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summary 

A method has been developed for the assessment of the changes m the 
partial pressures of Hz0 and O2 durmg the thermal decomposition of PAM 
samples at linear temperature rise The hydro- and oxythermograms reveal 
the state of the water m the PbO? crystal agglomerates A maximum is ob- 
served m the hydrothermograms m the temperature range 250 - 450 “C 
when the rate of the temperature rise IS 1 “C mm-‘. By combmmg these 
mvestlgations with measurements of the PAM capacity m specially designed 
tubular powder electrodes it is established that the water released within the 
above temperature range has a strong effect on the capacity This water is 
associated with the formation of a layer of hydroxyl ions on the PbOz crystal 
surface The dehydration of this layer makes the PbOz surface hydrophobic 
and drains the hqmd out of the micropores m the agglomerates, thus greatly 
reducing the plate capacity The surface hydration layer directly participates 
m the elementary discharge processes. 

Introduction 

A decade ago Caulder and Snnon [ 1, 21 advanced the idea that durmg 
positive plate cycling electrochemically mactlve PbOz 1s formed which hmits 
the battery lifetime The decrease m activity was associated with the loss of 
hydrogen from the PbOz crystal lattice. Many mvestlgations have been carned 
out since then on the hydrogen content of PbOz, as well as on its impact on 
capacity [3 - 81. Recently Hill et al. [ 71 established that there 1s no connec- 
tion between the hydrogen content of PbOz and the plate capacity They 
assume that hydrogen is found m the hydrolyzed surface of the PbOz crys- 
tals [7,8] 

On the basis of scanning electron microscopy (SEM) observations and 
measurements of the pore volume and pore surface area distribution as a 
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function of the pore radius, Pavlov and Bashtavelova [9, lo] suggested a 
model for the structure of the PbOz active mass (PAM) The model com- 
prises two levels. (a) mzcrostructure or cry&l level, where the smallest struc- 
tural units of PAM are the PbOz crystals They are m the form of pmsms, 
grams, and platelets, linked together m agglomerates. Mlcropores are formed 
between the Pb02 crystalhtes which render the agglomerates highly porous, 
(b) macrostructure or agglomerate level, where the agglomerates have spiral, 
spherical or rock-like forms, and are linked together m a strongly branched 
skeleton Macropores are formed between the agglomerates which form the 
main transport system In this system ions and water flow from the bulk of 
the electrolyte to the internal parts of the plate and vice versa An expen- 
mental criterion was established for the boundary between the micro- and 
macropores [lo] Both the pores m the agglomerates and the whole trans- 
port system are filled with solution It might be expected that the property 
of the water depends on the structural level where it 1s found, rasmg the 
following questions (a) In what way 1s water bound m the different active 
mass structural levels? (b) What 1s the impact of chemically bound water 
at the Pb02 crystal surface on the capacity of the lead-acid battery posltlve 
plate? The aim of this paper 1s to answer these questions 

Experimental 

Determmatlon of the part& pressure of O2 and Hz0 durang actwe mass 
decompose tlon 

A method was developed for the parallel determmatlon of Hz0 and O2 
partial pressures using sensors for Hz0 vapours and O2 during a linear nse m 
the PAM sample temperature A block diagram of the apparatus used for 
this method 1s presented m Fig 1 

Fig 1 Block diagram of the apparatus for measurmg the pressures of Hz0 vapours and 
O2 during a linear temperature rise of the PAM sample 
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A flow of dry, pure argon (Hz0 and O2 less than 10 ppm) is passed at a 
constant rate through a column which contams 1 g of the PAM sample. The 
carrier gas then flows through the electrochemical sensors for O2 and Hz0 
vapours and finally through a flow meter The column is placed m an oven 
where the temperature rises lmearly at a constant rate 

The measurements were carried out at a carrier gas flow rate of 7 3 1 
h-’ and a linear temperature rise of 1 “C mm-r, The recorded pressure- 
temperature curves for Hz0 and O2 will be denoted here as hydrothermo- 
grams and oxythermograms, respectively. 

In a solid, porous system water can be found as: (a) physically bound 
(capillary) water; (b) chemically bound water at the solid surface (hydrated 
surface; (c) hydrogen mcorporated m the crystal lattice (“water of crystalhsa- 
tion”) Since the PAM macropores.have the largest volume most of the water 
~111 be physically bound and, as this type is not of interest to the present 
study, it was ehmmated from the samples by a prehmmary heat treatment at 
100 “C and subsequent flushing with dry argon m the apparatus shown in 
Fig. 1 for 15 h at room temperature. Followmg this treatment the sample 
was subjected to thermal decomposition under linear temperature rise. 

Preparatron of the Pb02 actwe mass and a method for the determmatlon of 
ats capacity 

Commercial leady oxide was mixed by first stnrmg with a definite vol- 
ume of water and then with an HzS04 solution (d = 1.4 g cmm3) m a labora- 
tory mixer, the HzS04/Pb0 ratio being 6%. The paste density after one hour 
of stirring was 4.2 g cmp3 The paste was manually spread over commercial 
SLI battery grids cast from a lead alloy contammg 6 wt 9% Sb, 0.15 wt.% As 
and 0.1 wt.% Sn before bemg cured and formed. The calculated rated capacity 
of these plates was 11 A h at 50% PAM utilization, and they were used for 
assembling test cells compnsmg 2 positive plates and 3 commercial negative 
plates. The cells were cycled five tunes at 80% DOD. Following the prelimi- 
nary cychng, PAM samples were investigated by thermal decomposition, 
determmation of pore volume and pore surface area distribution, and capa- 
city measurements. Smce only the effect of the PAM thermal treatment is of 
interest to our study, the active mass was separated from the grid. It was 
then ground to powder and, after a thermal treatment, was used for the 
preparation of tubular electrodes to a design shown m Fig. 2. 

The spines of these electrodes were cast from Pb-lOwt.%Sb alloy with 
identical corrosion layers produced on their surfaces. In this way the differ- 
ence m electrode capacity was determined only by the type of PAM heat 
treatment and not by the property of the corrosion layer. 

The distribution of the pore volume and pore surface area of the PAM 
samples was determined by mercury porometry usmg a commercial mstru- 
merit*. 

*Autopore 9200, Mlcrometrlcs, GA, U S.A. 
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Fig 2 Design of the tubular powder electrode used m assessmg the PAM capabhty of 
current generatlon 

Results 

The porogram of a charged PAM obtamed from a 3PbO* PbS04* Hz0 
paste after 5 prehmmary cycles 1s shown m Fig 3 (the solid line) 

It can be seen that the pore volume begins to increase when the pore 
radius falls below about 1 pm, while the pore surface area shows a marked 
rise below 0 1 pm Pores with a radius larger than 0 1 (urn have a small sur- 
face area but still have a large volume- these are the macropores which form 
the main transport system of the PAM The pores with a radms smaller than 
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Fig 3 Pore volume and pore surface area dlstrlbutlon curves of a PAM sample as a func- 
tion of pore radius The PAM sample 1s prepared from a 3PbO*PbS04-HzO paste 
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0.1 pm are 111. the agglomerates and are confined by the PbOz crystall~tes. 
Their surface area is 85% of the total PAM surface area, while their volume 
1s only 17% of the total pore volume. The boundary between the macro and 
micropores is indicated by the fast rise m slope of the pore surface area dis- 
tribution curve [lo]. Accordmg to Fig. 3 the surface area of the micropores 
in the agglomerates is 3.0 m2 g-l, while their volume 1s 0.025 cm3 g-’ PAM. 

In order to clarify the effect of the thermal treatment on the volume 
and the surface area of the micro and macropores a PAM sample was heated 
at 260 “C for 6 h, after which the pore volume and pore surface area distribu- 
tion were assessed. The respective porograms are shown m Fig. 3 by dotted 
lines and reveal that both the volume and the surface area of the macropores 
remam unchanged. There is only a slight increase m the volume of the micro- 
pores and an msignrficant change in the surface area distribution. 

PAM samples of the above plates were investigated by thermal decom- 
position. The hydrothermograms and oxythermograms are presented m 
Fig. 4. 

Three temperature ranges are distmguished on the hydrothermograms. 

Fig 4 Hydra- and oxythermograms recorded durmg thermal decomposltlon of PAM 
samples produced from a 3PhO-PbS04-HzO paste 

(a) From 100 to 250 “C The water evolution begms at 100 “C and m- 
creases shghtly with the rise m temperature. It can be affirmed that all water 
filling the macropores has been evaporated during the sample precondition- 
ing. The agglomerate micropore radius is smaller than 0.1 pm and, there- 
fore, water ehmmation durmg sample preconditionmg is more difficult. 
Hence, m this temperature range, the hydrothermogram reflects the evolution 
of physically bound water m the agglomerate micropores. 
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(b) From 250 to 450 “C A large maximum appears m the hydrothermo- 
gram mdlcatmg that the water m the agglomerate pores has a certain bmdmg 
energy. Upon reachmg the critical temperature of this bond, water 1s evolved 
spontaneously, As shown m Fig 3, the major part of the PAM surface area is 
found m the agglomerates. It 1s suggested, therefore, that the water evolved 
m this temperature range 1s chemlsorbed on the surface of the micropores, 
1 e , the surface Pb4+ ions of the PbO, crystal lattice are associated with 
hydroxyl groups 

The Juxtaposltlon of the hydrothermogram with the oxythermogram 
reveals that PbOz decomposition begins only after the maJor part of the 
chemlsorbed water has been eliminated from the surface The oxythermo- 
gram has two maxima and a mmlmum One of the maxima lies m the 300 - 
450 “C temperature range The aim of this paper 1s to clarify the water evolu- 
tion the PbO, decomposltlon will be studied m a subsequent paper 

(c) Above 450 “C Water continues to be evolved at a low and slowly 
decreasing rate It can be assumed that at these high temperatures the hydro- 
gen from the PbO, crystal lattice forms water, z e , “water of crystallization” 
The fact that oxygen 1s evolved m the temperature range between 300 and 
450 “C suggests that part of the water evolved m this range is also “water of 
crystallization” Let us call It “low temperature water of crystalhzatlon” 

It was of interest to know to what extent the above hydrothermogram 
ranges depend on the kmetlcs of water evolution. A sample of the same PAM 
was heated at 260 “C for 6 h, after which it was investigated by thermal 
decomposltlon The thermograms (hydro- and oxy-) are presented m Fig. 4. 
They indicate that prehmmary heating does not affect the shape of the oxy- 
thermogram, lmplymg that Pb02 was not decomposed. At temperatures 
higher than 450 “C the two hydrothermograms comclde, mdlcatmg that “high 
temperature water of crystallization’ is not evolved at 260 “C. Prehmmary 
heating exerts the strongest effect on the shape of the hydrothermograms 
below 450 “C, z e , on the evolution of chemlsorbed and physically bound 
water 

The Juxtaposltlon of the two hydrothermograms m Fig 4 indicates that 
the temperature ranges defined above are more or less condltlonal on the 
pretreatment 

The amount of water evolved up to 450 “C, estimated from the hydro- 
thermogram, 1s 0.0093 cm3 g-’ PAM Comparing this volume with the vol- 
ume of the micropores assessed from the porogram m Fig. 3, it appears that 
about 60% of the water from the mlcropores has been removed during the 
sample precondltlonmg. 

We also investigated whether the maximum m the hydrothermograms 
adequately reflected the hydration of the PbOz crystalhte surface Accordmg 
to Hill and Houchm [8] the density of the surface OH- sites of rutlle-type 
oxides, assessed by different methods varies between 11 and 13.5 OH- groups 
per nm2 Let us assume a mean value of 12 OH- groups per nm2 The surface 
area of the micropores determmed from the data m Fig 3 1s 3 m2 g-’ PAM. 
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This corresponds to 36.9 X 1018 OH- groups g-’ PAM or 0.6 X 10T4 g mol 
OH- g-i PAM Bearing m mmd that durmg dehydration one molecule of 
Hz0 1s obtamed by the release of 2 OH- groups, it is estimated that the 
amount of hydration water expected to be evolved IS 0.000 54 cm3 HZ0 g-’ 
PAM. The actual amount of hydration water can be assessed from the max- 
ima m the hydrothermograms, and part~ularly by the difference m the sur- 
face areas of the maxima of a sample not prehmmarily heated and of one 
thermally heated for 6 h at 260 “C. The amount of water estimated from 
these hydrothermograms is equal to 0 003 23 cm3 g-l PAM. Comparmg this 
value with the theoretically expected one (0.000 54 cm3 g-’ PAM) we can 
see that only 17% of the water released at the maximum is hydration water, 
while the rest must be capillary and “water of crystalhzation” near the sur- 
face of the crystallites. 

Consider now the effect the water released at the maximum of the 
hydrothermogram has on the P apacity. The PAM capacities in the plates 

A% discharged at I = 0 25 CN A/plate N - rated plate capacity) are presented 
m Table 1, column 2. The capacities of tubular electrodes filled with powder 
of the respective PAM and discharged at 8 mA g-l PAM are shown m column 
3 of the same Table The preparation of a plate with a 4PbO*PbS04 paste 
has been described earlier [ 9 1. 

TABLE 1 

PAM prepared PAM capacity 
from paste measured m plates 
containmg (A h g-’ PAM) 

PAM capacity m tubular electrodes 
(Ah g-’ PAM) 

PAM as PAM thermally 
separated treated at 260 “C 
from plate 

1 2 3 4 

3Pb0*PbS04*Hz0 0 1177 0 0231 0.00166 
4PbO*PbS04 0 0896 0 0175 0 00146 
Chemical PbOz - 0 0013 - 

In order to enhance the water access mto the PAMs thermally treated 
for 6 h at 260 “C, the electrode was evacuated and soaked m H2S04 under 
vacuum The results of these experiments are presented in column 4 of 
Table 1. 

Comparison of the results m columns 2 and 3 reveals that the capacity 
ratios of both the plate and the tubular electrodes are smnlar for PAMs 
produced from 3Pb0.PbS04*Hz0 and 4PbO*PbS04 pastes (19.5%). Hence, 
the results from the tubular electrodes can serve as a measure for the PAM 
capacity. The poor ohmic contacts between the agglomerates and between 
the PAM and the spme are probably the reason for the lower PAM utlliza- 
tion m the tubular electrodes In order to suppress this effect the tubular 
electrodes were discharged at sigmficantly lower current density. 
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Comparison of the results in columns 3 and 4 mdrcates that the prehmi- 
nary 6 h heat treatment of the charged PAM at 260 “C dramatically reduced 
its capacity. As shown m Fig 4, the chemisorbed, “water of crystallization” 
and capillary water m the micropores are elimmated by this heat treatment 
This conclusion, however, ~111 be valid only if the water ehmmated from the 
micropores is not recovered when the tubular powder electrode is immersed 
m the electrolyte 

This possibility was checked by the following experiment tubular 
electrodes were prepared with PAM thermally treated at 260 “C. They were 
kept for 35 mm m H,S04 (d = 1 28) and charged for 30 mm at 10 mA g-i 
PAM The electrode was then dismantled and a sample of the PAM was con- 
ditioned and used for plottmg the hydrothermogram shown m Fig. 4 It can 
be seen that the capillary water ehmmated at 260 “C is completely recovered. 
The water correspondmg to the maximum of the hydrothermogram, how- 
ever, is recovered only to a very shght extent. We conclude that the PbOz 
surface dehydration leads to its increased hydrophobicity. 

In a previous paper [lo] it was shown that chemically prepared PbO, 
has very few micropores Their radius is one order of magmtude smaller 
(0.01 pm) than that of PAMs prepared from pastes Figure 5 presents the 
hydro- and oxythermograms of chemically produced PbO, 

chcm PbO, 

Temperature 'C 

Fig 5 Hydro- and oxythermograms recorded during thermal decomposltlon of chemically 
produced PbOz (Merck) 

The amount of water m the micropores evolved m the temperature 
range 250 - 450 “C is extremely small and is expressed by a slight maximum 
at about 400 “C Table 1 presents the experimental value of the capacity of 
a tubular powder electrode filled with chemical PbO, The extremely low 
capacity provides more evidence of the relationship between the amount of 
micropore water and the PAM capacity 

Figure 6 shows the hydrothermograms of PAMs prepared from tet-PbO, 
4PbO. PbS04 and PbO-PbS04 pastes produced by a method described prevl- 
ously [lo] The total water content, as well as the contents of the various 
types of water, depend on the PAM ongm. The largest amount of the “water 
of crystalhzation” is found m PAMs prepared from PbO*PbS04 pastes, while 
the smallest amount is observed m that prepared from tet-PbO. In the tem- 
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Fig 6 Hydrothermograms obtained durmg thermal decomposltlon of PAMs obtamed 
from pastes with various phase composltlons 

perature range 250 - 450 “C all three hydrothermograms exhibit a clear maxi- 
mum As shown earlier [9, lo], the hrghest mltial capacity 1s that for the 
PAM from PbO*PbS04, and the lowest is that from tet-PbO pastes. The sur- 
face area of the hydrothermograms’ maximum, for a PAM obtamed from 
PbO*PbS04, 1s largest, whrle that obtamed from tet-PbO is smallest. 

Discussion of results 

The mlcrostructural level comprises the agglomerate pores with a radms 
smaller than 0.1 pm The ratio between the volume and the surface area of 
the mlcropores 1s such that a sigmficant part of the liquid volume m them is 
found m the layer where the surface electrostatic forces are active and chem- 
ical interactions between the solid phase and the solution take place The 
hydration layer is formed on the surface of the PbOz crystalhtes. 

It is likely that part of the hydroxyl groups of the hydration layer are 
dissociated and are m equilibrium with the ions found m the micropores’ 
solution. Thus, the connection and the mteraction between the PbO? crys- 
talhtes and the solution m the micropores is realized with the aid of the H+ 
or OH- ions residmg m the hydration layer of the crystallite surface. 

After the surface dehydration the ionic mteraction between the crystal- 
htes and the solution m the pores is severely impeded. The experimental data 
in Fig. 4 suggest that the dehydrated surface of the PbOz crystalhtes m the 
micropores becomes hydrophobic. The slight wetting of the surface of the 
PbOz crystalhtes hmders the penetration of the solution into the micropores. 
When the heat treated PAM is contacted by the solution a higher energy is 
probably necessary to break the GPb-O-Pbc bond than is involved m the 

formation of the 2(:PbcoH OH) bond. This could be the reason why the 
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surface of the PbOz crystalhtes m heat treated PAM IS not hydrated imme- 
diately after the electrode is immersed m the solution. 

It may be suggested that the hydration of the surface Pb4+ ions of the 
PbO, crystals plays an important role m the discharge process. This can be 
readily interpreted m terms of the electron-proton mechanism [lla] The 
reduction of PbO, requires two types of species with opposite charges elec- 
trons which reduce the Pb4+ ions, and protons (H+ ions) which neutralize 
the valencies of the oxide O*- ions liberated during the Pb4+ reduction 

0 
‘Pb’ ‘Pb’ 

OH 
+ e- + H+ ----+‘Pb’ 

OH 
Pb’ 

OH 

’ ‘0’ ‘OH ’ ‘0’ ‘OH 

OH OH 
‘Pb’ Pb’ + e- + H+ 4 ‘Pb’ 

OH 

’ ‘0’ ‘OH ’ ‘OH 
+ Pb(OH)* 

This process proceeds at a low polarization level m case the surface of 
the Pb02 crystals is hydrated, as the H+ ions of the hydration surface layer 
take part m the above reactions. Furthermore, Pb(OH)* reacts with HzS04 
whereby PbSOz is obtained. 

Moreover, Pb02 IS nonstoichlometnc and contams a significant concen- 
tration of ionic defects The latter may be positive defects CO”,+ - oxygen 
vacancies and others [llb]) denoted by D: and negatively charged defects 
(lead ion vacancies, etc [4]) denoted by Di. These ionic defects are more or 
less mobile. It may be presumed that the microvolumes around these defects 
are neutralized by protons (p’) and electrons (e-) according to the equihbna 

(1) D: + e- = Di, (2) D;+p+=D:!, (3) p+=H+ 

The protons m the crystal lattice are m equllibnum with the H+ ions m 
the solution of the micropores accordmg to eqn. (3) 

The mobility and reactivity of the ionic defects and protons are en- 
hanced dunng the thermal treatment of PbOz. Above a certam temperature 
protons react with OH- or O*- ions producing water which is evaporated 
and recorded m the hydrothermogram as “water of crystalhzatlon” 
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