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A B S T R A C T

Orange by-products e.g. orange peel and the extract of orange juice are used as sources for biological anti-
oxidants such as ascorbic acid, flavonoids, phenolic compounds and pectins. In this study these antioxidants
were successfully used to prepare nanosized materials of α-MnO2 by cost effective and eco-friendly green
chemistry method. The prepared oxides of MnO2 which have unique properties as a storage cathode material
were tested as a pseudocapacitor electrode materials in this study. X-ray powder diffraction (XRD) confirmed the
structure of α-MnO2 for the prepared samples. Thermal behavior of prepared oxides was tested using thermo-
gravimetric analysis (TGA). Transmission electron microscopy (TEM) showed the nanosized nature of the pre-
pared oxides. N2- adsorption–desorption isotherms and pore-size distributions of prepared oxides showed that
the surface areas are 5.63 and 8.40m2. g−1 for sample prepared from the extract of orange juice (OJ-MnO2) and
that prepared from the extract of orange peel (OP-MnO2), respectively. Better electrochemical properties are
obtained for OP-MnO2, the capacitance of OP-MnO2 (139 F/g) is more than two times and half that obtained for
OJ-MnO2 (50 F/g) at the current density 0.5 A/g.

1. Introduction

Fossil fuels as non-renewable source of energy became unable to
meet the human need for energy especially with the rapid progress of
the human science and technology. Environmental problems arising
from using this pollutant source of energy push the research community
to find an alternative renewable and clean source of energy [1–6].
These alternative sources can be obtained from energy storage devices
that have high power, energy densities. Batteries, fuel cells and super-
capacitors which have wide applications, friendliness and sustainable
nature are the subject of big interest [7,8]. To meet the demand of using
more energy current research focuses on the high energy density bat-
teries and the high power density supercapacitors (SCs) [9]. State of the
art lithium ion batteries which can store high amount of energy are
suffered from low power density and rather short cycle life [10,11].

Supercapacitors or electrochemical capacitors as energy storage
devices can give high power and can also deliver energy in short period
of time unlike batteries. These devices are required for high-power
delivery applications e.g. electric/hybrid electric vehicles, backup
memories, digital products, airplane emergency doors, micro-devices,
mobile devices, and next- generation portable electronics. This because
they are cheap, need little maintenance, safe, require short charging

time and have long cycle life [12]. Comparing to lithium ion batteries
supercapacitors have lower energy density but they can reduce the gap
between high energy density of the batteries and high power density of
dielectric capacitor [13–15].

There are two types of supercapacitors classified according to the
mechanism of charge storage: The first one is electrochemical double
layer capacitor (EDLCs) and the other is pseudocapacitor (PDCs)
[16,17]. In EDLCs energy is stored through electrostatic charge accu-
mulated at the electrode-electrolyte interface [18]. In PDCs the energy
is stored from combination the electrostatic charge accumulated at the
electrode-electrolyte interface the fast faradaic redox reaction at or near
the electrode materials [17].

Electrode materials have a direct impact on the behavior of super-
capacitors [19]. In (EDLCs) carbon-based materials are used to store
capacity via electrical charge at electrode / electrolyte interface. But in
PDCs transition metal oxides e.g MnO2 [20], Co3O4 [21], RuO2, [22]
V2O5, etc [23,24] are used as storage electrodes and yield specific ca-
pacitance through reversible Faradic redox reaction process occurred
on electrode surface.

Manganese dioxide (MnO2) as one of these transition metal oxides is
used as a storage cathode material in battery technologies. This oxide
has attracted an attention also as a pseudocapacitor electrode material
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because it has high specific Faradic capacitance [6,8,19,20]. This oxide
is abundant and cheap and has high reversibility, rapid diffusion be-
havior and desirable electrochemical properties…etc [25,26]. The
charge storage mechanism of MnO2 electrode is attributed to Faradic
reaction due to the shuttle redox reactions between Mn4+ and Mn3+ in
outer active surface sites, which are promoted through the insertion of
electrolyte cations and protons [27,28]. Supercapacitors used MnO2 as
positive electrode and carbon material as negative electrode, gave
higher energy density than supercapacitors based only on carbon ma-
terials [29].

There are different crystallographic forms of MnO2 e.g. α, β, γ, ζ, λ
and δ forms.

The crystal structure of MnO2 can be classified by its tunnel size. α-
MnO2 is a stable form and has a wide 2×2 tunnels (∼4.6 Å) which
facilitates facile diffusion of large-size electrolyte cations (Na+ or K+)
and hence achieving a high specific capacitance [30].

Some studies tried to prepare high surface area MnO2 to enhance its
specific capacitance [31,32]. These studies used sol-gel pyrolysis [33],
hydrothermal methods [34], hydrothermal pyrolysis methods [35],
refluxing methods [36] to obtain nanosized MnO2. Some unavoidable
disadvantages of these complicated methods such as high temperature,
time consumption and high pressure cannot be alleviated [37].

Recently MnO2 was obtained by green method which reduce the con-
sumption of energy, the entire cost, the toxicity of solvents and organic
substrates and used also the disposable by-products [38].

Oranges as citrus fruit constitute about 60% of the total world
production and Egypt produces million tons of these citrus fruits. Huge
quantities of residues e.g. orange peel as a primary byproduct is re-
sulted from the industrial extraction of citrus juice. These big by-pro-
ducts amount of orange peel should be further processed to avoid many
hazardous impacts and serious environmental pollution [39–41]. Juices
and peels of these citrus fruits are important sources of biological an-
tioxidants such as ascorbic acid, flavonoids, phenolic compounds and
pectins [42].

The main constituents of the orange juice are organic acids, sugars,
and phenolic compounds. Citric, malic, and ascorbic acids are the main
organic acids found in orange juice whereas sucrose, glucose, and
fructose are the main sugars found in this juice. The third constituent of
the orange juice is phenolic compounds e.g.hydroxycinnamic acids,
flavanones, hydroxybenzoic acids, hesperidin, narirutin, and ferulic
acid. On the other hand, the main components of the orange peel are
polyphenolic and flavonoid compounds. The main flavonoids found in
orange peel are hesperidine, narirutin, naringin and eriocitrin [43].

Recently we succeeded to prepare nanosized α-MnO2 as cathode
material in lithium batteries by a green synthesis method using extracts
of lemon juice and peel [44] extracts of green and black tea as biolo-
gical reducing agents [44,45]. These methods are cost effective, eco-
friendly and scalable methods which reduce the cost and hazardous
impact of traditional chemical methods.

In this study we use also green synthesis route to prepare MnO2 and
test it as an electrode material for supercapacitors. We use low cost
extracts of juice and peel of oranges as reducing agents to prepare na-
nosized MnO2. The as-prepared samples were characterized by X-ray
powder diffraction, thermal analysis (TG), surface area measurements,
High resolution transmission electron microscope (HRTEM) and elec-
trochemical testing as electrodes for supercapacitors.

2. Experimental

Extracts of orange's juice and peel were used as reducing agents to
reduce KMnO4 to prepare two samples of MnO2. OJ-MnO2 sample was
prepared through redox reaction between KMnO4 and extract of or-
ange's juice. This extract was obtained from the fresh orange, which,
washed, peeled and squeezed to obtain filtered clear extract.

Acidified 100ml solution of 3 g KMnO4 by 2ml of 2.5M H2SO4 was
mixed with the above mentioned extract through drowsily addition of

Fig. 1. X-ray powder diffraction patterns of synthesized MnO2 (a) OP-MnO2 with extract of orange's peel and (b) OJ-MnO2 with extract of orange's juice".

Fig. 2. Thermal gravimetric analysis of green synthesized samples OJ-MnO2

and OP-MnO2.
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the extract. The color of the stirring mixture changes rapidly from violet
to black upon the addition of the juice extract due to the complete
reduction of KMnO4 by orange's juice extract. The solution was stirred
for 1 h at room temperature. The black precipitate was isolated by fil-
tration with successive washing by distilled water several times to de-
crease the expected K+ % in the precipitate. The collected precipitate
was dried overnight at 90 °C then calcined at 300 °C for 5 h at an am-
bient atmosphere.

The same method mentioned above was used to prepare OP-MnO2

using the extract of orange's peel to reduce acidified solution of 3 g
KMnO4. The clear extract was obtained from cleaned, sliced, boiled and
filtered orange's peel. Here the change of the color from violet to black
is slow.

XRD patterns were recorded using Philips X’Pert apparatus
equipped with a CuKα X-ray source (λ= 1.54056 A˚) in the 2θ range
10–80°. TGA measurements were carried out using a thermal gravi-
metric analyzer (Perkin Elmer, TGA 7 series) in the temperature range
of 30–800 °C in air at a heating rate of 10 °C/min. Transmission electron
microscope, JEOL (TEM, JEM-1230) Japan was used to investigate the
morphology of the samples. The specific surface area was measured by
nitrogen adsorption/desorption at 77 K using BET method
(Quantachrome NOVA Automated Gas Sorption). Electrochemical
properties were measured by Potentiostat Autolab 302 N electro-
chemical workstation (Metrohm).

The electrochemical measurements cyclic voltammetry (CV), charge
and discharge (CD), and cycling stability were carried out in three-
electrode cell system with a glassy carbon (GC) electrode as a working
electrode. A Pt wire and Ag/AgCl electrode (3M KCl) were used as a
counter electrode and a reference electrode, respectively. Prior to use,
the GC electrode was polished with 0.3 μm alumina to create a mirror

surface. The catalyst was prepared by dispersing 2.5mg of the active
material in 0.5 ml mixture solution of (Nafion® 117 (5%): Ethanol: H2O,
10: 20: 70, respectively) by ultrasonication for 30min A 5 μl suspension
of the active material was coated onto the glassy carbon electrode.
Finally, the working electrode was dried at 60 °C for 10min and left to
be cooled down.

3. Results and discussion

It is worth noting that during the synthesis of these oxides OJ- MnO2

formed very rapidly after addition the extract of orange's juice to the
solution of KMnO4. Rapid conversion of violet solution of KMnO4 to
black precipitate of MnO2 upon addition of the extract of orange's juice
is an indication of rapid reaction and formation of MnO2. On the con-
trary upon addition of the extract of orange's peel to the violet solution
of KMnO4, slow reaction was noticed from slow conversion of violet
solution of KMnO4 to black precipitate of MnO2. This difference in the
reaction rate is attributed to the difference in strength in reducing
characters in the two extracts. Due to various constituents in the extract
of orange juice it has stronger reducing ability than that of orange peel
[43]. It seems that the difference in the speed of formation of each
oxide affected the % of K+ ions trapped in the MnO2 tunnel. The higher
amount of potassium located in case of OJ-MnO2 came from rapid redox
reaction between the juice of orange and KMnO4. This fast formation of
MnO2 did not give chance for K ions to release from trapping inside the
tunnel. On the contrary OP- MnO2 took time to be formed through the
redox reaction between the extract of peel of orange and KMnO4. This
slow reaction rate gave potassium ions the opportunity to liberate from
trapping inside the tunnel of MnO2.

OP-MnO2 showed little % of K+ ions as estimated from chemical

Fig. 3. TEM images of green synthesized a) OJ-MnO2 and b) OP-MnO2.
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analysis by inductively coupled plasma (ICP) to form K0.06MnO2. ICP
analysis showed higher % of K+ ions in case of OJ-MnO2 which formed
rapidly so more amount of potassium ions was trapped inside 2*2
tunnel of MnO2 to form K0.15MnO2.

The crystal structures of the green synthesized oxides using extract
of orange peel OP-MnO2 and extract of orange juice OJ-MnO2 were
detected by X-ray powder diffraction (XRD). XRD of the as prepared
samples shown in Fig. 1(a and b) have the main characteristic peaks of
α-MnO2 according to (JCPDS no.44-0141). One of the main char-
acteristic peaks located at 2θ= 37° is pronounced in both samples and
assigned to (211) reflection of α-MnO2 as reported also in our previous
work [44–46]. The other broad peaks are well observed and attributed
also to the structure of α-MnO2. These broad peaks reflect the nanosized

structure of the as prepared samples as will mention in TEM section.
We reported in our previous studies [44–46] that the strength of the

reducing agent can control K+ content inserted in the 2× 2 cavities of
α-MnO2. This potassium content plays significant role in the stabiliza-
tion of α-MnO2 lattice. The higher disordered material resulting from
less active reducing agent has less K+ content in the tunnel of α-MnO2

structure.
Fig. 2 shows thermogravimetric analyses (TGA) of the as-prepared

samples OJ-MnO2 and OP-MnO2 respectively. Three remarkable weight
losses can be detected clearly entire the range 30–1000 °C. The first
weight loss recognized in both samples OJ-MnO2 and OP-MnO2 was
observed up to 200 °C is attributed to the removal of physically ad-
sorbed water on surface of MnO2. Removal of structural water and
hence reduction of MnO2 to Mn2O3 through loss of oxygen can be ob-
served from the second weight loss between 400–500 °C [45].The third
weight loss for OP-MnO2 started at about 650 °C and went gradually is
attributed to further oxygen loss and the formation of the Mn3O4 spinel
structure [46]. In case of OJ-MnO2 sample this further conversion from
Mn2O3 to Mn3O4 observed at higher temperature above 850 °C, this
may attribute to high percent of potassium ions in this sample.

According to the TEM images shown in Fig. 3 we can notice very
fine interconnected nanowires. As we can see clearly the lengths and
diameters of these nanwires are in nanometer scale. These nano ma-
terials are expected to have high surface area which will affect posi-
tively on the electrochemical performance.

Fig. 4, displays N2- adsorption–desorption isotherms and pore-size
distributions of OJ-MnO2 and OP-MnO2 prepared by green synthesis
method. Both isotherms of these two samples are matched well with
type IV with hysteresis loop H3 [47]. This type according to IUPAC-
classification is characteristic to adsorption on mesopores solids [48].
The mesopores nature of the prepared oxides can be confirmed from the
inset in Fig. 4. The pore size distributions of both samples show that the
peaks centered at 7.25 and 6.75 nm for OJ-MnO2 and OP-MnO2, re-
spectively confirm the presence of mesoporous particles as they cen-
tered in the range from 2 to 50 nm. Calculated surface area for both
samples according to Barrett_Joyner_Halenda method are 5.63 and 8.40
m2. g−1 for OJ-MnO2 and OP-MnO2, respectively as shown in Table 1.

Cyclic voltammetry (CV) was performed to determine the specific
capacitance (SC) of MnO2 in the potential range of −0.2 V to 1.2 V vs.
Ag/AgCl in 0.5M Na2SO4 electrolyte at a scan rate of 100mV/s, as
shown in Fig. 5(C). The CV profiles of the prepared samples maintained
a non-rectangular shape with some peaks, indicating the pseudocapa-
citive behavior of all samples [49]. The observed peaks in the potential
range from 0 V to 1 V were ascribed to redox reactions [50]. The anodic
peak which appear in the potential range 0.8–1 V might be attributed to
the oxidation mechanism that is described in Eqs. (1)–(3) [51].

++ +Mn Mn e2 3 (1)

+ ++ +Mn 2H O MnOOH 3H3
2 (2)

+ ++MnOOH MnO H e2 (3)

While the peak in the region 0.2–0.4 V indicates the oxidation re-
action of Mn(III) to Mn(IV) species or Mn(II) to Mn(III) species. The
broad cathodic peak in the potential range 0.3-0.8 V may be related to
the reduction of MnO2 to MnOOH, which is subsequently reduced to Mn
(II) [52].

The specific capacitance (Csp) of the active materials was calculated
from charging and discharging measurements (CD) (Fig. 6(a), (b))
through the following equation.

=C I t
m Vsp

where I is the discharged current (A), Δt is the discharged time (s), m is
the total weight of samples coated on glassy carbon electrode, and ΔV is
the potential range (V). The specific capacitance values of the OJ-MnO2

sample is 18.5, 25, 33, and 50 F/g at current densities 15, 5, 2, 0.5 A/g

Fig. 4. N2 adsorption-desorption isotherms and the pore size distribution (PSD)
curves (insets) of a) OJ-MnO2 and b) OP-MnO2.

Table 1
The porous structural data of the prepared samples.

Sample BET surface Area (m2. g−1) Average pore size
(nm)

OJ-MnO2

OP-MnO2

5.63
8.40

7.25
6.75
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respectively. While the capacitance of OP-MnO2 sample is 61, 85, 107,
and 139 F/g at the same current densities. The capacitances of OP-
MnO2 are more than two times and half that obtained for OJ-MnO2 at
the same current densities.

The cycling stability is an important requirement for electro-
chemical supercapacitors [53,54]. The stability tests of OP-MnO2

electrodes was performed at current density of 3 A/g for 500 cycles
using charge/discharge technique in the potential windows ranging
from -0.2 to 1.2 V. Fig. 7 shows that the capacitance retention slightly
increases during the first 450 cycles compared to the first cycle. Then,
the electrode retrieved its capacitance at cycle 500 (1st cycle was
119 F/g, while it becomes 137 F/g with 115% capacitance retention at
350th cycle, and at 500th cycle was 119 F/g with 100% capacitance
retention).

The capacitances of OP-MnO2 are almost between two to three times
higher than those observed for OJ-MnO2 at different current densities.
This remarkable higher capacitance for OP-MnO2 sample in comparison
with that of OJ-MnO2 sample may attribute to two postulations. The
first one is the higher surface area and small particle size of OP-MnO2

sample as noticed from BET surface area data (shown in Table 1). The
second postulation is the amount of K trapped inside the 2*2 tunnel of
alpha MnO2. The inductively coupled plasma analysis (ICP) used to
detect potassium showed that it is higher in case of OJ-MnO2 as stated
previously. This higher inactive potassium content in case of OJ-MnO2

decrease the entire capacitance of this sample in comparison with OP-
MnO2 which has lower K+ % and shows higher capacitance. This
electrochemical behavior in supercapacitor is in a good agreement with

the electrochemical behavior in lithium batteries for MnO2 prepared
from extracts of green and black tea, respectively [45]. In this previous
work [45] extract of green tea as reducing agent is stronger than that of
black tea. So it reduced KMnO4 faster than the extract of black tea. This
very fast preparation MnO2 using extract of green tea did not allow a
complete removal of K ions, despite several washings with distilled
water. This means that the synthesis process is affected by the strength
of the reducing agent, which governs the ionic extraction from the 2*2
cavities and controls the diffusion of K ions. As an experimental result,
the redox reaction assisted by black tea is not as fast as with green tea,
because of the difference in the flavonoid structure and the strength of
the antioxidant species. The sample synthesized using black tea showed
better initial capacity (∼230mA h /g) than the sample synthesized
using green tea GT-MnO2 (∼160mA h / g) [45]. Here in this study the
OJ-MnO2 which formed very fast has higher % of K ions inside 2*2
tunnel and hence affected the initial capacitance value. On the contrary
OP-MnO2 yielded higher capacitances as mentioned above at the same
current densities. Higher % of K ions inside 2*2 impede the easy in-
sertion and extraction of H+ in and out of this tunnel. Also these K ions
are inactive constituents which reduce the entire capacitance value as
in case of OJ-MnO2. To the best of our knowledge this is the first trial to
use MnO2 prepared by green synthesis method as storage material in
supercapacitors. Further modifications for these prepared oxides are
required e.g. loading in some polymers for further improvement in the
electrochemical properties.

Fig. 5. CV curves of samples (A) OJ-MnO2 and (B) OP-MnO2 at different scan rates from 5 to 200mV/s (C) CV at 80mV/s, in 0.5M Na2SO4(D) Csp versus scan rates.
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4. Conclusion

Two nanosized α-MnO2 oxides were successfully prepared by an
economical and eco-friendly green synthesis method using extracts of
orange juice and peel as biological antioxidants reagents. Both oxides
have very fine interconnected nanowires as revealed from TEM in-
vestigation. Sample prepared by using the extract of orange peel (OP-

MnO2) has higher surface area and lower K content than that prepared
using extract of orange juice (OJ-MnO2). Higher surface area and lower
K content in OP-MnO2 is positively reflected on its electrochemical
properties. OP-MnO2 shows higher capacitance (two times and half at
current density 0.5 A/g) than OJ-MnO2. This was a preliminary trial to
test synthesized MnO2 using waste of orange (orange peel) in capacitor
and forthcoming work will concentrate on modification of such pre-
pared oxide as potential electrode material for capacitor.
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