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Abstract: This study reports the effect of iron sulphide and copper composites on the electrochemical performance of nickel—
iron batteries. Nickel stripes were coated with an iron-rich electroactive paste and were cycled against commercial nickel
electrodes. The electrodes electrochemical and physical characterisation were carried out by using galvanostatic charge/
discharge, cyclic voltammetry, X-ray diffraction, and atomic force microscopy techniques. The authors’ experimental results
would indicate that the addition of iron sulphide and copper (ll) sulphate significantly enhances the performance of the battery.
Their in-house made iron-based electrodes exhibit good performance, with great potential for grid energy storage applications.

1 Introduction

The increasing demand for energy, depletion of supply of fossil
fuels, and rising concerns over environmental pollution have
encouraged the development and use of alternative, sustainable,
and renewable energy resources [1-3]. Due to its natural
environmental friendliness, abundance, renewable sources have the
potential to reduce greenhouse gas emissions while offering a
practical way of reducing our dependence on fossil fuels, it not
surprising that most countries are taking serious steps to implement
effective policies that will accelerate our use of such technologies
[4, 5]. Moreover, it has been reported that the use of renewable
energy continues to grow as global energy consumption increases.
A staggering 19.1% of the global energy consumption during
2011-2012 was met by using renewable sources [6].

In recent years, renewable energy sources, such as the wind and
solar power have emerged as a suitable solution to increase energy
security, the supply of electricity, and mitigating environmental
issues. Wind is a clean and non-polluting renewable source of
energy that has received much attention for its potential to convert
wind energy into more useful forms of energy such as electricity.
Moreover, among all of the types of power production, renewable
energy is considered as one of the fastest growing resources [6]. It
is not surprising that in 2014, global wind energy production
reached 370 GW, corresponding to an increase of almost 30%
compared with the previous decade [6]. However, energy
generation from renewable sources is not always possible when
most needed (temporary wind profiles, seasonal availability of
resources such as water, sunlight, etc.). Storing the energy during
low load demand and then releasing it during the peak demand can
overcome these problems. Combining renewable energy with
energy storage, therefore, provides the natural solution to the
asynchronous problem between energy generation from
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Fig. 1 Schematic diagram of the battery-based interactive wind/solar
power system

IET Renew. Power Gener.

intermittent power sources and demand [5]. Fig. 1 illustrates how
energy storage could be used to help balance the electric grid.

Among various energy storage technologies, electrochemical
energy storage has been identified as a practical solution that would
help balance the electric grid by mitigating the asynchronous
problem between energy generation and demand [5]. Moreover,
electrochemical energy storage has been widely accepted as one of
the most promising alternatives to store energy from intermittent
power sources such as wind and solar for its high round-trip
efficiency [5, 7, 8], long cycle life, low cost, high efficiency, and
scalability [9, 10]. In the last century, several battery systems have
been developed, but only a few have been demonstrated in large-
scale applications. Among them, aqueous batteries have the
potential to help balance the future electric grid at a lower cost than
any of their non-aqueous counterparts (such as Li-ion, Na-ion, etc.)
owing to its abundant raw materials and low-cost electrolyte (water
based). Finally, non-aqueous batteries require costly safety systems
to reduce the risk of arson; such expensive systems are not required
with aqueous batteries [11-14].

Lead acid batteries are the earliest and well recognised as the
leading technology for renewable applications, hence, their low
energy density (about 30 Wh/kg), the toxicity of raw materials, and
low cycle life [15, 16]. In contrast, invented and commercialised in
the early 20th century, nickel-iron (NiFe) cells could provide 1.5-2
times the specific energy of lead/acid batteries, with their increased
ruggedness and longer cycle life at deep discharge state (2000
cycles at 80% Depth of Discharge) [8, 11, 13, 16, 17]. In addition,
NiFe batteries are well known for their long cycle life, typically
exceeding 2000 cycles of charge and discharge [11, 18], vastly
exceeding most of their competing technologies, this is lead/acid
(300 cycles), nickel/cadmium (1500 cycles), and nickel metal
hydride (500-800) [18].

Renewed interest in the iron-based batteries (such as NiFe) has
been driven by the incentive to develop cost-effective, highly
efficient energy storage technologies. NiFe cells are secondary
batteries that are well known for robustness, non-toxicity, and eco-
friendliness [19-22]. Besides, the relative abundance of chemicals
and raw materials required to build these cells indicate that this
technology could provide a cost-effective solution to store energy
for grid system applications. However, the commercial deployment
of these batteries has been limited by their poor charging efficiency
(50-60%) and low discharge capability. These two problems are a
direct consequence of the parasitic evolution of hydrogen that takes
place during the charging of the battery. Considerable efforts have
been devoted to overcoming the issues mentioned above.

In this regard, different effective approaches have been taken to
counteract these issues, including using anode additives [23-27],
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electrolyte additives [28—31], and nanosized Fe-based materials [8,
32-36]. Generally, all of them rely on either modifying the
electrode formulation and/or tailoring the electrolyte [14, 24, 28,
31, 37, 38]. Under strong alkaline conditions, during the charging
of an iron electrode, water is decomposed on its surface thus
rendering hydrogen and hydroxyl groups, as shown in (2) [24, 38—
42]

Fe(OH), + 2¢” & Fe + 20H", E°= —0.88V (1)

2H,0 + 2" & H,+20H", E°= —0.83V )
Due to electrolyte decomposition, part of the energy that was
originally intended to be stored in the battery ended up wasted in
decomposing the electrolyte. Mitigation or even prevention of
hydrogen evolution is therefore crucial in achieving large-scale
commercial implementation of these cells [14, 16, 31, 37].
Considering that many electrode additives such as bismuth,
bismuth sulphide, cobalt, copper, and carbon-based materials have
been tested, the addition of additives such as Na,S, Li-ions to the
electrolyte solution has also been reported as effective not only in
controlling the reduction of Fe (III) to Fe(I) but also in increasing
the capacity of the iron electrode as well [28, 43]. Table 1 reports
figures of merit for selected anode systems for NiFe cells.

Recent studies have shown that selected electrode additives,
such as bismuth and sulphur-containing species (including iron
sulphide and bismuth sulphide), increase the activation barrier for
water decomposition thus rendering a staggering tenfold reduction
in the overall hydrogen evolution rate [8, 24, 44]. Besides, bismuth
sulphide is electrically conducting and insoluble in aqueous
solutions of potassium hydroxide. During the charging process of
the cell, bismuth sulphide is reduced into elemental bismuth as
represented by

Bi,S, + 6e” < 2Bi+3S*7, E’= —0.82V 3)
As per our knowledge, one of the less studied electrode additives
with the potential to reduce the activation energy barrier for water
decomposition on the surface of the iron electrode is copper.
Moreover, copper is also well known for its high electrical
conductivity, chemical activity, and reasonable price [45-50]. It has
been observed that when placing together elemental iron in a
solution of copper sulphate, a single replacement reaction as
indicated by (4) would occur

Fe + CuSO, < FeS0, + Cu (&)

The formation of a protective layer of copper would act in a similar
manner than the layer of elemental bismuth that was formed by (3).
Moreover, the electrochemical behaviour of the Cu(II)/Cu(I) pair is
reported to be similar to the Fe(IlI)/Fe(Il) pair, as illustrated in (5)—
(7) [46, 49, 51]

Cu+ 20H™ & Cu(OH), +2e”, E°= —0.33V (5)

2Cu+20H © Cu,0 +H,0+2e”, E°= —046V (6)
Cu(OH) + OH™ & Cu(OH); +e-, E’= —093V  (7)

Table 1 Selected anode systems for NiFe cells?

Cu,0 + 20H™ + H,0 © 2Cu(OH),, K, =14x10" (8)

It has been proposed that as the potential is increased beyond —0.4
V, the formation of Cu,O (6) dominates over its dissolution (8)
[51].

Electrolyte additives have also been used to enhance the
performance of the battery. It has been reported that electrolyte
systems based on Na,S and LiOH would significantly improve the
capacity of the iron electrode. It has been recently demonstrated
that sulphide ions can suppress the electrolyte decomposition [28,
52, 53].

Nano-structuring the electrodes is another approach that has
rendered high-performance batteries; this approach has been
successfully implemented not only in the area of Li-ion batteries
but also in producing aqueous batteries [35]. With all of this in
mind, we aim to explore the use of different forms of copper
(metallic and copper sulphate) and iron sulphide as electrode
additives for suppressing the evolution of hydrogen; likewise, we
shall also use potassium sulphide as an electrolyte additive to
further improve our in-house made NiFe cells.

This manuscript aims to clarify the effect of iron sulphide and
copper composites in suppressing the evolution of hydrogen in the
electrolyte, thus improving the overall performance of the NiFe
cells.

2 Experimental

Strips of nickel foam (4 cm X 1 cm) were coated with differing
amounts of electrode materials. An electroactive paste consisting of
iron powder (Fe, 99% <10 pum, Sigma-Aldrich), mixed with
differing amounts of iron sulphide (FeS, 99.5% <10 um, Sigma-
Aldrich), copper sulphate (CuSO4 5H,O, 98% <10 um, Alfa
Aesar), and polytetrafluroethylene (PTFE) (Teflon 30-N, 59.95%
solids, Alfa Aesar) were used. The mixture was then homogenised
for 10 min on an ultrasonic bath, applied to the nickel foam (Ni,
purity 99.0%, density 350 g/m?2, Sigma-Aldrich), and vacuum dried
for 5 h at 100°C. The coating process was repeated until a constant
amount of iron was reached (about 300 mg/cm?). The electrodes
were vacuum dried overnight to ensure consistency. A brief
description of electrode preparation procedures and testing was
described by Yang et al. [54].

To efficiently investigate the effect of different concentration of
sulphur-containing additives while keeping a reasonable number of
experiments, a full factorial design was used and in order to ensure
consistency, three replicates per formulation were used. Table 2
shows the experimental factors and level used during the
experiment.

By considering the mixing rules in a four-dimensional (4D)
composition space and based on the constancy of PTFE, a 22 full
factorial design with four replicates per formulation for a total of
16 runs were used.

Data extraction was automated by using an in-house developed
C/C++ program that interrogates all files produced by the battery
cycles, the data thus obtained was analysed by utilising Python and
the r statistical software. More experimental design details can be
found here [42].

Cells were assembled into a three-electrode cell configuration,
where a commercial nickel electrode was used as a counter
electrodes (CE), our in-house made pasted electrodes were used as
the working electrode, and a mercury/mercury oxide (MMO) was

Materials Particle size, ym Support materials  Additives Design Capacity, Ah/g Charging efficiency Ref.
Fe 1-3 none none pressed pocket-plate 0.12 (C/5) 70 (C/20) [44]
Fe 1-3 none 4.5% BipS3  powder spread + PTFE ~ 0.33 (C/5) 33 (C/5) [42]
Fe + Fe304 5-10 PVA + CC 1.0% BipS3  powder spread + PTFE 0.4 (C/5) 80 (C/5) [12]
carbonyl Fe 0.5-3 none 10% BipO3+FeS pressed powder + PP 0.22 (C/5) 93 (C/20) [25]
carbonyl Fe 0.5-3 none 5.0% BixS3 pressed powder +PP 0.24 (C/5) 30 (C/5) [24, 39]

CC, carbon black; PP, polyethylene powder; PTFE, polytetrafluroethylene; PVA, polyvinyl alcohol.
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Fig. 2 Schematic diagram of the cell configuration
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Fig. 3 Dypical charge and discharge voltage profiles of a NiFe cell
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charge used for hydrogen evolution was calculated with the current
of hydrogen evolution, which in turn was calculated by using the
Tafel relationship [55].

Cyclic voltammetry (CV) was conducted under potentiostatic
control using an eight-channel Solartron 1470E/1455A
potentiostat/galvanostat. The electrochemical measurements were
made using a conventional three-electrode glass cell. The RE was
Hg/HgO (Epgngo =+0.098 V. versus the standard hydrogen
electrode) and the CE was a platinum wire. CV experiments of the
Fe—Cu rich paste were conducted at room temperature on aqueous
solutions of KOH.

X-ray diffraction (XRD) was used to characterise the electrode
and determine the crystal phase of the materials. X-ray data were
obtained on a Bruker D2 Phaser system with Cu-Ka, 4= 1.5406 nm
radiation, and step time of 0.1 s in a 20 at the range between 0 and
85°(20); detector set to 0.27 V of the lower detection limit. The
XRD data analysis was performed by the International Centre for
Diffraction Data (ICDD) PDF-4+ and Sieve+ software.
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(a) Galvanostatic charge—discharge curves of the first and second cycles of an iron electrode versus Hg/HgO RE at C/5 rate, (b) Charge—discharge curves of the cycles from 17th—

35th among 60 cycles

used as reference electrode (RE) (Ejgngo=10.098 V versus
normal hydrogen electrode). The electrolyte was an aqueous
solution of 28.5 w/v% KOH (purity>85.0%, pellets, Sigma-
Aldrich). In-house deionised water was produced by using an Elix
10-Milli-Q Plus water purification system (Millipore, Eschborn,
Germany). Iron electrodes were cycled under galvanostatic
conditions for 60 cycles to their rated capacity (0.35 Ah/g) at C/5
rate from —0.8 to —1.4V versus MMO RE at laboratory
temperature. The electrochemical tests were carried out using a 64-
Channel Arbin SCTS battery cycler operating under galvanostatic
conditions. A sketch of the cell test configuration can be found in
Fig. 2.

The efficiency of the battery was calculated by using the
following expression:

= Q=100

o= "5 ©)

where 79 is the coulombic efficiency, O, is the total charge, and
Qp is the charge wasted in electrolyte decomposition [8]. The

Table 2 Main factors and levels used in experiment
(electrode material compositions in weight per cent)

Level, %,
Factors Low High
Fe 82 89
FeS 0 5
CuSOy4 3 5
PTFE 8 8

IET Renew. Power Gener.

Atomic force microscopy (AFM) was used to investigate the
surface morphology at the iron electrodes before and after cycling.
After cycled, electrodes were immediately rinsed with deionised
water, followed by drying under stream nitrogen. AFM imaging
was performed on Bruker Dimension Icon, operating with the
ScanAsyst system in soft tapping mode in air, and the height of
images was attained by using a silicon cantilever, with the nominal
force constant of 40 N/m, and resonant frequency of 300 kHz.

3 Result and discussion
3.1 Galvanostatic cycling

As was explained, batteries were cycled at room temperature until
they reached the steady state (usually 25-30 cycles) [14], so
meaningful comparisons could be drawn. Typical charge and
discharge voltage profiles of a NiFe cell can be found in Fig. 3a. It
has been reported that NiFe cells require a conditioning period
before they reached their full potential [14, 24, 37, 38, 42]; so it
makes sense to expect a similar behaviour for iron electrode
formulations utilising copper. Fig. 3b confirms this hypothesis as it
clearly indicates that cell performance increases with the cycle
number.

The practical implications of Fig. 3 are tremendous as it
confirms the use of copper sulphate in the electrode increases the
overall performance of the NiFe cell. Formulations lacking copper
tend to exhibit extremely low coulombic efficiencies (1-5%,
results not shown). However, in the presence of copper sulphate,
coulombic efficiencies increase up to eight times.

Our experimental results demonstrate the usefulness of copper
sulphate as an electrode additive for improving the performance of
iron electrodes. Fig. 4 clearly indicates that the use of copper
sulphate has a positive effect on increasing both the coulombic
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efficiency and the capacity of the iron electrode. In fact, under the
experimental conditions explored here, it seems like there is an
optimal composition for copper sulphate in the nearness of 3%,
CuSOy4, but more investigation is still required to optimise the
formulation. It is also apparent that the presence of iron sulphide
tends to increase the performance of the battery to a larger extent
than copper sulphate. In fact, very high-performance FeS-based
batteries have already been reported [37].

The specific discharge capacities for our iron electrodes with
and without additive as a function of the cycle number are shown
in Fig. 4. Also, as can be seen, the formulation based on FeS

exhibits a relatively low coulombic efficiency of about 30%.
However, the addition of copper sulphate to the same formulation
renders nearly 10% increases in battery performance (1p=~40%)
(Fig. 5).

From our experimental results, it follows that the addition of
copper sulphate increases the performance of the battery, by
preventing electrolyte decomposition. This observation holds in the
concentration range from between 0 and 6% of CuSOy4. The
authors believe that this might be due to the formation of a copper
layer on different sectors of the iron electrode, this iron copper
would increase the activation barrier for electrolyte decomposition,
thus increasing the overall performance of the iron electrode.

Broadly speaking, electrode formulations based on CuSOy
outperformed their plain iron-based counterparts. However, at the
confidence level a=0.05, we have found no meaningful
formulations based on 3 and 6% of CuSOy4. This would indicate
that more research is still needed to determine the concentration
space where cell performance is being maximised.

Although we have developed formulations that decrease the
evolution of hydrogen, our formulations exhibit a decrease in
capacity after the 15th cycle, so we also propose to investigate the
use of additives like bismuth sulphide, which increases the
performance and stability of NiFe cells. It has been proposed,
however, that the reduction of electrode capacity can be
counteracted by the addition of sodium sulphide to the electrolyte
[28], so it is worth exploring the incidence of this compound as a
means to increase cell performance. Finally, our experimental
observations confirm that iron electrodes tend to fall apart with the
cycle number; this observation has been reported many times
before [24, 28, 42]. The authors believe the manufacturing process
can still further be refined or even replaced by using different
binders or manufacturing approaches.

3.2 Cyclic voltammetry

The CV experiments of the iron electrode with and without copper
additives are shown in Fig. 6. In Fig. 6a, the forward scan
(oxidation curve) for electrodes without additives reveals two
oxidative peaks at —0.92 V Fe/Fe(OH), and —0.78 V for Fe(OH),/
Fe(IIl), respectively [34, 49, 56]. As confirmed in Fig. 6b, there are
three oxidation/reduction peaks, peak 1 (Ox1) at —0.38 V which is
associated with the oxidation of Cu/Cu,0O, peak 2 (Ox2) with
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___/
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-0.00005 T T T T T
-0.5 0.0 0.5 1.0 1.5
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Cument/mA
@)
x

Red,

Cu,O/CuO at potential of —0.12 V, and the third anodic peak with
CuO/Cu(OH), at 0.6 V. These strong oxidation peaks implies their
high reversibility at a high current density. Finally, the strong
oxidative peak at —0.78 V implies the oxidation of Fe(OH), to
Fe30y, this final observation was confirmed by the XRD analysis.

3.3 Characterisation of the electrodes

The XRD pattern reveals strong signals indicating well-crystallised
peaks at 26 values corresponding to the main phases of Fe matched
with the standard ICDD card no: 006-0696, FeS ICDD card no:
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Fig. 7 X-ray powder diffraction pattern for the iron electrode
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copper centres on the surface of the electrolyte (as suggested by
(4)); note that electrolyte decomposition of water is not favoured
on copper as is of iron, so the overall performance of the battery is
increased. The XRD analysis of our samples confirms the
formation of Fe;04 during the discharge reaction.

To investigate the surface morphology of the electrodes, AFM
was used to study the structure of our samples. Fig. 8 shows AFM
3D images of iron electrodes before and after cycling. The average
surface roughness evaluated over the 3D surface before and after
60 cycles of charge and discharge was 2.69 and 21.0 nm,
respectively. Finally, the AFM analysis would also suggest that the
surface of the electrode deteriorates with the cycle number; this
observation is in line with the fact that electrodes tend to fall apart
(to some extent) when cycled.

4 Conclusion

Aiming to develop highly efficient NiFe cells for offshore wind
applications, iron electrodes based on Fe/FeS/CuSO4 were
investigated. Our experimental results indicate that copper sulphate
increases the performance of iron-based electrodes in the range
between 0 and 6%. Likewise, we could confirm that the presence
of iron sulphide in the electrode has a real incidence on its
performance; basically, the addition of iron sulphide has a much
greater influence than using copper alone. AFM and visual

Powder diffraction cards: Fe (00-006-0696), Fe304 (00-065-0731), FeS inspection have confirmed that the cycling of electrodes under
(04-003-01443), CuSO4 (01-077-1900), Cu0 (01-078-2076) strong alkaline conditions would most certainly compromise the
structural integrity of the cells. Coulombic efficiencies in the order
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201
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X
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(a) Height sensor image of the iron powder electrode with additive before discharge/charge cycling, (b—e) Cross-section along the line in phase image, (c—f) Corresponding phase

image, z-range, (d) Height sensor of the image iron powder electrode with additives after 60 cycles of charge and discharge

04-003-1443, Cu,O ICDD card no: 01-078-2076, Fe;04 ICDD
card no: 00-065-0731, and CuSO4 ICDD card no: 01-077-1900,
respectively. It is worth nothing that after cycling, electrodes
exhibited strong iron signals of higher intensity than their non-
cycled counterparts.

As can be shown from Figs. 7b and c, the formation of Fe;0y is
much stronger after the deep cycling. It is also worth noting that
Fe;04 was produced during the discharge reaction, as confirmed by
the AFM image morphology (see Fig. 8). The Cu,O observed
peaks are indicative that the copper was oxidised (as shown by (6))
at the deep discharge state [34].

It is important to understand that, broadly speaking, our
evidence is in line with our initial claim that copper (in the form of
copper sulphate) would modify in some way the activation energy
for electrolyte decomposition, probably by rendering metallic

IET Renew. Power Gener.

of 40% and enormous capacities exceeding 300 mA/g were found.
It is important to mention that we have used commercial grade
reactants and materials only, so this technology has the potential to
be a cost-effective energy storage solution for large-scale
applications.
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