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ABSTRACT

A fixed-bed zinc/nickel redox flow battery (RFB) is designed and developed. The proposed cell has been established in

the form of a fixed bed RFB. The zinc electrode is immersed in an aqueous NaOH solution (anolyte solution) and the nickel

electrode is immersed in the catholyte solution which is a mixture of potassium ferrocyanide, potassium ferricyanide and

sodium hydroxide as the supporting electrolyte. In the present work, the electrode area has been maximized to 1500 cm2

to enforce an increase in the energy efficiency up to 77.02% at a current density 0.06 mA/cm2 using a flow rate 35 cm3/s,

a concentration of the anolyte solution is 1.5 mol L-1 NaOH and the catholyte solution is 1.5 mol L-1 NaOH as a supporting

electrolyte mixed with 0.2 mol L-1 equimolar of potassium ferrocyanide and potassium ferricyanide. The outlined results

from this study are described on the basis of battery performance with respect to the current density, velocity in different

electrolytes conditions, energy efficiency, voltage efficiency and power of the battery.
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1. Introduction

Nowadays there is a worldwide concern and inter-

est in the production of renewable energy as well as

carbon-free systems such as wind energy and solar

energy in order to find out a solution for the CO2

emissions and reduce its impact on the environment.

These renewable energies can produce a great

amount of energy sources to meet the worldwide

needs. However, the challenge which is facing these

renewable energy means is how to store them [1].

One of the highly impressive solutions for stationary

energy storage is the electrochemical systems such as

the redox flow batteries (RFBs). This system is well

characterized as one of the recent technology with an

excellent promising choice for energy storage [2].

The redox flow batteries can be used in remote areas

to store energy. They can work along with the solar

photovoltaic arrays and wind turbine farms as well.

They can also supply electric energy when the tradi-

tional power generation systems do not provide suffi-

cient quantities. The main advantages of the RFBs

are their flexibility in design, reliability, acceptable

process, and their low costs [3]. 

Among various types of redox flow batteries are

Fe/Cr, Zn/Br, V/Br with the most successful RFB is

the vanadium one. The advantage of using VFBs is

that the type of metal used for both electrolytes is

identical. Moreover, there is no decreasing in its stor-

age capacity with time, but some differences in the

oxidation state of the metal ion charge at the two

electrodes exist. Therefore, vanadium in the tetrava-

lent and pentavalent forms are used on one side and
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vanadium divalent and trivalent are placed on the

other side [4].

The zinc/bromine redox flow battery is another

model of these systems. It contains two electrolytes

each one is stored in external tanks and circulated

through the electrochemical cell. At the negative

electrode the zinc ions are dissolved in the aqueous

phase and back and at the positive electrode, the bro-

mide ions are changed to be bromine and back. The

bromide ions can combine with bromine molecules

to produce the tribromide ion which occurs mainly in

the liquid bromine. Due to the high toxicity of the

produced bromine, it is preferred to use a complexing

agent. To avoid self-discharge, there is a separator

(ion selective membrane) between the two electro-

lytes which prevent the combination of both zinc and

bromine and allow the passage of H+ ions. Despite

the high cell voltage and low materials cost, this cell

has a limited usage due to the corrosion of its materi-

als and the low energy densities and its short life

cycle [5-9].

The iron/chromium redox flow battery is one of the

first studied flow battery technologies by National

Aeronautics and Space Administration (NASA). The

anolyte solution in this battery is an aqueous solution

of ferric-ferrous redox couple, while the catholyte

solution is a chromous and chromic couple and both

are mixed with hydrochloric acid. An ion selective

membrane is placed between the anodic and cathodic

half-cells to separate the two electrolytes and to allow

the passage of H+ ions. However, some of these sys-

tems are not strictly redox flow batteries because

their half-cell reactions involve the deposition of

solid species [10-13]. Among all the aqueous RFB

systems, zinc/cerium redox flow battery consists of

Zn/Zn2+ and Ce3+/Ce4+ redox couples. This cell shows

a high cell capacity and power which can result from

a higher cell voltage under a certain concentration of

electrolyte [14-16]. 

The present study is aimed to present zinc/nickel

redox flow battery as a rechargeable battery where

the zinc is used as an anode inside the cell during dis-

charging and the inert electrode (nickel) is placed

inside the cell as a cathode during the discharging.

The anolyte solution is sodium hydroxide solution

while the catholyte solution is an equimolar concen-

tration of potassium ferrocyanide and potassium fer-

ricyanide and mixed with sodium hydroxide solution

as a supporting electrolyte. The Zinc is connected to

the negative terminal of the direct current power sup-

ply to produce the reduction reaction. On the other

hand, nickel is connected to the positive terminal of

the direct current power supply to produce the oxida-

tion reaction [17]. The galvanic cell is operated

during discharging where the zinc acts as anode and

oxidized to be zinc ions and the nickel acts as the

cathode where the ferric ions are reduced on the

nickel electrode surface to be ferrous ions during the

discharging process.

2. Experimental

2.1 Materials

The catholyte solution is an equimolar solution of

potassium ferricyanide (0.1 mol L-1, 0.2 mol L-1 and

0.3 mol L-1) and potassium ferrocyanide (1.0 mol L-1,

1.5 mol L-1 and 2.0 mol L-1). Sodium hydroxide is

used as a supporting electrolyte, while the anolyte

solution (1.0 mol L-1, 1.5 mol L-1 and 2.0 mol L-1).

The above solutions were prepared using distilled

water.

2.2 Measures and analysis

 The experiments were performed by using the fol-

lowing illustrated systems in Figs. 1 and 2. The appara-

tus used in Fig. 1 consists of a fixed bed electrochemical

reactor, flowing circuit and an electrical circuit. The

reactor consists of two cubic compartments made of

plexiglass (7×7×7 cm3). In addition, the reactor is

divided into three sections: inlet and outlet sections,

while the working section is represented in Fig. 2.

The inlet and outlet sections consist of two plastic

pipes with two plastic valves for each section to con-

trol the flow rate. While the working section consists

of two cubic compartments which are separated by

anion exchange membrane (Fumasep FAA-3-PK-

130) which allows the passage of the hydroxide ions

only and prevents the positive ions from passing

between the two half cells. The anodic compartment

consists of a sheet of zinc metal (6.5×6.5 cm) and

zinc cylinders (0.9 cm height × 0.9 cm diameter) with

aspect ratio 1:1 connected to each other to act as

anode immersed in different concentrations of

sodium hydroxide solution. The cathode compart-

ment consists of a nickel sheet (6.5×6.5 cm) and

nickel cylinders (0.9 cm (height) × 0.9 cm (diame-

ter)) with aspect ratio 1:1 connected to each other and

are immersed in equimolar concentration of potas-
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sium ferricyanide and potassium ferrocyanide in

sodium hydroxide as supporting electrolyte. The

solution is pumped from the storage tanks to the two

half cells using Iwaki plastic centrifugal pumps with

half horsepower.

The electrical circuit consisted of a 12-volt direct

current power supply, a multirange ammeter con-

nected in series with the cell and a high impedance

voltmeter is connected in parallel with the circuit to

measure the cell voltage. Before each run, the solu-

tion is circulated between the plastic storage tank and

the two half-cells using a plastic centrifugal pump.

Fig. 1. Schematic diagram and major components of zinc/nickel fixed bed redox flow battery.

Fig. 2. Isometric drawing for zinc/nickel electrodes in the

two half cells of RFB and the ion exchange membrane

separates two compartments.
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The solution entered the half-cell through the inlet

tube placed above the bottom of the cell. A similar

outlet tube was placed at the top of the reactor. The

solution flow rate is controlled by bypass valves. The

charging voltage and current were measured versus

time during reduction of zinc metal in sodium

hydroxide solution and cathodic oxidation of ferrous

ions to ferric ions on the nickel surface. The discharg-

ing voltage and current are measured versus time

during oxidation of zinc ions in sodium hydroxide

solution and reduction of ferric ions to ferrous ions

on the nickel surface. 

3. Results and Discussion

3.1 Charge / discharge performance

As shown in Figs. 3, 4 and 5, one can conclude

during charging that the voltage increases in the first

10 min then becomes constant. In addition, the dis-

charging voltage decreases gradually in the first 10

min of discharging then becomes constant at differ-

ent current densities. It is also evident that the volt-

age efficiency decreases with increasing the current

owing to maintaining the columbic efficiency con-

stant at 100%. At high current densities, the mass

transfer processes are unable to supply the electro

active ions to the electrode surface at the needed

rate to keep the reaction going and this raises the

limiting current. The electrode potential is thus

shifted to more negative or more positive values,

leading to the breakdown of water and gassing side

reactions that produce hydrogen and oxygen at the

negative and positive electrodes respectively during

charging. Moreover, the magnitude of the limiting

current is a function of the concentration of electro

active ions in solution [18]. Moreover, the current

density was identified to decrease, the voltage

Fig. 3. Effect of time versus charging and discharging

voltage at different current densities (Catholyte

concentration = 0.1 mol L-1 Fe2+/Fe3+ and 1.0 mol L-1

NaOH and anolyte concentration = 1.0 mol L-1 NaOH).

Fig. 4. Effect of time versus charging and discharging

voltage at different current densities. (Catholyte

concentration = 0.2 mol L-1 Fe2+/Fe3+ and 1.5 mol L-1

NaOH and anolyte concentration = 1.5 mol L-1 NaOH).

Fig. 5. Effect of time versus charging and discharging

voltage at different current densities. (Catholyte

concentration = 0.3 mol L-1 Fe2+/Fe3+ and 2.0 mol L-1

NaOH and anolyte concentration = 2.0 mol L-1 NaOH).

Fig. 6. Effect of flow rate versus % of the energy

efficiency.
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dropped between the charging and the discharging

voltage decreased based on the given data in Figs. 3,

4 and 5.

3.2 Effect of flow rate

As shown in the Fig. 6, the energy efficiency

increases with increasing the flow rate of the electro-

lyte solution. Increasing the rate of mass transfer

(increasing the flow rate) of the ions to the electrode

surface, by either stirring or by pumping the solutions

at higher velocities through each half-cell at a faster

rate which decreases the thickness of the diffusion

layer or boundary layer. It is also evident that the

energy efficiency decreases with increasing the cur-

rent density due to the increase in the resistance or

load. And also the concentration polarization will

lead to gassing side reactions if the current density

exceeds the limiting current for the cell charging

reactions. When this occurs, the cell can often go into

overcharge, which is highly undesirable since this

can potentially lead to the formation of hydrogen gas

at the negative electrode. Where the electrodes are

used in the cell, gassing side reactions occurs during

overcharge [18]. 

3.3 Effect of current density on the Energy effi-

ciency and the voltage efficiency

The overall energy efficiency of the cell is a mea-

sure of the amount of actual energy released on dis-

charge relative to the amount of energy required to

charge the cell. It is generally calculated according to

the following expression (1) [18]. In addition, the

energy efficiency is calculated from the product of

the coulombic and voltage efficiencies as expressed

in equation (2).

(1)

where ηe is the overall energy efficiency (%), Id is the

cell current during discharge (A), Vd is the cell volt-

age during discharge (V), Ic is the cell current during

charge (A) and Vc is the cell voltage during charge

(V).

(2)

where ηe is the energy efficiency (%), ηc is the coulom-

bic efficiency (%) and ηv is the voltage efficiency (%).

Generally, the energy efficiency is an indicator of

the overall cell performance and reflects the com-

bined trends in coulombic and voltage efficiencies as

a function of current density. The combined effect on

the overall energy efficiency is an optimal operating

current density for maximum energy efficiency.

Although other factors including capital and mainte-

nance costs could shift the optimal current density to

higher values in practice. But in the present work, the

coulombic efficiency is considered to be 100% owing

η
e

Id*Vd

Ic*Vc
----------------dt*100%∫°=

η
e

ηc*ηv( )=

Fig.7. Effect of current density on the energy efficiency.

Table 1. Energy efficiency of different redox types.

Type of redox types
Current density

(mA/cm2)

Max Energy efficiency

(%)

Current efficiency

(%)

Nickel-cadmium 5-15 60 80

Nickel-metal hydride 5-10 50 85

Iron-Chromium 9 81 81

Bromine-Polysulfide 600 75 90

Vanadium-Vanadium 800 73 98

Soluble lead acid 100-600 82 85

Zinc-Nickel sheet 3.3-11.3 60.64 100

Present work 0.06-0.25 77.02 100
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to the same current density during charging and dis-

charging and this means that the energy efficiency

equals to the voltage efficiency. In other words, the

overall cell performance depends on the voltage effi-

ciency as expressed by equation (3) [18]. 

(3)

As represented in Fig. 7, the loss of cell energy

increases with increasing the current and therefore,

the energy efficiency decreases with increasing cur-

rent density. Table 1 list out the energy efficiencies of

different redox types [18]. 

(4)

P = Power, I = current density, V = Voltage

To minimize the resistance and power loss, the

membrane must have a high ionic conductivity, and

hydrophilic characters at the interface between the

liquid electrolyte and solid membrane surface to

ensure a fast ion transfer. In addition, the fast ionic

transport must be highly selective and the transport of

active species must be minimized to reduce capacity

and energy losses. The power is also affected by the

shunt current and as the flow rate and concentration

of solution increase, the pressure drop increases and

may lead to enlargement in the power loss in the

pumping system. As shown in Fig. 8, the power con-

sumed during charging increases as the flow rate

increases and this behavior means that the power loss

increases. However, the pumping of solutions at

higher velocities through each half-cell at a faster rate

will increase the limiting current and the concentra-

tion polarization will lead to gassing side reactions. If

the current density exceeds the limiting current for

the cell charging reactions, the cell can often go into

overcharge, which is highly undesirable since this

can potentially lead to the formation of hydrogen gas

at the negative electrode [18]. As shown in Fig. 9, the

power generated during discharging decreases as the

current density increases and this situation means that

the power loss increases to overcome the overcharge

in the concentration polarization. 

η
e

η
v

=

P I*V=

Fig. 8. Effect of Flow rate on the power of charging current

density.

Fig. 9. Effect of Flow rate on the power of discharging

current density.

Table 2. Comparison of electrode sheet Zinc-Nickel RFB and fixed bed Zinc-Nickel fixed bed RFB.

RFB
Current density

(mA/cm2)

Electrode area

(cm2)

Power consumed during 

charging (watt)

Power generated during discharging

(watt)

Zinc-Nickel 

RFB

3.3

150

2.3-2.9 1.3-1.5

7 2.5-3 0.9-1.3

11.3 4-5.5 0.4-1.1

Zinc-Nickel 

fixed bed RFB

0.06

1500

0.10-0.27 0.05-0.15

0.13 0.43-0.67 0.04-0.25

0.20 0.78-1.018 0.04-0.2

0.25 1.03-1.49 0.05-0.304
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3.4 Cost Analysis

The commercial development and current eco-

nomic incentives associated with energy storage

using redox flow batteries (RFBs) are summarized in

this analysis section as listed in Table 3. The analysis

is mainly focused on making a comparison between

all vanadium redox flow battery and the zinc/nickel

fixed bed redox flow battery as illustrated in the pres-

ent work. The potential benefits of increasing battery

based energy storage for electricity grid load level-

ing and MW-scale wind/solar photovoltaic-based

power generation are now being realized at an

increasing level. Commercial systems are being

applied to distribution systems utilizing kW scale

renewable energy flows [19]. 

4. Conclusions

Based on the outlined data in the present study,

several important points can be concluded and listed

out. The power consumed during charging increases

as the flow rate increases and this means that the

power loss increases, due to pumping the solutions at

higher velocities through each half-cell at a faster

rate, which increases the limiting current. The con-

centration polarization may lead to gassing side reac-

tions when the current density exceeds the limiting

current during the charging reactions. This will cause

the overcharge of the cell, which is highly undesir-

able. However, the overcharge can potentially lead to

the formation of hydrogen gas at the negative elec-

trode. The power generated during discharging

decreases as the flow rate increases and this means

that the power loss increases. All cell losses increase

with increasing current density so that the energy

efficiency and the voltage efficiency decrease.

Finally, the total costs for establishing Zn/Ni fixed

bed RFBs is lower than the total costs for establishing

All vanadium RFBs.

The results of this study may be extended to

explore further evaluation points according to the fol-

lowing recommendations. (i) Change the shape of the

electrode to a hollow cylinder. (ii) Use a vibrated

electrode. (iii) Use multiple stacks to increase power

density and energy efficiency. (iv) Change the sur-

face area of the electrode. (v) Change the electrolyte

volume in the tank. (vi) Lower the temperature inside

the stack or the cell to decrease the ohmic resistance

by using the cooling jacket for both the anolyte and

catholyte solutions.
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