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The carbon honeycomb grid is proposed as innovative solution for high energy density lead acid battery.
The proof of concept is demonstrated, developing grids suitable for the small capacity, scale of valve-
regulated lead acid batteries with 2.5-3 Ah plates. The manufacturing of the grids, includes fast, known
and simple processes which can be rescaled for mass production with a minimum, investment costs.
The most critical process of green composite carbonisation by heating in inert, atmosphere from 200
to 1000 °C takes about 5 h, guaranteeing the low cost of the grids. An AGM-VRLA, cell with prototype

Ic(?rl g‘; Or:cli'f(;neycomb grid positive plate based on the lead-2% tin electroplated carbon honeycomb grid and, conventional negative
Lead acid battery plates is cycled demonstrating 191 deep cycles. The impedance spectroscopy, measurements indicate
AGM the grid performance remains acceptable despite the evolution of the corrosion, processes during the
VRLAB cycling.
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1. Introduction

In the past decade the huge variations in the oil prices along
with the increasing demands for reduction of the CO, emissions
renewed the interest in the electric “zero emission” transport. Due
to its low cost, high safety and efficient recycling infrastructure, the
valve-regulated lead-acid batteries (VRLAB) remained relatively
strong market competitor of the concurrent nickel and lithium-ion
based storage systems in applications like electric bicycles, scoot-
ers and small electric cars especially in countries with low average
incomes. However, regarding the forthcoming electric vehicle (EV)
and plug-in hybrid electric vehicle (PHEV) markets, the lead-acid
battery was “thrown” out the competition due to its low energy
density. The huge difference between the theoretical energy den-
sity of 168 Whkg~! and the typical values of about 35 Whkg~! are
mainly due to the inefficient use of the lead and its components,
which comprises about 67% of the total battery weight [1]. The
grids of the positive and negative plates are the heaviest compo-
nents serving only to support mechanically the active materials and
to collect the electric current generated by the charge/discharge
process. They comprise between 33 and 50% of the plate weight
(active material to grid ratio varies from 1:1 to 2:1 depending on

7 This work has been reported during the 12th European Lead Battery Conference.
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the particular technology). The utilisation of the active materials is
also relatively low—typically between 40 and 50% of the lead or the
lead dioxide can be converted to lead sulphate during a 10 h-rated
discharge. As a result, 65-75% of the lead does not participate in the
electrochemical reactions of energy storage and generation. Hence
the improvement of the lead-acid battery energy density is still an
open challenge.

In the past two decades several research teams proposed differ-
ent types of carbon or carbon foams as a promising alternative to
the classical cast or punched grids:

- Peterson and Ahlberg suggested that the monolithic glass-like
carbon can serve as grid material without giving practical demon-
stration of the concept [2].

- Czerwifski and Zelazowska proposed Reticulated Vitreous Car-

bon (RVC®, glass-like carbon foam) as grid material in [3,4].

Further RVC® was used to develop grids by Gyegne et al. [5,6].

Recently, Czerwifski et al. compared the performance of bare

RVCelectrodes and Pb-electroplated ones, both types pasted with

negative active material (NAM) [7,8]. The results of this compari-

son indicated that conductivity of the bare RVC is good enough to
support charge/discharge currents in the range of C,/1 h (where

Cq is the electrode or cell nominal capacity in [Ah]).

Kelley and co-workers proposed carbon foam lead-acid battery

grid technology described in a series of patents applied by the

start-up company Firefly Energy (presently Firefly International

Energy)[9-12]. Despite that the company announced in 2008 the
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launch of their OASIS™ battery up to the moment no data about
the performance of this technology can be found in the literature.

- Chen et al. published a series of papers on the development of
small positive and negative pasted electrodes using pitch-based
carbon foam [13-17].

- Jang et al. studied graphite foam electrodes pasted with positive
active material (PAM) and negative active material (NAM) [18]
indicating that the graphite foam material [19] has much better
electric and thermal conductivity.

The main advantage of the foam-type current collectors is the
large surface area making possible to decrease the so-called “y”
coefficient representing the ratio of the active material weight per
unit of current collector surface area [20]. Since the hydrogen over-
voltage on the above-mentioned carbon materials is relatively high
and the process of hydrogen evolution does not have destructive
impact on the carbon structure, the carbon foams of different types
can be used without modifications as grid materials. However the
direct use of carbon as a positive grid material is hardly possible
up to now. The main reason is a destructive corrosion-like process
of the carbon surface flaking caused by the process of oxygen evo-
lution which proceeds in similar way and gives similar final result
in acid, neutral and alkaline electrolytes [18,21-23]. Similar effect
is observed when glass-like carbon surface is treated with Fenton
solution, i.e. when the surface is chemically attacked by OH* radi-
cals [24]. As a result of this, if bare carbon structure (foam, spine,
etc.) is pasted with basic lead sulphate paste, the process of oxygen
evolution on the carbon surface runs in parallel with the posi-
tive plate formation and charge processes resulting in progressive
detachment of the active material from the carbon current collec-
tor [18]. The usual strategy to employ the carbon foam as a positive
grid material is to electroplate it with lead or lead-tin coating [5,6].
In this way, the pasted electrodes can withstand prolonged cycling
because the lead metal coating resembles very well the surface of
the classical lead-acid battery grids and works as a protective layer
over the carbon.

2. Carbon honeycomb grid concept

Despite the excellent surface to volume ratio, which is the main
advantage of the foam as a lead-acid battery grid material, there are
several problems between the “foam grid concept” and the prac-
tical realisation of grids which can be employed in the existing
schemes of lead-acid battery assembly. From one hand it is the
pasting process where the paste should be forced into the foam
pores—it supposes the combined use of foams with bigger cell-size
and pastes with lower density/consistency resulting probably in
poor performance in terms of cycle life and energy density. Because
of the reticulated 3D structure of the foams, the pasting can be
mechanically “difficult” and the foam could be crushed during this
process. From the other hand at large-scale battery plates, foam
grid alone cannot collect efficiently the current generated during
the cycling. The solution of adding a massive frame and top-lug
of lead bonded to the perimeter of the foam slab as proposed by
Gyenge et al. [6] can be enough efficient. However combined with
the electroplated lead, the grid weight becomes too high.

In attempt to propose an alternative of the carbon foam, the car-
bon honeycomb grid technology was developed at the Laboratory
for Storage of the Electricity of the French Commission for Atomic
and Alternative Energies (LSE—CEA) [25].

The composite honeycomb structures are well-known mate-
rials used in different constructions requiring very high strength
to weight ratios [26]. When the composite honeycomb structure
is constituted of suitable materials, for example cellulose-based
paper impregnated with thermosetting resin [27] or pitch [28], it

can be subjected to carbonisation by heating in inert atmosphere
up to 1000-3000 °C. The resulting carbon/carbon composite struc-
tures retain the inherited honeycomb geometry obtaining some
new properties, the most important of which is the electric con-
ductivity.

The honeycombs alone are hardly useful as grids in the same
manner as it was discussed above in the case of carbon foams. That’s
why the manufacturing scheme presented in Fig. 1 was developed.
The first stage consists in the choice of suitable “green” composite
honeycomb core with the desired dimensions. In the second stage
a frame of thermosetting composite material is moulded along the
honeycomb core keeping the honeycomb channels empty. Note
that this process is compatible only with honeycomb core struc-
tures due to the unique parallel arrangement of the channels typical
for these structures. After the hardening of the frame, the result-
ing block is cut to slices with a desired thickness during the third
stage—these will be the “green” honeycomb grids. After the heat
treatment procedures applied during stage 4, the resulting all-
carbon/carbon composite grids consist of carbon honeycomb core
connected to a massive carbon frame having a top-lug, resem-
bling well the typical lead-acid battery grid. The frame ensures the
mechanical stability of the grid and the efficient colleting of the
electric current. The top-lug allows using the cast-on-strap process
where the plates from the same polarity are connected in parallel
within the lead-acid cell. The last manufacturing stage is the surface
treatment of the carbon honeycomb grids. Here the main process
is the lead electroplating. It may be preceded by chemical or elec-
trochemical etching in order to improve the adhesion of the lead
coating, however this step is optional.

The honeycomb grids offer several strategic advantages. The
first one is the increase of the active materials utilisation. From one
hand the decrease of the plate thickness enhances the sulphuric
acid transport from the AGM separator (in the case of VRLA batter-
ies)tothe core of the plate, especially at high current discharge rates
[29]. From the other hand the decrease of the grid mesh dimen-
sion (in the case of honeycomb grids this parameter is the half of
the honeycomb cell size [26]) increases the active mass utilisation.
This effect is first discussed in details by Faber in [30]. According to
the data published by Faber, honeycomb grids with cell size in the
range of 2-3 mm (grid mesh dimension 1-1.5 mm) should deliver
60-65% positive active mass utilisation or 135-145 Ah kg1, For cell
size in the range of 1 mm the PAM utilisation is even 80%. The sec-
ond advantage is the high vy-coefficient, due to the good surface
to volume ratio of the honeycomb structures. The third advantage
is the efficient use of the compression in the case of AGM-VRLAB
technology. Fig. 2 illustrates a fragment of the active block assem-
bly where the two AGM separator sheets exert a compression on
both side of the honeycomb channel. It can be supposed “a priori”
that even low levels of compression will maintain a good contact
between the active material and the internal walls of the honey-
comb channel. The same cannot be said for the carbon foam grids
due to their reticulated 3D structure—in this case the compres-
sion will be “absorbed” rather by the foam instead of the active
materials.

The aim of this work is to present the proof of carbon honey-
comb grid concept demonstrating its capabilities as the positive
plate current collectors.

3. Experimental
3.1. Honeycomb core and honeycomb block
The honeycomb core used in this work was prepared using the

easiest available material for this purpose—a corrugated paper-
board with two layers scavenged from waste packaging. The
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Fig. 1. Manufacturing scheme of the carbon honeycomb grid production.

paperboard thickness was 7 mm with internal distance between
the parallel sheets ~4 and ~3 mm for the first and the second layer,
respectively. These two distances will correspond to the two sizes
of the honeycomb block cells. The ashes content of the paperboard
was 8%, a value typical for this class of materials. This value was
obtained following the international standard ISO 2144 [31]—the
material is dried at 105 °C for 16 h, weighted and fired at 900°C in
air for 2 h.

The paperboard was cut to plates of 75 mm width and 170 mm
length. Nine paperboard plates were stacked together using
for glue a mixture of liquid phenol-formaldehyde resin (resole)
CELLOBOND® ]J2027L and curing agent (catalyst) CELLOBOND®
Phencat 382 in ratio 100 weight parts of resin and 5 weight parts of
catalyst. Both the resin and the catalyst were provided by Hexion
Specialty Chemicals, Inc., Louisville, KY, USA (presently Momen-
tive Specialty Chemicals Inc.). The block was left for 5h at 60°C
for curing of the liquid phenol-formaldehyde resin and so bond-
ing the paperboard sheets together. The impregnation of the block

compression ' LR A A A

AGM
separators

Honeycomb — 1,
grid core

compression

Fig. 2. Scheme of the cell assembly using AGM separators and plates with honey-
comb grids.

with liquid phenol-formaldehyde resin was performed in two times
by multiple pouring of CELLOBOND® J2027L, CELLOBOND® Phen-
cat 382 and ethanol mixture in proportion of 100:5:20 (weight
parts) through the honeycomb channels followed by the same cur-
ing procedure as mentioned above. Here the ethanol was used to
reduce the resin viscosity and to facilitate the impregnation. After
the impregnation, the bottom ends of the channels were blocked
and few layers of cotton gauze were wrapped around the honey-
comb block and placed in specially designed mould. The mould was
filled with a mixture of CELLOBOND® J2027L, CELLOBOND® Phen-
cat 382 and ethanol in proportion 100:5:20 (weight parts) and left
for curing at 50°C for 24 h. After the curing the mould was dis-
mounted and the resulting honeycomb block was sliced to “green”
honeycomb grids with thickness between 3.5 and 4.5 mm using
general purpose band-saw. Good precision of the cutting was not
possible to achieve due to the type of the tool, however the green
composite happened to be very robust and easy for cutting. Fig. 3
presents the end fragment of the moulded honeycomb block after
the cutting of about 25 grids.

b

Fig. 3. End fragment of the moulded honeycomb block after the cutting of about 25
grids.
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Fig. 4. Heat treating programs of carbonisation of three batches of carbon honey-
comb grids.

3.2. Carbonisation of the honeycomb grids

The heat treatment of the grids was carried out in two sepa-
rate stages. In the first stage, which can be denoted as “drying”,
the grids were heated in air atmosphere from 25 to 195°C with a
rate of 12°Ch~1 and left at 195°C for 6 h. During this process the
ethanol and the water escape the solid matrix of the resin leaving
some open porous structure. The main contribution to the creation
of the open porous structure is due to the ethanol which is volatile
enough. Further the open porous structure greatly accelerates the
second heat treatment stage which will be denoted as “carboni-
sation” [32]. The carbonisation of the honeycomb grids consists in
heating from 200 to 1000°C in nitrogen atmosphere. During this
process the polymers are converted into carbon and small gaseous
molecules like water, carbon dioxide, carbon monoxide, methane
and hydrogen [33]. The open porosity created during the drying
stage allows easy evacuation of these gases without the creation
of substantial pressure gradients inside the polymer matrix which
may cause fracture of the composite [32].

Three batches of six grids were carbonised with the three tem-
perature profiles plotted in Fig. 4. The temperature profile consists
of slower heating from 200 to 650-700 °C and faster heating from
650-700 to 1000 °C. The first stage is slower because it corresponds
to much more intensive evolution of gaseous products and com-
posite shrinkage. During the second stage only small portions of
hydrogen escape the composite matrix and the evolution of the
shrinkage with the temperature is much less severe [34].

All the resulting grids from the three series were without appar-
ent defects and with good mechanical strength. Fragments cut from
the grids before and after the carbonisation were embedded in
epoxy resin moulds, polished and characterized using light optical
microscopy.

The shrinkage during the carbonisation was about 21-22%, and
the carbon yield was about 55-60% (vs. the weight after the drying
at 195°C).

3.3. Electric conductivity and density of the carbon grids

In order to evaluate the conductivity of the carbon/carbon com-
posite of the frame and the honeycomb core, two different samples
were prepared for electrical resistance measurements in the fol-
lowing way:

- A rectangular prismatic section of the frame running in parallel
with the corrugated sheets with length of 4.6 cm and with and
thickens of 0.3 cm was cut from the grid. Both ends were elec-
troplated with 5 wm copper (1 M CuSO4 and 0.5 M H;,S04 plating

bath, plating current density 30 mA cm~2) covering two 0.5 cm
sections of the sample’s length. A pair of cables were soldered
to the copper-coated sections in order to get four-point type of
connection required for the adequate resistance measurements.

A nearly prismatic section of the honeycomb core of the grid cor-
responding to two plain parallel sheets of the paperboard bonded
together during the honeycomb core fabrication with length of
4.3 cm, width of 0.4cm and thickness of 0.6 mm was cut from
the grid and the sticking parts of the corrugated honeycomb
walls were removed mechanically. Both ends of the sample were
coated with copper in the above-mentioned way leaving 3.3 cm
of the sample length with bare carbon. Again two pairs of cables
were soldered allowing the use of four-point type of connection
scheme.

The electrical resistance of the samples was measured using
potentiostat/galvanostat SOLARTRON Multistat 1470 connected
with frequency response analyzer SOLARTRON FRA 1250 using DC
and AC methods. In the DC method, the current trough the sample
was swept linearly from 0 to 4A with 100mAs-! and the resis-
tance was calculated from the slope of the voltage vs. current plot.
In the AC method, the ohmic resistance of the samples was obtained
from the impedance spectra point where the imaginary component
is zero—the EIS plots were “purely” inductive, corresponding to a
resistor in series with an inductor. Both types of samples showed
practically the same specific resistance value equal to 0.014 2 cm
or 71Scm™! in terms of specific conductivity. Same values were
obtained from the DC and the AC methods.

Approximate estimation of the apparent density of the car-
bonized honeycomb core and the frame was done using a
volumetric flask of 50 cm? as a pycnometer and de-ionized water as
a reference liquid with density of 0.998 gcm~3 at 22°C. The value
obtained for the frame of the grid was 1.09 gcm~3. The apparent
density of the honeycomb core was 1.24gcm3.

For the sake of comparison, the specific resistance and density
of the monolithic non-porous commercial-grade glass-like carbon
are correspondingly 0.005 €2 cm and 1.54 g cm~3 [35], while for the
porous bulky monolithic glass-like carbon prepared by Rautavuori
and Térmali these values are 0.026 2 cm and 1.20gcm™3 [32].

3.4. Electroplating of the carbon honeycomb grids

The electroplating of the carbon honeycomb grids was done
using p-phenolsulphonic bath with the following composition:
lead p-phenolsulphonate 200gdm—3, tin p-phenolsulphonate
6.35gdm™3, free phenolsulphonic acid 40gdm—3, gelatine
0.5gcm~3 and low molecular weight sodium lignosulphonate
(average My, 8000, average M, 3000, ALDRICH) 0.5gdm3. The
weight ratio between the lead and the tin (as metals) in the
electrolyte is 98:2 in order to achieve a coating with approximate
composition Pb-2%Sn. Part of the sodium lignosulphonate precipi-
tated and was removed by filtration. The anodes were made of lead
wire with diameter of 2 mm, which was corrugated to resemble
flat plate using lead-tin welding spots as tin sources distributed
evenly on the lead anode surface. The acid p-phenolsulphonic
baths were employed in the Soviet industry for lead, tin and
lead-tin (solder) plating, delivering brighter coatings with better
adhesion to the substrate in comparison with the more typical
fluoroborate and fluorosilicate acid electrolytes [36-40].

The geometrical surface of the carbon honeycomb grid was cal-
culated approximating the cross-section profile of the honeycomb
cells to triangular (with two sizes of triangles corresponding to the
two corrugated sheets), resulting in area of 180 cm?2. Before the
plating the carbon grid was washed with ethanol in ultrasound
bath for 5min, and dried for 2 h at 60°C. The electroplating was



A. Kirchev et al. / Journal of Power Sources 196 (2011) 8773-8788

Pb-2%Sn plated
carbon grid

_C-C composite / 1000°C

]
i

CAVAVAVAVAVAVAVAVES
WAVAVAVAVACAY AW

AVAVLIVYS VAVA

vAwa
A

ATAVAVAVAVAVA wa |

v AV AYAYAVA VAW
AvaraAVEIVAVAVA VA Y
VAVAVAVAVAVAVA
T VA VAV ATAWATA YA VA
AVAVAVAVAVAVAVAY
i WA VA CATAFATATA VA
VAVAVAVAVAVAVAVA
T e WA WA WA WA WA TA WA AW
AV AVAVAVAVAVAY AW

AVATAVAVAVAVAVAwS |
VAVAVAVAVAVAWA

AV AV AT AV AT ATA VAT Va W

" AT AT AW AN ATAY SV ATA Y.

AVAVAVAVAVAVAVAVS
" A AV AT AV AV AV A AL WA v

d
¥
:
§
4
(
1]
4
b
4
|3
]
¥
4
»
q
>
L

TaVAVAVAVAVAVATATAVTAY o
VAVAVAVAVAVAVTATAVS
A YA WA WA WAV AT AT AT AW A

-
"AVA

8777

 ATAVAVAVAVAVAY.

“green” composite / 60°C

o IIHthlllll!“IlllIll|l1Il|||ll|ll|l1|nl|ml||mm"|“n
l[;lii O R TR

({01

8

Fig. 5. Evolution of the carbon honeycomb grid after the sawing, the carbonisation and the lead-tin electroplating (the ruler below is in centimetres).

done with a current of 1.6 A for 3h and 20 min. At these condi-
tions the thickness of the lead-tin coating should be about 100 pm
at 100% faradic efficiency of the electrodeposition process. A set of
three grids, one on the left after the slicing of the honeycomb block,
a second after the carbonisation and the last on the right after the
electroplating are shown in Fig. 5.

3.5. Prototype VRLA cell with carbon-based positive grid

One honeycomb grid with a thickness ~4 mm was pasted with
basic lead sulphate paste prepared in the following way: 50¢g of
battery-grade leady oxide (STECO Power, FRANCE) with 20% unox-
idized Pb content was hand-mixed first with 5 g of deionised water.
Than 9.9 g of H,SO, solution with specific gravity of 1.40 g cm—3 was
added in a drop-by-drop manner during the mixing. Finally, one
more gram of water was added and the paste was mixed two more
minutes, giving a total time of paste preparation of about 15 min.
The paste was inserted in the honeycomb cells of the grid using
wooden spatula. The pasted plate together with the unused paste
was left to cure at room temperature (22 °C) for 72 h and were dried
for24 hat 60 °C. Asample of the dried and cured paste was analyzed
chemically. The quantity of unoxidized lead was less than 1%, the
concentration of the lead oxide was 69.5% and the concentration of
the lead sulphate was considered to be equal to 30.5%.

The weight of each component of the prototype plate is as fol-
lows:

- carbon honeycomb grid: 7.489 g,
- Pb-2%Sn coating (100 pm): 18.691 g (total grid weight: 26.180 g),
- dried paste: 25.626 g.

Considering that the honeycomb surface in contact with the
paste is about 170 cm?, the value of the gamma coefficient repre-
senting the PAM weight to grid surface arearatiois y ~0.15gcm™2.

Using the data from the chemical analysis it was calculated that
the total Ah-equivalent of the paste is 5.66 Ah. Considering a refer-
ence utilisation of PAM equal to 50%, the nominal capacity of the
plate was chosen to be 2.83 Ah. The charge and discharge rates were
calculated using this value of the nominal capacity.

Prior to the formation process, a 2mm thick lead wire was
passed trough a specially drilled hole in the centre of the top-lug
(Fig. 5), and the zone between the wire and the lug was welded
using lead-tin solder. The welding zone was further protected by a
layer of epoxy resin and thermo-shrinkable gauntlet.

The formation of the plate was carried out in sulphuric acid
electrolyte with initial specific gravity of 1.125gcm™3 after 2h

of soaking. Two cured negative plates re-cut from correspond-
ing SLI cured plates (STECO Power, France) were used as counter
electrodes. During the formation 11.32Ah were injected in a
multi-step algorithm for a period of 36h. After the formation
the prototype positive plate was washed and dried at 60°C for
16h.

A VRLA cell was assembled using the dry-charged prototype
positive plate, two dry-charged negative plates with a thickness
of 3.5mm re-cut from industrial negative plate (CEAC-EXIDE,
FRANCE) and 440 g m~2 AGM separator enveloping both sides of
the negative plates. The applied compression of ~20% was achieved
using plastic plates as spacers. ABS cell casings were provided by
First National Battery. The carbon honeycomb grid size was spe-
cially developed to fit in this type of VRLAB box using previously
obtained data about the composite shrinkage during the carboni-
sation. The cell was sealed using custom-made lid and epoxy resin.
A silver/silver sulphate reference electrode with 1.28 gcm—3 spe-
cific gravity electrolyte [41,42] was fit in the cell using epoxy-based
paste for sealing. The atmosphere in the cell was regulated by
a vent-plug scavenged from used VRLAB using an epoxy-sealed
polypropylene connector and PVC tube. Pictures of the cell before
and after the sealing of the lid and fitting of the reference electrode
and the vent are presented in Fig. 6. The cell was filled with H,SO4
electrolyte with specific gravity of 1.24 g cm~3 until the appearance
of “water mirror” above the edge of the AGM separator. The com-
plete saturation of the active block (the positive plate, the negative
plates and AGM separator) was achieved placing the cell in a vac-
uum chamber thus evacuating most of the air trapped in the smaller
pores. The quantity of the filled electrolyte was 53 g or 42.7 cm?,
corresponding to an electrochemical equivalent of 4.795 Ah. This
equivalent will be used in the calculations of the coefficient of
sulphuric acid utilisation as an active material.

The formation and the subsequent cycling of the prototype VRLA
cell was performed using potentiostat/galvanostat SOLARTRON
Multistat 1470 connected with frequency response analyzer
SOLARTRON FRA 1250 for impedance spectroscopy measurements.
The impedance spectra were recorded in the frequency range
65 kHz-10 mHz, in potentiostatic mode at the open circuit potential
of the positive plate, applying AC amplitude of 5mV. The positive
plate was connected as working electrode during all measure-
ments, and the cell voltage was monitored simultaneously using
an auxiliary voltage channel. The use of auxiliary voltage channel
allowed also measuring simultaneously the total cell impedance in
the moment of positive plate impedance spectroscopy measure-
ment. The negative plate impedance was deduced from the total
cell impedance.
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Fig. 6. Photographs of the VRLA cell after the assembly of the active block (up) and
during the operation after the sealing of the lid (down).

4. Results and discussion
4.1. Microstructure of the carbon honeycomb grid

Considering its microstructure, the carbon honeycomb grid
consists of three principal “zones”—a frame surrounding the hon-
eycomb core, a honeycomb core and a zone of contact between
them. All three zones retain the microstructure of the correspond-
ing “green” composite during the carbonisation process due to the
absence of melting processes (regarding the carbon derived both
by the phenolic resin and the cellulose) between 200 and 1000 °C.
A comparison between “dried” and carbonised honeycomb cores
is presented in Fig. 7. The stereo microscope images show that the
honeycomb core shrinks about 21-22% however the structure is
preserved almost perfectly. It should be noted that the honeycomb
wall deformations which can be observed in Fig. 7b correspond to
original deformations in the corrugated paper, i.e. they are not a
result from the shrinkage. A comparison between the honeycomb
microstructure before and after the carbonisation in the zone of two
plain parallel sheets of the honeycomb core is presented in Fig. 8a
(green composite) and b (carbon/carbon composite). It can be seen
that the layered structure of the paper/resin composite is retained
almost perfectly during the pyrolysis process.

The zone of the contact between the honeycomb core and the
frame of the grid in the part where the frame runs in parallel with
the so-called “ribbon” direction (the direction parallel with the
plane of the corrugated paper sheets) is presented in Fig. 9 (the
sample was cut from a grid, electroplated and embedded in epoxy
resin). The difference between the honeycomb core and the frame is
recognizable even with the low magnification of the stereo micro-
scope image (Fig. 9a). It can be seen that the contact between the

Fig.7. Stereo microscope images of “dried” (a) and carbonised (b) honeycomb cores.

top sheet and the frame is good and continuous. The patterns of the
cotton fibres used to reinforce the green composite can be distin-
guished too. Fig. 9b shows a closer view of the above-mentioned
contact zone obtained by light optical microscopy. Four types of
structures can be distinguished easy. On the left of Fig. 9b, there is
the typical view of carbonised honeycomb core in the zone of the
node point between plain and corrugated sheet. The patterns of the
carbonised cellulose fibres are embedded into a glass-like carbon
matrix with low porosity. On the right of Fig. 9b it can be seen the
microstructure of the frame consisting of microporous glass-like
matrix containing macropores corresponding to the location of the
cotton fibres. A zoom-view of the interface between the frame and
the honeycomb core is presented in Fig. 9c. It can be seen that the
only difference between the glass-like carbon matrix of the honey-
comb core and the frame is in their porosity. The absence of pores
in the carbon honeycomb part is due to nearly complete evapora-
tion of the ethanol (and water) during the hardening process after
the impregnation. Such very early evaporation of the ethanol is not
possible to occur in the frame, where the initial resin cross-linking
(i.e. hardening) proceeding is the mould. The ethanol is removed
after the cutting and the drying of the grids leaving a system of
open micropores with relatively narrow pore size distribution.

4.2. Microstructure of the copper/lead-tin and lead-tin coating
The glass-like carbon and its composites cannot be wetted by

most liquid metals and alloys, especially the ones with low melting
points like the lead. That’s why the top lug of the grid in the zone
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Fig. 8. Optical micrographs of “dried” (a) and carbonised (b) honeycomb cores in the
zone where two plain-parallel sheets of corrugated paperboard are bond together.

of the cast-on-strap connection should be coated with a thin layer
of metal with high melting point and low solubility in liquid lead.
This requirement is necessary because the liquid lead mould of the
cast-on-strap may strip the lead-tin coating resulting in bad con-

Fig. 10. Optical micrograph of etched coating (copper and lead-tin) of electroplated
grid frame fragment—the focus of the microscope in on the thicker lead-tin layer.

tact between the plate and top lead. The copper coating is the best
option to avoid such a phenomenon in terms of cost, strength of the
contact with lead and lead-alloys and simplicity of the process. The
porous structure of the frame contributed greatly to the adhesion
strength of the copper coating. The adhesion was tested qualita-
tively by scratching with scalpel and metal brush- the instruments
leaves shiny patters in the same way as the scratching of massive
copper samples. The carbon substrate becomes visible only after
continuous scratching. Similar results were observed for the adhe-
sion strength of the lead-tin alloy both on the bare carbon and
copper-coated carbon composite.

The sample shown in Fig. 9a bears combined copper
(10 wm)/lead-tin (100 pm) coating. The coating thickness is homo-
geneous and bright. The surface of the sample was treated with
etching solution of 7 weight parts of glycerol, 2 parts of concen-
trated nitric acid and 1 part of glacial acetic acid for 20s at 40°C
[43]. An optical micrograph of the etched lead-tin coating is shown
in Fig. 10. The coating microstructure is cellular with grain size in
the order of several microns. The copper sub-layer appears as a very
bright pattern which is out of focus due to different etching rate.

Fig. 9. Stereo microscope image (a) and optical micrographs (b and c) of copper and lead-tin electroplated grid fragment in the zone between the carbon honeycomb core

and the massive carbon frame.
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Fig. 11. Stereo microscope image (a) and optical micrographs (b and c) of carbon honeycomb core fragment with electroplated lead-tin coating—the cross-section is

perpendicular to the plane of the grid.

Another lead-tin electroplated carbon honeycomb sample
showing the distribution of the coating thickness along the length
of the honeycomb channels walls is shown in Fig. 11a (stereo micro-
scope image). A closer view of the thin channel wall cross-section is
given in Fig. 11b indicating relatively homogeneous and adherent
lead-tin coating. Fig. 11c presents high magnification micrograph
of the etched lead-tin coating in the zone of the edge of the honey-
comb cell wall (i.e. at the surface of the grid). It can be seen that the
surface defects of the carbon honeycomb composite are filled with
metal in depth of several tens of micrometers. The microstructure
of the alloy revealed by the etching is very similar to the one shown
in Fig. 10.

4.3. Initial cycling of the VRLA cell with carbon honeycomb grid
positive plate

The evolution of the positive (a) and the negative (b) half-cell
potentials, the cell voltage and the current during the first three
cycles are plotted in Fig. 12. During the initial five cycles the cell is
discharged with 20 h-rated current or C;,/20 h, where G, is the nom-
inal capacity equal to 2.83 Ah corresponding to 50% utilisation of the
positive active material. The recharge was performed with a current
Cn/3 h up to positive plate potential equal to 1.3 V vs. the reference
electrode (Ag/Ag,S04/5M H,S04) and further applying this poten-
tial for 5 h. The initial discharge capacity is quite low (the utilisation
of PAM in the first cycle is only 26%), however it increases rapidly
with the cycling. This result is due to an incomplete formation
(many white spots remained on the plate after the formation) from
one hand, and high thickness of the plate from the other. The neg-
ative plate potential remains almost constant during the discharge
due to the huge excess of negative active material. In the begin-
ning of the charge, right after the first cycle, one can observe the
appearance of the voltage spike associated with the development
of corrosion layer with increased resistance typical for positive
plates with antimony-free grids [44,45]. The positive plate potential
transient during the recharge resembles well the results published
by Pavlov [44,45], obtained for cycling of small-sized pasted posi-
tive electrodes cycled in classical three-electrode cell configuration
using Hg/Hg,S04/H,S0,4 reference electrode. Fig. 12c shows that in
the end of the third cycle the negative half-cell reaches completely
charged state—it is due to the fact that the original dry-charged
negative plates were in stock for about 7 years.

The impedance spectra measured in the end of the charge for
the first three cycles are shown in Fig. 13. The impedance of the
positive plate (Fig. 13a) and the total cell impedance (Fig. 13c)
were measured simultaneously using one auxiliary voltage chan-
nel, while the negative half-cell impedance was calculated from
the difference. The validity of this approach was confirmed in sep-
arate measurements. The results from Fig. 13 show that the ohmic
resistance of the cell and the positive plate increase substantially
between the first and second cycle, while the ohmic resistance of
the negative plates remains practically constant. Considering the
appearance of the positive plate potential peak in the beginning of
the charge (Fig. 12a and c) in the same time, it can be supposed
that this initial increase of the internal resistance of the positive
plate (and the cell internal resistance too) is due to the develop-
ment of the so-called Active Mass Collecting Layer (AMCL) which
acts as an interface between the PAM and the corrosion layer [20].
The comparison between the ohmic resistance of the positive plate
and both negative plates at the end of the first cycle (i.e. prior to
the formation of the thick corrosion layer) shows that the lead-tin
electroplated carbon honeycomb grid could be a promising cur-
rent collector for high-rate applications. The comparison between
the low-frequency impedance of the positive plate and both nega-
tive plates is also interesting—in the end of the third cycle the low
frequency impedance of both negative plates is markedly higher
than those of the positive plate regardless of the substantial over-
sizing of the negative half-cell, which is typical for the conventional
pasted positive plates.

4.4. Performance of the prototype positive plate at the maximum
of its capacity

During the cycle life testing, the VRLA cell was discharged with a
current C,/5 h down to a cut-off positive plate potential of 0.75 V vs.
the reference electrode and recharged in constant current/constant
potential (CCCP) mode starting with current C,/1 h and limiting the
positive plate potential at 1.3 V. Prior to the CCCP charge mode a
constant current of /1 h was applied without any limit for 10 min
due to the appearance of the above-mentioned voltage spike in
the beginning of the charge. The duration of the constant potential
stage of the charge was adjusted several times in order to deliver
values of the charge factor (F.,, the percentage ratio between the
recharged Amp-hours and the previous value of the discharge
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Fig. 12. Evolution of the positive (a) and the negative (b) half-cell potentials, the cell voltage (c) and the current (d) during the first three cycles of the VRLA cell testing.

capacity) in the range of 110-120%. Each 50 cycles the cell was
subjected to several 20 h-rated discharge cycles in order to check
the maximum utilisation of PAM. During these cycles the recharge
regime was the same but with longer potentiostatic period.

The evolution of the cell parameters during cycle#105 and
cycle#108 is presented in Fig. 14. The discharge curves of the
positive plate potential (Fig. 14a) and the cell voltage are nearly
identical. The total variation of the negative plate potential within
the whole discharge is no more than 25-30mV (Fig. 14c). The
plateaux of the positive plate potential and the cell voltage in both
discharge modes do not differ much form the data obtained in the
beginning of the cycling. In C,/5h discharge mode the obtained
capacity is 2.51 Ah corresponding to 44.3% utilisation of PAM. The
application of smaller discharge current (C,/20 h) allows reaching
a capacity of 3.27 Ah and utilisation of PAM equal to 57.8%. Taking
into account the honeycomb structure, these values are rather low.
However two important details should be denoted. First the thick-
ness of the positive plate is too big (~4 mm) which greatly impedes
the discharge process in the middle of the honeycomb channels. The
second detail is the insufficient quantity of the sulphuric acid due
to the unfavourable ratio between the positive plate thickness and
the AGM thickness (~2 mm). The latter can be proofed regarding
the coefficient of sulphuric acid utilisation in 20 h-rated discharge
mode—the value of 68.3% shows that the maximum capacity of the
cell is limited rather by the electrolyte than by the lead dioxide in
the positive plate.

The recharge transients of the positive plate potential for
cycle#105 and cycle#108 are shown in Fig. 14d. It can be seen
that the initial peak of the positive plate potential can be easy
correlated with the depth of discharge—the peak is higher after
the deeper C,/20h discharge. In potentiostatic mode the current
decreases gradually until the positive plate is completely recharged
and only oxygen evolution takes place with a current in the range
of about 100 mA. The evolution of the negative plate potential dur-
ing the charge (Fig. 14e) shows that the applied charge strategy
using the positive plate potential instead of the cell voltage can be
particularly useful for valve-regulated lead-acid cells and batteries.
This strategy limits the rate of the oxygen evolution and thus the
negative plate can be completely recharged due to the low rate of

the oxygen recombination process. The oxygen recombination pro-
cess works as a concurrent reaction of the lead sulphate reduction
and the hydrogen evolution process. When the oxygen recombina-
tion takes place with considerable rate, it causes a depolarisation of
the negative plate suppressing both the complete recharge and the
hydrogen evolution [46]. The undesired consequences are two—a
sulphation of the negative plate denoted as PCL-III (preliminary
capacity loss) effect [46] or a thermal runaway [47], and both can
be easy evaded using the reference electrode for charge regulation.
A good evidence for this statement is the step-like increase of the
negative plate polarisation in the end of the charge. The latter can
be used even for end of charge criterion. Another advantage of this
charge strategy is the total charge duration—if the increase of the
negative plate polarisation is used as an end of charge indicator it
can be seen that in cycle#108 the cell is recharged for 4 h and 6 min
with charge factor of 107% until the inflection point, and the max-
imum of the negative plate polarisation is reached in 4h 56 min at
charge factor of 112%.

4.5. Performance of the prototype positive plate at the end of life

The cell was cycled with C,/5h discharge rate until cycle#181
when the discharge capacity was 0.93 Ah corresponding to 16.5%
utilisation of PAM. Further, the cell was put to 10 cycles with C;,/20 h
discharge rate for one last check of the maximum available utilisa-
tion of the active material. Fig. 15 presents the evolution of the cell
parameters during cycle#180(C,/5 hdischarge rate)and cycle#186
(Cn/20h discharge rate). Despite the capacity loss, the discharge
plateaux of the positive plate potential (Fig. 15a) and the cell volt-
age (Fig. 15b) are just slightly lower (~20-30 mV) in comparison
with the data obtained during the cycles with maximum utilisa-
tion of PAM at the beginning of the cycling. At low-rate discharge
regime the observed discharged capacity was 1.65 Ah correspond-
ing to 29% utilisation of PAM (65 mAhg-1). The evolution of the
negative plates’ potential during both cycles (Fig. 15c¢) is very close
to the data presented in Fig. 14c, indicating no degradation of the
negative active material.

The positive plate potential transients during the charge
(Fig. 15d) are similar to the data obtained at the maximum capac-
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Fig. 13. Impedance spectra of the positive plate (a), negative plates (b) and the cell
in the end of the charge for the first three cycles.

ity, however the peak in the in the beginning of the charge is higher
and more narrow indicating increased resistance in the zone of the
interface between the grid and the active material. It can be seen
that after the application of C,/20h discharge cycles, the plateau
of the positive plate potential at the constant charge current of

Cn/1h drops to about 1.36 V, which is only 30-40 mV higher than
the corresponding value from Fig. 14d.

The recharge of the negative plates during cycle#186 (Fig. 15e)
is similar to the above-discussed data. During the charge of the neg-
ative plates at cycle#180 the negative plates’ polarisation increases
fastin the initial galvanostatic stage due to the fact that in the previ-
ous discharge only a small portion of the negative active material is
discharged. A second step-like increase of the negative plate polar-
isation is observed in the end of the complete cell recharge—it can
be assumed that this second increase of the negative plate potential
modulus denotes the “true” end of charge of the negative plates.

It should be noted here that the applied charge regime using the
potential of the positive plate as a charge regulation parameters
can be of great benefit for all types of VRLA batteries. This charge
strategy works in totally opposite way during the ageing of the cells
in comparison with the voltage-controlled recharge:

it does not depend on the oxygen recombination rate and effi-
ciency because this process takes place on the negative plate;

it is slightly influenced by the AGM saturation and water loss.
Moreover, while the decease of the AGM electrolyte saturation
(due to the water loss along the ageing) causes increased end-
of-charge current at fixed constant voltage charging and even
thermal run away [48], the end of charge current in constant
positive plate potential mode tends to the decrease with the
drying-out of the AGM (or gel), because the oxygen overvoltage
is higher in more concentrated sulphuric acid [49]. This self-
regulation of the oxygen evolution rate with the advance of the
ageing will decrease also the corrosion rate and thus the life of
the VRLA battery will be prolonged additionally;

a simple temperature control can be implemented using directly
the data obtained about the temperature dependence of the
oxygen evolution—according to Pavlov and Monahov using a tem-
perature coefficient of 3.5-4mV (°C)~! the rate of the of oxygen
evolution can be kept constant over several decades Celsius [50].

4.6. Evolution of the positive plate impedance during the cycling

The impedance spectra of the positive plate and the cell were
measured periodically in the end of the charge and in the end of
the discharge after 30 min open circuit stay. The results for the case
of completely charged positive plate are presented in Fig. 16. It can
be seen that the most dramatic change in the impedance of the
positive plate is the systematic shift of the real impedance towards
higher values, obviously due to the advance of the grid corrosion
processes. The cycling influences also to certain extent the general
shape of the Nyquist plots. The spectra were fit with the equivalent
circuit proposed by Pavlov and Petkova [51], shown in Fig. 16d as
an inset. The results from the fitting are presented in Table 1. The
magnitude and the evolution of the equivalent circuit parameters
are similar to the ones obtained for flooded pasted positive plate
with lead-antimony (2.8%) grid [49,52]. Thus it can be concluded
that the ageing mechanism of the positive active mass does not
differ substantially form the one typical for conventional positive
plates. The values of the double layer capacitance follow roughly
the discharge capacity:

- in the very beginning of the cycling the structure of PAM is still
undeveloped corresponding to relatively low value of Cy;;

- along the cycling, C4 decreases, however a change in the dis-
charge regime leading to better conversion of the lead dioxide
into lead sulphate causes an increase of the Cy; value in the end
of the subsequent charge.

The decrease of the Cy; value with the advance of the ageing
can be correlated with the decrease of the BET surface area and the
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Fig. 14. Evolution of the VRLA cell parameters during cycle#105 and cycle#108.

increase of the particle size and crystallinity of PAM during deep
cycling regimes observed by Dimitrov and Pavlov in [53].

Fig. 17 summarizes the evolution of the ohmic (or internal)
resistance of the cell, the positive plate and the negative plates
during the cycling at SoC=100%. The increase of the cell ohmic
resistance with the ageing corresponds perfectly to the evolution
of the ohmic resistance of the positive plate. The ohmic resistance
of the negative half-cell remains constant since the very first cycle.
The increase of the positive plate internal resistance can be con-
nected with the corrosion of the lead-tin coating and probably
with a degradation of the carbon composite substrate. After cycle
#159 the internal resistance of the cell becomes nearly constant
suggesting that most of the lead-tin coating is corroded, i.e. con-
verted into lead-dioxide. Despite this result the cell voltage plateau
in the beginning of cycle#186 (Fig. 15d-f) at current C,/1 h after the
initial positive plate potential peak is about 2.48-2.50V indicating
still good electric performance of the carbon honeycomb grid.

4.7. Overview of the prototype cycling

The evolution of the normalized discharge capacity of the pos-
itive plate with the cycle number is presented in Fig. 18. For

Table 1

convenience the second Y axis gives also the percentage of the util-
isation of PAM. It can be seen that the capacity remains high within
about 160 cycles, after which it starts degrading fast. To a great
extent this relatively short cycle life is due to the low quality of the
paste—from one hand it was manually mixed and cured at room
temperature and atmosphere conditions; from the other hand the
high sulphate and water content corresponded to a density in the
range of ~3.5gcm—3 (precise measurement of the paste density
was not possible). The cycle life curve of the C,/20h discharge
capacity values resembles very much the base curve correspond-
ing to the Cy/5 h discharge regime. Despite the low coefficients of
the PAM utilisation (maxima of 47% at C,/5h and 60% at C,/20h
discharge regimes), these results are very encouraging taking into
account the big plate thickness (limiting the utilisation of PAM in
the depth of the honeycomb cells) and the unfavourable AGM to
PAM ratio corresponding to certain electrolyte insufficiency.

Fig. 18b presents the evolution of two charge parameters with
the number of cycles:

- the charge factor representing the ratio between the injected
Amp-hours during the charge and the previously obtained dis-
charge capacity,

Positive plate equivalent electric circuit parameters at state of charge equal to 100% obtained by the fitting of the corresponding impedance spectra with Z-View2® software.

Cycle number Discharge capacity (Ah) Rq (M) Rt (M) Ca (F) Quify (FsMdifft-1) ngire (dimensionless)
2 1.90 (C/20h) 19.2 0.5 10.24 37.06 0.45
10 2.18 (C/5h) 23.6 0.6 21.19 38.54 0.73
51 2.67 (C/5h) 37.8 0.4 18.37 72.39 0.75
102 2.35(C/5h) 404 0.5 14.50 103.6 0.77
159 2.73 (C/20h) 56.4 0.6 17.00 175.0 0.67
182 1.12 (C/5h) 56.0 1.0 5.513 142.7 0.62
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Fig. 15. Evolution of the VRLA cell parameters in the end of the cycle life.

- the end of charge current measured in the end of the potentio-
static stage represents roughly the rate of the oxygen evolution
process on the positive plate.

The evolution of these two parameters suggests that the proto-
type grid is subjected to severe corrosion attack cased by the oxygen
evolution process. Most of the time the charge factor is in the range
of 130-140% (or more) and only within 20-30 cycles it is the range
of 115-120%. The current at the end of the charge remains in the
range of 100 mA (~C/30h). Its value is slightly higher when the
cell is discharged with smaller currents corresponding to higher
DoD values. The cell voltage corresponding to the end of the charge
current is in the range of 2.65V in the beginning of the cycling and
drops to 2.52-2.55V after the first 40-50 cycles due to the increase
of the oxygen cycle efficiency [54]. The application of such harsh
overcharge strategy suggested that the capacity decay started after
80 cycles may be caused by drying-out of the AGM. That’s why
after cycle#132, 12 g of water were added in the cell on 2 g por-
tions placing the cell in vacuum chamber for several minutes after
each portion. In this way it was ensured the complete flooding of
the active block. The evolution of the discharge capacity did not
change after the addition of water, showing that even harsh, the
applied charge strategy ensures good efficiency of the oxygen cycle
and limited water loss.

After cycle #160 a faster capacity decline was observed in C/5h
discharge cycling mode. In the end of the cycling the cell was still
able to deliver 58% of the nominal capacity in C/20h discharged
rated cycling regime. Generally the cycle life performance of the
positive plate with carbon honeycomb grid is not much different
from the typical positive plates with antimony-free grids [53].

Despite that the addition of water after cycle#131 did not influ-
ence the discharge capacity, it caused very interesting effects on the
charge process. The first obvious effect is an increase of the charge
factor right after the topping-up from ~115% to ~135% (Fig. 18b)
as well as an increase of the current in the end of the potentiostatic
charge stage. This can be related to the drop of the oxygen evolu-
tion overvoltage in more diluted sulphuric acid solutions [49]. A
more detailed analysis of the influence of the water addition can be
done comparing the current, voltage and potentials evolution dur-
ing cycle #131 (just before the top-up) and cycle #133 (one cycle
after the top-up) presented in Fig. 19. The comparison of the cur-
rent evolution plotted in Fig. 19a shows very prominent increase
of the charge acceptance after the water top-up, especially looking
into the inset graph showing the evolution of the injected Amp-
hours during the first two hours of the charge. In the end of this
two-hour period for cycle #131 the charge factor is 88.5% while
for cycle #133 its value is 112.6%, i.e. the positive plate is almost
completely charged. The topping-up with water suppressed the
operation of the oxygen cycle—since the transfer rate of the oxygen
decreases through more saturated AGM separator, the cell voltage
in the end of the charge increases due to the lower depolarisation
oxygen cycle effect. Anyway, even before the water addition the
complete recharge of the negative plates is well visible by the S-
shaped increase of the negative half-cell polarisation from —1.05
to —1.25V (vs. the reference electrode) demonstrating the robust-
ness of the VRLAB charge strategy based on use of the integrated
reference electrode.

The decrease of the electrolyte concentration causes a decrease
of the cell electromotive force (emf). This effect can be seen well
in Fig. 19b during the discharge and the subsequent open circuit
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Fig. 16. Evolution of the positive plate impedance spectrum during the cycling at state of charge equal to 100%.

period. Surprisingly, both during the discharge and the open circuit
periods the negative plate potential is much more influenced by
the water addition. The comparison of the half-cell potentials and
the cell voltage during the discharge before and after the water
addition suggests that there is no change of the ohmic resistance
components within the cell.

The increase of the charge acceptance after the addition of water
is also very obvious comparing the positive plate potential evolu-
tionin the beginning of the charge. Here, the positive plate potential
peak associated with the resistance of the interface between the
PAM and the grid is reduced with about 150 mV. Taking into account
the constant current of 2.83 A during this potential peak, the reduc-
tion of the polarisation resistance after the water addition is in the
range of 53 m¢2, i.e. a value comparable with the cell internal resis-
tance. However, from the other hand if the positive plate potential
plateau after the peak is considered as a base line instead of the
open circuit potential, the resulting relative peak height is nearly
the same. Thus it can be concluded that the effect of the water addi-
tion is focused in the volume of PAM rather than at the interface
PAM/grid.
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4.8. Post mortem analysis of the cell

The cell was subjected to tear down analysis after 191 cycles.
Both negative plates were in excellent condition with homo-
geneous grey colour. The positive active material was with
homogenous dark brown colour. The patterns of the honeycomb
cells are also visible.

The attempt to separate the positive plate from the second neg-
ative plate resulted in easy breaking of the plate into several pieces
indicating that the carbon composite lost part of its mechanical
strength. Despite that there was no shedding of PAM. The active
material was very soft, with a paste-like texture. Great part of it was
washed away by the water in the subsequent electrolyte removal
process. This softening of the active material can be pointed out as
the main cause for the capacity fade.

In order to investigate further the plate and grid degradation,
washed and dried fragments of the positive plate together with the
active material were embedded in epoxy resin and prepared for
microscopy observations. It was found that lead-tin coating in the
zone of the frame was not completely corroded, while no metallic
lead was visible in the honeycomb part of the grid. Fig. 20a shows
stereo-microscope image of few honeycomb cells filled with PAM
located between two thicker plain-parallel sheets. It can be seen
that the thicker plain-parallel sheets contain cracks and fractures
typically in direction perpendicular to the sheet. The optical micro-
graph from Fig. 20b gives a closer look to the zone of the node
point between the corrugated and the plain sheet. Here one can
see that the cracks also differ in size. In the present moment it is
hard to conclude if these cracks have purely mechanical origins due
to the volume expansion of PAM during the discharge (so-called
breathing) or there is also a corrosion contribution due to the oxy-
gen evolution process. The answer to this question will be given
in a next publication which will be focused on the performance
of negative plates with carbon honeycomb grids. In this case, the
issues with the corrosion will be eliminated completely while the
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Fig. 20. Stereo-microscope image (a) of few honeycomb cells filled with PAM
located between two thicker plain-parallel sheets and optical micrograph (b) of
the node zone between a corrugated and plain-parallel grid fragment.

mechanical stress excreted by the volume expansion of NAM will
be much greater.

The selected appearance of cracks in the ticker plain-parallel
section of the carbon honeycomb is a clear indication that the qual-
ity and the structure of the honeycomb core is a critical parameter. It
can be expected that hexagonal industrial grade honeycomb cores
which are properly impregnated with resins could deliver longer
cycle life. The hexagonal core with slightly higher or same cell size
can result into a structure with smaller surface, i.e. the quantity of
the electrodeposited lead-tin alloy will be less keeping the same
grid mesh size, resulting in better PAM to grid weight ratio espe-
cially using 4BS pastes with density in the range 4.1-4.15gcm 3.

5. Conclusions and perspectives

The carbon honeycomb grid concept was demonstrated as an
advanced lead-acid battery positive plate current collector. The
technology features numerous advantages:

- Low cost starting materials like cellulose paper honeycombs
impregnated with thermosetting resins (including resins from
renewable bio-sources).

- Use of simple and low cost processes like resin moulding and band
saw cutting during the manufacturing of the green composite
grids

- Fast carbonisation process in the range 200-1000 °C resulting in
low energy consumption (in terms of heating and nitrogen atmo-
sphere delivery) and high production rate.

- Lead-tin or pure lead electroplating resulting in coatings with
excellent corrosion resistance.

- Use of conventional pastes, curing and formation.

- Optimal grid architecture resulting in very low gamma coeffi-
cients (~0.15 g cm~2) ensuring good cycle life.

- Excellent compatibility with the AGM VRLA battery technology.

The post mortem analysis of the first prototype cell showed that
the softening of PAM is the main reason for the capacity decay. The
corrosion of the grid was very severe due to the applied charge
regime

- the lead-tin coating in the zone of the honeycomb core was com-
pletely corroded;

- the structure of the carbon/carbon composite was damaged
resulting in loss of mechanical strength due to the appearance
of cracks preferentially in the thicker plane-parallel zone of the
carbonised honeycomb.

Despite the corrosion processes, the electric performance of
the positive plate remained acceptable—the increase of the posi-
tive plate impedance was not high enough to cause an appearance
of substantial voltage drop during the 5h-rated discharge in the
end of the cycling. It is expected that the use of industrial grade of
honeycomb core materials with hexagonal cell geometry and high
quality of the processes of bonding and impregnation will improve
considerably the performance of the grids.

An innovative VRLA battery charge strategy was demonstrated.
It is based on the regulation of the positive plate potential instead
of the VRLA cell or battery voltage using an integrated reference
electrode. Such a strategy allows the reduction of the charge time
without any sacrifice of the battery safety in terms of thermal run-
away or drying out. The charge algorithm can be easy optimised
towards low positive grid corrosion rates decreasing the value of
the positive plate potential during the potentiostatic charge stage.
In this way, the water loss will be decreased too.

Two important questions considering the carbon honeycomb
grid technology remained open

- What is the maximum acceptable charge/discharge rate of grids
without lead or lead-tin coating?

- What is the impact of the active materials breathing on the struc-
tural integrity of the carbon/carbon composite material?

The answers of both questions will be amongst the main objec-
tives of the next publication in this series focused on the application
of the carbon honeycomb grids for lead-acid battery negative
plates.
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