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Abstract: Redox flow batteries (RFBs) are a promising candidate that are capable of meeting the
energy storage applications to fulfill the needs of renewable resources. Herein, we prepare an
electrochemical device that holds higher energy density. In this work, a reusable glucose kit used as a
flow cell which in turn helps to minimize the cost and also balance the pump losses in electrochemical
systems. For fabricating RFB, ZnO, from the metal organic framework (Zn-MOF/ZnO), uses an
electrode material: ZnCl2 in aqueous KOH used as both anolyte and catholyte solution. Upon the
new cell fabricating in this investigation, we demonstrated the voltage efficiency of 92% at 5 mA
cm−2, which reduces the cost of the cell upon being implemented in the flow battery application.

Keywords: all-zinc redox flow battery; cost effective flow cell; Zn-MOF/ZnO electrode

1. Introduction

Energy crisis is one of the global issues that act as a barrier to the industries, science and
technologies, and other energy needs in our day-to-day life. To resolve this, it is necessary
to insist on the energy grid that will balance this peak demand without producing an excess
amount of energy. Moreover, non-sustainable extraction causes the cost of fuels to grow
continuously due to environmental and economic factors. However, the solar, thermal,
and geothermal methods, etc., are being developed to continuously crack the energy
emergency [1]. Intermittent energy sources such as these needs to be balanced by energy
storage devices such as batteries and supercapacitors. Batteries are very versatile and
provide improved performance. Some of the main issues recently faced on the conventional
Li-ion battery are that the Li-S battery is of high cost, hazardous and self-discharge [2]. So,
there is a definite need for finding an alternative that leads to the emergence of the redox
flow battery (RFB).

The RFB shares the same fundamental mechanisms and equations as a conventional
battery, to attain high efficiency, long life, and chiefly without affecting the environment in
comparison to conventional batteries. RFBs have some distinct designs, including indepen-
dent power and energy (scalability), recyclability of the electro-active material, flexibility,
depth of discharge, and mobility. With these entrancing properties, it makes a safe, su-
perior device for storing excess energy with the required efficiency. However, the grid
storage application of RFBs is still hampering the low energy density (vanadium redox flow
battery (VRFB), <25 Wh L−1). All-vanadium [3], chromium-iron [4], zinc-nickel [5], and
zinc-polyiodide [6] have been widely investigated. In general, electrode materials derived
from carbonaceous materials that promote good electrical conductivity, and convenient
operating windows, have been extensively used. Despite the excellent electrochemical
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performance of precious metal-based materials, the high cost of noble metal catalysts and
tedious synthesis procedures severely limit their commercial applications. Vanadium redox
flow battery (VRFB) technology has already been proven in megawatt-scale (MW) systems
for many years. However, a major constraint is the cost of the membrane, mainly related to
the expensive vanadium salts and the low power density [7]. In RFBs, electrolytes play a
pivotal part and are circulated for the flow cell by two separate electrolyte tanks, such as
the anolyte and catholyte, which are responsible for the energy storage. However, using a
single flow battery system is doable and has also those introductory merits of traditional
redox flow batteries such as all-VRFB. Likewise, the application of the same electrolytes
permits the use of affordable available accoutrements and can resolve the problem fluently
regarding the corrosion resistance of the electrode materials. Remarkably, the single unit
rotation will help to exclude the cross-contamination of electrolytes to the electrodes results
such as the battery system [8]. Cheng et al. [9] investigated the single-flow battery and dis-
covered that it had an average coulombic efficiency of 96% and an energy efficiency of 86%
up to 1000 cycles using zinc oxide (ZnO) as electrolytes and potassium hydroxide (KOH)
as supporting electrolytes for both electrodes. Li et al. [10] demonstrated a membrane-free
Zn-MnO2 flow battery where the cathode solid-state redox reaction of MnO2/MnOOH
with limited reversibility and good cycling stability over 1000 cycles in the range 0.5 to
2 mAh cm−2. The main drawback of this battery is its low volumetric energy density when
compared to the theoretical value (46.4 Wh L−1). However, Zhang et al. [11] studied a
manganese species in methane-sulfonic acid as a solvent for this zinc-manganese redox
flow battery. For the first ten cycles, this cell showed coulombic and energy efficiencies of
74.0% and 92.2%, respectively. Additionally, Xie et al. [12] investigated a Zn/Ce redox flow
battery on the chemically reduced graphene oxide paper (RGOC) as a positive electrode.
In this, an external soluble aqueous redox mediator (CH3SO3H) was used as a supporting
electrolyte and circulated to the flow cell during the chemical reaction. However, this cell
exhibits better efficiency when they were compared to the GO paper electrode.

Despite the many existing RFBs, zinc-based flow batteries have been sparking interest
far more due to their uniqueness, good reversibility, long cycle life, appreciable voltage
window, and potentially lower cost. In this work, ZnO deduced from the metal-organic
framework (MOF) has been used as an electrode material owing to its pervious nature that
has drawn much interest, because of its large specific surface area, high pore volume, and
simple synthesis procedure, etc. An intention of this work is to minimize the troubles related
to a high-cost membrane and also the layout of the cell stack is remarkably simplified. In
this investigation, the flow cell has been constructed by using the commonly available
Glucose kit in the market, which is completely distant from the sophisticated technology.
The complete analyses of the material prepared alongside the application in RFB are
discussed in detail.

2. Materials and Methods
2.1. Synthesis of Zn-MOF/ZnO

During this synthesis process, 6 mM zinc nitrate hexahydrate (Zn(NO3)2.6H2O) was
dissolved in 30 mL N, N-dimethylformamide (DMF), and 2 mM terephthalic acid (C8H6O4)
was dissolved in 30 mL of DMF which was stirred separately. Then, the mixtures were
added drop-wise to the dissolved Zn (NO3)2.6H2O mixture until it gets a clear solution. To
make a Zn-MOF, the solution was poured into an autoclave and heated at 150 ◦C for 19 h.
Thereafter, the samples were washed numerous times with DMF and ethanol separately.
The washed sample was initially dried in a vacuum oven at 80 ◦C and subsequently, the
Zn-MOF precursor was calcined at 600 ◦C for 2 h for obtaining the ZnO particle. The
calcination is expected to get rid of the organic solvents from the precursor.
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2.2. Preparation of Working Electrode

Nickel foam (NF) pre-treatment: The NF is first chopped into small pieces of
2 cm × 1 cm × 0.001 mm, and then soaked into hydrochloric acid for 10-15 min. Im-
mediately, it was immersed in distilled water, and lastly dried in order to remove any
impurities in the nickel foam. Furthermore, 80 wt% of active material, 10 wt% of poly
(vinylidene fluoride) (PVdF), and 10 wt% of activated carbon is mixed using N-methyl-N-
pyrrolidone (NMP) solvent to make a homogenous slurry. The attained homogenous slurry
was coated onto the pre-treated nickel foam, whose size was 1 × 1 cm2, and dried in an
oven at 80 ◦C overnight before use for investigation.

2.3. Preparation of Electrolyte

Metal chloride precursors were used to make electrolytes, which were then enhanced
with potassium hydroxide (KOH) as a supporting electrolyte. The zinc chloride (ZnCl2)
was used as an active precursor for both an anolyte and catholyte. Zinc chloride (ZnCl2,
SRL) and potassium hydroxide (KOH, SRL) were used. ZnCl2 (0.5 M) and KOH (6 M) were
dissolved in 80 mL distilled water and used for the flow cell studies.

2.4. Characterization Techniques

SIINT 6300, Japan was used to perform thermogravimetric (TG) and differential
thermal analysis (DTA) from room temperature to 800 ◦C at a heat rate of 10 ◦C min−1. An
X-ray diffraction pattern (XRD) was examined using the X’pertpro-PANAlytical with CuKλ

radiation (λ = 1.5406) in the range 2Ө = 10–90◦ at a scanning rate of 5◦ min−1. Rietveld
refinement of the XRD pattern was fitted by MATCH! 3 software. The crystallographic
and molecular structure of the material was captured by DIAMOND. Thermo Nicolet
380 FT-IR spectrophotometer was used to perform Fourier Transform Infrared (FT-IR)
spectroscopy via KBr pellets. The morphology of the material was analyzed by field
emission scanning electron microscopic analysis (FE-SEM) EV018 (CARL ZEISS). Nitrogen
adsorption/desorption isotherms were performed by Quantachrome at (Nova Station A)
77K. The specific surface area and pore size was determined using Brunauer–Emmett–Teller
(BET) and Barrett-Joyner-Halenda theory, respectively. X-ray photoelectron spectroscopy
(XPS) was executed using ESCALAB 250xi spectrometer (Thermo Scientific) through XR6
Micro-focused Monochromator (Al Kα X-ray source).

2.5. Electrochemical Characterizations

Cyclic voltammetry (CV) was performed to analyze the redox reaction of the anolyte
and catholyte at a suitable potential window in a three-electrode system by Origalys EC
workstation (France). The flow test is then performed at room temperature with a Biologic
(BCS 815, France) battery tester at a voltage range 0 to 2 V. Thus, the newly designed flow
cell’s galvanostatic charge-discharge (GCD) curve was acquired at various current densities
ranging from 5 to 20 mA cm−2. Subsequently, electrochemical impedance spectroscopy
(EIS) was performed in the frequency range 10 kHz-10 mHz.

2.6. Describing Materials

Intravenous (IV) infusion set and empty glucose bottle bought from a medical shop.
IV infusion set descriptions, Length = 150 cm
Drop rate = 20 drops/mL.
Efficient roller controlled for accurate and uninterrupted flow. IV set consists of flexible

drip chamber with disc filter. Empty glucose bottle and IV set is rinsed with distilled
water and ethanol, and then dried at room temperature for 1 h before it is employed in
electrochemical studies.
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2.7. Engineering Aspects and Working of the Redox Flow Battery Using Glucose Kit as a Flow Cell

A redox flow battery achieves nearly an entire fuel usage and excessive cell potential
using a flow cell with peristaltic pumps to flow the electrolyte to the electrode. However,
the cost of the cell and pump may be very expensive and the use of pumps results in
mechanical losses and decreases the efficiency. Hence, the device presented here relies
on the forces due to the presence of the mechanical flow controller (dial-in-flow), which
expands a consistent flow of reactants through the nickel foam pair without any external
pumps. Here, the mechanical flow controller is used to regulate the electrolytes to the
electrode along with the gravity infusion. Then, we set the flow rate with the help of a
rotating dial. The simple medical technology is used for science and technology without
altering the dimension of equipment such as standard tubing with a set of needle adapters,
solution connectors, and filters in line. An actual description of the infusion bag set can be
situated on the packaging of the tubing. There are two types of standard tubing, such as
macro and micro tubing sets. In this study, a macro set (with 6.4 mm internal diameter (ID)
and 116 cm long) was used [13].

The flow rate for this kit was estimated as 80 mL/h without stopping the speed of the
electrolyte flow. This is due to the electrolyte bottles being along the gravity and therefore
the flow was not changed by the lower atmospheric pressure. When the electrolyte flows
out to the tubing clamp, some space is created inside the bottle that slows down the flow
of the liquid. However, we pierce the bottle with a needle and pave a path for the air to
go inside, and then the pressure inside will rise to the same level as air pressure. For this
kit, flow is initiated as air-filled atmospheric pressure. Furthermore, the pressure of the
infusion bag is concerned as varied from gravity to 600 mm Hg, which is generated by
compressing the solution and was reported by Mateer et al. [14]. It can also be predicted
from Hagen–Poiseuille’s formula for a tube of constant cross-section, and the laminar flow
will follow the equation:

∆p =
8ηlQ
πr4 (1)

where η represents the viscosity of the fluid, l denotes the length of the tubing, ∆p signifies
the pressure gradient, r and Q indicate the radius of the tubing, and the flow rate of the
fluid, respectively [15].

Moreover, it is a low-cost and disposable plastic used battery that is functioned as a
redox flow cell. The device’s main structure consists of two glucose bottles (electrolyte
tanks), which act as an anolyte and a catholyte. These are connected to a working area
consisting of an anode, cathode (coated NF), and separator. Then, the operation has been
started by filling up the electrolyte solutions of electro-active species in the glucose bottles
with the help of an oral syringe. Further, the fluids in the bottles establish a convective
flow of reactants by the flow controller. A needle is positioned simply above the lined
vicinity of the electrode’s internal surface without touching the lined surface and it lets
in the electrolyte to attain the working area. The electrode is separated by a microporous
separator. Thus, the device keeps functioning until the electrolyte solutions are consumed.
Depending on the electrolyte volume, the concentration of the electrolyte and running
time of the battery can increase from few seconds to several hours. In addition, the battery
can effortlessly be recharged by refilling the electrolyte with additional electro-active
species. Here, the flow controller is used to bring the solution to the lined surface and
meanwhile manages the flow rate, which constitutes the battery salt bridge. The schematic
representation of the setup is shown in Figure 1. In this case, Zn-MOF/ZnO-coated nickel
foam acts as a symmetric electrode and a solution of 0.5 M ZnCl2 in 6 M of KOH (80 mL)
as an electrolyte for both the catholyte and anolyte. Further, the battery performance was
tested using CV and GCD.
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Figure 1. Schematic representations of the flow cell using glucose kit.

3. Results
3.1. TG/DTA Analysis

The thermal history of Zn-MOF was characterized through TG/DTA as shown in
Figure 2a. The weight losses of Zn-MOF could be observed in two stages. The first weight
loss (about 4.36%) from 330 to 390 ◦C corresponds to the release of organic solvent from the
precursor. The second weight loss of 26.45% that occurred in the range of 420–536 ◦C is due
to the structural decomposition of Zn-MOF. There was no further weight loss that could
be observed above 550 ◦C, which shows that Zn-MOF had been decomposed completely
and formation of ZnO is ensued. The weight of the final residue was 57%, which showed
an excess content of 16% when compared to the calculated final weight of ZnO (42%).
This additional content implies that there were other components in the final residue,
such as carbon, nitrogen residue, etc. [16]. The appearance of two endothermic peaks in
DTA, at 374 and 477 ◦C, is in accordance with the two weight losses that occurred in the
TG curves.

3.2. XRD Analysis

The structural and phase behavior of MOF-derived ZnO (Zn-MOF/ZnO) were elu-
cidated by X-ray diffraction analysis (XRD) and the diffraction patterns are shown in
Figure 2c. Rietveld refinement and crystallographic structure of the as-prepared material
are shown in Figure 2b, d. respectively. The refined calculated structural parameters such
as unit cell parameter, the ionic position of ZnO in crystal, and other corresponding param-
eters are displayed in Table 1, for the Zn-MOF/ZnO. A sharp diffraction peak at 2θ = 36.21◦

corresponds to the characteristic plane (101), which confirms the well-ordered standard
hexagonal structure of ZnO. The presence of prominent, sharp intense peaks at 2θ = 31.72,
34.38, 36.21, 47.50, 56.55, 62.82, 66.34, 67.91, 69.05, 72.53 and 76.92◦are corresponding with
their lattice planes (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202),
respectively of ZnO. No other diffraction peaks could be observed in the diffraction pattern
which suggests that there is no additional impurity. Thus, the ensuing diffraction pattern
was confirmed by the JCPDS 36-1451. This result suggests that the carbon had consolidated
into the crystal lattice of ZnO. The average crystalline size was detected to be 39.81 nm
using Scherrer formula [17].
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Table 1. Crystallographic parameters of Zn-MOF/ZnO refined by the Rietveld method.

Atoms X Y Z OCC

Zn 0.333 0.667 0.014 1.000430

O 0.333 0.667 0.405 0.988309

P 63 mc a = 3.2494 Å, c = 5.2038 Å
Rp = 5.7%, Rwp: 7.61, Rexp:
3.69, Chi-squared: 4.24
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Figure 2. (a) TG-DTA; (b) XRD; (c,d) Rietveld refinement and its crystallographic structure; and
(e) FT-IR of the prepared Zn-MOF/ZnO.

3.3. FT-IR Analysis

FT-IR spectra of the Zn-MOF/ZnO are shown in Figure 2e. FT-IR evaluation in
the wavelength range 4000–400 cm−1 revealed the presence of vibrational modes in the
as-prepared material. The absorption peak observed at 838.9 cm−1 corresponds to the
formation of tetrahedral coordination of Zn. The peak at 451.99 cm−1 is attributed to the
stretching vibrations of ZnO. The peak positioned at 1386.5 and 1650.8 cm−1 is attributed
to the stretching vibration of Zn-N bond and carboxylate groups, respectively. Thus, the
sample calcined above 550 ◦C exhibited strong absorption peaks below 600 cm−1, which
implies the characteristic absorption of the Zn-O bond in zinc oxide [18,19].

3.4. FE-SEM Analysis

The surface morphology of the synthesized ZnO particle derived from Zn-MOF was
revealed by FE-SEM analysis as shown in Figure 3a–c. The SEM images were recorded at
5, 20, and 50 k (Figure 3a-c) magnifications, and they seemed to be aggregated as a two-
dimensional hexagonal plate-like structure with uniform morphology, smooth surface and
an average particle size ranging from 40 to 100 µm. As a result of its smooth surface and size,
the ions are expected to move during the charge/discharge analysis [20]. The composition
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of the material is determined by using energy-dispersive X-ray spectroscopy (EDX) analysis
and it is presented in Figure 3d. EDX analysis of the prepared material showed the presence
of (carbon/nitrogen/oxygen/zinc) the elements in the prepared material. The composition
obtained from EDX was in good agreement with the composition taken for preparing the
material. It is also appreciable that all the existing elements are situated in the K series,
which also confirms the compounds are owing to small element categories [21,22].
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3.5. Brunauer-Emmett-Teller Analysis

From the BET analysis, the surface area, pore volume and pore diameter of the
Zn-MOF/ZnO were calculated from the nitrogen adsorption/desorption isotherms, and
the pore size distribution are also shown in Figure 4a, b. Figure 4a shows the nitrogen
adsorption–desorption isotherm of Zn-MOF/ZnO is of type IV, based on the IPUAC clas-
sification holds H3 type hysteresis loop, which indicates that the prepared material has a
characteristic mesoporous structure. Based on the material nature, the BET surface area of
the as-prepared sample is estimated as 10.81 m2/g, which is higher than that of the Zn-MOF
(1.10 m2/g) [23] and the pure ZnO (2.35 m2/g) [20]. The prepared material shows the
largest specific surface area and pore volume (0.015 cc/g), when compared to the Zn-MOF
(0.007 cc/g). Hu et al. [23] reported that the collapse of the framework of Zn-MOF and
its formation of ZnO exhibits a higher surface area and pore volume. Furthermore, as
the calcination temperature increases, the collapse rate will be increased, which results
in forming the pure ZnO. ZnO derived from Zn-MOF has the pore diameter of 2.858 nm,
which reveals the mesoporous nature. The ionic radius of Zn = 1.32 Å, which is very much
capable of penetrating into the prepared material (pore diameter = 2.85 nm). The exis-
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tence of hysteresis loop in BET shows an obvious capillary condensation step, indicating
the presence of mesoporous. By increasing the surface area and improving the pore size,
Zn-MOF/ZnO increases the contact area and improves the electrolyte diffusion [24].
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Figure 4. (a) Nitrogen adsorption/desorption isotherms; (b) Pore size distribution of the Zn-
MOF/ZnO.

3.6. XPS Analysis

The elemental composition and oxidation states of the as-prepared material were
observed by X-ray photoelectron spectroscopy (XPS) analysis. Figure 5a shows the survey
spectrum of the prepared Zn-MOF/ZnO. The XPS spectra showed the Zn 2p, O 1s, C 1s
and additional weak N 1s at their corresponding binding energies, revealed for the Zn-
MOF/ZnO. The binding energy arises at 1043.1 eV, and 1020 eV indicate the Zn 2p3/2 and
Zn 2p1/2, respectively (Figure 5b). By observing the distance of Zn 2p3/2 and Zn 2p1/2 as
~23.1 eV, it confirms the valence state of Zn2+ ions. The O 1s spectra deconvoluted into two
peaks at 529.03 eV and 530.7 eV that are corresponding to the Zn-O bond and Zn-O-C/-OH
bond. The binding energy at 529.03 eV is the high intense peak when compared to the
530.7 eV (Figure 5c), which represents the O2- ion in Zn-O. The precursor of Zn-MOF is
calcined at 600 ◦C which indicates the presence of carbon consolidated into the ZnO. It
reveals that (Figure 5d) Zn-O-C and Zn-C bond at the binding energy values 286.2 eV
and 283.4 eV are attributed to the oxidation state of C 1s. Finally, the weak peaks of N 1s
arise because of nitrogen that is fused into the ZnO. The deconvoluted peak of the N 1s is
centered at 398.5 eV and 396.2 eV, which indicates the N-Zn-O and Zn-N bond (Figure 5e),
respectively [25].
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4. Discussions
4.1. Electrochemical Studies

The redox behavior of the as-prepared electrode material with all-zinc electrolyte
is investigated via a three-electrode system. Using cyclic voltammetry (CV), the redox
reaction of the prepared Zn-MOF/ZnO electrodes 0.5 M ZnCl2 + 6 M KOH as both an
anolyte and catholyte redox couple is evaluated. Zn-MOF/ZnO, platinum, and Ag/AgCl
with a salt bridge serve as the working, counter, and reference electrodes, respectively.
Figure 6 indicates the comparison of CV profile for the bare Ni-foam at 10 mV s−1 and
Zn-MOF/ZnO as the working electrode with ZnCl2 + KOH as the electrolyte in a potential
range of -1 to 0.6 V at a sweep rate varies from 10-100 mV s−1. A modified electrode
has a small peak potential separation (V = 0.13) when contrasted with the bare Ni-foam
(V = 0.17), which dictates the diffusion of the anolyte to the electrode. Moreover, the peak
current ratio for the prepared electrode and electrolyte exhibits nearly 1 mA and it shows
high reversibility [26,27]. Using ZnCl2 + KOH results in double displacement, the reactions
are shown below:

ZnCl2 + 2 KOH↔ Zn(OH)2 + 2KCl
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From this, ZnCl2 and KOH are soluble easily. The zinc and potassium are acting
as cations, and the chlorine and hydroxide are acting as anions according to the double
displacement. Then, the product KCl is soluble but Zn (OH)2 is insoluble. Figure 6 shows
the oxidation peak at ~0.4 V vs. Zn/Zn2+ and the reduction peak at ~0.26 V vs. Zn2+/Zn,
whereas a weak peak appeared at ~0.04 V indicates the undissolved Zn (OH)2 [28]. The
negative electrode reaction is as follows:

Zn2+ + 2 OH− + 2e− → Zn (OH)2 E0 = −0.76 V vs. SHE

The positive electrode reaction is as follows:

Zn (OH)2 +→ Zn2+ + 2e− + 2OH− E0 = 2.87 V vs. SHE

The overall chemical reaction for this cell is as follows:

Zn2+(aq) + 2OH−(aq)↔ Zn(OH)2(s) Ecell = 2.1V

Here, through the charging process, the Zn2+ ions get reduced to Zn (OH)2 and get
deposited on the surface of the electrode in the anode; whereas, at the cathode, Zn (OH)2 is
oxidized to form Zn2+. The reverse reaction is taking place in the discharge process, and
vice versa.

4.2. Flow Test

Then, in a newly constructed flow cell, 0.5 M ZnCl2 in an aqueous 6 M KOH solution
was used as both anolyte and catholyte solution with Zn-MOF/ZnO as a symmetric
electrode. CV has been performed for the prepared material, via a newly developed
glucose kit as a flow cell from 0 to +1.8 V at the scan rates ranging from 10 to 100 mV
s–1. This potential range implies the redox peaks and indicates the occurrence of the
deposition of ZnCl2 and dissolution of the electrolytes as shown in Figure 7a. An anodic
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peak and cathodic peak corresponding to zinc ion oxidation and reduction occurred at
~1.47 V and ~1.07 V, respectively. The anodic and cathodic peak currents shifted positively
and negatively as the sweep rate increased. However, the peak potential separation
progressively increased from 335 @10 mVs−1 to 461 mV as the scan rate went up to
100 mV s–1 due to the higher concentration of active sites [29]. The peak current ratio
(Ipa/Ipc) dropped considerably from 1.402 mA to 1.197 mA. This (around 1 mA) indicates
the improved redox reversibility. When analogous to other redox flow battery systems such
as VRFB, the energy density for this cell is expected to be higher, based on the obtained CV
curve reaching high potential [30].
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Impedance analysis was performed in the frequency range of 10 kHz-10 mHz and the
results exhibit the clarity of the diffusion-controlled process of the cell as shown in Figure 7b.
The obtained curve for the ZnCl2 + KOH electrolyte, the prepared Zn-MOF/ZnO electrode
shows a solution resistance (Rs) of 16.5 Ω and charge transfer resistance (Rct) nearly about
346 Ω. The inclined line in the lower frequency region corresponds to Warburg impedance
(Zw) that exists in the cell. Finally, the appearance of a semicircle in the plot shows that the
electrode materials are undergoing an electron transfer reaction [31]. Consequently, the
corresponding equivalent circuit can be fitted in the EIS as shown in Figure 7b.

The cell execution of the all-zinc RFB was fabricated using the prepared electrolyte,
electrodes, and the GCD analysis was performed at various current densities from 5 to
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20 mA cm−2. Moreover, the GCD curves for the second cycle of each current density are
recorded and depicted in Figure 7c. As shown in Figure 7d, the first ten charge/discharge
cycles were performed at a constant current density of 10 mA cm−2. As it is similar to
Wylie et al. [32], the energy efficiency of the prepared electrode with this newly developed
cell shows 17% in the first cycle; after ten cycles, it exhibits 7%. As a result, the GCD plateau
shows an excellent performance in terms of voltage efficiency (VE), which is around 92.4%
at 5 mA cm−2. As reported by Li et al. [33], the voltage drop increased linearly as the
current density rises due to polarization on the electrode lined surface, which is a typical
feature in any electrochemical system. As a consequence, the voltage drop is increased from
150 mV (5 mA cm−2) to 880 mV at 20 mA cm−2 in the present study. The cell performance
was also calculated using energy (EE), voltage (VE), and coulombic efficiency (CE) using
the relations [34] as given hereunder.

Coulombic e f f iciency = average discharge current × discharge time
average charge current × charge time × 100%

Voltage e f f iciency (%) = average discharge voltage
average charge voltage × 100%

Energy e f f iciency (%) = VE × CE
100

(2)

Thus, the efficiency at various current densities is indicated in Table S1 in Supple-
mentary Materials (supporting information). In addition, the average charging voltage
plateau is 1.99, 1.99, 1.998 and 1.992 V for various current densities; whereas, the peaks of
the average discharge voltage are 1.84, 1.331, 1.229 and 1.107 V. Bar graph of the calculated
efficiency of this flow cell were enclosed in Figures S1–S3 (supporting information). Ad-
ditionally, it results in the higher discharge potential near 1.84 V and the decrease in the
lower discharge potential plateau near 0.12 V depicts the energy efficiency of this newly
constructed flow cell as 22% [32]. It is comparable to the report of Chakrabarti et al. [35] that
revealed an energy efficiency of 20% for a symmetric Ruthenium-based cell. It is interesting
to note that the all-zinc flow cell has a higher cell voltage (1.99 V) than other flow cells such
as Zn-Br2 (1.84 V) [36], Zn/V (1.02 V) [37], and all-VRFB (1.2 V) [38]. Then, the volumetric
energy density principally relies upon the active species’ concentration, the cell voltage,
and the number of electrons engaged in the redox reactions. The following equation was
used to calculate the theoretical volumetric energy density:

E = nCFV (3)

Here, n denotes the number of electrons transferred in the reaction, C implies the redox
species concentration, F the Faraday’s constant (26.8 Ah/mol), and V is the cell potential.
This cell exhibits high energy density when compared to all-vanadium (10-25 Wh L−1), and
Zn/MnO2 (1.6 V/45-370 Wh L−1) [10]. Hence, this new cell shows a discharge potential
of 1.84 V at 6.5 M concentration of aqueous electrolyte. In the present case, the practical
volumetric energy density has been obtained nearly 599.62 Wh.L−1 (theoretical energy
density is 731.6 Wh.L−1) for the newly developed zinc redox flow cells.

5. Conclusions

In summary, the newly developed flow cell with a prepared Zn-MOF/ZnO electrode
has been effectively used for all-zinc RFB. The as-prepared ZnO derived from Zn-MOF
shows the hexagonal structure and enhanced surface area when compared to the pure
ZnO. Therefore, carbon-consolidated ZnO plays a vital role in the charge–discharge process.
Significantly, the oxidation/reduction couple of zinc at a pair of electrodes shows improved
reversibility. As a first endeavor, this new flow cell displays better energy efficiency (22%)
at a current density of 5 mA cm−2 in the RFB system than the standard flow cell. The
discharge potential of this flow battery is quite impressive at 1.84 V. Altogether, the newly
designed flow cell is a promising candidate for simple energy storage technology employed
in the RFB system when compared to the literature (Table 2). In addition, this work will be



Energies 2022, 15, 7635 13 of 15

assumed as an essential part of developing the next-generation low-cost and safe energy
storage system for the modernized storage application.

Table 2. Comparison of CE, VE, and EE of the previous reported data with our newly prepared
material and flow cell efficiency.

Symmetric Electrolye Coulombic Efficiency
(%)

Voltage Efficiency
(%)

Energy Efficiency
(%) [35] Disadvantages

Ru(acac)3 14.9 31.4 4.7 Low CE, VE, and EE, low
concentration of electrolytes

[Fe(bpy)3](ClO4)2 11.4 35.8 4.1 Low CE, VE, and EE

VOSO4 17.4 77.2 13.4 Low CE and EE

ZnCl2 + KOH 23.7 92.4 21.8 (This Work) Low EE, enhanced VE

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15207635/s1, Figure S1: Voltage efficiency for this newly
developed cell at current densities 5-20mA.cm−2; Figure S2: Coulombic efficiency at current densities
5-20 mA.cm−2; Figure S3: Energy efficiency at current densities 5-20 mA.cm−2 for glucose kit as
cell for redox flow battery; Table S1: coulombic, voltage, and energy efficiency of current densities
ranging from 5-20 mA.cm−2 and corresponding average charge discharge voltage.
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