by field 
emission scanning electron microscopy (JEOL, JSM-
7800F Prime). Semi-quantitative chemical analysis was 
carried out by Energy-dispersive X-ray spectroscopy 
(Bruker, Quantax EDS). Phase and structure were identi-
fied by powder X-ray diffraction (Philips, X’Pert MPD) 
employing Cu Kα (λ = 0.1506 nm) rotation from 5 to 
70°. The surface area and textural properties were deter-
mined by  N2 adsorption–desorption isotherms using the 
Non-Linear Density Functional Theory GCMC: Grand 
Canonical Monte Carlo method (Quantachrome Instru-
ments Autosorb-iQ).

Electrochemical measurements

The electrochemical performance was tested in 5.067-
cm2 Swagelok-type cells using a potentiostat/galvanostat 
(Biologic, VMP-300). The working electrodes were fab-
ricated by blending δ-MnO2 powder, conductive carbon, 
and poly(vinylidene fluoride) (PVDF) in a weight ratio 
of 8:1:1 using N-methyl-2-pyrrolidone as a solvent. The 
obtained slurry was brush coated onto a carbon foil and 
placed on a heating grid for 60 min at 250 °C with a 
heating ramp of 10 °C  min−1. The loading mass of active 
material was ~ 1.8 mg  cm−2. Fiberglass paper and recy-
cled zinc foil were employed as the separator and anode, 
respectively. As an electrolyte, a 1  M  ZnSO4/0.05  M 
 MnSO4 aqueous solution was used. Cyclic voltammetry 
(CV) was performed at a scan rate of 0.5 mV  s−1 from 0.8 
to 2.0 V. Electrochemical impedance spectroscopy (EIS) 
was performed with an AC perturbation signal of 10 mV, 
and the frequency ranged from 100 kHz to 100 mHz. Gal-
vanostatic charge–discharge curves were studied through 
battery capacity determination (BCD) analysis in the 
same potential as CV.

Results and discussion

Analysis of Mn, K, and Na on exhausted paste 
and crystalized  KMnO4

The thermal treatment of the cathodic pastes from 
exhausted primary acid Zn/MnO2 cells was carried out 
under an air atmosphere at 600 °C for 3 h, weighing the 
final residue. The analyses were performed by battery 

2481Journal of Solid State Electrochemistry (2022) 26:2479–2489



1 3

brands (i.e., Panasonic©, Eveready©, Rocket©). The 
obtained results show a final average percentage of 70% 
of the original mass consisting of  MnO2. After follow-
ing the experimental procedure detailed in the previous 
section, crystallized  KMnO4 was obtained. Mn/Na and 
Mn/K mass and molar ratios of crystallized  KMnO4 were 
determined from the ICP analysis and compared with the 
 KMnO4 reagent (Table 1).

The molar ratios of the material obtained through the 
crystallization process are slightly lower than the reaction (3) 
stoichiometry due to the higher solubility of sodium chloride 
in aqueous media compared with potassium permanganate 
under the crystallization conditions, which causes it remains 
in the mother liquor.

Morphology and semi‑quantitative chemical 
composition analysis

Crystallized and reagent  KMnO4 were used as raw materials 
for the interfacial synthesis of  MnO2. The morphologies of 
the synthesized materials are shown in Fig. 1. The  MnO2 
produced from crystallized  KMnO4 shows a quasi-spherical 
morphology with some projections like nanowires surround-
ing the particle (Fig. 1a). A closer view allows us to observe 
the shape of the hemispherical particles with diameters 
between 60 and 150 nm (Fig. 1b). In comparison, the  MnO2 
synthesized from  KMnO4 reagent presents morphology-like 
sheets with projections similar to those observed in the pre-
viously described material (Fig. 1c); a magnification allows 
us to observe sheets that can be found with lengths from 150 
to more than 700 nm (Fig. 1d).

EDS analyses are summarized in Table 2. The atomic per-
cent for Mn, O, K, and Na were measured in different zones 
to get an average value. The percentages obtained for the 
samples are presented before and after washing them with 
0.1 M HCl solution (δ-MnO2_c, δ-MnO2_r, and δ-MnO2_C, 
δ-MnO2_R, respectively). High percentages of K and Na 
are observed in the sample synthesized from crystallized 

Table 1  Results of elemental ICP-EOS analysis for  KMnO4 crystal-
lized (_c) and reagent (_r)

Sample Mn/K mass 
ratio

Mn:K mol 
ratio

Mn/Na mass 
ratio

Mn:Na mol 
ratio

KMnO4_c 1.35/1 1:0.961 1.06/1 1:2.05
KMnO4_r 1.398/1 1:0.995 0 0

Fig. 1  FE-SEM images of syn-
thesized δ-MnO2: a and b crys-
tallized  KMnO4 (δ-MnO2_C) 
and c and d reagent  KMnO4 
(δ-MnO2_R)
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 KMnO4. The presence of sodium in the precursor  KMnO4 
solution promotes the formation of δ-MnO2 with spherical 
morphology (accumulation of small sheets of δ-MnO2), 
while when  KMnO4 reagent is used, the characteristic lami-
nar structure from interfacial synthesis is obtained. The 
washing of both materials with 0.1 M of HCl solution has 
different effects. While in the material synthesized from the 
crystallized  KMnO4, a critical reduction in the content of 
K and Na is observed, in the material synthesized from the 
 KMnO4 reagent, the change in the Mn/K ratio is minimal, 
indicating that the potassium ion present in this material was 
not accessible for removal as KCl.

Phase and structure

The surface area, pore size, and volume of pores of synthe-
sized materials that were measured by the physisorption 
of nitrogen at 77 K are presented in Fig. 2. The obtained 
isotherms for both δ-MnO2 nanostructures have the char-
acteristic IV type shape with  H3 hysteric loops in the 
range of 0.2–0.95 P/P0, indicating the existence of com-
plex pore structures with networking significant effects, 
where adsorption metastability and desorption branch are 
delayed as pore blocking and cavitation associated with 
pore evaporation in networked structures take place (ink-
bottle-pores) [33]. DFT method was used to determine the 
pore size distribution and surface area. It is observed that 
the average pore size distribution varies in both samples. 
The  MnO2 synthesized from crystallized permanganate 
solution shows a uniform pore size distribution with diam-
eters in the range of 2–5 nm, while in the  MnO2 produced 
from permanganate reagent solution, the presence of a 
mixture of micropores and mesopores whose diameters 
range from 2 to more than 18 nm is observed. Surface 
area, pore volume, and half pore width (HPW) for both 
materials are summarized in Table 3. The surface area for 
the material with sheet-like morphology is close to 220 
 m2  g−1, while the spherical shape is only 82.3  m2  g−1. The 
pore volume and half pore width are more significant than 
those measured for hemispherical morphology material.

The X-ray diffraction patterns (Fig.  3) of synthe-
sized materials show the reflection characteristics for 

monoclinic δ-MnO2 made up of loosely bound layers 
of edge-shared  MnO6 located at (001) planes (JCPDS 
80–1098). The diffraction peaks at 12.2°, 24.8°, 37°, and 
66° of 2θ indicate the (001), (002), (110), and (310) crys-
tal planes of δ-MnO2, corresponding to a basal spacing 
of 0.73 nm. The broadening and intensity of the diffrac-
tion peaks indicate that the δ-MnO2 prepared from per-
manganate reagent solution is more crystalline than that 
synthesized from crystallized  KMnO4. The lattice con-
stants for δ-MnO2_C are a = 0.5147 nm, b = 0.2832 nm, 
c = 0.7171  nm, and β = 103.7°, while a = 0.5136  nm, 
b = 0.2827  nm, c = 0.7248  nm, and β = 102.8° for 
δ-MnO2_R. Parameter c corresponds to the spacing 
between  MnO6 monolayers. The anisotropic growth in 
the axial direction b/c is 2.533 and 2.564 for δ-MnO2_C 
and δ-MnO2_R, respectively. The slight elongation of the 
crystals in the c axis for δ-MnO2_R may be due to the 
sheet-like morphology. The apparent density of the syn-
thesized materials was determined from the bulk density, 
calculated from lattice constants, and the pore volume 
obtained from physisorption characterization. Table 4 
summarizes the anisotropic growth, crystal size, calcu-
lated bulk, and apparent densities.

Electrochemical characterization

The electrochemical performance of prepared cathodes 
was evaluated in a 0.5-inch Swagelok-type cell (elec-
trode area 1.2968  cm2) with a recovered Zn sheet acting 
as counter and reference electrode, fiberglass paper as 
the separator, and a 1 M  ZnSO4/0.05 M  MnSO4 aque-
ous solution as electrolyte. Cyclic voltammograms were 
performed in a potential range from 0.8 to 2 V vs  Zn2+/
Zn at a scan rate of 0.5 mV  s−1 (Fig. 4a, b). The open 
circuit voltage for as-assembled cells was 1.36 V and 

Table 2  Semi-quantitative 
chemical data from EDS 
analysis of synthesized 
materials before and after 
treatment with 0.1 M HCl

Sample % Mn % O % K % Na Mn/K ratio Mn/Na ratio

δ-MnO2_c 18.71 73.23 2.58 5.48 7.25/1 3.41/1
δ-MnO2_C 23.51 74.69 0.56 1.24 42/1 19/1
δ-MnO2_r 19.83 77.39 2.78 0 7.1/1 0
δ-MnO2_R 33.24 62.48 4.38 0 7.6/1 0

Table 3  Specific surface area, pore volume, and pore size of synthe-
sized δ-MnO2

Sample S.A.  (m2  g−1) P.V.  (cm3  g−1) H.P.W. (nm)

δ-MnO2_C 82.313 0.27 3.72
δ-MnO2_R 222.59 1.63 18
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1.39 V for cathodes with δ-MnO2_C and δ-MnO2_R as 
active materials, respectively. The initial sweep shows, 
in both cases, the formation of an oxidation peak at 
1.6 V, consistent with the potential for extracting  Zn2+ 

ions from the lamellar structure of δ-MnO2 and two 
reduction peaks. The first one is related to the potential 
for insertion of  Zn2+ ions into the host structure (1.28 
and 1.31 V for δ-MnO2_C and δ-MnO2_R, respectively), 

Fig. 2  Isotherms of nitrogen 
adsorption–desorption and pore 
size distribution plot (inset) of 
synthesized δ-MnO2

Fig. 3  X-ray diffraction patterns 
of synthesized δ-MnO2 syn-
thesized from crystallized and 
reagent  KMnO4 solutions
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and the second one is related to the reduction poten-
tial for  Mn4+ to the  Mn3+/Mn2+ states (1.1 and 1.15 V 
for δ-MnO2_C and δ-MnO2_R, respectively). The dis-
placement of the signal for  Mn4+ reduction is consistent 
with the difference in potential for inserting  Zn2+ ions 
into the host material. The large capacitive current pre-
sent in the δ-MnO2_C electrode at the end of the first 
electrochemical sweep cycle can be associated with the 
morphology and surface area of active material avail-
able for ion adsorption (Fig. 4a). After ten cycles of 
electrochemical scanning, the increase in oxidation and 
reduction peak currents for the δ-MnO2_C cathode is 
probably due to gradual electrode activation, shifting the 
maximum of the oxidation and reduction peaks to 1.64 
and 1.3 V, respectively. The peak associated with the 
transition of  Mn4+ to a less oxidized state is significantly 
reduced by 50 mV. This fact lets us assume that a sta-
ble state on insertion/de-insertion of  Zn2+ into the host 
material has been reached. In the case of δ-MnO2_R, 
there is no significant increase in the capacitive current 
of the electrode, although textural analyses show that 
the δ-MnO2_R material has a larger surface area. The 
arrangement of δ-MnO2_R sheets onto the current col-
lector is assumed to be stacked perpendicularly to the 
surface. If so, this geometric arrangement restricts the 
surface area available for the adsorption of  Zn2+ ions, 
limiting the discharge process to the diffusion within 
the δ-MnO2 tunnels. After tenth sweeping cycles, the 
oxidation peak becomes broader due to the presence of 
a shoulder at 1.54 V with the maximum at 1.61 V and 
may correspond to the reinstatement of the  Mn4+ state 
accompanied by the  Zn2+ extraction [34]. The reduction 
peak is shifted to 1.33 V while the peak associated with 
the reduction of  Mn4+ almost disappears, reaching the 
stable state for insertion/de-insertion of  Zn2+ (Fig. 4b).

The galvanostatic discharge/charge curves were per-
formed by the BCD technique. Figure 5a shows the pro-
files of the δ-MnO2_C cathode in the potential range of 
0.9–1.9 V vs  Zn2+/Zn at different loads and demands of 
electric current. The highest discharge and charge capaci-
ties of 293 and 189 mAh  g−1, respectively, were obtained 

at a current density of 20 mA  g−1. The discharge curve 
reveals a change in the average sloping plateau at 1.25 V, 
consistent with the enhancement of the electrode/elec-
trolyte contact area promoted by nanosized pores [17]. 
The electrode capacity decreases as the energy demand 
increases, falling to 43 and 46 mAh  g−1 when it is charged/
discharged at a high current density of 1000 mA   g−1. 
The charge profiles for all tested current densities have 
a similar trend, and no evident changes are observed on 
the slope. The rate capabilities of δ-MnO2_C at differ-
ent current densities are shown in Fig. 5b. At low current 
density (20 mA  g−1), a significant difference between the 
discharge/charge capacities is observed, which is associ-
ated with the material property of accepting or releasing 
zinc ions in deeper sites of their structure. This differ-
ence decreases as the current density increases and can 

Table 4  Anisotropic growth b/c ratio, calculated density from XRD 
data, and the apparent density (ρ*)

Sample b/c ratio Crystal size 
(nm)

ρ (g  cm−3) ρ* (g  cm−3)

δ-MnO2_C 2.533 5.18 3.365 1.76
δ-MnO2_R 2.564 4.92 3.353 0.518

Fig. 4  Cyclic voltammetric curves of the δ-MnO2 cathodes of ZIB 
using 1 M  ZnSO4/0.05 M  MnSO4 aqueous electrolyte at 0.5 mV  s−1. 
a δ-MnO2_C and b δ-MnO2_R
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be attributed to zinc ions located on more external and 
accessible sites on δ-MnO2 can diffuse into the electrolyte 
at high energy demands. After cycling high current densi-
ties, the electrode loses approximately 60% of its initial 
capacity. Applying a load of 20 mA  g−1 once more, it is 
observed that the charge capacity is slightly higher than 
the discharge capacity; this is due to the zinc ions located 
deeper in δ-MnO2 pores being able to migrate and partici-
pate in the diffusion towards the anode in the charging pro-
cess. The δ-MnO2_R cathode registered discharge/charge 
capacities of 270 and 190 mAh  g−1, respectively. The dis-
charge curve (Fig. 5c) shows two sloping plateaus at 1.4 
and 1.23 V, suggesting the enhancement of the electrode/
electrolyte contact area, promoted by nanosized pores, and 
the stable ion insertion properties of the δ-MnO2 cathode 
[34]. The electrode capacity falls to 87 and 89 mAh  g−1 

when charged/discharged at 1000 mA  g−1. The charge pro-
files for all tested current densities have a similar trend, 
and a change in the sloping plateau at 1.6 V is observed 
on the slope, which confirms the stability of the extraction 
process of Zn ions from δ-MnO2. The rate capabilities 
of the δ-MnO2_R cathode measured at different current 
densities show the same trend as the previous electrode. 
However, the loss of capacity after being cycled at high 
current densities is only 26%. The discharge/charge capa-
bilities continue with the initial trend where discharge is 
larger than charge capacity (Fig. 5d).

Electrochemical impedance spectroscopy was used to 
obtain insights into the charge transfer processes and 
their changes after the galvanostatic cycling processes. 
Electrochemical reactions such as double-layer forma-
tion and adsorption to the surface all contribute to the 

Fig. 5  Galvanostatic discharge–charge curves of the Zn/δ-MnO2 Swagelok cell at different current densities. a δ-MnO2_C and c δ-MnO2_R. 
Rate capabilities of ZIB with δ-MnO2 cathodes in 1 M  ZnSO4/0.05 M  MnSO4 aqueous electrolyte. b δ-MnO2_C and d δ-MnO2_R
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surface cathode impedance. The Nyquist plots for ana-
lyzed electrodes are presented in Fig. 6. In both spec-
tra, two distinct regions are observed. First, a depressed 
semi-circle in the high and medium frequencies related 
to the charge transfer on the active material surface, 
and second, a sloping line (~ 45°) associated with mass 

transport by the diffusion processes of  Zn2+ ions inside 
the host material. For the δ-MnO2_C cathode (Fig. 6a), 
impedance spectra before cycling show a higher charge 
transfer resistance (R2 = RCT) than those measured after 
the cycling process (113.2 and 99.51 Ω, respectively). 
The gradual activation process improves charge transfer 
and is also reflected in the low-frequency region with 
the change in the slope and decrease of Warburg diffu-
sion impedance ZW from 89.13 to 75.05 Ω, respectively. 
Since electron transfer reaction only occurs on the par-
ticle surface, the process of ion movement inside the 
crystals is controlled by solid-state diffusion. Figure 6b 
shows δ-MnO2_R cathode impedance spectra, where it 
is observed that after 30 charge/discharge cycles at dif-
ferent loads, RCT slightly decreases compared to the pre-
viously analyzed electrode 174.5 and 165 Ω before and 
after, respectively. There is no perceptible change in the 
cathode behavior, and the slope of ZW checks it, which 
is the same for the measurements before and after being 
cycled. The highest values for RCT and ZW obtained for 
this cathode suggest a slower charge transfer and mass 
transport of  Zn2+ ions inside the  MnO2 tunnels. How-
ever, the process proves to be more stable for charge/
discharge cycling at different loads, which is reflected 
in a lower loss of capacity. The electrical parameters 
calculated for equivalent circuit fitting are summarized 
in Table 5.

The stability tests of secondary Zn/MnO2 assembled 
batteries were performed by 1000 charge/discharge cycles 
at 1000 mA  g−1. The charge/discharge cycles were not 
done in a row. In our case, to ensure the cathode stabil-
ity, after fully charging the battery, it remained at rest 
for 5 min before starting the discharge cycle. Once the 
battery was completely discharged, it again remained at 
rest (5 min) before starting the charging cycle, and so on. 
Figure 7 shows the plots for the long-stability test and 
coulombic efficiency. The battery assembled with the 
δ-MnO2_C cathode initially showed discharge/charge 
capacities of 52.9 and 46.1 mAh  g−1, respectively. After 
1000 discharge/charge cycles, the capacities dropped to 
39.17 and 35 mAh  g−1, respectively, with an approximate 
capacity loss of 2.04 μAh per cycle and a coulombic effi-
ciency of 89.43%. In the case of the δ-MnO2_R cathode 
has the same initial capacities for discharge and charge 
(93 mAh  g−1), but after 1000 discharge/charge cycles, the 
capacities drop to 84.39 and 81.4 mAh  g−1, respectively, 
with an approximate capacity loss of 3.4 μAh per cycle 
and a coulombic efficiency of 96.45%. Then the pauses 
between discharge/charge processes are essential to main-
tain the cathode stability.

Fig. 6  Electrochemical impedance spectra of fresh and cycled cath-
odes of ZIB. a δ-MnO2_C and b δ-MnO2_R; equivalent circuit (inset)

Table 5  Equivalent circuit data from fitted impedance spectra of 
δ-MnO2 cathodes before and after galvanostatic charge/discharge 
cycling

Sample Rs (Ω) RCT (Ω) CPECT ×  104 (F) ZW (Ω)

δ-MnO2_C Before 2.33 113.2 1.651 89.13
After 2.4 99.51 1.233 75.05

δ-MnO2_R Before 1.98 174.5 0.296 376.1
After 2.33 165 2.01 109
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Conclusions

Nanostructured δ-MnO2 was prepared by a low-temperature  
interfacial synthesis using crystallized potassium per-
manganate obtained from recycling cathodic paste of 
exhausted Zn/C primary cells. The effect of the presence 
of sodium during the synthesis drives a change in mor-
phology compared with the material synthesized using 
a permanganate reagent. This change is also reflected in 
a surface area and pore size decrease, maintaining the 
crystal structure of δ-MnO2. Both materials were tested 
as cathodes  Zn2+ ion batteries. Galvanostatic cycling 
showed initial high discharge/charge capacities of 289 
and 189 mAh  g−1, respectively, for δ-MnO2 synthesized 
from crystallized  KMnO4, slightly higher than those pre-
pared from reagent permanganate (270 and 190 mAh  g−1, 
respectively). After the galvanostatic discharge/charge 
cycling, the δ-MnO2 synthesized from crystallized per-
manganate lost 60% of its initial capacity after cycling at 
different charges. Compared to 26% of δ-MnO2 synthe-
sized from reagent permanganate, the long-term stabil-
ity test shows that both batteries can retain between 85 
and 96% of their capacity after 1000 discharge/charge 
cycles at a high load such as 1000 mA  g−1, where pauses 
between discharge/charge processes are essential to 
maintain the cathode stability. Our results indicate that 
it is possible to obtain active materials with high storage 
capacities from recycling activities and that interfacial 
synthesis, being a low-energy process, is attractive to 
produce these materials. These achievements support the 

sustainability of using a primary cell residue to get an 
electric energy storage device again.
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