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Multiple Regression Analysisin the Development of NiFe Cells as Ener gy Storage Solutions for

I nter mittent Power Sour ces Such asWind or Solar

Jorge Omar Gil PosatiaAbdallah H. Abdalla, Charles I. Oseghale and Peter J. Hall

Chemical and Biological Engineering, University of Sheffi&a Robert Hadfield Building, Mapping Street, Sheffield
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Abstract

Multiple regression analysis was used to investigate the effect of hisulgthide and iron sulphide as anode additives
for NiFe cells. With this in mind, in-house made Fe/FesSBbased electrodes were cycled against commercially
available nickel electrodes. A simplex centroid design was used to investigate thieecbmifects of any of the

aforementioned additives on cell performance. The manuscript endanwitftial look at electrolyte systems as a means
to further improve the performance of our cells. Finally, matifigs support the idea that HS- ions improve the overall

performance of NiFe cells.
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1. Introduction

Although, there is a continuously increasing demand of energingdnom renewable sources; the intermittent nature of
these resources restrict their use (temporary wind profiles, availabilgyrofight, sufficient/constant supply of water,
etc); so energy generation and demand are not easily mdficbgd Nonetheless, we are facing a transition to integrate
an increasing share of energy coming from renewable sources taebdbam electric grid6-16]. Three different
strategies have been proposed to tackle the aforementioned problem: &neagg, transmission and full back up
capacity (for example by using fossil fuels); this manuscript l@RsiFe batteries as a means to store large amounts of

energy coming from intermittent power sources such as wind or solar
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Among all renewable sources, wind power is, undoubtedly, one the world’s fastest growing technologies [3]. It is well
known that offshore wind is stronger and steadier than its omsimamterpart, so offshore wind farms could convert

larger amounts of wind energy into more useful forms of gn@ech as electricity) [1Q,7-19].

Unfortunately, large scale energy storage is still very expensive refiicient. Broadly speaking, energy storage
demands electricity to be converted into some non-electrical form of enbigy must be reverted back into electricity
for further use. This process is not 100% efficient and prices areestilhigh. Compared with our current technologies,
a more practical way to store large amounts of energy is very much neg&tedis because, unfortunately, modern

batteries would utilize:

e organic/flammable electrolyte systems
e ultrapure and/or non-abundant (costly) reactants
e environmentally unfriendly raw materials and components

e costly nano-structuring procedures

These aspects will increase the price of the battery and would polarize ggi@oal against large scale implementation

of the intended solution.

NiFe cells are rechargeable aqueous batteries that were successfully commergializisbb back in the early $0
century. Although, this technology was superseded by cheapenmmared toxic) lead-acid cells, there is a renewed
interest on them, arising from their environmental friendliness, low @ostw materials, long life and tolerance to
electrical abuse (such as overcharge, over-discharge, being idle for extenided pnd short-circuit conditions) and
compatibility with intermittent power sources, such as wind power @nmmowoltaic’s (PV’s). In addition, this

technology would be suitable for relatively low specific energy applicationsq3®6kg") [20].

The low cost and abundance of the raw materials required to produce N#aredwo important aspects that further
encourage their use. Iron is the fourth most abundant element in the Earth’s crust [21, 22]. Nickelis less abundant than
iron, but it is still relatively abundant [23, 24]. Other materials/ammpls such as potassium hydroxide, sulphur and

iron sulphide are also very abundant - Bismuth is relatively scaec[29, 30] but only small amounts of it are



required to produce NiFe cells. Basically, there are not good reasomedeef@ shortage of any of the aforementioned

elements any time soon.

There are, of course, many challenges preventing a large scale utiliZzalidreccells for offshore wind applications,

such as low cell efficiency, electrolyte decomposition (hydrogen evojutod low energy and power densities [31, 32].
Essentially, the major challenge preventing this technology from becceniggl solution to the large scale energy
storage problem is the low round trip performance of the battdrigh is strongly related to the evolution of hydrogen
via decomposition of water on the surface of the iron electr&tefrom our point of view, the evolution of hydrogen is
something we must reduce, minimize or even prevent rather than entiaads, we are not interested in storing and
utilizing the hydrogen that is produced during the charging dbdtery, even though we could look at different ways of

utilizing such resource [33-35].

Under strong alkaline conditions, the main process taking place duergp#nging of an iron electrode is the reduction
of ferrous ions (F&) to metallic iron E€”); conversely, during discharge, metallic iron is oxidized to ferrous iBg. (1)
illustrates the charging and discharging (forward and backward reactispsctively) processes of an iron electrode

under alkaline conditions [32, 36].

Fe(OH), +2e <> Fe+20H~ E°=-0.87V (1)

Unfortunately, during the charging of the battemater is electrochemically decomposed into hydrogen and hydroxyl
ions. Because of that, part of the energy that is intended to leel $tothe battery, ended up wasted in the parasitic
evolution of hydrogen. Hydrogen evolution, therefore, accdionta drastic reduction in the overall performance of the

battery, as indicated by Eq. (2).

2H,0+2e «<>H,+20H" E°=-0.83V (2)

The evolution of hydrogen on the surface metals under alkalingtiomsdis a subject of paramount importance in
modern times [37, 38]. In particular on the surface of iron, asraliesl by Eq. (2) reflect the importance of this reaction,
but from a detrimental point of view [38t]. There are plenty of situations where enhancing the evolutiondobdpn

is desired, however, in the realm of NiFe batteries the problem is exactlypgbsite. It is crucial to reduce, minimise or

even prevent this reation.



The prevention of electrolyte decomposition has been achieved by mgdifye iron electrode by either nano-
structuring the anode or by the addition of elements (sucH@wuswr bismuth), in such a way that the overpotential for
hydrogen evolution was increased [42, 43]. Electrolyte modification alsaitpgyreventing Eq. (2) from happening. In
fact, different electrolyte additives such as wetting agents [44], long dfiala [45], etc., have been investigated for
such end [42]. With this in mind, NiFe batteries with exceptional dgmof nearly 800 mAh § have been reported
[46, 47]. Although, highly efficient, these batteries require costly reactamtsnano-structuring techniques. These

aspects would certainly influence the final price of the battery [46, 47].

In our previous publications, the role of selected electrode additives (sumibnagh and iron sulphide) on battery
performance has been explored [43, 48]. Our experiment#ihfis suggested that bismuth sulphide and iron sulphide
effectively improve the performance of the NiFe cell. However, theairng question is whether a synergistic effect
between them would exist. Conventional NiFe battery research wouldlepwsie single electrode additive at a time,
thus neglecting the occurrence of combined effects, this is, situatimre the combined effect of the factors is greater

than the the sum of the parts. This manuscript ends with an initiahta&ctrolyte selection and improvement.

2. Experimental

By using a similar procedure as the one described in our previblisgtions [17, 43], iron based anodes were produced
by using varying amounts of Fe, PTFE, FeS anBEssentially, strips of nickel foam (10 mm x 40 mm x 1.8 mm)
were coated and then vacuum dried until approximately-0®25 g of iron powder were loaded on an area of

approximately 1 cfh The chemicals and materials used were of the following specifications.

e Iron powder (purity 99.5%, < 10um) from Alfa Aesar

e Iron sulphide (purity 99.5%) from Sigma Aldrich

e  Bismuth sulphide (purity 99.5%, < 5um) from Sigma Aldrich

e PTFE (Teflon 30-N, 59.95% solids) from Alfa Aesar

e Nickel foam (purity 99.0%, density 350 ¢fjnirom Sigma Aldrich
e Potassium hydroxide (purity > 85.0%, pellets) from Sigma Aldrich

e  Potassium sulphide (purity > 99.5%) from Sigma Aldrich



e Lithium hydraide (purity > 98.0%) from Sigma Aldrich

In house deionized water was produced by using an Elix 10-Milli-Qwatesr purification system (Millipore, Eschborn,
Germany). Basically, varying amounts of electrolyte components wesehaid in our in-house produced deionized

water. The electrolyte system used for electrode development consistedmqfespus solution of 5.1 M KOH.

Our previous experimental results have proven the usefuln®BHiE as a means to produce a conductive iron based ink
[49], we have kept the composition of PTFE at a constant value of approxim#igly Based on the constancy of the
binder and our desire to explore the composition space defined byldtions not exceeding 15%0n each additive,

Table 1 was constructed.

Table 1 - Experimental deter minations of factorsand levels (free-PTFE basis).

Factor Concentrations (%)
Low High
Fe 70 100
FeS 0 15
Bi,S; 0 15

By using six replicates per electrode formulation and the two standard deidtiwia for rejection, a surface response

model that allows the finding of electrode formulations that reduce electdagtenposition was obtained.

Broadly speaking, electrolyte systems for NiFe cells are concentrated s®lotipotassium hydroxide and other minor
constituents, we decided to keep the concentration of KOH constant (5dani}p explore the combined effect of
lithium hydroxide and potassium sulphide (six replicates per electrolyteufation were used). Table 2 reports

electrolyte systems under consideration.

Table 2 - Electrolyte systems under consideration

System | Composition

S1 5.1 M KOH
S2 5.1 M KOH + 0.1M LiOH
S3 5.1 M KOH + 0.1M KS




S4 5.1 M KOH + 0.1M LiOH+ 0.1M KS

The electrode and electrolyte formulations were tested on a three electrode -telisénmade anodes were tested in a
three-electrode cell. Nickel electrodes, obtained from a commercial nickel iron batterg, weleer as cathodes. All
potentials were measured against a mercury/mercury oxide (Hg/HgO) referertuedeleé@Hg,Hgo =+ 0.098 V vs.

NHE).

Experiments of charge and discharge were conducted on a 64 chabineSCTS battery cycler under galvanostatic
conditions at room temperature until the steady state was reached. Cellyslegdrom 0.6 to 1.4 V vs. Hg/HgO at a
C/5 rate. Formation and stabilization of the electrodes were found to be coimpldte 38' cycle of charge and

discharge [43, 48, 49]. Fig. 1 provides a sketch of the cell tetjomation.

Hg/HgO
Fe

KOH =

Fig. 1- Test cell configuration.

3. Resultsand Discussion



3.1 Electrode formulation

It has been recognised that any NiFe cell requires a relatively long comgjtipariod (in the order of 30 cycles of

charge and discharge) before it reaches the steady state [17, 43, 48]cdFifirrds this observation.
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Fig. 2 - Galvanostatic charge and discharge profile for a NiFe cell (sample F from Table 3, electrolyte system S1

from Table 2) ver sus mercury/mercury oxide (Hg/HgO) reference electrode.

Based upon Table 1, and by using the mixing rules in a three dimahsa@ncentration space, a simplex centroid design
based on a conventional central composite design was proposed. Tabtat8 ezperimental values of coulombic
efficiency calculated for our electrodes developed by considering Table 1 and gitdigictrolyte system S1. It is
important to note that collected data exhibit large variability so a relatively large nofmtaglicates (six in this case)
were used to increase the statistical force of the analysis. With thisad, any sample whose coulombic efficiency lays

more than two standard deviations from the mean was rejected.

Table 3 - Experimental design matrix (PTFE-free basis, electrolyte system $4, 50" cycle).

Cel | %uFeS | %uBinSs | na® nQ"




A 7.5 15.0 435+23 43.2
B 7.5 7.5 47.0+1.2 46.6
C 7.5 0.0 429+2.4 42.2
D 0.0 7.5 28.5+23 26.9
E 15.0 7.5 457+1.8 45.8
F 12.8 12.8 48.3+3.0 46.5
G 12.8 2.2 46.1+2.3 45.9
H 2.2 12.8 326+1.9 33.2
I 2.2 2.2 324+1.9 32.5

In order to determine whether a relationship existed between the factorespmhses (coulombic efficiency and

electrode additives), polynomial functions, as the one represented by Egré3)sed

m

o= ZZ[OMW] ®3)

i=0

Whererq represents coulombic efficiency, theterms are the expansion coefficients, the Y terms represent the weigh
per-cent of each component, n the number of component in the electrmdglation and m is the order of the

polynomial.

We began by investigating the simplest forms of Eq. (3) until tedigted by the model coulombic efficiencies closely
mirrored the experimental values. The response coulombic efficiency waserpby the composition factors. The

final quadratic model is represented by Eq. (4):
No = 22.514 + 3.996Y,s+ 1.117 Ysipsa— 0.183 Yies— 0.0702 Yaipss (4)
The regression analysis reveals not only a relatively high multiplelaton coefficient ¢ = 0.9533), but also a highly

significant model (F statistic 250.2), and as expected, all terms fromnddel are significant. Finally, no evidence

against normality was found.



Note that at first glance, Eq. (4) seems to ignore the compositiororofin the electrode formulation. But this
observation is not correct, for all components within each formulatiest atld up to 100%. The model establishes that
iron, as an electrode component (factor) is not significant. This ceatibralised in terms of its dominance within the

formulations, for iron accounts for at least 70% of the electroactive material.

It is important to recognise that although, large variability on cell pedincewas always noted, the second order model
given by Eq. (4) renders a relatively good fit, and this is becauseileasing the number of replicates, the likelihood of

having used true values is enhanced. Fig. 3 provides a three dinemsfresentation of Eq. 4.
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Fig. 3 - Second order coulombic efficiency representation

We are not going to give a presentation on how to find the maxivalne of a differentiable function subject to a
constraint (such as %f%; + %FeS + %Fe = 100). The details of such procedure can be foomakirbooks of calculus,
and this subject is out of the scope of this manuscript. Thé dieatrode formulation that reduces electrolyte

decomposition was found to be 10.3% FeS + 7.538:Bi 76.5% Fe + 5.7% PTFE, and was denoted by formulation M.

3.2 Electrolyte system

Now that we have developed an electrode formulation that renders low ekecttebomposition, the next step is to

investigate which electrolyte system would further reduce hydrageniution without adversely affecting cell



performance. Our strategy is to use our newly found electardaulation M to find an electrolyte formulation that

further enhances cell performance.

As was explained in the introduction, electrolyte systems for NiFe celisjstamf aqueous solutions of concentrated
KOH (in the order of 5.0M) and lithium hydroxide. It has beeported that the soluble bisulfide anion (H&ould
increase the performance of the NiFe cells by mitigating electrolyte decitiomadsowever, our previous experimental
results have shown that this is not entirely correct, for at low ctnatiems, the performance of the cell seems to be
independent of the presence of this additive [17, 48], but this agpgite further investigation. In order to do that, we
are going to compare electrolyte formulations and then we will finadvbather or not meaningful differences in battery

performance exist.

Fig. 4 compares electrolyte formulations (from Table 2) based on grdupseplicates per formulation. Each group
corresponds to a different box; each horizontal line within the box reprabentsean coulombic efficiency for that
formulation. Likewise, whiskers indicate extreme values and enmalg< outliers (data that lays more than two standard

deviations from the mean).
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Fig. 4 - Battery performance (electrode formulation M) as a function of electrolyte formulation. For infor mation

on electrolyte system composition, pleaserefer to Table 2.
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A visual inspection of Figure 4 reveals that plain potassium kidiEas electrolyte (formulation Sik)outperformed by
any of the remaining electrolyte systems. It seems clear that batimlittydroxide and potassium sulphide increases the
performance of the NiFe cells. Although, these conclusions seemdgitel, we require a more formal way of drawing
conclusions. In this case, we are goinguto the Tukey’s HSD to find out whether meaningful differences across

electrolyte formulations exist.

To begin with, we must check that our data is normally distributed; a aésidnalysis indicates no evidence against

normality. As shown in Fig. 5, data are randomly dispersed andax liegression model is appropriate for the data.

Sample Quantiles

[ T | | I
-2 -1 0 1 2
Theoretical Quantiles

Fig. 5- Normal probability plot for coulombic efficiency residuals.

The same conclusion can be drawn by using more rigorousaltity tests, such as the Shapiro-Wilk (SK) or

Kolmogorow-Smirnov test (KS test), which are nonparametric tests for normafityhid case the both tests consolidate

the lack of evidence against normality, as all p-values are significant (dateonat)s

The Tukey HSD test reveals no meaningful differences among eleetsyistems S1 and S2 or between S3 and S4. The

results are shown in Fig. 6.
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Fig. 6 - 95% family-wise confidence level

The practical implications of the fact that there are meaningful differences nadtinezen formulations S1 and S2 nor
between S3 and S4 are tremendous, for they imply that lithiumoxigeé does not meaningfully enhance the
performance of the battery (well, not at least under our experimental conditibis important to mention here that it

has been suggested that lithium hydroxide would enhance the cyctingf lihe battery; this claim, of course, would

require long testing and it is propose as a future work.

Unlike lithium hydroxide, the Tukey-HSD reveals the use of potasdiydroxide does indeed enhance battery
performance. From this statement, it necessarily follows that solublespeeming from the aforementioned reactant
would be responsible for the prevention of electrolyte decompositionthascthe evolution of hydrogen. It has been
proposed that the soluble bisulphite anion JHSindeed responsible for such behaviour. And our expetahersults

are in-line with such claims.
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Fig. 7 - Battery performance versus cycling number for NiFe cell formulation (electrolyte system S4 and anode

formulation M). Key: circles coulombic efficiency, squar es capacity.

Fig. 7 confirms the tendency described in Fig. 2, in the senseattatybperformance tends to increase with the cycle
number during the conditioning period (first 20-30 cycles). Maogeovattery performance tends to increase in a rather
unpredictable manner; however, in the long run, the performance cdttieeybwould increase until the steady state was
reached (this is taken as the end of the conditioning period). Thesb#l®ve this is because electrodes tend to fall
apart until they reached a stable configuration where they can haedéairrent requirements of the charge/discharge

test without major structural changes.

Finally, a large specific charge storage capacity close to 290 Mg observed. Although, larger capacities (close to
800 mAh @') have been reported [46, 53], our manufacturing process is a more cost-effective solutiorit émly
utilises commercial grade reactants, which makes it ideal for grid-scale energg stopéigations.

The renewal of metal surface area on iron materials has been identifie@yapa&meter in the evolution of hydrogen

under strong alkaline conditions [53, 54]. We believe, therefore, thattalthe breaking up of the electrode, new

electrode surface area is available for the electrochemical reactions to take place.

4. Conclusionsand Future Work
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By pursuing the development of cost effective offshore wind enetgsage, aqueous based NiFe batteries with
coulombic efficiencies in the order of 58% and capacities in the ordei0ah2® g'. These results are very promising
as we have used neither ultra-pure reactants, nor we have nano-strtrtuesttrode, so our batteries hold a promise

for a real cost effective solution to store large amounts of energingdrom intermittent sources such as wind power.

The experimental approach used and explained in this manuscript has desssfsiliin facilitating the development and
improvement of secondary NiFe cells, by reducing electrolyte decompositidnthus hydrogen evolution. The
formulation developed corresponds to an iron electrode formulation consistld3% FeS + 7.5% B%; + 76.5% Fe +
5.7% PTFE. It was also found that the aqueous electrolyte 5.1 M KOH + (GQNHL0.1M K,S further reduced the

evolution of hydrogen, thus improving the overall performanddefqueous NiFe cell.

It was found that under our experimental conditions, potassilphida has a real incidence on the performance of the
battery; in other words, the presence of potassium sulphide in the elecinaigases coulombic efficiency. This

conclusion also supports the idea that the soluble bisulfide aniohdél8nprove the overall performance of NiFe cells.

From our experimental findings, we can conclude there is a linkeleet electrode performance (coulombic efficiency)

and:

e conditioning of the iron electrode (development of new surface area)
e electrode composition

e electrolyte composition (presence of potassium sulphide)

The data gathered during this project is subject to large variability; therefoelatively large number of replicates (6 in

total) and the two standard deviation criteria for rejection were used to mt¢heastatistical force of the analysis.

Our experimental findings would suggest that at the levelonfidence a = 0.05, potassium sulphide, as electrolyte

additive, does enhance the performance of the battery.

Finally, the evidence for lithium hydroxide supports the idea that additive only marginally improves cell
performance. However, it has been reported that in the long run, Li@Hdvenhance cycle life and round trip

efficiency, so extended testing is recommended as a future work.
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Figure Caption

Fig. 1 - Test cell configuration.

Fig. 2 - Galvanostatic charge and discharge profile for a NiFe cell (sample F from Table 3, electrolyte system S1

from Table 2) ver sus mercury/mer cury oxide (Hg/HgO) reference electrode.

Fig. 3 - Second order coulombic efficiency representation

Fig. 4 - Battery performance (electrode formulation M) as a function of electrolyte formulation. For infor mation

on electrolyte system composition, pleaserefer to Table 2.

Fig. 5- Normal praobability plot for coulombic efficiency residuals.

Fig. 6 - 95% family-wise confidence level

Fig. 7 - Battery performance versus cycling number for NiFe cell formulation (electrolyte system $4 and anode

formulation M). Key: circles coulombic efficiency, squar es capacity.

Table Caption

Table 1 - Experimental deter minations of factors and levels (free-PTFE basis).

Table 2 - Electrolyte systems under consideration

Table 3 - Experimental design matrix (PTFE-free basis, electrolyte system $4, 50" cycle).
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