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Abstract
Reticulated vitreous carbon (RVC) plated electrochemically with a thin layer of lead was investigated as a carrier and current
collector material for the positive and negative plates for lead-acid batteries. Flooded 2 V single lead-acid cells, with capacities up
to 46 Ah, containing two positive and two negative plates were assembled and subjected to charge/discharge cycling tests, self-
discharge characterization and Peukert’s dependences determination. They could retain 72% of discharge capacity after
12 months of storage in room temperature and showed similar performance to a standard cell during cycle life test. A 2-V cell
using a carbon material with higher conductivity than RVC was also constructed. It showed improved performance under higher
current discharges, comparable to standard lead-acid batteries. Additional cycling tests were performed on a complete 12-V
RVC-based battery. It completed almost three times the number of cycles of lead-acid batteries with standard current collectors.
Obtained results are promising and show that application of a conducting porous carbon as a carrier and current-collector will
significantly increase the specific capacity of the lead-acid battery and self-discharge characterization and cycling charging–
discharging battery durability.
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Introduction

Lead-acid batteries were invented about 160 years ago and
evolved considerably over the years, but they are still one of
the most widely used secondary batteries. The worldwide bat-
tery market for lead-acid batteries was around 18.5 billion
US$ in 2010 [1]. It is well known that one of the main reasons

for a relatively low specific capacity and energy of lead-acid
batteries is the low utilization efficiency of the active mass in
conjunction with the heavy weight of a conventional grid [2].
Lead electrodes constitute about 21% of total weight of the
typical lead-acid car battery [3]. Recent research has shown
that the use of lightweight carbon materials as a current col-
lector and an active material support is helpful with respect to
this problem. Many of the studies demonstrated light weight
conductive porous grids made from reticulated vitreous car-
bon (RVC), carbon/graphite foams, or carbon honeycomb.
The idea of porous glassy carbon application, especially
RVC, in lead-acid battery construction has been first described
by Czerwinski in a patent submitted in 1992 [4], as well as
presented at the LABAT 96 Conference [5]. This idea was
further described by his Warsaw University group in many
patents and papers [6–13]. Das et al. [14] demonstrated the
electrochemical behavior of graphite covered with lead in the
perspective of application in lead-acid battery. Few years later,
Snaper [15] described in the patent the use of reticulated cur-
rent collectors’ structures for battery applications. Gyenge
et al. also adopted lightweight current collector for the con-
struction of lead-acid batteries and investigated RVC
electroplated with a Pb-Sn alloy as alternative for the
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conventional grid battery [16–19]. Jang et al. [20] evaluated
the electrochemical stability of the graphite foams as current
collector materials to replace lead alloys. Chen et al. [21–24]
demonstrated in a series papers small electrodes based on
pitch-based carbon foam. Kelley and co-workers [25–27] pro-
posed carbon foams as possible current collectors for lead-
acid batteries described in patents applied by the start-up com-
pany Firefly Energy Inc. and Caterpillar Inc. Kirchev et al.
[28–30] studied the carbon honeycomb grids as innovative
alternative to the classical grids. The usual strategy to employ
the lightweight porous carbon materials is to electroplate it
with a lead or lead alloy coating. There are also several reports
on the substitution of the lead alloy cast gird with a lead-foam
grid [31–34].

One important aspect of batteries is their self-discharge,
which leads to a capacity loss with time. The first report about
the effect of self-discharge reactions on the lead-acid battery
was published in 1882 [35]. The self-discharge phenomena are
well defined; they are caused by the electrochemical reactions
between the active materials in the plates, the electrolyte, the
current collector, the separator, and other components in the
cell or by the ohmic leakage currents [36]. The manufacture
of lead-acid cells demands careful attention, since there are
many factors that can affect the self-discharge battery charac-
teristics. Batteries need to be periodically recharged to compen-
sate for the self-discharge. The self-discharge rate of a battery is
usually quantified in terms of a percentage loss of the capacity
per month or per year, although other performance values are
also sometimes used. The typical value of self-discharge rate of
the lead-acid batteries at the room temperature is approximately
2–5%, up to 15–25% per month for aged batteries [37].

There is a considerable interest in studying the discharge
parameters and the cycle lifetime of light weight conductive
porous grids in the lead-acid batteries. Identifying the RVC-
based lead-acid battery self-discharge characteristic is important
for laboratory testing and practical applications. RVC is charac-
terized by an open-pore structure, high-specific surface area and
high void fraction [38]. In our previous papers, we have dem-
onstrated cells employing positive plates with RVC grid
electroplated with Pb (Pb/RVC grid) and negative ones based
on Pb/RVC grids or bare RVC [39–41]. Early uses of RVCwere
largely restricted to small plates for lead-acid batteries; however,
the obtained results were promising for the prototype two-plate
2-V cells with RVC covered with lead and a hybrid three-
electrode lead-acid cell with one plate based on RVC [39–42].

In this paper, we describe the design, assembly, and battery
tests of four-plate 2-V cells with positive and negative RVC-
based grids. RVC coated with lead has been used as positive
and negative plates’ current collectors of the lead-acid cell.
Cells used during our newest experiments have capacities up
to ca. 46 Ah and we also present results for a complete 12 V
battery. The aim of this work is a demonstration of construc-
tion and preliminary electrochemical performance of upscaled

versions of RVC-based lead-acid cells, using multiple plates
and having high discharge capacities. The Peukert’s depen-
dence of a lead-acid cell based on our own carbon material
with conductivity higher than RVC is also presented.
Additionally, we measured cycle life of a 2-V RVC-based cell,
using improved charging algorithm compared to our previous
work, as well as cycle life of a 12-V battery. Moreover, we
present the self-discharge characteristic of a lead-acid cell with
RVC-based collectors.

Material and methods

The RVC/Pb grid preparation

RVC with 20 p.p.i. (pores per inch) porosity grade, purchased
from ERG Material and Aerospace Corporation, was chosen
for this research, based on our previous results and consider-
ing its properties, such as low weight, porosity, and electrical
conductivity. To prepare the RVC grids, the RVC was cut into
pieces with dimensions ca. 118mm× 100mm× 5mm (height
× width × thickness). A cell used in cycle life measurement
used smaller collectors: positive ones ca. 45 mm× 50 mm×
5 mm in size and negative with porosity 30 p.p.i. and size ca.
45 mm× 50 mm× 4 mm. One of the batteries (CPC cell) used
small slabs of our own material, conductive porous carbon
(CPC), instead of RVC [43]. They had dimensions of ca.
50 mm × 25 mm× 5 mm. In order to supply current to the
porous carbon structure, a lug made of Pb was attached to
the reticulated vitreous carbon slab. The RVC slabs were then
electrodeposited with Pb. The electroplating process was con-
ducted in a methanesulfonate bath with the RVC slabs as the
cathode and Pb plate as the anode [44, 45]. The RVC slabs
with thin (10 μm) layer of lead were used as the negative
current collectors in a lead-acid battery and RVC slabs with
thicker (100 μm) layer of lead as the positive ones. The thick-
nesses of the Pb layers were calculated from the real surface
area of the RVC [38] and lead deposit weights. The surface
morphology of the deposits was observed under a JEOL JSM-
6490LV scanning electron microscope (SEM).

Plates preparation and cell assembly

The plates on the RVC-based collectors were prepared as per
standard procedure for typical grid collectors. The RVC/Pb
grid was made into positive and negative electrodes following
the pasting and formation process. The respective paste was
physically forced into the pores of the RVC/Pb slabs with a
plastic spatula, and excess was scraped off of the surface. The
battery pastes were common active masses used commercially
by a battery manufacturer, with standard composition includ-
ing expanders for negative plates and with addition of carbon
fibers in the paste for positive plates. They contained 80% of
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leady oxide. The nominal capacities of the negative and pos-
itive active masses were ca. 145 and ca. 120 Ah kg−1, respec-
tively. The pasted plates were cured at 45 °C, in a relative
humidity of 90% for about 24 h, and then dried at 45 °C for
the next 24 h. The amount of the negative paste in the typical
RVC/Pb slab was ca. 190 g, and the electrode size (the dimen-
sions of the coated part of the foam slab) was ca. 120 mm×
102 mm× 5.5 mm. For the positive electrode, the amount of
positive paste and electrode size were ca. 180 g and ca.
121 mm× 103 mm× 5.5 mm, respectively. The cured plates
(two positive and two negative) were separated with a PE
envelope-type separator and were placed in a polypropylene
container.

Figure 1 shows the overall process of preparing a complete
four-plate 2-V cell with the RVC-based plates. We also con-
structed one 12-V battery, composed of six 2-V cells. The cells
were similar to ones described earlier in this paragraph, with
exception of having 30 p.p.i. RVC grids in negative plates.
The cells were placed in a standard polypropylene casing,
linked with electrical connectors, and sealed with a lid typical
for flooded batteries. As for the RVC cell used for cycle life
measurements, it was prepared from smaller RVC slabs and
had only one positive and one negative plate.

Formation and testing of cells

The test cells were assembled with equal number of positive
and negative plates per cell, thus the capacity was limited by
the positive electrode. Using the Ah-equivalent of the nominal
capacities of positive active masses, the total Ah-equivalent
(Cn) was calculated, for a typical four-plate 2-V cell with the
RVC grid Cn was equal to 43.1 Ah.

The formation of the plate was carried out in sulfuric acid
as electrolyte with specific gravity of 1.14 g cm−3

, after
soaking for 1 h. The formation was conducted at a constant
current 0.067 Cn which corresponds to a number of Amp-
hours equal to 485% of the nominal capacity within a time
period of 70 h. After the formation the cell was filled with
H2SO4 with specific gravity 1.28 g cm−3, (electrochemical
equivalent value is 133.0 Ah dm−3 [46]).

Formation and galvanostatic charge-discharge tests on the
batteries were performed using Atlas 1361 battery tester. The
testing of the cells was comprised of charging/discharging cy-
cles with a depth of discharge (DoD) equal to 100%. The
charge current used was 0.05 Cn (the 20-h rate) for 24 h and
charging was assumed to be completed when the charge factor
exceeded 120%. The charge factor corresponds to the percent-
age ratio between the ongoing number of charged Amp-hours
and the previously obtained discharge capacity. Discharging of
the cell was done using a constant current at the 20 h rate (0.05
Cn), 10 h rate (0.1 Cn), and 5 h rate (0.2 Cn), where the current
rating is expressed using the nominal capacity of the cell (Cn),
calculated for standard RVC cells at 43.1 Ah. The discharge
cut-off voltage was 1.75 V. Measurements used for presenting
Peukert’s dependency used discharge currents from 0.05 Cn up
to 3 Cn. Discharges with current rates 1 Cn and 3 Cn were
continued until the voltage dropped below 1.6 V. Between each
discharge/charge cycle presented in Peukert’s dependency,
there was a single discharge/charge cycle with 0.05 Cn rates.

The cycle life measurements for the 2-V cell were per-
formed using 0.1 Cn charge and discharge rates. The cut-off
voltage for discharge was 1.75 V. Charging was composed
of three phases. First, the cell was charged with constant 0.1
Cn current until it reached 2.55 V. Then the voltage was kept
constant at 2.55 V until current dropped to 0.02 Cn. Finally,

Fig. 1 Preparation of a 2-V RVC/
Pb-based cell. a RVC slab, b
electroplated electrodes, and
pasted negative (upper part) and
positive (lower part) plates c a
complete 2-V cell
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the cell was charged for 2 hours with constant current of
0.03 Cn.

The 12-V battery cycle life was tested by repeating the
cycles of partial discharging and charging it afterwards. For
each cycle, the battery was discharged for 1 h with a 0.25 Cn

current. It was then charged for 155 min with a constant volt-
age of 14.8 V, and then for 5 min with a 0.125 Cn current. The
voltage of the cell at the end of discharge was recorded and the
measurement ended when it dropped below 10.5 V.

The self-discharge characteristics of the RVC-based lead-
acid cell were assessed in this study by measuring the dis-
charge voltages and capacities after storage for different time
periods, when disconnected from any circuits. Since the open-
circuit voltage (OCV) of the cell depends on the state of
charge, the cell was fully charged before the storage in this
investigation. The battery was charged at the 20 h rate for 24 h.
After charging, the cell was disconnected for 1.5, 3, 6, and
12 months and after each time period a measurement of the
open circuit potential and capacity loss at room temperature
(25 °C) were conducted. First, the open circuit potential was
measured and then the cell was discharged to 1.75 V cut-off
voltage with a 0.05 Cn current. The cell was then charged for
24 h and then discharged again with 1.75V cut-off voltage at a
0.05 Cn charge and discharge rates. The capacity loss was then
determined from comparison of these two discharge capaci-
ties. All tests were conducted at room temperature. After ex-
periments were finished, the total life of battery was almost
2 years (1.5 then 3 then 6 then 12 months).

Results and discussion

Surface morphology of the RVC/Pb

Figure 2a, b shows the surface morphology of the negative
RVC-based collector.

Figure 2a presents the SEM image of the electroplated lead
on reticulated vitreous carbon, in which the three-dimensional
reticular structure of the RVC/Pb can be seen. Figure 2b shows
a cross section of the RVC/Pb filament. The thickness of the
lead coating was about 10 μm, which was in agreement with
calculated thickness values of the lead layer on the base of
Faraday’s law. It can be seen from the images that the RVC is
completely covered with lead coating and the electrodeposited
lead has a good contact with the RVC. The surface of the lead
coating is also uniform over the whole surface. Results obtain-
ed for large RVC collectors are similar to these achieved for
smaller ones in our previous work [42].

The parameters of RVC/Pb electrode

The surface area is an important parameter for the current
collector. The higher the specific surface area of RVC/Pb

and the more effective contact between carbon and the active
material, the higher the efficiency of the active material in
charge generation due to battery reactions. RVC/Pb grids with
Pb thickness 10 and 100 μm were used as negative and pos-
itive current collector, respectively. Generally, replacing a lead
alloy grid with carbon foam allows to decrease the amount of
lead used in battery by about 3 kg of Pb in 50-Ah battery, with
specific energy equal to ca. 50 Wh kg−1.

The parameters such as the ratio of collector weight to
electrode weight (α) and the ratio of the active mass to the
collector surface area (γ) are normally used for efficiency
evaluations and in plate design practice. The values of α and
γ depend on the design of the plates. Generally, a smaller
value of α parameter indicates a higher participation of the
active mass in plate density capacity. Lower value of γ can
lead to better active mass reactivity efficiency, but would also
increase to the corrosion rate of the positive grid and a shorter
cycle life [32, 46]. For SLI automobile lead-acid batteries,
usually, the value of α varies between 0.35 and 0.60. The
value of the γ parameter, especially for positive plates, is
placed between 2 and 2.5 g cm−2 [46, 47]. The technical pa-
rameters of the high capacity negative and positive electrodes
based on reticulated vitreous carbon (RVC) were estimated in
Table 1.

The table shows the properties of the RVC-based plates of
our new lead-acid battery such as the weight of their construc-
tion elements, the geometric and real surface area, and

Fig. 2 SEM images of the negative RVC/Pb-based collector. a Surface
morphology. b Filament cross section
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calculated α and γ coefficients of the RVC-based electrodes.
The real surface area of RVC estimation was based on the data
for reticulated vitreous carbon with 20 p.p.i. reported by pro-
ducer [38]. By comparing the negative electrode RVC/
Pb10μm with the positive RVC/Pb100μm, we can see that
the negative one has a much lower mass. The reduction of
the mass of the electrode is a result of a much thinner layer
of lead and a lower weight of the coating. The α factor equals
0.16 for negative and 0.38 for positive RVC/Pb plates, respec-
tively. Coefficient γ equals 0.28 g cm−2 for negative and
0.25 g cm−2 for positive plates and is much lower than for
standard plates based on cast grids [40]. A small value of
factors α and γ of the negative and positive electrodes based
on RVC/Pb in comparison to classic lead-acid battery plates
will improve the charge distribution efficiency in the active
material due to 3D structure of RVC matrix. Generally in
classic SLI lead-acid batteries, the charge densities of positive
and negative active mass (PAM and NAM) is 120 and
145 Ah kg−1 respectively. In the new lead-acid battery based
on RVC, the significant increase (ca. 20%) of the charge den-
sity in PAM and NAM was observed, up to 145 and
175 Ah kg−1 respectively [41]. This improvement is also a
result of a highly developed interface area of active mass with
carbon grid through the lead deposit. Due to higher specific
surface area values, both the current collectors of the RVC/
Pb10μm negative and RVC/Pb100μm positive electrodes re-
duce the density of the current passing through the contact

surface, because RVC/Pb has a bigger contact area with the
active material. As a result, the cell with RVC/Pb plates
has high discharge voltages and discharge capacity.
Therefore, the RVC/Pb current collector can improve
the discharge performance of the lead-acid cell.
Nevertheless, further study is still needed to improve
the discharge performance of the cell. Optimization of
the positive and negative plate construction and paste
formulation are expected to yield better discharge per-
formance of the RVC-based lead-acid cell in the future.

Characteristic of the lead-acid cell with RVC/Pb plates

Table 2 presents the weight mass analysis of cells compo-
nents. The component participation in total mass of construct-
ed cell is enclosed in brackets.

Table 1 Parameters of negative and positive electrodes

Parameters Negative electrode
RVC/Pb10μm

Positive electrode
RVC/Pb100μm

RVC grid mass [g] 2.5 2.6

Metal coated grid [g] 7.4 79.0

Electrical collector [g] 25.2 29.3

Collector RVC/Pb [g] 35.1 111.0

Equivalent mass of AM [g] 191.0 179.9

Total mass electrode [g] 226.1 290.8

Geometric area [cm2] 122.4 124.6

Real surface area [cm2] 692 722

α 0.155 0.382

γ [g/cm2] 0.276 0.249

α, MCOLLECTOR/(MAM+MCOLLECTOR); γ, MAM/SCOLLECTOR; MAM, the
mass of the active material; MCOLLECTOR, the mass of the collector;
SCOLLECTOR, the real surface area of collector

Table 2 Weight analysis of the main constructing elements of the lead-acid cell on RVC-based

Negative collector
RVC/Pb10μm

Negative active mass Positive collector
RVC/Pb100μm

Positive active mass Separator Electrolyte Container Top lead

70.2 g (2.9%) 382.0 g (15.7%) 221.9 g (9.1%) 359.7 g (14.7%) 9.7 g (0.4%) 1280.0 g (52.5%) 28.0 g (1.2%) 88.3 g (3.6%)

Fig. 3 Discharge performance characteristics of the lead-acid cell with
RVC-based collectors at different rates, cell voltage is plotted versus
discharge time (a) and discharge capacity (b)
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The data in Table 2 show the contribution of masses of
negative and positive collectors to the total cell mass which
are 2.9 and 9.1%, respectively. The proportion of total mass of
the collectors to the total battery mass is approximately 12% in
comparison to ca. 25–30% in batteries with standard cast grids
[41]. The thickness of lead deposited on grid of negative and
positive collectors have been optimized and it was the com-
promise between weight and durability during cycling of bat-
tery plates [39–42]. A certain thickness of lead coating for
RVC is essential due to the corrosion of the positive plates
during charge-discharge cycles. It was found that in the case of
negative plates, the lead deposit on carbon is not necessary
due to good chemical resistivity of carbon (RVC) with the
NAM (mainly Pb powder) during charging-discharging pro-
cesses [39, 40]. The thin layer of lead on carbon increases only
the mechanical behavior-resistivity and current conductivity
of electrode matrix. The cell was flooded with an excess of the
electrolyte; therefore, the acid weight contribution is relatively
high. The masses of container, top lead, and separator are a
very low contribution to the total cell mass.

Initial performance of the lead-acid cells with RVC/Pb
plates

After the end of formation process, the cells were subjected to
three charge/discharge cycles at a 0.05 Cn rates in order to
determine the capacity of the cell. The discharge and proce-
dure was described in the BFormation and testing of cells^
section. In the first cycles, the capacity of the cell varies be-
tween 105 and 109% of the calculated nominal capacity of the
cell (43.2 Ah), which gives an average value of about 46 Ah.
The average value shows that plates have been formed
completely and the electrical capacity of active mass deposit-
ed on porous carbon (RVC) is higher in comparison to de-
posits on standard lead alloy grids.

Performance of the lead-acid cells during different
discharging procedures

The charge-discharge test was performed using 0.05 Cn, 0.1
Cn, and 0.2 Cn discharge currents. The battery discharging and
charging procedure has been described in detail in the
BFormation and testing of cells^ section. The cell capacity
during the discharge cycle was limited by the positive elec-
trode due to lower electrical density of PAM capacity
(Ah kg−1) in comparison to NAM.

Figure 3 shows the discharge performance at different rates
of the 2-V lead-acid cell with RVC-based electrodes.
Figure 3a presents the semilogarithmic plot of the cell voltage
changes during the discharge. Figure 3b shows the depen-
dence of cell voltage on its discharge capacity during
discharging process at different discharge rates. At the lowest
rates, cell voltage and capacity have the highest values. At

0.05 Cn, 0.1 Cn, and 0.2 Cn discharge rates, the capacities of
the cell in comparison to nominal capacity are 117, 86, and
58%, respectively. Figure 3a, b indicates that higher drain
rates result in the reduction of the cell voltage and capacity.
This effect is typical for all kind of batteries, also for classical
SLI lead-acid batteries, the difference between battery capac-
ity with the decreasing rate discharge from 0.2 Cn to 0.05 Cn is
similar. It has to be noted that thickness of plates used in new
batteries is three–four times higher (5–6mm) in comparison to
traditional lead-acid battery and the expected overpotential
connected with the concentration polarization should grater
but the charge distribution efficiency in the active material
due to 3D structure of RVC matrix compensate this effect.

Figure 4 shows the changes in capacity of the lead-acid
cells with RVC/Pb grids during first nine cycles with different
rates of discharging. After the first three cycles at discharging
rate at 0.05 Cn, the fourth discharging rate was taken at 0.1 Cn.
The average cell capacity calculated from these first three
cycles was ca. 46 Ah. The cell capacity during the fourth cycle
with higher discharge rate of 0.1 Cn was 37Ah. It is interesting
that capacity of the cell determined in the fifth cycle at
discharging current 0.05 Cn exceeded 50 Ah (50.3 Ah) which
means that during the fourth cycle some reorganizations inside

Fig. 4 Evolution of the initial discharge capacity during the cycling
(cyclic work) of the lead-acid cell with RVC/Pb plates

Fig. 5 Peukert’s dependency for a 2-V CPC-based cell, nominal capacity
2.2 Ah
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active mass take part—these are the continuation of the for-
mation process. The sixth and eighth discharges were taken at
higher 0.2 Cn rate and calculated cell capacity was 25.0 and
28.5 Ah respectively. Every time after returning to lower
discharging rates at 0.05 Cn, the cell capacity was close to
average value after the first three cycles. It can be seen from
all the cycling sets that the cell performs well with a good
cycling stability and its capacity was relatively high. The larg-
est discharge capacity of the cell was 50.3 Ah (116%) at 20 h
discharge rates. The capacity was ca. 45.4 Ah initially, and ca.
46.7 at the end of the ninth cycle at 0.05 Cn discharge rates.
The cell capacity during the initial cycles does not change
significantly.

The discharge performance of a cell based on CPCmaterial
was also tested. It was a smaller cell, with nominal capacity of
2.2 Ah.

In Fig. 5 Peukert’s dependency for the CPC cell is shown. It
reached 107% of nominal capacity during 0.1 Cn discharge,
67% for 1 Cn discharge and 30% for 3 Cn discharge. These
results are an improvement over the RVC cells and are similar
to values obtained by good lead grid-based batteries. This

increase in the capacity is a consequence of better conductivity
of the used carbon material, CPC. From the obtained results, a
parameter n was calculated, according to Peukert’s equation
K = Int, where I is the discharge current, t is the discharge time
andK and n are empiric constants. The calculated value of n is
equal to 1.30, which shows that cells with reticulated carbon
collectors even during high-current discharge can reach simi-
lar capacities as standard lead-acid batteries. The n parameter
for lead-acid batteries is usually between 1.1–1.4 [48] and
even for modern constructions it stays in 1.25–1.30 range
[49, 50].

The cycle life of a 2-V cell and a 12-V battery
with RVC/Pb-based cells

Figure 6 shows the cycle life of a smaller cell with RVC/Pb
grids. The nominal capacity of this cell was 3.4 Ah.

This cell had initial capacity exceeding the nominal one,
reaching even 130%. As expected for lead-acid cells, the ca-
pacity was gradually decreasing with the number of complet-
ed cycles. It finished almost 200 cycles before failure, when

Fig. 6 Cycle life of a small 2-V
RVC/Pb-based cell, nominal
capacity 3.4 Ah

Fig. 7 Cycle life during partial
discharge of a RVC/Pb-based 12-
V battery compared to standard
12-V batteries
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the capacity dropped rapidly below 10%. The final capacity
drop was probably caused by the corrosion of lead electrode-
posited on the carbon collectors in positive plates.
Nevertheless, this result shows that the cell with the RVC/Pb
grids can complete many charge/discharge cycles and is
comparable in this regard to characteristics of standard
lead-acid cells.

The cycle life of a complete 12-V battery was tested ac-
cording to procedure described in the BFormation and testing
of cells^ section. It has to be noted that two kinds of batteries
(commercial and RVC/Pb) with active masses from the same
source were tested. The results obtained by RVC/Pb battery
compared to two typical, commercial lead-acid batteries are
shown in Fig. 7.

RVC/Pb-based battery completed 289 cycles and two dif-
ferent commercial batteries completed 67 and 111 cycles (av-
erage 89 cycles). The results for partial discharge cycles for
the battery of a new type are very good, its characteristic is
much better than for commercial ones. The result for the RVC/
Pb battery is also a significant improvement in battery perfor-
mance over the full discharge/charge cycles. The charging

voltage constraint of 14.8 V (2.47 V per cell) limits the ability
to fully charge the RVC/Pb battery, but on the other hand, it
slows down the corrosion of a protective Pb layer on positive
current collectors, which is the main reason of failure of this
battery type. Longer cycle life can be explained by improved
electrical contact between the active mass and the reticulated
collector, which improves the conductivity of the discharged
material. Additionally, the 3D structure of our collector pro-
vides better mechanical support, compared to a standard grid,
which prevents excessive shedding of the active mass. The
measurement’s results show that the 12-V battery constructed
from 2-V RVC/Pb cells retains their good electrochemical
characteristics.

Self-discharge and capacity losses of the lead-acid
cells with RVC/Pb plates

Capacity loss during charge-discharge cycling and storage
time (shelf time) are major parameters, which inform about
the life of a battery. The self-discharge and capacity losses of
the RVC-based lead-acid cell have been investigated at differ-
ent storage times (0, 1.5, 3, 6, and 12 months). In the end, the
battery was tested continuously for ca. 2 years. It is a very
important additional information about the durability of our
new carbon lead-acid cells. The open circuit voltages (OCV)
and capacity losses of the cell were measured as a function of
different time period storage at the standby mode. The capac-
ity loss is calculated by dividing the capacity remaining after
storage by the capacity of the same cell recharged in the next
cycle.

Capacity loss %ð Þ ¼ Cdisch−Crem

Cdisch
∙100% ð1Þ

where Crem is the capacity during the first discharge after
storage at 0.05 Cn rate and Cdisch is the capacity during the
second discharge at the same rate after recharging the cell. The

Fig. 8 Evolution of capacity after a different period of storage of a lead-
acid cell with RVC/Pb plates (the dashed line shows the initial capacity at
46 Ah)

Fig. 9 Capacity loss of the lead-
acid cell with RVC/Pb collectors
as a function of storage time at
25 °C (the 6-month point is
excluded from the trend line)
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charging procedure has been described in the BFormation and
testing of cells^ section. Figure 8 shows the remaining capac-
ities and discharge capacities of the lead-acid cell with RVC/
Pb plates after storage for different times.

As a result of the experiment, after 1.5 months of open-
circuit storage, the capacity loss of the cell is approximately
3%. After storage for 3 and 6 months, the capacity loss is
almost the same with value of approximately 7%. The capac-
ity loss increases to 28% after storage for 12 months. Long
periods of open-circuit stand can result in water loss and sul-
fated plates, leading to an increase in self-discharge. It has to
be noted that total time of all experiments with one battery
took almost 24 months (including the initial testing and the
sum of self-discharge tests taking 1.5, 3, 6, and 12 months)
and its capacity has dropped from 46 (fresh battery) to 42.5Ah
(end of the experiments). It means that loss of the initial ca-
pacity after 2 years of battery storage is no more than 10%.

Figure 9 shows the capacity loss of the RVC-based lead-
acid cell after various storage times at 25 °C.

The remaining capacity of the cell has an almost
linear dependence with the storage time. It can be seen
from Fig. 9 that after extrapolation, the storage time
required to reach half of the initial capacity of the cell
(after the activation by charge-discharge cycling) ex-
ceeds 22 months, i.e., monthly capacity loss for a
carbon-based lead-acid battery at open circuit is about
2.3%. At 25 °C, the remaining capacity of the lead-acid
cell with RVC/Pb plates is reduced to 60% of initial
capacity after 18 months of storage, while the remaining
capacity of a conventional lead-acid cell is reduced to
this value in much shorter time, even as low as
8 months for 5% capacity loss per month [37, 51].

Figure 10 shows plots of the capacity loss and the open
circuit voltage versus storage time for the lead-acid cells with
RVC/Pb plates.

It can be seen that open circuit voltage (OCV) is decreasing
rather fast in the beginning but then slows down for longer
storage times. Initially, the OCV rapidly decreased from 2.15

Fig. 10 Open circuit voltage and
capacity loss as functions of
storage time

Fig. 11 A plot of the open circuit
voltage after the storage and after
two discharges versus the storage
time period of a RVC-based cell
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to 2.10 V, as shown in Fig. 7. The voltage drop becomes much
slower after the 3-month storage and its rate becomes relative-
ly steady (ca. 2.05 V) for longer standby periods. We suspect
that the initial fast drop of the OCV is caused by relatively
high area of our collector and shorter path from bulk of the
active mass to the conductivematrix, which allows for quicker
reactions with active mass and electrolyte and passivation of
the grid. We think that above processes cause faster stabiliza-
tion of the active masses during the first cycles, which is
visible in the initial OCV drop.

Figure 11 shows the comparison of the open circuit volt-
ages immediately after the storage and voltage measured after
two discharge tests.

The OCV for discharge tests was registered after the first
discharge after storage and after the discharge of the recharged
cell (the second discharge). It is clear from Fig. 11 that the
OCVafter the cell was subjected to discharge at 0.05 Cn rate is
lower by approximately 0.2 V than OCV after storage. The
cell voltages after discharge tests are relatively steady at all
time periods of storage, but OCV of the cell after discharge
following the recharging is lower than OCV after discharge
and immediately after storage. Additionally, the values of the
open circuit voltages after the two discharge tests follow the
same pattern for different storage times.

The values of the open circuit potential, different discharge
capacity, capacity loss, and capacity degradation of the cell
after different storage times are summarized in Table 3.

From this table, we can see that capacity degradation is
similar for storage period of 1.5, 3, and 12 months. Average
capacity degradation of the cell is 0.034 Ah per day. The rate
at which lead-acid cells with RVC/Pb plates loses its capacity
in open circuit conditions is around 2.3% per month. This
result shows that an improved design of the lead-acid cell with
the use of RVC/Pb as current collectors significantly reduces
the cell self-discharge rate.

Conclusions

An innovative, complete four-plate 2-V cell with the RVC
grids and high capacity of 46 Ah was demonstrated. RVC

coated with lead has been used as current collectors for posi-
tive and negative plates of lead-acid cell. The electrodeposited
lead coating had thicknesses of approximately 10 and 100 μm
(for negative and for positive plate, respectively) and good
contact with the RVC. The RVC/Pb grids had bigger specific
surface area and bigger contact area with the active material,
compared with cast grids. Small factors α and γ of the nega-
tive and positive RVC/Pb-based electrodes indicate that the
capacity of the RVC/Pb electrodes and utilization efficiency
of the active material is improved. RVC/Pb plates are charac-
terized by low contribution of masses of the collectors to the
total cell mass in comparison to standard cast grids. A com-
plete, 12-V battery was also constructed from similar cells.
The galvanostatic charge-discharge and self-discharge charac-
teristics of the four-plate 2-V cells with the RVC grids were
investigated. Performance of the lead-acid cells with RVC/Pb
plates at different discharge regimes shows that the cell has a
high discharge voltages and discharge capacity. At 0.05 Cn,
0.1 Cn, and 0.2 Cn discharge rates, the capacities of the cell are
117, 86, and 58% of the nominal capacity, respectively. The
performance during high-current discharge can be improved
by usage of better conducting carbon materials, like CPC. The
CPC-based cell reached 67% capacity for 1 Cn and 30% for 3
Cn discharge. Its n parameter in Peukert’s equation is equal to
1.30, a value very similar to standard lead-acid batteries.
During the tests of the cycle life, a cell with RVC/Pb plates
completed almost 200 full discharge/charge cycles, which is
comparable to results of a standard grid-based battery. The
cycle life of a 12-V battery with the RVC/Pb collectors was
also tested during partial discharge cycles. The new type of
battery completed almost 300 cycles compared to around 100
cycles by standard batteries. The capacity loss during storage
for the cell has an average value of 0.034 Ah per day or 2.3%
of initial capacity per month. This result indicates that RVC/
Pb as current collectors potentially reduces the cell self-
discharge rate. Obtained results show that the new construc-
tion of the lead-acid cell with RVC/Pb plates can improve the
performance during discharge and also reduce the self-
discharge of the battery. The new type of lead-acid cell addi-
tionally shows promising results in regard to the cycle life. As
a result of mentioned characteristics, the batteries with

Table 3 Self discharge measurement and capacity degradation after standby and after the activation by charge-discharge cycling

Storage time in
months (days)

The open circuit
potential [V]

Discharge at a 0.05 Cn [Ah] Capacity loss [%] Capacity degradation
ratea [Ah per day]

remaining capacity (Crem) discharge capacity (Cdisch)

1.5 (45) 2.096 43.5 45.0 3.33 0.033

3 (90) 2.084 41.1 44.3 7.22 0.036

6 (180) 2.084 39.9 43.1 7.42 0.018

12 (360) 2.043 30.3 42.4 28.5 0.034

a The capacity degradation rate is defined as the capacity change (Cdisch −Crem) divided by storage time
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reticulated current collectors should be suitable for the sys-
tems of energy storage generated by alternative sources of
energy and electric and hybrid vehicles.
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