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A B S T R A C T

The electrochemical performance of MnO2 nanoflowers recovered from spent household zinc–carbon
battery is studied by cyclic voltammetry, galvanostatic charge/discharge cycling and electrochemical
impedance spectroscopy. MnO2 nanoflowers are recovered from spent zinc–carbon battery by
combination of solution leaching and electrowinning techniques. In an effort to utilize recovered
MnO2 nanoflowers as energy storage supercapacitor, it is crucial to understand their structure and
electrochemical performance. X-ray diffraction analysis confirms the recovery of MnO2 in birnessite
phase, while electron microscopy analysis shows the MnO2 is recovered as 3D nanostructure with
nanoflower morphology. The recovered MnO2 nanoflowers exhibit high specific capacitance (294 F g�1 at
10 mV s�1; 208.5 F g�1 at 0.1 A g�1) in 1 M Na2SO4 electrolyte, with stable electrochemical cycling.
Electrochemical data analysis reveal the great potential of MnO2 nanoflowers recovered from spent zinc–
carbon battery in the development of high performance energy storage supercapacitor system.
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1. Introduction

Zinc–carbon battery is frequently used in electronic and electrical
appliancesasitistheleastexpensivebatteryamongprimarybatteries.
Fresh zinc–carbon battery consists of Zn metal as anode and MnO2

powderascathode. Indischargedform,ZnispresentasZnO,whileMn
is present as Mn2O3and Mn3O4[1–3]. Research shows that Zn and Mn
contents are 28.3% and 26.3%, respectively of the total mass in a spent
zinc–carbon battery [2]. Such high Zn and Mn contents highlight the
importanceofbatteryrecycling,bothfromeconomyandenvironment
perspectives. Battery recycling can be divided into pyrometallurgical
processandhydrometallurgicalprocess.Theformerinvolvesselective
volatization of scrapped battery at elevated temperature followed by
condensation for metal recovery. It is the most popular battery
recycling process in industry due to its simplicity as battery
dismantling is not required [3–6]. On the other hand, hydrometal-
lurgical process involves dismantling, pre-treatment followed by
metal ions leaching and precipitation. Hydrometallurgical process is
more efficient in metal recovery and environmental friendly as its
energyconsumption is lower[7,8]. A comparison of these processes is
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reported elsewhere [9], with detail technical information about
battery treatment. However, battery recycling activities are not
favored all the time as the economic interests normally supersede the
environmental obligations. Therefore, recycling spent battery into
valuable product is expected to be a solution in this context. In this
work, we study the feasibility of recovered MnO2 from spent zinc–
carbon battery in supercapacitor application.

Supercapacitor is an energy storage device that stores energy
via ion adsorption (electrochemical double layer capacitor) or fast
surface redox reaction (pseudocapacitor). It has attracted world-
wide research interests, mainly attributed to its high power
capability, fast charging time, excellent reversibility and long cycle
life [10]. In terms of energy and power aspects, supercapacitor
positions between battery and conventional capacitor where it is
preferred when high power load is needed. Recent years, various
materials have been developed for supercapacitor electrode and
they can be categorized into carbon-based materials (activated
carbon, carbon nanotubes, graphene, fullerene) [11–14], transition
metal oxides (RuO2�H2O, MnO2, Co3O4, V2O5) [15–18], and
conductive polymers (polyaniline, polypyrrole) [19,20]. Among
these materials, transition metal oxides show superiority over the
rest due to their high specific capacitance. RuO2�H2O is a
remarkable transition metal oxide as it can contribute specific
capacitance up to 1585 F g�1 [15]. Nonetheless, its commercial
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Fig. 1. XRD spectra of dried cathode powder and MnO2 nanoflowers.

6 G.A.M. Ali et al. / Materials Research Bulletin 60 (2014) 5–9
application is dampened due to its toxicity and high cost. Various
efforts have been attempted to find a cheap yet environmental
friendly material to replace RuO2�H2O as supercapacitor electrode.
MnO2 is found to be a potential candidate for this purpose due to its
environmental friendly nature, low cost and high pseudocapaci-
tance with reversible redox transition between III and IV oxidation
states [21,22]. Various synthesis routes for MnO2 have been
developed, such as hydrothermal [23], thermal decomposition
[24], sol–gel [25], electrodeposition [26] and microwave-assisted
[27] syntheses. In addition, different morphologies such as
nanowires [28], nanorods [29], nanoflowers [30] and nanoflakes
[31] have been prepared as the pseudocapacitance of MnO2 is
highly influenced by its morphology. Regardless of the synthesis
routes or the MnO2 morphologies, all the reported works used
manganese precursors such as MnSO4, KMnO4 or Mn(CH3COO)2
from the commercial chemical source. To the best of our
knowledge, the preparation of MnO2 from waste source has not
been reported yet. The aim of the present work is to study the
electrochemical performance of MnO2 recovered from spent
household zinc–carbon battery and to evaluate its potential as
energy storage supercapacitor.

2. Experimental section

A spent Zn–C battery(EVEREADY1D cell)was dismantled andthe
cathode black paste was used for subsequent process. The cathode
black paste was dried at 130 �C for 24 h, ground well in a mortar, and
then sieved using a 200 mm mesh. The sieved powder was later
washed with deionized water (solid to liquid ratio 1:10) to remove
NH4Cl electrolyte in the battery and finally dried at 105 �C for 24 h.
The dried powder (20 g) was subsequently dissolved in H2SO4

(200 mL, 2 M), followed by addition of H2C2O4 (14.5 g, Aldrich, 99%)
as reducing agent. The leaching was continued for 5 h at 80 �C with
continuous stirring according to [3,8]:

Mn2O3 + H2SO4! MnO2+ MnSO4 + H2O (1)

Mn3O4 + 2H2SO4! MnO2+ 2MnSO4 + 2H2O (2)

MnO2 + H2C2O4+ H2SO4! MnSO4 + 2CO2 + 2H2O (3)

The leached solution was filtered prior to electrowinning. For
electrowinning, two stainless steel plates were set up as electrodes
and the distance between electrodes was kept at 20 mm. The
electrowinning was carried out in leached solution (50 mL) at
current density of 0.15 A cm�2 for 1 h at room temperature. The
electrowinning involves Mn(II) oxidation to Mn(III) and followed
by disproportionation to Mn(II) and Mn(IV). MnO2 was formed as
dark precipitate at the bottom of the cell. The reaction mechanism
can be described as follows [32]:

2Mn2+! 2Mn3+ + 2e� (4)

2Mn3+ + 2H2O ! Mn2+ + MnO2+ 4H+ (5)

The recovered MnO2 was investigated by means of X-ray
diffraction (XRD, PHILIPS PW1700, Netherlands; Cu Ka radiation,
l = 0.154 nm), Fourier transform infrared spectrometer (FTIR,
JASCO 480 Plus, USA) and field emission scanning electron
microscope (FESEM, JEOL JSM-7800F, USA) for structural and
morphology analyses.

For electrochemical characterization, MnO2 electrode was
prepared with a final composition of 80 wt.% recovered MnO2,
15 wt.% carbon black (Alfa Aesar) and 5 wt.%
polytetrafluoroethylene (Aldrich, 60 wt.%). The mixture was casted
on nickel foam (Goodfellow) and dried at 60 �C for 30 min. After
drying, the coated mesh was uni-axially pressed (5 t) and the
weight of the active material was determined by a microbalance.
The active material mass loading of the so-obtained electrode was
9.2 mg cm�2. Three-electrode electrochemical system was set up:
MnO2 electrode as working electrode, Ag/AgCl (CH Instrument) as
reference electrode and Pt wire (CH Instrument) as counter
electrode. The electrochemical data was collected using an
electrochemical workstation (AUTOLAB PGSTAT30, Netherlands)
equipped with frequency response analyzer. Cyclic voltammetry
(CV) tests were performed in the potential range between 0 V and
1 V vs. Ag/AgCl with scan rates from 10 mV s�1 to 100 mV s�1.
Charge/discharge galvanostatic tests were performed at different
current densities from 0.1 A g�1 to 5 A g�1. Electrochemical
impedance spectroscopy (EIS) data were collected from 500 kHz
to 1 mHz, at open circuit potential with a.c. amplitude of 10 mV.
Na2SO4 (1 M) was used as the electrolyte throughout all
electrochemical measurements. For comparison, the dried cathode
powder electrode was prepared and tested similarly.

3. Results and discussion

3.1. Structural and morphology characterization

In Fig. 1, XRD analysis shows that Mn2O3 and Mn3O4 are the
major phases in dried cathode powder. A sharp peak observed at
11.54� for dried cathode powder could be related to the
Zn5(OH)8Cl2�H2O [8]. After electrowinning, dark precipitate of
MnO2 shows broad peaks at 12.58�, 37.14�, and 66.18�, correspond
to (0 0 2), (0 0 6) and (119) planes of birnessite-type MnO2 (JCPDS
No. 00-018-0802), respectively [31–34]. No other peaks related to
the impurities can be found. According to Scherrer formula [35],
the crystallite size of recovered MnO2 was calculated to be 5 nm.

Fig. 2 displays the FTIR spectrum of MnO2 in the wavenumber
range of 400–4000 cm�1. The strong absorption band at 530 cm�1

could be assigned to the Mn��O stretching mode, indicating the
presence of Mn��O bond within MnO2 structure [36]. The
absorption bands at 1634 cm�1 and 1124 cm�1 correspond to the
O��H bending vibrations combined with Mn atoms, while the
broad absorption band at 3439 cm�1 corresponds to the O��H
stretching vibrations of hydroxyl group. The observation of O��H
vibrations in FTIR spectrum suggests the presence of absorbed
water molecules within MnO2 structure. The hydrous properties of
MnO2 could enhance the cations diffusion thereby increasing the
specific capacitance of MnO2.



Fig. 2. FTIR spectrum of MnO2 nanoflowers.

Fig. 3. Representative FESEM images of (a) dried cathode powder and (b) MnO2

nanoflowers.
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Representative FESEM images of dried cathode powder and
recovered MnO2 are presented in Fig. 3. It can be clearly seen that
the Mn2O3 and Mn3O4 particles are randomly distributed in dried
cathode powder with irregular sizes and shapes. The approximate
size of these particles is ca. 100 nm, as estimated from the
micrograph. The recovered MnO2 particles appear as sheet-like
structure with nanoflower morphology. Such sheet-like structure
would remarkably increase the surface area, thus enhancing the
specific capacitance of MnO2.

3.2. Electrochemical studies

The charge storage properties of MnO2 nanoflowers electrode
were evaluated by CV, galvanostatic charge/discharge and EIS. In
CV, MnO2 nanoflowers electrode exhibits rectangular shape in CV
(Fig. 4(a)), an indication of good charge propagation within the
structure. The specific capacitance is calculated by integrating over
the full CV curve for the average value. Fig. 4(b) summarizes the
variation of specific capacitance of MnO2 nanoflowers electrode as
a function of scan rate. It can be clearly seen that the specific
capacitance of MnO2 nanoflowers electrode is dependent on the
scan rate as the specific capacitance increases at lower scan rate. At
low scan rates (10 mV s�1 and 25 mV s�1), the cations (Na+ and H+)
can easily diffuse and penetrate deep into the inter layer sheets of
Fig. 4. (a) Cyclic voltammograms of dried cathode powder electrode and MnO2 nanoflo
MnO2 nanoflowers electrode as a function of scan rate.
the nanoflower structure, leading to more ions adsorption and
higher specific capacitance. At high scan rates (50 mV s�1 and
100 mV s�1), the cations can only adhere to the outer surface of the
nanoflower structure, contributing little to the electrochemical
capacitive behavior. The charge storage mechanism for MnO2

nanoflowers electrode is based on the intercalation/
de-intercalaction of cations (Na+ and H+) on the nanoflower
structure, which can be ascribed to the following reactions
[37–39]:

MnO2+ M++ e�! MnOOM (M+ = Na+ or H+) (6)

MnO2)surface + M++ e�$ (MnOOM)surface (M+ = Na+ or H+) (7)

The average specific capacitance of MnO2 nanoflowers elec-
trode is calculated to be 294 F g�1 at 10 mV s�1. The obtained value
is higher than of the reported value for MnO2 films (237 F g�1) [39],
MnO2 nanowires (237 F g�1) [40], and MnO2 nanoflowers (259 F
g�1) [30]. For control experiment, the dried cathode powder was
tested (Fig. 4(a)) and it shows low capacitive behavior with 24 F g�1

at 10 mV s�1.
The galvanostatic charge/discharge curve of MnO2 nanoflowers

electrode is displayed in Fig. 5(a). It can be clearly seen that the
charge/discharge curve of MnO2 nanoflowers electrode is linear
and symmetrical with insignificant iR drop. It can be attributed to
the rapid current–voltage response and good electrochemical
reversibility of MnO2 nanoflowers electrode. The specific capaci-
tance is calculated from the slope of the discharge curve. As shown
in Fig. 5(b), the specific capacitance is 208.5 F g�1 at current density
of 0.1 A g�1 and the value slightly decreases to 174.2 F g�1 when the
current density increases to 5 A g�1, thereby indicating the MnO2
wers electrode at 10 mV s�1 in 1 M Na2SO4; (b) variation of specific capacitance for



Fig. 5. (a) Galvanostatic charge–discharge curve of MnO2 nanoflowers electrode at 0.5 A g�1 in 1 M Na2SO4; (b) variation of specific capacitance for MnO2 nanoflowers
electrode as a function of current density.
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nanoflowers electrode could be charged/discharged under high
current density.

The electrochemical cycling stability is a crucial factor for the
supercapacitor application. Fig. 6 shows the cycling stability test
for MnO2 nanoflowers electrode at current density of 1 A g�1.
During the first 200 cycles, it can be noticed that the capacitance
retention gradually drops to �88% and remains constant up to
900 cycles. We attribute the capacitance drop during the initial
cycling process to the stacking of nanoflowers structure that leads
to lower surface area contacts with the electrolyte ions. However,
such high capacitance retention up to 900 cycles suggests that the
MnO2 recovered from zinc–carbon battery is a good candidate for
supercapacitor application.

The EIS data is analyzed with Nyquist plot. It shows the
frequency response at the electrode/electrolyte system and is a
profile of imaginary component (Z00) of the impedance against
the real component (Z0). The Nyquist plot of MnO2 nanoflowers
electrode (Fig. 7) features a semicircle at high frequencies
followed by a near vertical line at low frequencies. The
intersection at X-axis represents the bulk solution resistance
(RV), consisting of electrolyte resistance, intrinsic resistance of
substrate and contact resistance between active material and
Fig. 6. Cycling stability of MnO2 nanoflowers electrode at 1 A g�1 in 1 M Na2SO4.
current collector. The RV is estimated at ca. 2.10 V. The
semicircle at high frequencies corresponds to the charge transfer
resistance (RCT) of MnO2 nanoflowers electrode and it is
estimated at ca. 2.01 V, lower as compared to other reported
values for MnO2 [39,41]. The transition between resistance and
capacitance behaviors is observed at the frequency of about ca.
5.35 Hz (Fig. 7 inset). This suggests that most of the energy
stored in MnO2 nanoflowers electrode can be accessible at
frequencies below 5.35 Hz. The near vertical line at low
frequencies indicates the nearly ideal capacitive behavior of
MnO2 nanoflowers electrode. The time constant (t) of MnO2

nanoflowers electrode is calculated according to the equation
t = (2pf0)�1, where f0 is the frequency corresponds to the
maximum of the imaginary component of impedance (�Z00) of
the semicircle in Nyquist plot [42]. The value of t obtained from
Fig. 7 (inset) is calculated at 1.13 ms. This value is lower as
compared with the reported value for MnO2 (2.8 ms) [43],
indicating the potential of MnO2 recovered from spent battery in
the application of fast charge/discharge supercapacitor.
Fig. 7. Nyquist plot of MnO2 nanoflowers electrode at open circuit potential in 1 M
Na2SO4; inset shows magnified Nyquist plot at high frequencies region.
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4. Conclusions

MnO2 with nanoflower morphology is successfully recovered
from zinc–carbon battery by combination of leaching and
electrowinning techniques. CV and charge/discharge results show
that the MnO2 nanoflowers possess good capacitive behavior
(294 F g�1 at 10 mV s�1; 208.5 F g�1 at 0.1 A g�1) with stable cycling
up to 900 cycles. In addition, EIS analysis suggests that the MnO2

nanoflowers could be potential candidate for fast charge/discharge
supercapacitor with low charge transfer resistance and low time
constant. The current work reveals the great potential of MnO2

recovered from spent zinc–carbon battery in the development of
high performance energy storage supercapacitor system.
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