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Abstract: During the operation of the negative electrode, some critical processes take place, which
are limiting factors for the operation of lead–acid batteries. To improve the efficiency of the negative
active material and minimize these processes, external application of multivector field is proposed.
Two applications of the multivector field are studied: during negative paste preparation and during
formation. It is established that, when applying multivector field during negative paste preparation,
the chemical processes proceed more efficiently. The results are better phase composition and
crystallinity of the cured paste, thus increasing the capacity of the consequently built lead batteries
by 12% on average. The application of a multivector field during the formation of negative active
materials in lead batteries has a positive effect on the skeletal structure, the size and shape of the
Pb crystals. This ensures longer service life, which is confirmed by the 17.5% Depth of Discharge
continuous tests on 12 V/75 Ah batteries. The batteries formed under the influence of external
multivector field showed 20% longer cycle life. Based on the experimental result, a most probable
mechanism of the influence of the multivector field on the chemical and electrochemical processes in
lead batteries during negative paste preparation and formation of negative active masses is proposed.

Keywords: lead–acid battery; formation process; negative active material; paste electrode; mag-
netic field

1. Introduction

The constant increase in human energy needs together with the continuous depletion
of natural energy resources over the last several decades bring forward the important
issues of rational and effective use, storage and processing of energy. This, in turn, sets
a number of important and challenging tasks for scientists and engineers, especially the
tasks to invent new energy sources and improve existing ones.

Nowadays, we are witnessing a continuous expansion of the application fields of lead
batteries. Lead batteries are used to power almost every type of motor vehicle, aircraft and
watercraft; they are used in the energy industry for electrical power storage in all types of
renewable energy sources, including photovoltaic, wind power and ocean power, as well
as for buffer systems in nuclear and hydro power plants [1].

Furthermore, lead batteries are used as backup power supply systems for different
commercial installations such as computer systems in the banking sector, telecom base-
stations and life-supporting medical equipment.

This wide application of lead batteries naturally leads to ever increasing requirements
for lead battery quality with regard to operating, ergonomic and ecological parameters.

Lead–acid battery technology is one of the oldest technologies for accumulating
electrical energy; however, the research into making lead batteries more competitive
compared to newer battery chemistries is ongoing. The low cost makes lead–acid batteries
commercially significant, but its main limitations are considered to be the low dynamic
charge acceptance, as well as limited specific energy [2]. To address these issues, many
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additives to the negative and the positive electrodes have been proposed [3,4]. In addition,
additives to the electrolyte [5] are considered as prospective for improving the performance
of lead-batteries. The use of additives in the active materials or the electrolyte has been
fairly well studied in the literature, but there is limited data for the application of external
radiation which exert an influence on the chemical and electrochemical processes that take
place in the lead battery.

The main factors that lead to a decrease in the capacity of lead–acid batteries and
shortening their service life are the change in the chemical composition and the crystal
structure of the negative active mass [6–9]. The aim of the present work is to study the
possibility of reducing the adverse electrochemical processes that are responsible for these
effects through the application of external multivector field. Since all chemical substances
are characterized by their own magnetic moments [10], the application of such a field
should affect this specific parameter. The multivector field influences the chemical and
electrochemical processes on the negative electrodes of lead–acid batteries. As a result, a
controlled effect on the construction of the chemical compositions and crystal structures
of the negative active mass is achieved. The new crystal structures subsequently affect
the reactivity of the substances involved in the processes of charge and discharge. Two
applications of the multivector field are studied during negative paste preparation and
formation. The multivector field is composed of two components, a strong constant
magnetic field in combination with variable electromagnetic radiation with characteristics
corresponding to the processes occurring on the negative electrode.

As mentioned earlier, there are limited data in the literature on the usage of external
influences on the processes during paste preparation and formation of lead–acid batteries. V.
Naidenov and U. Markov [11] described how the application of ultrasonic waves influence
the formation of lead batteries. They studied in detail how this radiation affects the
formation processes and the structure of the formed active masses. It was found that
ultrasonic waves applied during formation increase the content of PbO2 in the positive
active mass, thus improving the cycle life and the capacity performance of batteries formed
under the influence of such radiation. The authors also concluded that the rate of the
electrochemical reactions on the negative active mass is not influenced by the application
of ultrasonic waves during the formation process.

In their research, Khare and collaborators [12] propose a novel magnetic field probing
technique for determination of the state of health of lead batteries. They used an AC
magnetic field as a noninvasive tool during battery cycling. They observed the battery
performance under magnetic field during battery cycling and found that the direction of
the magnetic field in respect to the battery plates is essential. If the magnetic field flux
lines are parallel to the plates of the lead acid battery, the strength of the magnetic field
increases; if they are perpendicular, the plates screen most of the flux lines. In two papers,
Battaglia and Newman [13,14] studied the theory of the magnetic field effects in high-power
batteries, giving the first approximation to the instantaneous current distribution in bipolar
lead–acid batteries. Another novel application of magnetic field in studying lead–acid
batteries is proposed by Harrison et al. [15,16]. These researchers used the methods of
magnetic tomography to non-invasively measure the current distribution of experimental
lead cells. However, most of the reported external methods are intended to measure the
performance parameters of lead–acid batteries, rather than to influence the chemical and
electrochemical processes in them.

The main chemical processes involved in the preparation of pastes for active materials
for lead–acid batteries are described by Barnes and Mathieson [17]. The processes are
further studied by D. Pavlov [18]. The main components of the paste are basic lead sulfates,
non-reacted and hydrated lead oxides, free metallic lead particles and basic lead carbonates.
During paste preparation, water and sulfuric acid are added to leady oxide powder. As a
result, tribasic lead sulfate 3PbO.PbSO4.H2O (3BS) and tetrabasic lead sulfate 4PbO.PbSO4
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(4BS) particles are formed. The main reactions during paste mixing for preparation of 3BS
and 4BS pastes are described by the following equations.

4PbO + H2SO4 ↔ 3PbO.PbSO4 + H2O (1)

5PbO + H2SO4 ↔ 4PbO.PbSO4 + H2O (2)

The chemical nature of the lead sulfate formed in the paste during its preparation
is important since it affects the efficiency of the consequent processes of plate formation,
its electrochemical performance and its durability under discharge/charge cycling. 3BS
pastes are most commonly used by the industry for the production of positive and negative
plates [18].

4BS is much more difficult to form, particularly in sulfuric acid solutions of con-
centrations greater than 15%, but it contributes to the formation of a strong and stable
morphology in the crystal structure of the plate. In battery types where 4BS is preferred, it
is more common to obtain it during the curing process rather than during paste mixing.

When applying a multivector field with specifically calculated parameters during
the preparation of negative pastes, 3BS with improved quality and morphology is ob-
tained. The application of the multivector magnetic field continues during the entire paste
preparation process.

It has been shown in several papers that the process of formation of the negative active
material occurs in two stages [18–20]. During the first stage, 3BS and PbO, after reduction,
form the lead skeleton of the negative active mass responsible for the mechanical bonding
and adhering of the active mass to the plates. During the second stage of the formation
process, due to the reduction of the lead sulphates, small lead crystals with a large surface
area are formed. It is mainly on these latter crystals that the capacity of the negative active
mass depends. The reactions that occur during the formation of the negative active mass
are as follows:

PbO + 2H+ + 2e− = Pb + H2O (3)

3PbO.PbSO4.H2O + 8H+ + 8e− = 4Pb + H2SO4 + 4H2O (4)

PbO.PbSO4 + 4H+ + 4e− = 2Pb + H2SO4 + H2O (5)

PbSO4 + 2H+ + 2e− = Pb + H2SO4 (6)

2H+ + 2e− = H2 (7)

When a multivector field, with pre-defined parameters for formation, is applied
during the first stage of formation of the electrodes, it creates conditions for more effective
electrochemical and crystallization processes to occur, thus ensuring uniform formation of
the plates. The multivector field exerts an influence on the mobility of the H+ ions, which
affects the overall rate and efficiency of the formation processes. Formed batteries with the
application of multivector field have improved performance characteristics such as better
charge acceptance, higher capacity and extended service life.

As it was mentioned above, there are only few publications that present results of
application of external radiation during the paste mixing or formation processes. In the
literature, there are publications on the use of ultrasonic waves [11,21] during the formation
of the active materials. So far, there are no available publications on using a combination of
constant magnetic field and electromagnetic radiation.

The purpose of this paper is to show how application of a multivector field, applied
during negative paste mixing, influences the phase composition and the crystalline struc-
ture. In addition, the effects of this field are investigated when applied during the process
of formation of negative active mass of lead batteries, thus enhancing their operational
parameters according to their application.
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2. Materials and Methods
2.1. Multivector Field

For the purpose of this study, a special equipment for generating the multivector
field was developed [22]. As mentioned earlier, the multi-vector field is composed of a
strong constant magnetic field with specific density and direction of the magnetic flux. A
variable electromagnetic field with characteristics corresponding to the processes occurring
during the preparation and formation of the active masses for the lead–acid batteries is
superimposed on this specific constant magnetic field.

The structures of arranged strong rare-earth neodymium magnets are used for the
generation of the primary permanent magnetic field. High-grade neodymium magnets
within the range N42–N52 are selected. The number and size of the high-grade neodymium
magnets in the structure depends on the volume of the paste mixer or the physical size
of the electrodes to be formed. Depending on the processes to be affected, the magnetic
structure may be with unidirectional or multidirectional orientation with respect to the
magnetic flux.

The superimposed electromagnetic field has variable characteristics corresponding to
the processes that occur during paste preparation or the formation of the active masses for
lead acid batteries. The field characteristics such as frequency, phase, amplitude and power
are calculated on the basis of a mathematical model that takes into account the physical,
chemical and electrochemical processes occurring during the paste preparation or active
mass formation procedures. The device for emitting the multivector field consists of a
magnetic structure of a linear configuration to generate the primary permanent magnetic
field and a signal generator for the emission of the overlaying electromagnetic field.

For the experiments of this paper, a linear magnetic structure of 11 ring neodymium
magnets with grade N42 was built. The ring magnets were put each facing the opposite
polarity of the preceding magnet, i.e., north versus south versus north, and so on. On top
of the linear magnetic structure, a coil was installed in order to act as an antenna for the
superimposed electromagnetic field. The multivector field emitter showed on Figure 1
was then connected to a signal generator, patented by U. Markov [22], which is generating
the overlaying electromagnetic field. Frequencies used were in the range of 40 kHz up
to 100 kHz, with transmit power varying from 1 W up to 5 W, depending on whether
the device is being used during the negative paste mixing or during the formation of
lead batteries.
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2.2. Negative Paste Preparation

The first part of this article describes the effects of the externally applied multivector
magnetic field on the processes of negative paste preparation. During the past few years,
many additives for enhancing the properties of the negative active material were researched,
with carbon additives being in the main focus [3,23–25]. For the purpose of this paper, in
order to assess the effects of the multivector field on the properties of the negative paste, a
conventional negative active material recipe was used [26], which is presented on Table 1.
Two negative electrode pastes were prepared: a control one prepared without the impact of
a multivector field and the other one under the influence of a multi-vector magnetic field.
The following formulation was used for the preparation of the negative pastes:

Table 1. Negative paste recipe.

Compound Quantity

PbO 1000 g
Carbon black 4 g

BaSO4 8 g
Vanisperse A 2 g

H2SO4 density 1.4 g/cm3 75 mL
H2O 110 mL

A mixer comprising a plastic cylindrical vessel and stainless-steel mechanical stirrers
was used. When preparing the paste for the negative electrodes of lead–acid batteries, the
lead oxide was first placed in the blender container. BaSO4, Vanisperse A and Carbon
black were then added and stirring of the dry mixture continued for two minutes. After
homogenizing the mixture in the dry state, the required amount of distilled water was
added and the stirring continued for three more minutes. Next, the sulfuric acid solution
was added in portions of 20 mL and, finally, at the twentieth minute of the beginning of
stirring, the last 35 mL solution of sulphuric acid was added. The total time of stirring of
the paste from the starting moment of the addition of sulfuric acid solution was 30 min,
the temperature of the prepared negative paste being continuously monitored to not
exceed 40 ◦C.

When the negative electrode paste was prepared under the influence of a multivector
field, the multivector field emitter was mounted on the side of the plastic cylindrical vessel.
After stirring the mixture in the dry state, i.e., two minutes after the start of the procedure,
the overlaying electromagnetic field was switched on. The field power was calculated
based on the volume of the materials involved, but not exceeding 5 W per kilogram of paste.
On completion of the paste preparation process, the multivector field emitter was switched
off. The thus prepared pastes were pasted on grids with dimensions: height: 60 mm; width:
60 mm; thickness: 1.8 mm; weight: 21 g. Each plate was pasted with approximately 21 g
of paste. All the pasted plates prepared with and without application of multivector field
were cured together in a curing chamber under constant temperature and humidity control
under the following conditions: 48 h at 35 ◦C and 98% relative humidity, followed by
24 h at 60 ◦C and 10% relative humidity. The cured negative plates were assembled in six
2 V/2.3 Ah lead–acid cells with AGM (Absorbed Glass Mat) separator—three control cells
with negative electrode made with control paste and three with negative electrode made
with a paste prepared under the influence of a multivector field. The positive electrodes
of both groups of cells were standard positive electrodes. A cell design comprising two
positive electrodes and one negative was chosen. The cells were filled with electrolyte of
H2SO4 solution, with 1.25 g cm−3 specific gravity, soaked for 1 h and then were subjected
to formation. The formation was performed by a standard formation program used in
our studies in a water bath and the temperature was controlled not exceeding 40 ◦C. The
formation factor was 1.5 times the theoretical nominal capacity, which corresponds to
QForm1.5 = 6.9 Ah. After the formation of the two groups of cells, they were subjected
to a 10-cycle capacity test. The capacity test was followed a standard C10 profile with
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discharges conducted in a 10-h discharge mode with a current of 0.23 A to a final discharge
voltage of 1.7 V. The charges were performed with 0.23 A current and an upper limit of the
charging voltage of up to 2.58 V, the cells being recharged with 5% more capacity than the
discharge capacity of the previous cycle.

All pastes and electrodes under testing were subjected to chemical analysis and X-ray
diffraction analysis (XRD) immediately after the paste preparation was completed and
after curing of the plates.

2.3. Negative Electrode Formation

The second part of this article investigates the effects of the externally applied multi-
vector magnetic field on the negative electrode during formation. For the purpose of these
tests, four 12 V/75 Ah unformed dry batteries were provided by a battery manufacturer.
The unformed batteries used for the study were produced with seven positive electrodes
and six negative electrodes per cell and were selected from one production batch of equal
weight. The formation procedure and formation current profile employed were as per
the battery manufacture’s specification, which is shown in Table 2. A water-based H2SO4
solution with 1.25 g/cm3 density was used as electrolyte for the formation process and
the same amount of electrolyte was poured in each battery cell. At the beginning of the
formation process, all batteries were flooded with electrolyte and were left to soak for 1 h.
After that the batteries were divided into two groups: the first one comprised two batteries
formed under the external influence of a multivector field and the second one comprised
control batteries formed without application of multivector field. During the formation
process, the temperature in the water bath was maintained below 40 ◦C. The parameters of
the formation profile used are given in the following table.

Table 2. Formation profile.

Step Number Mode Current, A Duration, h

1 Charge 2 0.25
2 Charge 20 7
3 Pause 0 0.25
4 Charge 19 6
5 Pause 0 0.25
6 Charge 17 6

For the first group of batteries, a multivector field emitter was mounted next to each
battery. The overlaying electromagnetic field was switched on after the first step of the
formation profile and was switched off at the end of the formation process. The field power
was calculated according to the design of the battery and the volume and weight of the
materials used for the negative active masses.

On completion of the formation process, two batteries of each group were torn down
for analysis of the negative electrodes by different methods, including chemical analysis, X-
ray diffraction analysis, Brunauer–Emmett–Teller (BET) surface area analysis and scanning
electron microscopy (SEM). The remaining two batteries were subjected to cycling tests
down to 17.5% depth of discharge (DoD), as per VW 75073: 2012-07 standard specification.
The batteries were put in a water bath at 27 ◦C. Then, they were discharged for 2.5 h with
a current of 15 A. Further cycling continued employing the following program: charge
with 26.25 A for 40 min with voltage limited to 14.4 V followed by discharge for 30 min
with 26.25 A. The end-of-life criterion was when the discharge voltage during cycling fell
down below 10 V. The end of discharge voltage was recorded at every cycle. The discharge
voltage and the total number of cycles completed by the batteries under test were used to
assess the effects of the multivector field applied during formation of the batteries on their
cycle life performance.
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3. Results and Discussions
3.1. Application of Multivector Field during Negative Paste Preparation

As mentioned earlier, two negative pastes were prepared, one with external applica-
tion of multivector field and one without external influence. We will use the abbreviation
MVFP (MultiVector Field Paste) for the negative paste prepared with external emission
and for the other we shall use CP (Control Paste) for the remainder of this paper. The
concentrations of Pb, PbSO4 and PbO in the pastes were determined by volumetric titration,
with a KMnO4 solution and gravimetric precipitation with 5% BaCl2. Analytical grade
reagents and bi-distilled water were used for all solutions.

Table 3 summarizes the results of the chemical analysis of the prepared negative
pastes before curing. The PbSO4 content in the CP is lower by 4.23% than in the MVFP.
When comparing the content of Pb and PbO in the two pastes, the CP paste contains
1.3% more Pb than the MVFP paste, while the content of PbO is 2.71% less than in the CP.
During the chemical analysis one important technological parameter of the pastes was
investigated—moisture content (%W). The moisture content of the pasted plates impacts
the machine pasting and the following curing process [18]. The moisture content should
be in the range of 8% to 11%, and for both pastes %W is into this range with 11.40% for
CP and 11% for MVFP. This indicates that both pastes were prepared properly within the
technological standards.

Table 3. Chemical analysis of the negative pastes before curing.

Sample % Pb % PbSO4 %PbO

CP 10.75 5.38 80.33
MVFP 9.45 9.61 77.62

Both negative pastes were once again subjected to chemical analysis after curing and
the obtained results are presented in Table 4. The MVFP paste again has a higher content
of PbSO4 by 5.48%. The data in the table show that, after the curing process, the Pb content
in both pastes is almost equal to around 6%, while the PbO content remains by 4.04%
lower in the multivector field treated paste than in the control paste. In the course of the
curing process, metallic lead oxidizes thus decrease their content in the cured paste. The
data presented in Tables 3 and 4 indicate that both electrodes were cured under the same
conditions and to the same degree.

Table 4. Chemical analysis of the negative pastes after curing.

Sample % Pb % PbSO4 %PbO

CP 6.91 7.18 80.78
MVFP 6.18 12.66 76.74

The X-ray diffraction method was used to determine the phase composition of the
active masses of the two types of negative pastes (CP and MVFP) immediately after paste
preparation and after curing. The samples were examined using an X-ray diffractometer
“Philips” PW 1030, which has a θ–2θ Bragg–Brentano geometry, with Cu Kα radiation
(30 kV, 20 mA), a wavelength λ = 1.5406 Å and a scintillation detector. The output diffrac-
tograms were obtained at room temperature and at a constant scan rate and a reflection
angle of 2θ in the range of 19 ÷ 40◦ at a step of 0.02◦. The obtained X-ray diffraction
patterns were interpreted using the PCPDFWIN database, ICDD, 2002.

Figure 2a presents the XRD data of CP and Figure 2b presents the MVFP before curing.
The XRD patterns feature higher intensity of α-PbO in the CP. The characteristic diffraction
peaks of the tribasic lead sulfate (3BS) phases are of the same intensity in both pastes.
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Figure 3 presents the results of the XRD analysis of CP an MVFP after curing. A very
indicative effect of the application of the external multivector field is the change in intensity
of α-PbO and 3BS. It can be seen that the intensities of α-PbO and 3BS diffraction peaks
in MVFP are higher than in CP. As it was pointed out earlier, right after the paste mixing,
the intensity of the XRD peaks of α-PbO was lower in the MVFP, but changed after the
curing process. On the other hand, after curing, we observed higher 3BS intensity of MVFP
compared to CP, while right after mixing, theses peaks were of equivalent intensities. It
can also be seen in Figure 3 that the XRD pattern of the CP features an intensity peak of
PbO.6PbCO3.3Pb(OH)2 significantly higher than in the MVFP, despite the fact that both
pastes were cured simultaneously in the same curing chamber under the same temperature
and humidity conditions.

Batteries 2021, 7, x FOR PEER REVIEW 9 of 17 
 

 

Figure 3. XRD analysis of control paste (a) and paste prepared with external application of multivector field (b) after 
curing. 

For the purpose of the study, a phase analysis of the XRDs is performed using the Maud 
software [27] mainly based on the Rietveld method. The data are compared with the data of 
the volumetric titration. The results of these analyses are presented on Tables 5 and 6. 

Table 5. Comparison of the chemical analysis by titration and XRD of the negative pastes before curing. 

By Chemical Analysis 
 %Pb %α-PbO%β-PbO%PbO%PbSO4 %3BS %PbO.6PbCO.3Pb(OH)2 

CP 10.75   80.33 5.83   
MVFP 9.45   77.62 9.61   

By XRD (Figure 2) 
CP 0.045 80.12 0.072   18.25 1.50 

MVFP 0.355 72.36 0.104   24.72 2.45 

Table 6. Comparison of the chemical analysis by titration and XRD of the negative pastes after curing. 

By Chemical Analysis 
 %Pb%α-PbO%β-PbO %PbO%PbSO4%3BS %PbO.6PbCO.3Pb(OH)2 

CP 6.91   80.78 7.18   
MVFP 6.18   76.74 12.66   

By XRD (Figure 3) 
CP 0.32 42.33 0.83   44.84 11.58 

MVFP 0.2 43.61 0.2   49.03 6.96 

The comparison of the chemical composition estimates of negative pastes before cur-
ing is shown in Table 5 and after curing in Table 6. It should be noted that the NAM esti-
mates for the amount of lead sulphate and lead monoxide identified by XRD are different 
form the one identified by volumetric titration. The reason is that these materials are in 
the form of very fine residual crystals that cannot reflect well the X-rays by XRD, or are 
surrounded by lead crystals that absorb X-rays and make their identification impossible 
by this method. In addition, the oxyhydrate groups are not visible by XRD. It should be 
noted that the sample preparation techniques for both methods are different, which may 
also lead to some differences. 

The main explanation for the difference in the data form chemical analysis by titra-
tion and XRD analysis is the 3BS, which is observed on the XRDs. The process of obtaining 
3BS during paste mixing is well studied by Pavlov [18]. When the acid first contacts the 

Figure 3. XRD analysis of control paste (a) and paste prepared with external application of multivector field (b) after curing.

For the purpose of the study, a phase analysis of the XRDs is performed using the Maud
software [27] mainly based on the Rietveld method. The data are compared with the data
of the volumetric titration. The results of these analyses are presented on Tables 5 and 6.

The comparison of the chemical composition estimates of negative pastes before curing
is shown in Table 5 and after curing in Table 6. It should be noted that the NAM estimates
for the amount of lead sulphate and lead monoxide identified by XRD are different form
the one identified by volumetric titration. The reason is that these materials are in the form
of very fine residual crystals that cannot reflect well the X-rays by XRD, or are surrounded
by lead crystals that absorb X-rays and make their identification impossible by this method.
In addition, the oxyhydrate groups are not visible by XRD. It should be noted that the
sample preparation techniques for both methods are different, which may also lead to
some differences.



Batteries 2021, 7, 24 9 of 16

Table 5. Comparison of the chemical analysis by titration and XRD of the negative pastes before curing.

By Chemical Analysis

%Pb %α-PbO %β-PbO %PbO %PbSO4 %3BS %PbO.6PbCO.3Pb(OH)2

CP 10.75 80.33 5.83
MVFP 9.45 77.62 9.61

By XRD (Figure 2)

CP 0.045 80.12 0.072 18.25 1.50
MVFP 0.355 72.36 0.104 24.72 2.45

Table 6. Comparison of the chemical analysis by titration and XRD of the negative pastes after curing.

By Chemical Analysis

%Pb %α-PbO %β-PbO %PbO %PbSO4 %3BS %PbO.6PbCO.3Pb(OH)2

CP 6.91 80.78 7.18
MVFP 6.18 76.74 12.66

By XRD (Figure 3)

CP 0.32 42.33 0.83 44.84 11.58
MVFP 0.2 43.61 0.2 49.03 6.96

The main explanation for the difference in the data form chemical analysis by titration
and XRD analysis is the 3BS, which is observed on the XRDs. The process of obtaining
3BS during paste mixing is well studied by Pavlov [18]. When the acid first contacts the
wet PbO, it reacts to form lead sulfate (PbSO4), which reacts with PbO to form basic lead
sulfates. At temperatures below 71.1 ◦C, the stable basic sulfate is tribasic lead sulfate (3BS).

4PbO + H2SO4 = 3PbO.PbSO4.H2O (8)

Formula (8) shows that 3BS is a complex composition of lead oxide, lead sulphate and
water. Taking this into account, good correlation between the investigation methods is
observed confirming all the above observations and conclusions.

In order to investigate the effects of the externally applied multivector field during
paste preparation on the performance of lead cells, CP and MVFP pastes were used to
prepare negative electrodes. Six 2 V/2.3 Ah cells were built with these electrodes and
standard positive electrodes, at 50% utilization of the positive active mass. After curing, the
cells were formed employing a formation protocol comprising eight steps and formation
capacity equal to 3.5 times the theoretical capacity. After formation, the cells were cycled
by C10 profile.

The capacity curves in Figure 4 show that the cells with negative electrode prepared
with MVFP reached the theoretical nominal capacity of 2.32 Ah. The control CP cells ex-
hibits an average initial capacity of 2.22 Ah, which is about 5% lower than that of the MVFP
cells. During cycling, the cells with MVFP achieved, on average, 12% higher discharged
capacity than the CP cells. On the last discharge cycle, the capacity of the CP cells averaged
at 1.39 Ah, and for the MVFP cells, 1.65 Ah, which is a difference of approximately 20%.
For all 10 cycles, the total discharged capacity was, on average, 16.52 Ah for CP cells and
18.36 Ah for MVFP cells. This is an average of 11% more total discharged capacity for
MVFP than CP lead cells. The figure gives us grounds to conclude that the application
of external multivector field during negative paste preparation influences the chemical
reactions during paste preparation. It also influences the crystallization processes in the
negative plates and, hence, the content and the structure of the negative active mass. It has
a significant effect on the capacity of the prepared cells. This conjecture is also confirmed
by the results of the chemical and XRD analysis of the pastes before and after curing.
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3.2. Application of Multivector Field during Formation of Negative Electrodes

As was already explained above, two groups of 12 V/75 Ah batteries were formed for
the purpose of this study. Two control batteries without application of multivector field
during the formation—CB1 and CB2—and two batteries with application of multivector
field during the formation process—MVFB1 and MVFB2. CB1 and MVFB1 were disassem-
bled immediately after the formation for analysis of the negative electrodes, while CB2 and
MVFB2 were cycled, employing a continuous 17.5% DoD test profile.

The results of the chemical analysis of CB1 and MVFB1 batteries are presented in
Table 7. It can be seen that the content of Pb in MVFB1 is 2.14% less than in CB1, while the
unconverted PbSO4 in both batteries is the same, which suggests equal formation levels of
the negative active masses in the two batteries. The obtained BET surface area values for
the two types of negative active masses are 0.453 m2/g for CB1 and 0.43 m2/g for MVFB1,
respectively. These results show that the specific surface in both negative active materials is
almost the same. The XRD data presented in Figure 5 confirm the results from the chemical
and BET analysis, namely, that both batteries were formed to the same formation level and
the phase composition and structure of the negative active materials is preserved. It can be
concluded that multivector field emission applied during formation of lead–acid batteries
does not have an unfavorable effect on the negative active mass composition.
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The XRD analysis gives us the opportunity to perform phase analysis of the chemical
composition of the negative active material with the Maud software and compare it to the
data of the chemical analysis by titration. This comparison is shown on Table 8.
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Table 7. Chemical analysis of the negative active materials after formation.

Sample % Pb % PbSO4 %PbO

CB1 89.18 6.86 2.34

MVFB1 87.04 6.79 4.38

Table 8. Comparison of the chemical analysis by titration and XRD of the negative active materials
after formation.

By Chemical Analysis

Sample % Pb % PbSO4 %PbO

CB1 89.18 6.86 2.34
MVFB1 87.04 6.79 4.38

By XRD (Figure 5)

CB1 90.8 9.2 n.d.
MVFB1 86.66 13.34 n.d.

After formation of the NAM, we observed a good match in the percentage of lead, but
due to the low content of PbO, on the XRD analysis, no characteristic peaks were observed
and we cannot correctly calculate the content of oxides and sulfates. It should be noted
that in the analytical methods used to determine the phase composition of the negative
active masses in lead batteries, the relative error is not more than 0.2–0.4%. This value is
confirmed by two parallel determinations of the same average sample.

Figure 6 shows SEM micrographs of negative active mass formed without external
influence of the multivector field (Figure 6a) and with application of external multivector
field (Figure 6b). The SEM image in Figure 6a features randomly distributed Pb parti-
cles, while the lead crystals in Figure 6b are interconnected in a network. In addition,
a pronounced Pb skeleton can be seen in the SEM image of the negative active material
formed under the influence of a multivector field (Figure 6b), which favors the subsequent
efficient cycling.
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After formation with and without the application of external multivector field, bat-
teries MVFB2 and CB2 were subjected to initial C20 capacity tests. The batteries were



Batteries 2021, 7, 24 12 of 16

discharged with a current of 3.5 A down to a final voltage of 10.5 V. The recorded capacity
of the CB2 battery was 74.36 A against 78.07 Ah for the MVFB2 battery. Both batteries
reached a capacity close to their nominal capacity value of 75 Ah, but MVFB2 had a 4.75%
higher initial capacity than CB2. After the initial capacity test, the batteries were charged for
24 h in a water bath at 27 ◦C, with a maximum current of 17.5 A and an upper voltage limit
of 16 V. After that, the batteries were cycled at 17.5% DoD. At the end of each cycle, the final
discharge voltage was recorded. The results of the 17.5% DoD test are displayed in Figure 7.
It can be seen that the battery formed with the application of an external multivector field
(MVFB2) had a higher final discharge voltage than the control battery (CB2). This is a
clear indication of better charge retention in the battery, as well as better charge acceptance.
Moreover, better stability of the discharge voltage of MVFB2 was observed. In the first third
of the cycling test, the voltage of the control battery CB2 exhibited some instability, which
might be due to the poorly formed Pb skeleton, as evident from the SEM micrographs. As
was already mentioned earlier, a good Pb skeleton of NAM ensures more effective cycling
of lead batteries. This statement is confirmed by the total number of cycles achieved by
the two batteries. MVFB2 completed 352 cycles before it reached its end of life at 10 V,
while CB2 reached 293 cycles. These results indicate a 20% longer cycle life for the battery
formed with external influence by a multivector field. We may conclude that application of
multivector field during formation of the negative active materials in lead–acid batteries
has positive effect on the skeleton structure of the PB crystals, and, hence, ensuring better
cycle life performance.
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4. Theory

The most probable mechanism of influence of the multivector field on the chemical
and electrochemical processes in lead batteries during negative paste preparation and
formation of negative active masses is proposed.

It is known from the literature [10,28,29] that the result of chemical and electrochemical
processes is the quantum rearrangement of the atomic nuclei of the chemical elements
involved in the reactions and the rearrangement of their electron clouds in the formation
of chemical compounds. It has also been found that the three fundamental elements of
quantum mechanics are closely related and underlie the explanation of the mechanism
of transformations described by electrochemical science. These three main factors are
the following:

• The first factor is the electron wave function of the chemical elements, which describes
the distribution of electrons in space and time, as well as the possible states of a
physical system. The wave function of the electron also describes its spin.
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• The second factor is the Pauli principle, which describes the distribution of electrons
according to their energy level and spin state, i.e., (wave function), which creates the
property ferromagnetism.

• The third element is the Schrödinger equation, which gives a quantum description
based on classical mechanics. The solution of the Schrödinger equation includes the
wave function ψ of a given quantum system at any point in space (x, y, z, t), called the
quantum amplitude of probability. The square of the quantum amplitude makes it
possible to determine the probability of a physical event at a given point in space.

These three factors of quantum mechanics are the basis of our attempt to explain
the mechanism of the effects of the external multivector field on the chemical and elec-
trochemical processes that occur in negative active masses for lead batteries during paste
preparation and during formation of this electrochemical system.

The solution of the Schrödinger equation refers to the simplest chemical particles, such
as a hydrogen atom consisting of a proton and an electron and it has the following form

HΨ = EΨ (9)

where E is a constant equal to the energy level of the system and H is the Hamiltonian
corresponding to the total energy of the system.

The solution of this equation determines the discrete value of the energy E and the
wave function of the electron Ψ.

The above two equations represent the electron-proton chemical systems, which
include only the Coulomb interaction forces and which determine the Coulomb potential
of the respective electrochemical system.

Because the magnetic field has material properties and is a macro manifestation of the
quantum micro properties of substances and magnetic fields affect the interactions between
substances, which manifest as material objects with micro sized quantum characteristics. If
we look at the chemical processes involved in the preparation of pastes and the complex
scheme of the mechanism of the electrochemical processes of charge and discharge in
lead–acid batteries, we shall see that magnetic fields change the weights of the substances
involved, because in quantum interactions, the electronic properties of these substances
change quantitatively. At the same time, protons are involved in the scheme of almost all
chemical and electrochemical reactions. Therefore, for lead–acid electrochemical systems,
which are composed of large amounts of electrons and atomic nuclei, the asymmetric wave
function is valid, for which, according to Pauli’s principle, the electrons of this system
manifest as fermions characterized by a corresponding spin (i.e., own wave function). It is
for this reason that the substances involved in the chemical and electrochemical reactions
during the production of lead batteries and during their operation create the property of
ferromagnetism. This is the main reason why the application of exposure to multivector
field during paste preparation and formation of lead–acid systems strongly affects the wave
function of the chemicals and reagents involved. In fact, due to the specific parameters
of the applied multivector field, the wave function of the electrons and protons of the
substances involved in the electrochemical reactions can change to a certain extent in a
controlled manner. The change in the wave function creates a new physicochemical factor
that can oscillate between the two spin states, the corresponding triplet state (non-reactive)
and the singlet state (chemically active state) of the electrochemical system in a lead–acid
cell. The result of this effect is a change in reactivity of the substances involved in the
charge-discharge electrochemical processes or the formation of lead–acid batteries. These
considerations and our attempts to describe the possible mechanism of the electrochemical
processes in lead batteries gives us reason to offer the explanation that the application of
external multivector field allows the transformation of the electrochemical reactions in lead
batteries between the allowed and not allowed spin energy levels of the electrons from the
substances involved in these processes. Thus, by applying a multivector field with defined
parameters, conditions can be created allowing to control the reactivity of the different
compounds that are involved in the various chemical and electrochemical processes. The
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influence of the multivector field on the possibility of charge–discharge electrochemical
processes in lead batteries can be represented by the following mathematical expression:

P = f [H, α, µn, I, HI , v, J] (10)

where H is the value of the magnetic field, α is the electron-nuclear Fermi-interaction, µn
is the magnetic moment, I and mi are the spin of the electron and the projection of the
nucleus, HI is the amplitude, ω is the frequency and J is the electron-nuclear magnetic
interaction depending on the specific magnetic moment of the nucleus of any particular
chemical element involved in the electrochemical reaction of charge, discharge or formation
of active masses in lead batteries. The wave function, calculated in this way, determines
the magnetic spin effects in the course of the electrochemical reactions and the possibilities
for influencing the electrochemical processes of formation, current generation and current
output in lead–acid batteries.

5. Conclusions

The chemical analysis of negative pastes for lead–acid batteries prepared with or
without the application of external multivector field did not show significant differences in
their chemical composition. The higher intensities of the 3BS and α-PbO peaks in the XRD
pattern of the cured negative paste prepared with application of external multivector field
signify better crystal structure and phase composition. These findings are confirmed by
the capacity test results for lead–acid cells assembled with negative electrodes prepared
with this paste. The cells with negative electrode prepared with paste under the influence
of external multivector field exhibit on average 12% higher capacity than the control
cells during 10 cycles C10 and average 20% more capacity on the last 10th cycle. This
experimental finding gives us grounds to conclude that the chemical processes during
the negative paste preparation under the influence of external multivector field proceed
more efficiently, giving better phase composition and crystallinity of the cured paste, thus
increasing steadily the capacity of the consequently built lead batteries.

Analysis of the chemical compositions of the negative active masses of batteries formed
with and without the application of external multivector field show approximately the same
values. Therefore, we can conclude that the external influence with the multivector field
does not adversely affect the composition of the negative active mass during formation.
Moreover, the SEM micrographs of these negative active masses show clearly that, in
the negative active mass formed with influence of multivector field, the lead crystals are
interconnected in a much better structured lead skeleton. The better lead skeleton after
formation ensures better cycle life. In support of this conclusion are the results of the cycle
life tests of the formed batteries, employing the 17.5% DoD cycling test. The battery formed
with external influence of multivector field exhibits better voltage stability throughout the
cycling test. In addition, the results of this test show that the battery formed under the
influence of external multivector field completed 352 cycles until it reached its end of life at
10 V, while the lead–acid battery formed without multivector field reached 293 cycles, i.e.,
a 20% longer cycle life was achieved. We can conclude that the application of a multivector
field during the formation of negative active materials in lead–acid batteries has a positive
effect on the skeletal structure, size and shape of the Pb crystals, which ensures a longer
service life of the batteries.

Based on these experimental results, a most probable mechanism of the influence of
the multivector field on the chemical and electrochemical processes in lead batteries during
negative paste preparation and the formation of negative active masses is proposed. The
application of a multivector field can create conditions allowing control of the reactivity
of the different compounds involved in the chemical and electrochemical processes. The
calculated wave function determines the magnetic spin effects in the course of the electro-
chemical reactions and the possibilities for influencing the processes of formation, current
generation and current output in lead–acid batteries.
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Future works aim at investigating the effects of the multivector field on the positive
paste preparation and positive active material formation. This will allow us to improve
the most probable mechanism of the influence of the multivector field, thus enhancing the
operational parameters of lead–acid batteries.
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