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Abstract
The current study tested the hypothesis whether common plant extracts could be used as redox molecules in biobattery. 
Natural quinone molecules were extracted from Lawsonia inermis (henna) via sequential extraction using hexane, ethyl 
acetate, methanol and 80% methanol in water, followed by purification using column chromatography to examine their 
potential function as redox molecules in biobattery. A combination of UV–visible spectroscopy and gas chromatogra-
phy–mass spectrometry (GC–MS) analysis confirmed the presence of quinones in the extracted fractions. UV analysis 
showed maximum absorbance at 295 nm and 450 nm which correspond to 4-t-butyl-1,2-benzoquinone and duroquinone. 
In addition, GC–MS analysis of the henna extract confirmed the presence of tocopherol (vitamin E) as a potential redox 
molecule. We determined the impact of the type of electrolyte, electrode, salt bridge and volume of extract on the overall 
efficiency of biobattery. Among the different cell combinations tested, the optimum battery with a maximum voltage of 
0.97 V was achieved using a carbon||quinone cathodic half-cell, copper||sulphuric acid anodic half-cell and a KCl (1.0 M) 
salt bridge. Our experiments demonstrate that natural redox molecules from common African plants, including L. inermis 
extracts, can serve as source of electrical energy and alternative materials for the renewable battery.
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1 Introduction

The current electricity supply in the world has evolved 
from the conventional fossil fuel-based electricity gen-
eration to one that involves integrating new renewable 
energy technologies. The new renewable resources have 
been majorly dominated by solar and wind energy [1]. A 
key application of renewable electrical energy is in electric 
vehicles which support the low carbon emission agenda 
of the Paris 2015 Agreement on global  CO2 emissions [2]. 
However, a major drawback to the full transition to 100% 
renewable energy usage is the economics of the storage 
systems. For example, Günther and Eichinger examined 
the economic implications of having a 100% renewable 
electricity supply in Java-Bali, considering the initial capital 

expenditure, the operation and maintenance costs along-
side the costs of the continuous renovation of the system’s 
components. Their study concluded that a generation sys-
tem based solely on renewable resources could potentially 
face many challenges due to the high dependence on 
costly storage capacities [3].

Furthermore, the inherent challenge of the variabil-
ity of sustainable energy sources [4], including sun and 
wind, makes it difficult to transition from fossil energy 
such as natural gas and coal technologies which are 
more flexible to deploy [5]. Energy storage has been 
identified as the solution to the issue of variability of 
supply as it helps store the energy during the peak pro-
duction hours in order to make electricity available when 
needed. Better energy storage capacities also make it 
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possible to decentralize energy supply systems via 
microgrids [6, 7]. Microgrids involve setting up of mini 
integrated electricity generation, storage and distribu-
tion units [8].

Energy storage involving batteries is one of the most 
important and efficient ways of storing electrical energy. 
The electrochemical energy storage device offers the 
best combination of efficiency, cost and flexibility and 
has become essential to our modern life [9, 10]. A battery 
stores electricity from redox chemical reaction and is com-
posed of a positive cathode electrode, a negative anode 
electrode, and an electrolyte system that aids the continu-
ous flow of electrons. Majority of the common batteries 
are made from inorganic metal materials, including cop-
per, zinc, lithium, tin, nickel and mercury. However, most of 
these metals are costly [11], toxic, non-biodegradable and 
have negative impact on the environment [12]. Therefore, 
much research has been directed towards the develop-
ment of new materials from renewable sources that miti-
gates these glaring downsides.

Several biomaterials have been explored as viable alter-
natives for cathodes, anodes and electrolytes in batteries. 
For a biomaterial to serve as an efficient anode in energy 
storage devices, it must be biodegradable and exhibit 
good physicochemical properties that would support high 
charge storage densities with minimal economic implica-
tions [13]. Biobattery has inherent advantages, including 
high efficiency at room temperatures and near neutral pH, 
low cost of fabrication, ease of miniaturization and envi-
ronmental friendliness over the chemical-based energy 
systems. These devices utilize biological systems, including 
enzymes [14], proteins, bacteria [15], to induce oxidation 
and reduction reactions at the anode and cathode, respec-
tively. Organic redox batteries have a longer life span of 
about 15 years and up to 5000 recharge cycles compared 
to lithium-ion and lead acid batteries that degrade after 
1000 cycles [16].

Quinones are natural dyes in plants [17] and are the 
central structural units for electron transfer and energy 
storage during photosynthesis. These unique features of 
quinone and its derivatives are being explored in the con-
struction of bio-inspired energy harvesting and conver-
sion systems [18, 19]. A quinone molecule contains two 
carbonyl groups within a six membered ring [20], includ-
ing benzene, naphthalene and anthracene backbones 
that undergo rapid reversible redox reactions [21, 22]. Qui-
nones show the electron transfer property needed in an 
electrolyte [23, 24], and an example is hydroxy-1,4-naph-
thoquinones [25]. They exhibit different electrochemical 
behaviours in various media [21], getting reduced to semi-
quinones or hydroquinones by gaining two electrons and 
two protons, and getting oxidized by losing two protons 
and two electrons [26].

We hypothesized that common plant extracts could 
harness the energy trapping capacity of natural qui-
nones towards the storage of charges in galvanic cells. 
Our rationale of energy storage capacity comes from the 
ability to undergo resonance-stabilized, electron trans-
fer and rapid reversible redox reactions of quinone-like 
molecules. The current study focused on replacing the 
metal-based batteries with non-toxic, organic-based, 
biodegradable redox materials, including tocopherol. We 
explored the potential application of natural quinone 
mixtures extracted directly from henna plants vis-à-vis 
a graphite electrode in making biodegradable batteries. 
Several variables, including extraction media, duration 
of extraction, cell chamber width, electrode–electrolyte 
combinations and the potential application of quinones 
as charge transfer coatings in solid-state batteries, were 
investigated to elucidate their effects on the efficiency 
of bio-based batteries.

2  Materials and methods

Fresh leaves of Lawsonia inermis (henna) were obtained 
from a local market in Yola, Nigeria. All chemicals used 
were analytical grade and obtained from Sigma-Aldrich.

2.1  Extraction of the natural dyes

Lawsonia inermis leaves were thoroughly washed and air-
dried for two weeks at room temperature (27 ± 2 °C) and 
then pulverized to fine powder using waring blender. The 
plant powder (60 g) was placed in a beaker and extracted 
sequentially using n-hexane, ethyl acetate, methanol and 
80% (v/v) methanol in water as solvents. During the extrac-
tion, 150 ml of each solvent was used; each solvent mix-
ture was left for 4 h before filtration. All the extracts were 
stored with air-tight glass containers in a refrigerator at 
4 °C.

2.2  Analysis of quinone

Thin layer chromatography (TLC) was employed to identify 
the presence of quinones in the sample extracts. A mixture 
of hexane and acetone (20:80) with 1% acetic acid was 
used as eluent. The physical appearance of the spots from 
the extract was observed, and the Rf values were calcu-
lated and compared to standard Rf of values of quinone 
from the literature. The Rf values of the henna-ethyl ace-
tate extract and henna-methanol 80% (v/v) extracts were 
corroborated by available literature.
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2.3  Column chromatographic isolation of quinones

Quinones were isolated from the henna plant extracts 
using column chromatography. The column (1.0 × 76 cm) 
was packed using aluminium oxide (50–200 microns) by 
wet packing method. About 10 ml of the henna-methanol 
80% (v/v) extract was loaded onto the column, and the col-
umn was eluted with a mixture of chloroform and metha-
nol (19:1) until all the separate components of the extract 
had been collected. The same method was used to isolate 
quinones from the henna-ethyl acetate extract.

2.4  UV–Vis spectroscopy and mass spectrometry 
analysis of extracts

The ethyl acetate, n-hexane, 80% methanol/distilled water 
extract were filtered using Puradisc 0.2 µm PES filter (What-
man, GE Healthcare) to obtain a sample for the UV–visible 
spectrometric analysis. The absorbance of each extract in 
the UV–visible region (200–800 nm) was measured using 
a 6850 Jenway UV–Vis spectrophotometer.

The fractionated samples allowed to evaporate to dry-
ness were reconstituted using hexane. The compounds 
in the fractions of the henna leaf extracts were analyzed 
qualitatively using an Agilent 7890A gas chromatogra-
phy (GC) system having a HP-5 column (30 m × 250 µm 
ID, 0.25 µm film thickness) coupled to an Agilent 5975C 
inert mass spectrometer detector. Analysis was carried out 
with Helium (99.995% purity) as the carrier gas at a rate of 
1.5 mL/min. The temperature of the oven was initially set 
at 60 °C to 250 °C as gradient increase at a rate of 20 °C/
min and set to hold for 1 min, while the final temperature 
was set at 300 °C (10 °C/min) and held for 4 min. The posi-
tive ion electron impact (EI) mass spectra were recorded 
at ionization energy of 70 eV, and the injector volume was 
1 µL with Splitless mode. The organic compounds were 
determined by comparing the mass spectra of the peaks 
with the mass spectra of the molecules from NIST database 
(NIST MS search 2011 version).

2.5  Biobattery assembly

The isolated quinones as well as the whole extracts were 
examined in the biobatteries. The quinone extracts were 
explored in both liquid-based and solid-based batter-
ies. The liquid-based battery consisted of two chambers: 
(a) the cathodic half-cell containing a carbon electrode 
immersed in the henna-ethyl acetate extract (30 ml) and 
(b) the anodic half-cell which consisted of copper rod 
electrode immersed in dilute sulphuric acid (30 ml). Solu-
tions of NaCl (1.0 M) and KCl (1.0 M) were alternated as salt 
bridge materials. Both ends of the bridge were closed with 
cotton wool, and the salt bridge was immersed such that 

each end was in each chamber. The circuit was completed 
by connecting the cathodic and anodic rods with alligator 
wires to a multimeter which was set to read in millivolts 
under direct current (DC). The entire process was repeated 
using the henna-methanol 80% (v/v) extract.

Next, a solid-based battery using natural redox mate-
rial was assembled. An aluminium foil was soaked in 
the henna-ethyl acetate extract, while another piece of 
aluminium foil was coated with graphite. An  I−/I3

− elec-
trolyte system was prepared and dropped on top of the 
graphite–aluminium electrode. The two electrodes were 
then connected with alligator clips to the multimeter 
and then placed one on top of the other. On the comple-
tion of the set-up, the cell did not produce stable voltage 
readings until after 10 min. A control circuit which was 
assembled using the same anode and electrolyte system 
save for being coated with the quinone extracts was also 
set up. The entire process was repeated using the henna-
methanol 80% (v/v) extract.

The anodic and cathodic half reactions of the cell are 
shown as follows in Eqs. (1) to (4);
Anodic half reaction (oxidation)

At the anode, the copper metal is oxidized, releasing 
two electrons externally to the multimeter and then to 
the cathode.
Cathodic half reaction (reduction)

Overall reaction;

Thus, the cell is represented as the following equation;

From the above cell representation, the copper metal 
electrode is oxidized to form the cation. The electrons 

(1)Cu(s)+ → Cu
2+

+ 2e

(2)

(3)

(4)
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lost by the copper (oxidation) are sent externally where 
they are received by the quinone molecule to form the 
anion. The salt bridge maintains electrical neutrality at 
the two half-cells.

2.6  Evaluation of the Cell Components

We examined various cell parameters, including extract 
volume, electrode contacting surface area, anode type and 
salt bridge components to determine their effects on the 
efficiency of the biobatteries. We investigated the volume 
of the extracts to determine how varying the volumes 
affects the potential difference of the cell. Henna-ethyl 
acetate extracts (20, 30, 100 and 150 ml), at different times, 
were measured into one chamber, while dilute sulphuric 
acid of the same respective volumes was added into the 
second chamber. The voltage was recorded for each set 
of volume.

Furthermore, we investigated the effect of increasing 
the contacting surface areas of the electrode on the cell 
voltage. We kept the quantity of the electrolyte constant 
while varying the length and diameter of the electrodes.

In addition, we varied the anode electrolyte as well as 
the salt bridge solution to see how it affects the open-
circuit voltage values. A copper sulphate solution and 
potassium chloride (1.0 M) were prepared to replace the 

sulphuric acid and the sodium chloride (1.0 M) that were 
previously used. The voltage was recorded accordingly.

3  Results and discussion

The Rf values of all the extracts were compared to the 
standard quinone Rf values from the literature. The henna-
ethyl acetate and henna-methanol 80% (v/v) had Rf values 
of 0.44 corresponding to the Rf value of 5-hydroxy-2-me-
thyl-1,4-naphthoquinone indicating the possible presence 
of the quinones in these fractions.

All the extracts were analysed using UV–VIS spec-
troscopy at wavelength range of 200 nm to 800 nm. The 
absorption spectra indicated that lambda max absorp-
tion peaks were within the ranges of 293 nm–295 nm, 
310 nm–350 nm and 400 nm–485 nm. The peaks under 
the range 293 nm–295 nm corresponded with 4-t-butyl-
1,2-benzoquinone [27]. Various other peaks around 
420 nm, 370 nm and 390 nm suggested the presence of 
duroquinone [28], 2-hydroxy-1,4-naphthoquinone [29] 
and 1,4-naphthoquinone [25], respectively. The henna-
ethyl acetate extract absorption spectrum was observed 
to have maximum wavelengths at 295 nm and 410 nm.

All extracts were further analysed using GC–MS spec-
trometry. The fraction of henna extracts in hexane iden-
tified the presence of tocopherol (vitamin E) (Fig.  1). 

Fig. 1  GC-MS analysis of plant 
fractions. a m/z analysis of 
the unknown molecule at 
16 min retention time shows 
m/z = 165 as the base peak and 
m/z = 430 as the molecular ion 
peak. b NIST database search 
represents tocopherol (vitamin 
E) and fragmentation pattern 
confirmed the identity of 
tocopherol
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Tocopherol is a natural redox molecule with a high antioxi-
dant efficiency in plants [30]. Their capability to undergo 
a quasi-reversible two one-electron reduction process 
makes them applicable in electrochemical cells.

The cathodic half-cell consisted of a combination of car-
bon immersed in henna-ethyl acetate extract containing 
redox molecules including duroquinone and tocopherol, 
while the anodic half-cell consists of copper immersed in 
dilute sulphuric acid (Fig. 2). The salt bridge was used to 
connect the two half-cells which gave rise to a voltage of 
350 mV (Fig. 3). Since carbon is an inert electrode, it can 
be inferred that the transfer of electrons is mainly between 
copper and the quinone. The carbon electrode only facili-
tates the transfer due to its large surface area, high elec-
tronic conductivity and excellent chemical stability.

Table 1 shows how varying the volume of the extracts 
affects the electrochemical performance. Our results show 
that a 50% increase in the volumes of the electrolyte from 
20 to 30 ml generated a 3% increase in the output voltage 
and a 233% increase in volume from 30 to 100 ml corre-
sponded to 8% increase in the output voltage. Thus, we 
infer that increasing the volume of the electrolyte raises 
the open-circuit voltage minimally [31].

We hypothesized that increasing the surface area of 
contact by using either a longer rod or one with a larger 
diameter, the voltage would increase due to more surface 
available for electron transfer to take place. We found 
that the voltage increased 29% from 350 to 451 mV with 
larger contact surface area. Similar findings suggested that 
the use of nanostructured materials with larger contact 
surface area, including single-walled carbon nanotubes, 
metal nanoparticles and graphene to coat the electrode 
surface increases output voltage [32].

The anode is the negative terminal of an electrochemical 
cell where the oxidation reaction takes place. It is responsi-
ble for the regeneration of electrons and its nature greatly 
influences the overall performance of an electrochemical 
cell. We observed a change in the open-circuit voltage by 
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Fig. 2  The assembly of the liquid quinone extract based biobattery. 
The scheme shows that oxidation–reduction reactions of quinones 
take place at each electrode with an acid (pH 0) solution which sup-
plies the protons  (H+)

Fig. 3  Representative assem-
bly of biobattery using plant 
extracts. The cathodic half-cell 
includes carbon electrode in 
henna-ethyl acetate contain-
ing redox molecules including 
tocopherol, while the anodic 
half-cell is a copper electrode 
in dilute sulphuric acid. The 
two half-cells connected 
using the salt bridge contain-
ing potassium chloride give 
350 mV as shown

henna extract in 
ethyl acetate

dilute 
sulphuric 

acid

salt 
bridge

carbon 
cathode

copper 
anode

voltage=350.1 mV

Table 1  Change in cell potential with a variation in electrolyte vol-
ume

Volume of extract 
(mL)

Volume of dilute sulphuric 
acid (mL)

Mean open-
circuit voltage 
(mV)

20 20 339
30 30 349
100 100 377
150 150 394
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varying the anode components and the salt bridge mol-
ecules as shown in Table 2. Sulphuric acid was found to 
be a better electrolyte than copper sulphate, while potas-
sium chloride showed better cell performance than sodium 
chloride as salt bridge materials. The better performance of 
the KCl salt bridge can be attributed to  K+ having a higher 
transport number than  Na+ [33] and thus promoting better 
ion exchange and neutrality than sodium ion.

Next, the efficacy of the quinone was determined as 
coatings for solid-state batteries and an open-circuit volt-
age of 157 mV was obtained (Fig. 4). However, the cell 
potential of the control circuit which was not coated with 
the quinone extract gave a multimeter reading of 0.00 mV. 
This demonstrates the potential of applying quinones in 
enhancing redox reactions in solid electrochemical cells.

4  Conclusions

Currently, the bulk of our global electricity generation is 
from carbon-based fossil fuels, including natural gas and 
coal power plants, even as the renewable energy resources 

and technologies continue to develop and mature. Our 
study demonstrates that a simple biobattery can be con-
structed using easily accessible, cheap, environmentally 
friendly and sustainable plant extracts containing natural 
quinone molecules. Quinone materials can be extracted 
from a variety of plants including, but not limited to, Law-
sonia inermis (henna) [34], Hibiscus sabdariffa (zobo/roselle) 
[35] and Telfairia occidentalis (ugu/fluted pumpkin leaves).

The qualitative analysis of henna extract using GC–MS, 
UV–Vis spectroscopy after a column chromatographic 
separation process demonstrated tocopherol as a poten-
tial redox molecule in the henna extract. Our experi-
ments to test the efficiency of the biobattery showed that 
the combination of carbon||quinone cathodic half-cell, 
copper||sulphuric acid anodic half-cell and potassium 
chloride salt bridge material produced the highest elec-
trochemical performance on cell combinations.

Finally, the natural quinone is applicable to the solid-
state batteries as its presence initiated electron transfer in 
the redox reactions, confirming our hypothesis that qui-
nones can serve as electrode and electrolyte materials in 
biobattery as renewable energy alternatives.
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