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The importance of observation of structural change®f lead acid battery
active mass in special applications in the mininqdustry

Jana Ziméakov4, Sebastian Vaculik Petr Ba¢a® and Daniel Fryda'

To be able to use lead acid batteries in particiylaifficult conditions in the mining industry, ig very important to understand
the events that occur during traction operationmining carts, or auxiliary lighting. Failure of leaaccumulators in the hazardous
environments, where it is desired non-explosiveogiinient, may have fatal consequences. The paperilies the possibility of observing
changes in active materials at the microscopiclleve

The process of charging and discharging lead-a@duanulator has been described in many publicatidie aim of this article is
to supplement known information about a seriesnedges and analysis that will accurately show pregiee changes in the structure
of the negative electrode. Negative electrodes ate,each cycle, charged and discharged under thmesaonditions, scanned
with a scanning electron microscope, the elememtalysis (EDS) is performed, and the size of thevidual sulfate crystals is measured.
Previously measured results indicate that during ¢harging the conversion of PbS@ystals into a charged form of the active massois
complete, and there is a rapid increase in the sitdead sulfate crystals on the negative electroflais article compares changes
in electrode surface composition after two cyclHsere is a clear loss of lead and, on the otherchahe visible growth of sulfur. This
indicates progressive surface sulfation.
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Introduction

Lead acid batteries were invented in 1859 by GaRlanté and first demonstrated to the French Acgdem
of Sciences in 1860. Even after so many years siaéevention, improvements are still being madéhte lead
acid battery and despite its shortcomings and ¢imepetition from newer cell chemistries; the leattl dmattery
still retains the lion’s share of the high powettbgy market [13]. Despite their high weight anthtieely low
durability (compared to other systems), they areie do their low-cost valuable, high reliability,
and recyclability, irreplaceable in many applicatareas. One of the application areas is mining.

Mining is one of the most demanding environment emal miners know that safe, reliable equipment is
critical to their operation [14]. Underground minesjuire unique vehicles (figure 1b) with low pte§ and no
carbon emissions. A mining battery (figure l1a),0alsiown as a traction battery, comprises of somé 2
individual cells that are connected in series bymnseof copper cable connectors to form a certdiage to give
power to the required application [13].

a) b)
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Fig. 1. Examples of using the lead acid batterynining: a) mining battery, b) vehicles [13].

To tackle energy and environmental issues, manypeoigs and institutions deals with the development
of electric vehicles (EV), hybrid electric vehicl@dEV), systems for load balancing (load levelingtems -
LL) and other devices. It can be assumed that mdedd-acid accumulators will be used to power g¢hes
systems.
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However, the key properties (especially performaacel durability) of the accumulators are often
inadequate for these purposes. Therefore, it isgsaey to perform the analysis of chemical reastmmactive
mass. After that, we should be able to explain @sees occurring at the electrodes in detail andgse new
batteries with better performance properties.

Only a few research groups in the world are dediatéb in situ observation of processes on the sezdl
accumulator electrodes. The most significant resulere achieved by scientists from the Department
of Materials Science at Osaka University, in catlation with Yuasa Corporation. The following armdg were
performed: reactions on the surface of the leadtreldes in an aqueous solution of sulfuric acid]lin situ
observation of sulfate crystals growth while chagg[4, 5], and it was also studied the influenceaddlitives
on the final properties [6-9]. An electron micropgo(SEM) and cyclic voltammetry (CV) in combination
with an electrochemical atomic force microscopy {&EM) was used for the analysis and measurement.

Experiment

The aim of the experiment described below was monij changes in the surface structure of the megyat
electrode during their cycling. For this purposewas necessary to build an experimental cell sting
of the negative electrode, which has been the subjeinvestigation, and the counter electrode.hBait these
electrodes were made up by lead profiles, a meususulfate electrode (Hg / 680, K,SO,, ¢ = sat.) was
chosen as a reference electrode.

In the first stage of the experiment, it was neagsgo create a thin layer of PbS®©n the surface
of the negative electrode. Due to the charactesisif lead resulting from the Pourbaix diagram siawFigure
2 and by using mercurous sulfate electrode with gheential of EO = 640 mV vs. NHE, this layer was
accomplished by immersing the lead profiles in @akvaqueous solution of 80O, with pH = 2 and then held
at zero potential vs. NHE for 30 minutes. A VSPeptibstat with control software ECLab v. 10.33 waed
as a measuring instrument.
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Fig. 2. Potential-pH diagram of lead in the prase of sulfate ions at unit activity [10].

After 1,5h, the electrode surface was scanned Imgusn environmental scanning electron microscope
Tescan VEGA 3 XM equipped with X-ray detectors franuker - XFlash ¢10 for elemental analysis
of samples and by an atomic force microscope (AFAgitent 5500 SPM). Before measuring, it was neegss
to rid lead profiles of sulfuric acid residues. ethise, it could cause irreversible damage to ESEMrefore,
electrodes were immersed in several baths of daddniwater before the scanning. The surface stmictur
of the negative electrode after this part of thpegdment is shown in Figure 3.
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Fig. 3. Microscopic structure of the electrode surfi- a) the original lead profildESEM); b) PbSy, crystals (ESEM).

In the second stage of the experin, two experimental cells were compileth which the working
electrode was formelly the negative lead profiles, whose surface wasreal withathin layer of PbSy, a pure
lead was used as the counter electr(Fig. 4). These cellsvere subsequently cycl. After each charging
and discharging, theegative electroc wasrinsed in several baths of deionized water and resgrby using
the abovedescribed ESEM. AFM has not beused in this caseecause the size of the crystals did not allc

Fig. 4. Experimental cel— 1) mercurous sulfate referent electrodec@)ynter electrode
3) negative electrode (lead profile).

Charging was carried ogalvanostaticall with the current oft mA up to the final volta¢ of -1,026 V vs.
MSRE. This electrode potentiawas maintainedfor 45 minutes. Discharging was & performed
galvanostatically with the currewnf 0,5 mA to the final voltage 0f0;4 V vs. MSRE. Aftetthat, it was held
at this potentl for 45 another minute Two cycles were carried auChemical reactionoccurring during this
cycling are described by ttiellowing equatior:

2PbSQ+2H,0 « PbQ+ 2H,SO, + Pb
(right arrow indicateshe direction of reaction during charging and arrow whiledischargini)

Discharging leads to the transformation of the tebele’'s active mass on the lead sulfi(PbSQ).
Theelectrolyte is sapped of its sulfuric acid,SO,) and enriched with water. The concentration ofstéuric
acid decrease€harging creates sulfuric a, and the electrolyte becomes densérthe end of chargir, a dark
brown lead dioxide (Pbgp is found at the surface of the positive electrode andask gray sponge lead
on the negative electrode [11].

The surface of the electrode in the charged arahdiged statis shown in Figured and £
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Fig. 6. Microscopic structure of the electrode surfacesgsel cycle- a) charged state; b) discharged st.

While dischargingelectrodeswere covered with poorly soluble lead sulfate thad, in comparison wit
lead oxide and lead dioxide, very low conductiVilgss than 1° Scm’ versus 4,8x1° Smi* with lead [12]).
This low conductivity complicated observatidn the final pictures, it was shovas brigh crystal edges where
the electriccharge of the electron beawas accumulated.

Results

To be able to use lead acid batteries in partiguldifficult conditions in the mining industry, is very
importantto understand the events ttoccur during traction operation of mining carts, or aiaty lighting.
Failure of lead accumulators in thazardous environments, whera@nexplosive embodime is desired, may
have fatal consequences. Therefarés an important observation of chasga active mass at the microsco
level and detailed understanding of the mechanddrtizese processes and their subsequent modifica

Formation of lead sulfate crystals, at the begigrohthe experimentFig. 3), was as anticipated. Form
PbSQ crystalswere homogeneously distribu over the entire surface of the electrode. The sfithe most of
formed crystals was belowuin. A few formed crystals had a size greater them2After charging Fig. 5a),
sulfate crystals were transformehda layer of highly porous sponge lead was formetbwever, it is evider
that the charging process has been particulargct¥le in small sulfate crystals. Whthe charging process did
not proceed with sufficient efficien for crystals larger than aboufu - these large sulfate crystals remail
unchanged at the end of chargirThis createdinhomogeneous structure. After dischargirFig. 5b),
the existing sulfate crystals grdargel and only a few new crystals were createdhomogeneity continues
grow, both fungal lead and sulfate crystals in singing from tenths microns to about five mic can be
observed in the image. Thindings above are sho' even in the second cycle igkre 6a, 6b. It caibe
summarized that theonversion of all sulfate was neffective while chargingthis processwas difficult
especially for large crystalswith each carried cyc, the size of individual cryste gradually expanded.
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This illustratesthe progressive sulfation, thus-crystallization processes leadingtt® growth of the crystal,
creatingthe insulating layer of nonconductive poorly sotutdulfates and deterioration of charging ab

of the electrode.

This is demonstrateldy data obtained by measuring the sizes of randselected lead sulfate cryste
Measuring was performed by using of evaluationvearfé of the microscope Tescan VeFig. 7). The results
of this measurements are showable 1.

The results of the elemental analysis performest &fich cyclare presented inable 2.
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Fig. 7. Microscopic structure of the electrode surfa— measuring of sulfate crystal’s si.

Tab. 1. Measured size of lead sulfate crystal £4n] during each cycle.

1. electrode 2. electrode
]
z
;E) 1 cycle 2 cycle 1 cycle 2 cycle
=
e
?
© After After | After dis-| After | After dis-] After After | After dis-| After | After dis-
= | formation | charging| chargin¢ | charging| charging] formation| charging| chargin¢ | charging| charging
[um] (um] [um] [um] [um] (um] (um] [um] [um] [um]
1 0,53 1,35 3,25 2,18 3,20 0,58 1,23 1,22 1,24 1,70
2 0,73 1,12 2,02 1,72 2,20 0,34 0,90 0,63 121 151
3 0,86 1,10 2,21 181 2,43 0,35 0,43 0,53 1,28 1,25
4 1,25 0,66 157 2,65 2,84 0,60 0,64 1,06 0,80 0,72
5 1,48 0,83 1,42 1,62 191 0,80 0,45 0,94 0,77 0,75
0] 0,97 1,01 2,09 2,00 2,52 0,53 0,73 0,88 1,06 1,19
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Tab. 2. Distribution of chemical elements in tlegative electrode during each cycle.

element norm. C [wt.%] sigma [wt.%]
charged Sulfur 2,18 0,28
Lead 83,59 5,1
1st cycle
discharged Sulfur 9,63 0,8
Lead 55,72 2,85
Sulfur 8,22 0,74
charged
2nd cycle Lead 62,63 3,45
discharged Sulfur 11,2 1,11
Lead 77,22 4,77
Conclusion

During the charging and discharging, the surfacéeatl-acid battery electrodes is covered with a&day
of sulphates. The aim of our work is in situ obs¢ion of morphology changes on electrodes.

The figures show that charging is not fully revielsireaction, a certain amount of sulphate crystalss
not turn into sponge lead. The amount of sulfayestals in the charged state is increasing, theonmoration
into the structure of sponge lead is evident. $elfaystals are gradually increasing. This indisaterogressive
sulphation, i.e. the re-crystallization processeasling to crystal growth and deterioration of tharging ability
of the electrode. This is also confirmed by theuealshown in Table 1, which lists the crystal’esimeasured
on 2 investigated negative electrodes.

The experiment is still ongoing, and, therefore tasults are not complete. The results will belipobd
in following works.
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