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Multivariate Investigation of Parametersin the Development and I mprovement of NiFe Cells
Jorge Omar Gil Posatland Peter J. Hall

Chemical and Biological Engineering, UniversitySieffield Sir Robert Hadfield Building, Mappingr&t, Sheffield
S1 1XJ, England, UK

Abstract

In this article, we use a surface response appreacimvestigate the effect of bismuth sulphide asllvas the
compositions of PTFE in the overall columbic effiecy of a NiFe cell battery. Our results demonstthat while
bismuth sulphide favours the process of chargdidige of a NiFe cell, the use of metallic bismutiyamarginally
influences coulombic efficiency. In addition wedhfound that the presence of the soluble bisulféon is not

sufficient to increase coulombic efficiency in Ni€ells.

1. Introduction

Successfully commercialised in the early 1900’s fil¢kel/Iron (NiFe) batteries are rechargeablegystorage devices
that fell out of favour with the advent of cheapead-acid cells. There has been a resurgencetaest in NiFe cells
arising from their compatibility with photovoltai¢®V) as they are seen to be more cost-effectideeavironmentally

friendly than their lead-acid counterparts [2].

There are many advantages favoring the use of bifle such as robustness, longevity, environmdritaidliness and
the relatively low cost of bulk raw materials. Hewer, NiFe cells are limited by their relativelyMe@nergy and power
densities. A further drawback is the relativelylefficiency of the charge-discharge cycle, witleryy efficiencies of

50-60% being widely quoted [2, 3].

2. Theory

The primary process that takes place during thegatig of an iron electrode is the reduction of idif to metallic iron

as indicated by Eq. 1 (in this paper the forwaattiens represent the charging process, likewisebackward reactions

represent the discharge process) [3, 4].
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Fe(OH), +2e -~ Fe+20H™ E°=-0.87V (1)

Unfortunately, the charging efficiency of an irdearode is drastically reduced by diverting pdrthee charging current

in the wasteful evolution of hydrogen, as illustichby Eq. 2

2H,0+2e o H,+20H~ E°=-0.83V (2

Bismuth sulphide has been reported to decreasenydeogen evolution reaction in NiFe cells by ingieg the
overpotential for hydrogen evolution.[5,6] Duritfte process of charge and discharge, bismuth sldpimdergoes the
following reaction:

Bi,S,+6e ~ 2Bi+3S” E°=-0.82V (3)

There are other elements with the capacity of rieduthe evolution of hydrogen on NiFe cells, sushcadmium, lead

and mercury; however, they are highly toxic andefae, are not going to be considered in this stigation.

In this investigation, the performance of the Nd&dl was calculated based upon its columbic efficieand utilization

of electroactive material.

The charging efficiency was calculated by consiginly two competing process (namely Eq. 1 andZdhat take

place during the charging of the iron electrodett&ofollowing expression holds [5]:

N =" w100 (3)

ch
Whererq is the coulombic efficiencyQ., is the total charge ar@, is the charge wasted in hydrogen evolution.
The charge used for hydrogen evolution was caledlatith the current of hydrogen evolution, whichtinn was

calculated by using the Tafel relationship [6-11].

3 Experimental



Iron electrodes were produced by coating stripaickel foam (10 mm x 40 mm x 1.8 mm) with an iratiee paste
which consists of varying amounts of Fe, PTFE a8 The chemicals and materials used to produceltdwrodes

were of the following specifications.

* Iron powder (purity 99.5%, < 10um) from Alfa Aesar
* PTFE (Teflon 30-N, 59.95% solids) from Alfa Aesar

 Bismuth sulphide (purity 99.5%, < 5.0um) from SigAldrich

The procedure followed to produce our cells comsisthe following steps:

i. Electrodes were made of Ni-foam by cutting stripdam x 1cm
ii. Mixtures of Fe, PTFE and ES; were produced according to an experimental plan
iii. Every Ni-foam electrodes was coated with one ofrtiireures prepared in ii
iv. Electrodes were vacuum dried for no less than $shou
V. Repeat steps iii-iv until a constant amount of eeteactive material was loaded onto the electrode
Vi. Electrodes were vacuum dried for one day

Vii. Cells were assembled and tested

In order to understand the composition effect of FEFE and BiS; on cell performance, an experimental design was

proposed to investigate the composition space itestby Table 1.

By using the mixing rules in a three dimensionalaantration space, a simplex centroid design baesesl conventional

central composite design was proposed.

Based upon Table 1 the experimental design waseimghted to efficiently investigate the compositipace and their

incidence on the performance of NiFe cells. Thalfcomposition space is reported in Table 2.



Electro-active pastes, produced according to T2pbeere used to coat stripes of Ni foam. The edelets thus produced,
were then vacuum dried and the process repeatedasd¢imes until the amount of electro-active miateiiron in this

case, was approximately 0.2 g.

Once produced, iron electrodes were tested in eethlectrode cell. Nickel electrodes (obtainednfra commercial
nickel-iron battery) where used as the positivectebele of the cell. The electrolyte was a con@gatt solution of
potassium hydroxide (28.5%). All potentials wereasured against a mercury/mecury oxide (MMO) refegeelectrode
(E°%mo = + 0.098 V vs. NHE). Experiments of charge aisthiarge were performed on a 64 channel Arbin SEBS

mA. An sketch of the cell test configuration canfbund in Fig. 1.

4 Resultsand Discussion

4.1 Chargeand Discharge

Experiments of charge and discharge were condwaitedom temperature for at least 40 cycles. Aswvshim Fig. 2,

cells were cycled from 0.6 to 1.4 V vs. MMO at & Cdte.

Typical charge and discharge voltage profiles fbliee cell can be found in Fig. 3.

Fig. 3 reveals there is a conditioning period wtheecell undergoes internal re-structuration (ihisntil signal response

reached the steady state), after that a stablerpattas achieved. Broadly speaking, this conditigrperiod was

constantly achieved after 25-30 cycles.

The cells under consideration exhibit interestirgfgrmance characteristics after the conditioniegiqu previously

described. In fact, utilizations close to 23% andlombic efficiencies near 33% are not uncomm®ee Fig. 4.

Fig. 4 also reveals a capacity in the order of 28h/g, which is a remarkable achievement, givenféwe that we are

using neither nano-size, nor ultrapure reactants.



From the experimental results obtained up to thistpwe can conclude that there are good reasohs tonfident that

is possible to produce a NiFe cell with reasonakldormance at a reasonable price.

4.2 Investigation of Cell Parameters

Table 2 lists the values of the coulombic efficigmalculated for our samples. As can be seenddte exhibits large
variability so a large number of replicates (9histcase) were required to increase the forceehtalysis. With this in

mind, any sample whose coulombic efficiency liegerihan two standard deviations from the mean ej@sted.

In order to determine whether a relationship egrlisgietween the factors and responses (either coidoafficiency or
utilization of electroactive material) under invgation, the collected data was systematically ys®l by using
regression and multivariate analysis. In the presase, a second order Scheffé polynomial was tesedodel the

response, according to Eq. 4.

q g2 g
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Wherey represents the response, fherepresent the expansion coefficients afelare the compositions. For a three
component system, Eq. 4 can be used to expressegpense variable in terms of the compositionsngfspecies used to

produce the NiFe electrodes, in the following manne

,7Q = AlYF +/12YB +/13YP +/14YFYB +/15YFYP +A6YBYP (5)

Where 5o represents the coulombic efficiency, thiederms represent the weigh fraction of each compbred the

subscriptd-, B andP correspond to iron, bismuth sulphide and PTFEeaetgely.

More often than not Scheffé polynomials are notatde to fully describe the intended response viglespecially
when the values of the response variable span seaaral orders of magnitude. In such situationgfase response

transformations can be used to improve the capabilisuch polynomials to mirror signal response(s)



In order to find the correct form of Eq. 5, eleckes were produced according to our experimental, faaddition nine
replicates per electrode were used to minimiseabdity. From the experimental data, a quadragression model for

the coulombic efficiency was obtained:

Ho =—16721.6961%; — 3133.9238%, — 22.6263%¢ + 26045.2738%¥p Yg + 17937.3666 ¢ Yp + 3674.08568 Yp (6)

Where any positive sign in front of each compositterm indicates a synergistic effect; likewisey aregative sign

indicates an antagonistic effect.

The ANOVA test reveals an F value of 82.65, whiclplies that the overall model is significant; moreg at the level

of confidencen = 0.05 all of the individual parameters of the mloare significant.

It is always a good practise to check whether drthe fitted model provides an adequate approxonato the true
system. In addition, it is always necessary tafyéhat none of the least squares regression gssoins are violated. In
the present case, we had used not only graphidaalba more rigorous tests for normality. Fig.Hows a graphic

analysis for normality, in this case there is nmlemce against normality.

The Shapiro-Wilk test, a non-parametric test fommality, also indicates there is no evidence againosmality (p-value
=0.06678). This conclusion was corroborated bygithe Kolmogorov-Smirnov test (p-value = 0.199%)e had found

that at the level of confidenee= 0.05, there is no evidence against normality.

By following the same line of thought, Eq. 5 cascabe used to investigate the utilization of tree®bactive material.

Ug = —6238.2500585 — 695.130368, — 6.60092% + 10398.6379205 Yg + 6648.722580¢ Yp + 827.632916(; Yp

()

The analysis of variance also reveals that secamigroScheffé polynomials are well suited to invgste the
electroactive material utilization problem. Inghiase, the F value is close to 276.8, which gel@nough to consider
the phenomenon is described by the model and nahagce. As with the coulombic efficiency, thesend evidence

against normality (Shapiro-Wilk test reveals a jutea= 0.5482, likewise, the Kolmogorov-Smirnov texlicates a p-



value = 0.3818, this is, both are significant). Wclude the Scheffé polynomials provide a meanswvestigate the

composition space for the preparation of NiFe cells

For the sake of completeness, we have comparedstandard model (Eq. 5) with selected models aftendard
transformations (such as logarithmic, radical, pow#c.). Second order Scheffé polynomials weedlus analyse our
transformed response variables (either coulomiicieficy or utilization of electroactive material)The second order

Scheffé polynomial after a standard transformatizdes the form:

1o =MYs + AYp + AgYr + AsYp Yg + AsYrYg + A6 Ye Yp (8)

Where the termjq represents the coulombic efficiency after any ddad transformation. A similar expression can be

written for the utilization of electroactive maisari

Our experimental results indicate that the standawdel (Eq. 5) is well suited to analyse our sigeaponses; however,

after a logarithmic transformation Eq. 8 rendeb®ter fit. In fact, the residuals calculated lsing Eq. 8 are lower than

the residuals calculated by using Eq. 5. Eq. 8lfitakes the form:

fio = Ln(yo) =—-1886.7612Ys — 240.7539- 1.5125% + 2400.20208, Yg + 2041.59978:Yg + 289.2500Y: Yp (9)

We conclude that using the second order model aftegarithmic transformation is the correct wayirteestigate the

coulombic efficiency in our NiFe cells.

Fig. 6 provides a three dimensional representatfdfy. 9

In the case of utilization of electroactive matkrthere is no need for a transformation. A realduanalysis reveals

there are no meaningful differences when using E@r Eq. 8 after some of the most commonly useddstal

transformations (logarithmic, square and cubicspot

We conclude that using the simplest second ordefemwithout any transformation is the correct way ihvestigating

the utilization of electroactive material in ourf¥icells.



Fig. 7 provides a three dimensional representatfdey. 7.

Table 3 shows that the predicted by the model cobio efficiencies approximated the experimentalsonén general
terms, the error was low (usually between 5 and )10Rable 3 also reveals a larger error of 14.8% dample A;

however, this error is due to the small absoluteeséor the coulombic efficiency.

By looking at Table 3, it is clear that some samplguch as A, D or H) exhibit reasonably large dtons for the
coulombic efficiency; however, the difference betwethe measured and the predicted by the modelomini¢
efficiencies never exceeds 2 percent units, sséloend order model is well suited to investigatel@mbic efficiency
under our experimental conditions. Likewise, tleeond order model (without any transformation) bitkia low

variation, which is an indication of the correcthe$ the model.

Finally, a word of caution; although the secondeonthodel seems well suited to investigate our sasnffilere is a very

large variability between samples, and becaushatf & large number of replicates per electrodedaired.

4.3 Investigation of Cell Parameters

In order to find the optimal values that render thighest coulombic efficiency (and also the lowesblution of

hydrogen), we have used the fundamental theorglofitus to find stationary values of many-variafolections.

We are not going to give a presentation on howind the maximum value of a differentiable functisubject to a
constraint (such as %f8; + %PTFE + %Fe = 100). The details of such prooedan be found in most books of
calculus. In order to facilitate the finding ofrtitions that maximise our objective function, wavé produced a C/C++
program based on a simplex algorithm. Note thatptocess of minimization can be accomplished liyguhe same

algorithm applied to the negative of the objecfivection.

The main problem to overcome in order to achieviarge scale utilization of NiFe cells, is to deeahe large

evolution of hydrogen. Therefore, it was felt thatr main objective was to optimize coulombic efficy. Of course,



we also require high utilization of electroactivatarial. By analysing the form of Eq. 6 (see Fig.we had found that

high values of utilization (26%-30%) are reachethim nearness of the region where coulombic effiyds maximised.

By taking into account the previous consideratioms,have finally concluded, that battery perforneiscmaximized at
3.98%BpS; + 9.12%PTFE + 86.9%Fe (for the sake of simplieity label this formulation with the letter M). Ihis$

case, coulombic efficiency was in the order of 48#nd utilization of electroactive material close€2¥.35%.

In order to corroborate the accuracy of the motteke more cells were produced at the optimal ¢ already
calculated (formulation M). After 40 cycles of ¢ha and discharge, the coulombic efficiency fos tample was in the
order of 44.51%, and the utilization of electroaetimaterial close to 33.44%. In the case of thena cell, the
deviation was larger than expected (-9.11% fordbelombic efficiency and 18.2% for the utilizatiof electroactive

material), but still, the prediction made by thedabis remarkable.

Due to the relatively large deviation at high caounlic efficiencies and utilization values, it is posed to conduct more

research in the nearness of the optimal samplen(fiation M).

Fig. 8 shows coulombic efficiency and utilizatioh electroactive material for the NiFe cell prepai@dthe optimal

conditions.

The optimization process has been successful idingna set of concentrations where coulombic efficy was

maximised while keeping high utilization of elecotive material.

It has been reported that the capacity of the éentrode is about 100-300 mAh/g. However, capegitip to 800 mAh/g
has been achieved by nanostructuring the elecfti}@5]. In our case, we have achieved an incted325 mAh/g by

using a relatively simple method and avoiding tee af ultra-pure reactants.

In order to further investigate the individual effeof metallic bismuth and sulphur in the columkiiciency, the

following formulations (based on formulation M) weetompared:

o 3.98%BpS;+9.12%PTFE+86.9%Fe

o 3.98%BpS;+9.12%PTFE+85.9%Fe+1%Bi



o 3.98%BpS;+9.12%PTFE+84.9%Fe+2%Bi
o 3.98%BpS;+9.12%PTFE+85.9%Fe+1%K

o 3.98%BpS;+9.12%PTFE+84.9%Fe+2%K

By using three replicates per formulation and at l#wvel of confidences = 0.05, no meaningful differences between
modifications of formulation M were found (resudtie not shown). In other words, neither metaligertuth, nor soluble
sulphide species coming from,¥X are responsible for the improvement in the perémce of NiFe cells. This
experimental observation indicates that metallsrhith would not increase the coulombic efficientEiid-e cells under
strong alkaline conditions as has been suggested If6 addition, the use of potassium sulphide pesven that the

presence of the soluble bisulfide anion (Hfes not increase much the coulombic efficierfcy NiFe cell.

As was explained, the charging efficiency of a Nidedl is affected by the evolution of hydrogen éreo Eq. 3). It has
been proposed that the evolution of hydrogen umdlaline conditions is determined by the passivatd the iron
electrode. This process can be understood agppti@aseous formation of a surface oxide layer gavents the iron

electrode from corroding. Unfortunately, this pges is poorly understood [16].

It has been reported that bismuth sulphide fom#rgspassivation of the iron electrode [6]. Therefdahe functional

groups of the form Fe-Bi-S or Fe-Bi, bismuth sutfghtould be promoting the oxidation of the iron.

It has also been reported hydrogen can enter liatwsition metals such as iron during electrochehgiocacess. In any
aqueous cells, this process is promoted by redsaigthur species such as HS* and HS [17- 21]. In addition, it has
been reported that hydrogen enhances the reductié(lll) to Fe(ll); any passive film on iron wallconsist on a
structure that resembles a spinel (magnetit®©fjeor perhaps a defective maghemiteF6,0;), in general any other

forms of iron would be possible [22].

It has been reported that hydrogen evolution agdess into the iron electrode is strongly enharmedenewal of the
metal surface [23]. This observation confirms tinat first few cycles of charge and discharge (@@mng period) are

crucial for the final performance of the NiFe cell.

Finally, it is though that a synergistic effectuween bismuth sulphide and the generation of surd@ea could explain

the reactivity of the iron electrode.
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4.4 Cyclic Voltammetry

Cyclic voltammetry was used to investigate the tet@hemical properties of the electroactive pasteduo produce the
NiFe cells (in 28.5% KOH). The electrode was irigeded after conditioning (50 cycles of charge distharge). Fig.

9 shows a typical cyclic voltammetry experimenadfiiFe cell.

The broad cathodic peak appearing in Fig. 9 alV-@W8. SCE) corresponds not only to the oxidatibfre(ll) to Fe(lll)

but also to the oxidation of Fe(0) to Fe(ll), agegi in the following (forward) equations:

Fe+20H™ ~ Fe(OH), +2e (10)

Fe(OH), +OH™ « FeQOH)+H,O+e (11)
The cathodic peaks appear well differentiated & and -1.3 V (vs. SCE). The the cathodic preae also given by

Eq. 10 and Eq. 11 but in the backward sense. Anhewmore cathodic potentials, the evolution of hgero by alkaline

water decomposition was obtained. These reswdtsagood agreement with recent publications [43, 2

Our XRD results indicate the presenceceffe and Fe(OH) but we have got no compelling evidence of allcgge

partaking in Eq. 11. See Fig. 10.

It has been reported that metallic bismuth increatbe overpotential for hydrogen evolution, thuslueng its

production. During the charging of a NiFe celkrhuth sulphide is transformed into elemental bisnagtcording to Eq.

3.

Fig. 10 suggests the formation of metallic bismittour cells is negligible. In general have werfduno compelling

evidence in favour or against metallic bismuth feiasponsible for any reduction in the evolutionhgéirogen from

NiFe cells.

5 Conclusions
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The multivariate approach used in this work hasmbsecessful in facilitating the improvement of fherformance of
iron electrodes. The formulation developed after optimization process (formulation M) has beeuntbto show
excellent performance, not only in terms of coul@nbfficiency but in utilization of electroactive aterial; this

formulation renders electrodes with large capaditge to 325 mAh/g.

Due to the relatively large deviation at high counhlic efficiencies and utilization values, it is posed to conduct more

research in the nearness of the optimal formulation

Second order Scheffé polynomials are well suiteidvestigate the production of NiFe cells. In gahéerms, the model
predicts reasonably well the properties of consédicells; however, it is advisable to producedangmbers of cells to

increase the statistical force of the analysisi@kese variability).

Our experimental results provide evidence sugggdtiat the theory that elemental bismuth prevemsevolution of
hydrogen in NiFe cells under alkaline conditionsiég entirely correct. In fact, under the expenmiat conditions, the
addition of metallic bismuth did not reduce the lation of hydrogen, nor it increased the coulombiticiency.
Therefore, it necessarily follows that there mwesbther species, probably in the surface of thetrelde (such as sulphur

containing molecules) acting in a synergistic wathuwnetallic bismuth, so the evolution of hydrogemeduced.

We believe that a synergistic effect between bisnmsulphide and the generation of surface area cexjdain the

reactivity of the iron electrode.

The use of potassium sulphide has proven that tbgepce of the soluble bisulfide anion {(H&oes not increase the

coulombic efficiency of a NiFe cell.

Cyclic voltammetry has confirmed two redox processurring during the charge and discharge of a Mk they are

the conversion of Fe(ll) to F(Ill) and the conversif Fe(0) to Fe(ll).
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Table 1. Experimental definition of factors and levels.

Factor Low High
Bi,S; 0.5% 5%

PTFE 3% 12%
Fe 83% 96%

* Weight per cent

Table 2. Experimental design matrix (concentrations ingheiraction).

Cell

[Bi] [PTFE] | [Fd o

A 0.005 0.035 0.960 1.6+0.5
B 0.025 0.040 0.935 16.2+4.5
C 0.005 0.075 0.920 43+0.5
D 0.005 0.075 0.920 48+0.5
E 0.050 0.040 0.910 19.2+6.5
F 0.025 0.080 0.895 28.4+55
G 0.025 0.080 0.895 27.8+5.5
H 0.005 0.115 0.880 2.8+0.5

| 0.050 0.080 0.870 35.3+8.5
J 0.050 0.080 0.870 34.8+5.5
K 0.025 0.120 0.855 25.8+9.5
L 0.050 0.120 0.830 33.7+11.5

Table 3. Coulombic efficiency and utilization of electréi@e material for selected NiFe cells

Experiment M odel %Error
Cell | mo [ Up [mg [Ug | mo | Ug
A 16| 12.2 1.9 124 | 148 | 1.30
B 16.2 | 19.3 | 153 19.2 -5.6 | -0.64

15



C 431141 391 143 -8.71 1.68
D 4.8 | 14.6 39| 143 | -18.2 | -1.80
E 19.2 | 198 | 17.8 | 19.7 -7.5 | -0.36
F 284 | 235 | 30.2 | 23.2 6.4 | -1.44
G 27.8 | 23.1 | 30.2 | 23.2 8.7 | 0.27
H 2.8 | 13.8 33| 13.7 | 16.7 | -0.96
I 353 | 272 | 37.6 | 26.6 6.6 | -2.07
J 348 | 25.7 | 37.6 | 26.6 8.1 | 3.65
K 258 | 241 | 23.7 | 245 -8.4 | 1.66
L 33.7 | 31.2 | 316 | 309 -6.3 | -0.97

* Logarithmic second order model

** Second order model

16
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Fe MMO

KOH 28.5% Ni

Fig. 1. Test cell configuration.
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Fig. 2. Charge and discharge cell testing (vs. MMO)
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Fig. 3. Charge and discharge profile for a NiFe cell (samplfrom Table 2) versus mercury/mecury oxide (MMO)

reference electrode. Experimental cyclic condgiane shown in Fig. 2.
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Fig. 6. Second order coulombic efficiency representatiter @ logarithmic transformation
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Fig. 7. Second order utilization of electroactive matesiaiface response model
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Fig. 8. Battery performance versus cycling number for BE(13.98%BbS; + 9.12%PTFE + 86.9%Fe).
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Highlights

»  Weinvestigate bismuth sulphide as an additive for the production of NiFe cells

»  We conduct an experimental design in order to improve NiFe cell formulations

» The performance of a NiFe Cell depends on the initia cycles of charge/discharge
» Thereactivity of aniron electrode depends on its degree of passivation



