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ARTICLE INFO ABSTRACT

The addition of supplementary carbon to lead-acid batteries that are intended for use in emerging automotive
duties can provide improvement in two aspects of performance.

(i) In both hybrid electric and battery electric vehicles that are designed to preserve energy through the
operation of regenerative-braking, conventional lead-acid batteries exhibit a rapid decline in the efficiency of
the recuperative charging (which can involve rates up to 30C;) and fail quickly as a result of an accumulation of
lead sulfate on the negative plate. It has been widely reported that supplementary carbon — either intimately
mixed with the negative active-material or included as a separate component attached to the plate — can
enhance charge-acceptance.

(ii) Full-hybrid electric and battery electric vehicles employ high-voltage batteries composed of large numbers
of cells connected in series. Consequently, when conventional lead-acid batteries are used in such configura-
tions, the continuous cycling encountered in normal driving will almost certainly lead to divergence in the states-
of-charge of the unit cells and thereby demand periodic equalization charges. In this application, it has been
demonstrated that lead-acid batteries with supplementary carbon incorporated into the negative plate are
rendered immune to the divergence problem and therefore operate without the need for an equalization charge.

The inclusion of supplementary carbon does, however, promote hydrogen evolution and failure due to the
loss of water from the electrolyte solution. Current research efforts are directed towards methods by which this
disadvantage can be mitigated without losing the benefits that the addition of carbon provides.

This review covers the extensive research that has been conducted to understand the mechanism by which the
additional carbon operates, the additional studies that have sought to identify the best types and optimum
amounts of carbon that should be used, together with the most effective manner for their deployment.
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1. Recognition of extra carbon as a boost to dynamic charge-
efficiency

For decades, negative plates in lead-acid batteries have been pro-
vided with a combination of carbon, barium sulfate and an organic
additive, which is usually a wood extract, e.g., a lignosulfonate. These
additives are collectively called an ‘expander’, although this term is
often used purely for the organic component of the mix. During char-
ge—discharge cycling, the expander serves to prevent individual crystals
of lead from growing and combining into a dense structure with a low
surface-area and, therefore, a low electrical capacity. The total amount
of expander used in industrial valve-regulated lead-acid (VRLA)

* Corresponding author.

batteries varies between 1.0 and 2.5 wt.% with respect to the weight of
the oxide in the paste mix. The individual additions of carbon, barium
sulfate and organic material vary according to the manufacturer’s
specifications [1].

The benefits of including additional carbon in the negative active-
mass beyond the level that is normal for the ‘expander’ function were
first demonstrated by the work of Nakamura and Shiomi [2,3], who
made negative plates that contained up to ten times the customary level
of carbon. The actual amounts were not disclosed but, based on typical
practice, were believed to be about 2.0 wt.% of the negative active-
material loading. The trials, which were directed towards both electric
vehicle and photovoltaic (PV) power applications, were conducted with
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Nomenclature

Acronyms and initialisms used in the text

Monobasic lead sulfate (PbO-PbSO,)

Tribasic lead sulfate (3PbO-PbSO4H,0)

Tetrabasic lead sulfate (4PbO-PbSO,)

Alternating current

Activated carbon

Absorptive glass mat

Advanced Lead-Acid Battery Consortium
Brunauer-Emmett-Teller (technique for measuring spe-
cific surface-area)

Ball mill

Barton pot

Battery management system
Battery support system
Carbon black
Commonwealth Scientific
Organisation

Direct current

Dynamic charge-acceptance
Dynamic charge-efficiency
Electrochemically active carbon
Electrical energy storage

Fermi level

Expanded graphite

Flake graphite

Graphene oxide

Hydrogen evolution reaction
Hybrid electric vehicle

High-rate partial-state-of-charge
Donor level

Oil Absorption Number

Partial state-of-charge

Siemens (= AV torQ™1)
State-of-charge

Operational state-of-charge
Valve-regulated lead-acid (battery)
X-ray photoelectron spectroscopy

and Industrial Research

Roman letters

Ampere; also real electrode surface-area (in m?)
Angstrom (107° m)

Activated carbon

Ampere-hour

Molar concentration (mol L™1)

Centimetre

Degree Celsius

Coulomb (= 1As)

Capacitance (in F = As V™1

Specific-area capacitance (F cm™2)

Specific capacitance (F g~ 1)

Ionic diffuse-layer capacitance (F)

Helmholtz double-layer capacitance (F)

Space charge capacitance (F)

Discharge rate (X = hour rate; t = specified discharge

kWh

mg
min
ms

ek
OES

Rer

cR®we

=<

Wh
wt.%

Greek letters

€0
8l'
u

p

T
Pm
$ro

X
Q

time, usually in hours)

Thickness of double-layer (m)

Mathematical constant = 2.71828

Electron (negative charge: 1.602 x 10~ '° C; mass: 9.109
x 1073 kg)

Fermi level energy

Energy of the valence band

Energy of the conduction band

Farad (= CV™Y)

Faraday constant (= 96 485 C mol™1)

Gram

Exchange-current density (A cm™?)

Current (A)

Current (A) through the parallel connection of a capacitor
and a charge-transfer component (a Faradaic element)
Current (A) through a capacitor

Current (A) through a charge-transfer component (a
Faradaic element)

Joule (1J =1Ws)

Kilo (10%)

Kilometer

Kilowatt

Kilowatt-hour

Kelvin (a measure of absolute temperature)

Metre; also milli (107%)

Milligram

Minute

Millisecond

Mass (kg)

Picometre (107'2 m)

Electric charge (in C= 1 A's)

Ohmic resistance (in——Q), real part of impedance
Resistance (in Q) of a charge-transfer component (a
Faradaic element)

Universal gas constant (8.3145 J mole" ' K™1)

Second

Surface-area (m?)

Absolute temperature (K)

Volt (V); symbol commonly used in German forums; SI
symbol is V

Voltage; also volume (m®)

Watt QW =1Js"1)

Watt-hour

Percentage by weight

Permittivity of vacuum (98.854 X 1072Fm™Y
Relative permittivity of the dielectric

Micro (107%)

Density (kg m~2)

Time constant (s), T = RC

Work function

Schottky barrier height

Electron affinity

Ohms

AGM-VRLA batteries that operated under PSoC conditions to lessen
overcharge effects. Batteries with standard levels of carbon failed
quickly due to the build-up of lead sulfate in the negative plate. By
contrast, the companion positive plate was fully-charged. Batteries with
extra carbon enjoyed appreciably longer operating lives. Recently, it

has been reported [4] that the additional carbon results not only in an
increased cycle-life but also in greater specific energy at high rates.
To date, the prime aim of the work on carbon addition has been to
support 12-V automotive batteries in micro-HEVS with regenerative-
braking where the shortcomings of ‘dynamic charge-acceptance’ (DCA)
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have emerged. The DCA is quantified as the average charging current
(or charge integral) over either one or all recuperation pulses of a re-
presentative PSoC micro-cycling sequence, and can be normalized to
the battery’s nominal capacity, i.e., A Ah ™!, In practice, however, DCA
represents the charge that is accepted by both the reduction of lead
sulfate to lead and the evolution of hydrogen. Nevertheless, since it is
primarily the former reaction that should be encouraged, it is the ‘dy-
namic charge-efficiency’ (DCE), which represents only the PbSO, | Pb
reaction, that should be the focus of attention and quoted in terms of
only those amperes (A) accepted into the lead sulfate reduction per
ampere-hour (Ah) of battery capacity.

Developments [5] have revealed that extra carbon enhances charge
efficiency under the high-rate charging conditions that occur during the
‘stop-start’ duty of micro-HEVs. Studies conducted on higher voltage
lead-acid batteries for medium- and full-HEVs found that the states-of-
charge of series-connected cells with additional carbon in their negative
active-mass remained balanced and therefore periodic equalization was
not required.

Several modes of deployment of the supplementary carbon have
been shown to be effective in producing the beneficial effects outlined
above [6]. Carbon can be intimately mixed with the negative active-
material during plate manufacture. Alternatively, the structural com-
ponent of the plate —the grid — can either be fabricated of carbon on to
which a conventional negative paste mix can be applied, or a conven-
tional negative plate can be sandwiched between sheaths of carbon, as
in the design of the UltraBattery™ [6].

Although the advantages have been demonstrated, an unequivocal
determination of the means by which carbon assists the recharge of
lead-acid is a subject of continuing study. Such knowledge will provide
a deeper appreciation of the functional relationship between product
and required duty, which is essential for the future development and
design of cells for new and emerging applications of lead-acid tech-
nology. Candidate mechanisms for the ‘extra-carbon effect’ are dis-
cussed in the following Section 2.

2. Understanding the ‘extra-carbon effect’

Various empirical studies have provided evidence that the addition
of certain forms of carbon can invest the negative plate with improved
charge-acceptance. The optimum amount of extra carbon has been
found to be around 2wt.% of the negative active-material. The in-
corporation of greater amounts of carbon renders the paste mix difficult
to handle. Further, it has become clear that the more the amount of
carbon added, the greater is the surface-area which is contributing to
hydrogen evolution. Consequently, there is a down-turn in performance
at high carbon loadings [7]; see Section 3.

In recent years, there has been much discussion over the mechanism
by which the carbon component can enhance negative-plate perfor-
mance. The effectiveness of any particular form of carbon in this role is
likely to be influenced by a number of properties that include:

the presence of metal contaminants at the carbon surface;
surface functional groups;

hydrogen evolution overpotential;

electronic conductivity;

capacitance;

the size of any pores in the carbon;

the affinity of the carbon for lead;

interaction with the organic component of the expander mix;
wettability by the aqueous electrolyte solution;

specific surface-area (ecm? g_l)

The challenge of the optimization process is to identify those
properties that are the most important and this can only be achieved
through a full understanding of the respective mechanism(s) by which
the properties exert an influence. As many as eight different functions
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Fig. 1. Schematic of current fluxes during and after a short charge event on a
negative plate that contains carbon [6].

have been put forward [8]. Nonetheless, the growing body of evidence
points to just three principal mechanisms that are each likely to have a
significant beneficial influence on the function of the negative plate
during PSoC operation, as well as on the performance of cells in long
series-connected strings. The overall situation remains complicated,
however, because the operative mechanism is determined by the spe-
cific duty that the battery is performing. Each of these actions of carbon
is considered in more detail, as follows.

2.1. Capacitance: current flows during and after a charge event

In the first case, the carbon serves as a capacitive buffer to absorb
charge current at higher rates than can be accommodated by the
Faradaic (i.e., electrochemical) reaction; see Fig. 1 [6]. A conventional
negative electrode will itself have an attendant double-layer but the
capacitive function (capacitance of the negative is normally in the
range 0.06-0.08 F g’1 [9]) only becomes noticeable when the surface-
area is magnified appreciably by the addition of an appropriate form of
carbon. It has been reported [10] that the double-layer capacitance of
the negative active-mass exhibits a linear correlation with the external
surface-area of the carbon that is added.

When a charge event applied to a lead-acid cell is discontinued,
although the external current is zero the double-layer remains charged
and this results in a local current between the components of the ne-
gative active-material [11]. The current is caused by the discharging of
the double-layer via the Faradaic reaction and thereby the electrode
potential changes to its equilibrium value with a characteristic time
constant. The amount of charge involved can be substantial if the sur-
face-area of conducting material is augmented by the inclusion of an
appropriate form of carbon. The time constant, z, for the equilibration

A Oxidation m—)p 2 3

Current

4= Reduction

Fig. 2. Cyclic voltammograms: 1 ideal capacitor; 2 capacitor with internal re-
sistance; 3 carbon supercapacitor with pseudocapacitance.
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Box 1
Time constant of a capacitor.
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During charging, the time constant is the time taken (base unit, seconds) for the voltage across a capacitor to increase by 63.2% of the
difference between its present and final values. This value is derived from the mathematical constant e, specifically: 1 —e~! (e = 2.71828).
During discharging, the voltage will fall by 63.2%-36.8% of its maximum value in one time constant period.
Charge or discharge of a capacitor will be virtually complete after 5 times the time constant.

process (see Box 1) is estimated by equating the double-layer discharge
current to the charging current that is going into the Faradaic reaction
and can be approximated [12] as:

t = RTCs / Fi, (€8]

Where: R is the universal gas constant (8.3145J mole™! K~ 1); T is the
absolute temperature (K); Cs is the specific-area capacitance (F cm™2);
F is the Faraday constant (96 485 A s mol™1); i, is the exchange-current
density (A cm”3).

Reactions that proceed relatively quickly have a small time con-
stant, whereas those that are kinetically sluggish result in a large time
constant. By way of example [12], the zinc electrode has rapid kinetics
with an exchange-current of around 10”2 A cm ™2 that gives rise to a
time constant of the order of 50 ys. The nickel hydroxide electrode has a
time constant of around 5ms. Since both these time constants are so
short, the involvement of the equilibration process outlined above has
been largely ignored for both the zinc and the nickel electrode systems.
By contrast, the kinetics of the electrode reactions in a lead-acid cell
are much slower, namely: 4 x 10~7 A cm ™2 at the positive plate, and
4.96 x 107° A cm ™2 at the negative. With an augmented carbon in-
ventory, the negative plate can contribute a specific-area capacitance of
up to 30 uF cm ™2 whereby the time constant can be of the order of
seconds and the charge equilibration (flux 3 in Fig. 1) can be regarded
as a significant process that follows the removal of the external char-
ging voltage. Under HRPSoC conditions, charge from external events,
such as regenerative-braking in vehicle applications, is taken up by the
double-layer and thus boosts DCE. When the external input is dis-
continued, this charge is re-equilibrated between the double-layer and
the Faradaic reaction.

Recently, it has been shown [13] that cyclic voltammetry can be
used to quantify the capacitive contribution to the charge-acceptance. A
description of cyclic voltammetry and its value as an experiment
technique is outlined in Box 2, below.

The three regions of a cyclic voltammogram that arise, respectively,
from the Faradaic deposition of lead, the capacitive charging and the
Faradaic evolution of hydrogen are illustrated in Fig. 3 [13]. The re-
lative location of these regions is significant. The area that represents
hydrogen evolution has moved to the right (i.e., to a less negative po-
tential) due to the addition of carbon. Simultaneously, the current

Box 2
Cyclic voltammetry — surveying the reactivity of materials.

2= Lead electrode
0.010 »» Carbon electrode
O Faradaic: lead

0.006 B Capacitive
<
= [ Faradaic: hydrogen
§ 0.002
5
O
-0.002
-0.006
-0.010 T r . 3
-14 -1.2 -1.0 -0.8 -0.6

Cell potential / V vs. Hg|Hg,S0,

Fig. 3. Identification of contributions from lead deposition (Faradaic), double-
layer adsorption/desorption (capacitive) and hydrogen evolution (Faradaic) to
cyclic voltammograms for lead and carbon electrodes (carbon black, acetylene
black, graphite) [13].

flowing into the capacitance at all values of potential has expanded. To
take advantage of this latter feature without invoking an increase in
water electrolysis, it is necessary with a flooded cell to limit the po-
tential or the duration of charge events, and with a valve-regulated cell
to depend on the efficient operation of the oxygen-recombination cycle
(even at low states-of-charge). Although the introduction of extra
carbon may reduce the overpotential of hydrogen evolution, it is pos-
sible for cells thus-treated to provide a long operational life without
excessive loss of water provided that the charge events to which they
are exposed are limited in duration or potential.

The relative amounts of charge to the abovementioned three reac-
tions on three different forms of carbon are compared with those on a
bare lead electrode in Fig. 4 [13]. All three carbons provide sig-
nificantly higher charge capacity than the lead-only electrode. The
charge capacity of lead electrodeposition for carbon black, acetylene
black, graphite and lead during the reduction cycle is 8.9, 3.5, 6.9 and
2.3 mC, respectively. The charge capacity of the carbon black (44.9 mC)
is about double that of the acetylene black (22.6 mC). By comparison,

This technique involves measuring the current response of an electrode to a linearly increasing and decreasing cycle of potential at a fixed
scan rate. The voltammograms can provide information such as: (i) the potential at which oxidation and reduction processes occur, (ii) the
oxidation state of the redox species, (iii) the number of electrons involved, (iv) the rate of electron transfer, (v) possible chemical processes
associated with the electron transfer, (vi) adsorption effects, and (vii) characterization and measurement of capacitance.

An ideal capacitor exhibits a rectangular cyclic voltammogram (cf., Fig. 2), which describes a purely electrostatic mechanism of energy
storage, in which the flowing current is independent of potential. Carbon electrodes, however, can deviate from this rectangular shape, and
reveal reversible redox peaks that correspond to pseudo-Faradaic reactions; see Box 3, Section 3.3 (v.i.).

The charge accumulated in the capacitor strongly depends on the electrode potential, and the observed distance and asymmetry
between the oxidation and reduction peaks reflect kinetically inhibited and less-reversible electrode processes during charging and dis-
charging the pseudocapacitance. The peak currents depend on structural anisotropy, the active area and the activation procedure of the
material. For example, the double-layer pseudocapacitance of cleaved graphite basal and polished edge planes is 12-20 and 50-70 pF
cm ™2, respectively, whereas graphite powders have 20-35 uF cm ™2 and carbon blacks 4.5-10 uF cm ™2 (real surface-area).

275
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Fig. 4. Respective charge capacity (coulombs) for lead deposition, capacitance
and hydrogen evolution for mixtures lead + carbon black (CB-2), lead +
acetylene black (AB) and lead + graphite (G) compared with that for a bare
lead electrode (Pb) [13].

the graphite powder does not display any capacitive behaviour due to
its much lower surface-area but it does have notable gassing char-
acteristics.

2.2. Assisting electrochemistry by extending the conducting surface-area

The second effect of carbon is to extend the area of the electrode
microstructure on which electrochemical charge and discharge reac-
tions can take place. During the charge reaction, lead can be deposited
on the additional surface, as seen in Fig. 5 [14].

Cycle tests under HRPSoC conditions of cells that contain extra
carbon have provided strong evidence [15] that the electrochemical
and chemical processes can take place not only on the surface of lead
metal, but also on the surface of carbon; see Fig. 6. Subsequent research
[16] has confirmed that two electrical systems are operating on carbon
at the negative plate, namely:

(i) the capacitive system, which involves high-rate charging and dis-
charging of the electric double-layer (the mechanism that is de-
scribed in Section 2.1, above);

(ii) the conventional lead electrochemical system, which comprises the
oxidation of lead to lead sulfate during discharge and the reverse
process during charge

Significantly, it has been observed [16] that the dominating process
in the electrode reaction is the double-layer capacitance (non-Faradaic

Fig. 5. Lead crystals electrodeposited on a carbon surface [14].
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process) when the charge and the discharge cycles are limited to 5s of
duration. If, however, the charge and the discharge durations are be-
tween 30 and 50s, then the dominant reactions are the Faradaic pro-
cesses related to lead sulfate dissolution or lead deposition. These ob-
servations are consistent with the above calculation of the time constant
for the transfer of charge between the two component materials of the
negative electrode. A duty cycle that is completed in a few seconds is
accommodated by the first (capacitive) mechanism, while longer per-
iods of discharge and charge require the involvement of the Faradaic
reaction.

2.3. Physical effects

The third way in which carbon can modify the behaviour of the
negative active-material is by means of physical effects, for instance by
obstructing the growth of lead sulfate crystals, by maintaining channels
for irrigation of the electrode by the electrolyte solution, or by re-
stricting tendency to acid stratification in flooded batteries. In all such
cases, there is no need for the carbon to be in a conductive form. The
supporting evidence for the three physical effects is as follows.

2.3.1. Steric hindrance

Studies have indicated [17,18] that the carbon added to the nega-
tive active-mass can act as a steric hindrance to the crystallization of
lead sulfate and thus helps to maintain a high surface-area for the
discharge product. By obstructing the growth of lead sulfate crystals
that occurs via ‘Ostwald Ripening’, the carbon ensures that the recharge
of lead sulfate back to lead is able to continue. In support of this theory,
it has been reported [19] that HRPSoC cycle-life is enhanced when ti-
tanium dioxide (a poorer electronic conductor), rather than graphite, is
used as the additive. Consequently, whereas cycle-life is improved by
using either titanium dioxide or graphite (to different extents), the ef-
fect of the latter is not necessarily due to its conductivity alone.

Longer cycle-lives under HRPSoC duty have been achieved with
carbon of larger particle-size (i.e., micron-size rather than nanometre)
[19]. This information has given rise to the view [5] that small particles
of carbon can become progressively buried within crystals of lead sul-
fate and accordingly their effectiveness is lost.

Other investigators [16] have reported that some activated carbon
additives can reduce the pore structure of the negative electrode — thus
apparently conflicting with the work of other researchers [20,21]. One
consequence of a reduction in pore size is that the access of S042~ ions
to the innermost pores is impeded. On the other hand, H* ions may still
diffuse out of the pores and allow the pH to rise locally to a value at
which a-PbO is formed. This phase, which is clearly visible in X-ray
diffraction records, is deleterious to the continued function of the ne-
gative active-material because the formation of the oxide is irreversible.

2.3.2. Electrode irrigation

It has been advocated [19,20] that the addition of carbon increases
the porosity of the negative electrode by providing an additional
structural skeleton that facilitates diffusion of the electrolyte solution
from the surface to the interior of the plate. As a result, sufficient sul-
furic acid is supplied to keep pace with the electrode reaction during
HRPSoC operation.

One other possible mechanism for electrode irrigation remains to be
explored. A property of many high specific surface-area carbon mate-
rials is that they interact strongly, through specific adsorption, with
many aqueous acid solutions. As a result, some carbons can give rise to
electro-osmotic pumping effects, whereby the choice of an appropriate
potential can cause a net flow of electrolyte solution in or out of the
plate [22,23]. Such effects could actively assist the movement of sul-
furic acid into the interior of the negative plate, thereby counteracting
the adverse distribution of electrolyte solution. This, in turn, would act
to reduce the initial uneven distribution of lead sulfate in the negative
active-material and, later in service, would help to prevent preferential
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Fig. 6. Schematic illustration of how Faradaic reactions of the negative plate can take place on both lead and carbon surfaces. (EAC stands for electrochemically

active carbon.) [15].

Negative active mass

Conventional

Negative aclive mass

S,

dil.H,SO,

e Capacitor

UltraBattery™

Fig. 7. Limitation of acid stratification in a flooded UltraBattery™ [24].

charging in the interior of the plate. To date, however, there does not
appear to have been any observations of this effect during HRPSoC
operation.

2.3.3. Restricting stratification

Flooded batteries that are subject to deep-discharge cycling may fail
when the denser sulfuric acid that is produced during charging grav-
itates to the lower part of the cell. Battery designs with a carbon sheet
adjacent to, and in contact with, the plate surface (as in the
UltraBattery™) are able to restrict the stratification process and thereby
extend life. The mechanism can be explained as follows. In general, the
negative plate is comprised of comparatively large pores with an
average diameter of about 1pum. During charging, the highly con-
centrated solution of sulfuric acid produced within the pores takes the
form of large droplets that flow out from the negative plate, as illu-
strated in Fig. 7 [24]. The heavy and large droplets then settle quickly
to the bottom of the cell and thereby give rise to stratification.

By contrast, the negative plate of the UltraBattery™is covered with a
capacitor layer that has pores of one order of magnitude smaller in
average diameter than that of the lead-acid negative plate. Therefore,
when the highly concentrated sulfuric acid produced within the lead-
acid negative plate during the charging passes through the capacitor
layer, it is broken down into many small droplets. Since small droplets
will settle at a slower rate, there is sufficient time to diffuse and mix
with surrounding electrolyte solution of lower relative density.
Consequently, the stratification effect is restrained.

2.4. Summary of principal beneficial actions of extra carbon
Clearly, there are at least three ways by which the presence of

carbon can modify the performance of the negative plate of a lead—acid
battery, as follows.

277

(i) The capacitive process is broadly favoured by carbon that has large
surface-area and is in close proximity to the current-collector
(grid). It is not necessary, however, for the carbon to be mixed
intimately with the sponge lead component of the negative elec-
trode.

(ii) The surface-area effect also requires the carbon to be conductive
and in contact with the current-collector. On the other hand, given
that carbon promotes a bulk rather than a surface process, the
surface-area can be less than that required to instigate the capa-
citive process.

(iii) Carbon deployed to take advantage of the obstruction of crystal
growth, does not have to be conducting, but it must be intimately
mixed with the sponge lead and should not be very finely-divided
or its efficacy will wane over time. In order to reduce the menace
of acid stratification, carbon needs to be present as a porous sheet
adjacent to the outer surface of the negative plate of a flooded cell.

In view of the conflicting requirements for the carbon to function in
these several ways, it is not surprising that workers who are seeking to
optimize the HRPSoC performance of lead-acid batteries have resorted
to evaluating combinations of different types of carbon.

3. Limits to the amount of carbon that can be accommodated
3.1. Paste-mixing issues

The manufacture of pasted plates for lead—acid batteries involves a
sequence of processing steps that successively impart the chemical and
physical properties required for a premium product. Consequently,
there is every expectation that conventional plate-making will have to
be modified to accommodate extra carbon without its degradation and
in an optimum dispersion within the negative active-material. The



P.T. Moseley et al.

addition of even small supplementary amounts (1-2wt.%) of some
forms of carbon can increase the specific surface-area of the overall
negative active-material by an order of magnitude or more. In general,
it is found that, in order to create a manageable paste mix, more water
must be included than is used in the absence of extra carbon. The
structure of the carbon particles is also important in this regard. Low
surface-area carbons with a low Oil Absorption Number (OAN) may be
dry-mixed but carbons with a high surface-area and a high OAN require
large amounts of additional water to ensure satisfactory pasting [25].
The paste-mixing procedure exercises a large influence on the disper-
sion of the carbon and the performance of the negative active-material.

3.2. Hydrogen evolution

The addition of carbon to the negative active-mass can serve to
augment the surface-area of the electrode substantially and in such
cases it is common for there to be an increase in the hydrogen evolution
rate (HER) during charging [26]. Aggravated HER leading to the dry-
out of cells can become a serious failure mode.

In general an increase in the HER may arise from:

(i) an increase in the applied potential;

(ii) an increase in the surface-area of the active-material; as noted
above, it has been suggested [7] that the HER correlates linearly
with the external surface-area of the carbon;

(iii) the presence of certain impurities.

Items (ii) and (iii) relate to a lowering of the hydrogen overpotential
that may be brought about by the addition of extra carbon to the ne-
gative active-mass.

Key steps in the HER are the arrival and absorption of protons at the
solid surface and the acquisition of an electron by each proton to form a
neutral hydrogen atom. The adsorbed hydrogen atoms must collect in
pairs before departing as gas molecules; see Fig. 8.

There are marked variations in hydrogen gassing behaviour be-
tween the different classes of carbon (e.g., graphite, carbon black, ac-
tivated carbon). A recent study [26] has, as expected, shown that the
presence of a significant concentration of iron invests graphite with a
high level of hydrogen evolution. The work also reported that both
graphites and carbon black materials have notably higher specific
currents (A g’l) than activated carbon materials.

In another investigation [29], weight loss was monitored for cells
that contained variously carbon black (CB), expanded graphite (EG)
and flake graphite (FG). The weight loss and concomitant loss of ca-
pacity compliment the findings reported in reference [26]. It was found
(Fig. 9) that the cell that contained flake graphite was particularly
prone to weight loss and capacity degradation.

The degree of improvement in HRPSoC cycle-life that results from
the deployment of supplementary carbon depends on the amount
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added. The improvement in performance that can be achieved in this
way reaches a peak at different concentrations for different carbons but
in all cases that have been investigated, the maximum benefit is ob-
tained for additions of between 0.5 and about 2 wt.%. For example, the
data in Fig. 10 shows that the peak for a cell with an added activated
carbon (unspecified) occurs at 1 wt.% [30].

The observed peak in cycle-life performance occurs for the fol-
lowing reason. As soon as any amount of carbon is added to the ne-
gative active-mass there are two results. First, the carbon is able to
accommodate high-rate charge pulses through a capacitive function so
that irreversible sulfation is precluded, and second, hydrogen evolution
is aggravated. For small additions of carbon (up to the point that cor-
responds to the peak in cycle-life), the benefit of avoiding sulfation is
greater than the deleterious effect of increased hydrogen evolution.
After sufficient carbon has been added to overcome the danger of sul-
fation when the duty involves the high-rate charge events, the further
addition of the additive will serve only to increase hydrogen evolution
with no accompanying advantage. If the HER could be avoided, then
the favourable action of carbon could probably be extended so that a
greater fraction of the energy that is available in high-rate charge
events (as in regenerative-braking with HEVs, for example) could be
accommodated.

3.3. Towards the suppression of hydrogen evolution

Any attempt to suppress the HER by reducing surface-area is likely
to be counterproductive because both the capacitive mechanism and
the rate of charge have a positive dependency on surface-area. Some
control over hydrogen evolution might be exercised by limiting the
potential that is applied to the cell via the battery management system.
Nevertheless, research efforts to restrict the hydrogen evolution that
results from the carbon additions continue to focus on the materials
involved (e.g., purity, surface functional groups) and additional solid
phases. X-ray photoelectron spectroscopy (XPS) analysis of the che-
mical composition of carbon samples provided evidence [31] that or-
ganic groups can form bonds with organic species close to the surface.
As a result, the surface energy and surface properties of carbon can be
changed. For instance, bonds to lignosulfonates could explain the de-
pendence between the amount of carbon and the necessary amount of
expander, whereas bonds to lead and water could explain not only the
differences in the affinity of lead to the carbon surface but also the high
affinity of carbon to hydrogen.

In a recent publication [4], it has been reported that the presence of
nitrogen-containing groups at the carbon surface increases double-layer
capacitance but aggravates the HER. It was therefore suggested, but not
tested, that acidic surface groups attached to the carbon surface might
diminish the HER. This approach had been included in the research of
another group [27], who sought to mitigate the hydrogen reaction in
two ways, namely:

Heyrovsky

H, + H + ¢~ == H,

Or H' H,

Fig. 8. Alternative mechanisms proposed for hydrogen evolution [27]. For the enquiring reader, a detailed analysis of these mechanisms is given in reference [28].
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Fig. 9. Weight-loss due to hydrogen evolution from cells that contain different types of carbon. HV is a micro-glass fibre; LD(+) is a low-density expanded graphite [29].
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Fig. 10. The beneficial effect of an activated carbon peak ~ 1-2 wt.%. At greater
concentrations of carbon, water-loss due to hydrogen evolution takes over [30].

® by reducing the rate of proton adsorption on the carbon surface
through making the surface more acidic;

e by affecting the rate of electron transfer from the carbon surface
through making the surface either more or less conductive.

These workers showed a strong correlation of normalized HER
current with increasing carbon pH but, unfortunately, did not explain
the process by which this improvement was achieved.

Surface groups may also play an important part in the changes in
negative plate behaviour that result from the addition of graphene
oxide (GO) to the active-material. Studies have demonstrated [32] that
the rate of hydrogen evolution is increased with 1 wt.% GO, but there is
a decrease in the rate when using polypyrrole. Such additives are also
said to augment the redox processes between lead and lead sulfate. The
authors report a marked increase in the life of a flooded cell when
operating under HRPSoC conditions. It should be noted, however, that
the test regime was limited to a cycle at 1C or 2C (for 30s) and it is
perhaps significant that the cycle-life at the higher rate was markedly
less than that at the lower.

There has also been a suggestion [33] that an increase in the amount
of lignosulfonate component of the expander that is conventionally
incorporated in the negative active-material can reduce the rate of
water loss.

Clearly, on the one hand, the materials should be free of elements
that reduce the hydrogen overpotential. On the other hand, it has been
found [34] that certain other elements actually serve to suppress the
evolution of hydrogen at the negative plate. In a practical example, it
has been proposed in a patent document [35] that the carbons used in
the UltraBattery™ should be accompanied by lead or zinc.

A detailed exploration of the influence of residual elements on the
oxygen- and hydrogen-gassing rates of lead-acid batteries [34] pro-
vided a more extended list of metals that presented some promise for
limiting hydrogen evolution. For hydrogen gassing, masking effects
(‘beneficial synergistic effects’) were found to arise mainly from the
combined action of bismuth, cadmium, germanium, silver and zinc. A
combination of bismuth, silver and zinc gave the greatest suppression of
gassing.

In more recent years, attempts to find metal additives that can re-
solve the hydrogen evolution (and hence water-loss) problem that
arises when extra carbon is added to the negative plate have been
pursued with some vigour. For example, when activated carbon (AC) is
doped with nano-sized lead particles and added at around 1 wt.% to the
negative active-material [36], the HER current is reduced by some 80%
in comparison with the level that occurs with activated carbon alone;
see Fig. 11. At a potential of -1.36 V, the hydrogen evolution current of
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Fig. 11. Linear sweep voltammetry curves for various electrodes (sweep rate:
1.0mV s}, electrolyte solution: 5M H,SOy, temperature: 25 °C) [36].



P.T. Moseley et al.

5
0=
43.38F/g
- el
& -5 pois
> ‘&&pﬂ 30.31F/g
= L &
5} &
2 ;
H F
310 e
o K
L hydggen evolution
.15 | /)45"
& ——AC clectrode
I —— nano-Pb/AC composite clectrode
-20 N 1 R 1 N 1 . 1 N 1 N
-1.4 -1.3 -1.2 -1.1 -1.0 -0.9 -0.8
Potential/v

Fig. 12. Current-voltage curves of AC and nano-Pb-AC electrodes (sweep rate:
10mv s}, electrolyte solution: 5M H,SO,, temperature: 25 °C) [36].

the nano-Pb-AC electrode is —8.07 mA cm ~ 2, which is only 16% of that
for the AC electrode (—50.59 mA cm ™~ 2), but close (118%) to that for
the pure lead electrode (6.83 mA cm ™ 2).

The authors suggest that the presence of the nano-lead assists the
mixing of the activated carbon with the lead paste. In the same work, an
increase in capacitance of more than 40% was observed, see Fig. 12.
Test cells using negative active-material doped with such nano-Pb-AC
composites displayed improvements in rapid charge characteristics,
high-rate discharge and cycle-life.

Spanish investigators [37] have proposed that it is important for the
carbon and lead components of the negative active-material to be in
close contact. For example, carbons with a relatively high particle-size
that could be introduced into the lead skeleton were able to contribute
capacitance to improve DCE and extend life by delaying sulfation. A

Box 3
Pseudocapacitance.
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carbon black, however, remained on the lead surface and cells with this
material succumbed to sulfation.

Beneficial effects can also be achieved when Pb(II) ions are in-
timately combined with activated carbon [21]. The ions, supplied as an
aqueous solution of lead nitrate, disperse well in the carbon and the
resultant materials exhibit remarkably higher specific capacitance (up
to 250 F g~ ') and a higher hydrogen overpotential compared with the
original carbons. When admixed at a concentration of 1wt.%, these
additives invest the negative active-material with an overall specific
capacitance of up to 2.5F g~ !, which is a huge step up from that of a
counterpart with no supplementary carbon, viz., 0.06 F g~* [38]. The
result is again a marked extension in high-rate HRPSoC operation.

There have been several other accounts of the careful admixture of
carbon and lead to create beneficial additives for the negative active-
material and not all have involved the use of activated carbon. Lead
monoxide (PbO) combined with carbon black (CB) has been reported
[39] to result in a lower HER than was found with CB alone and, once
more, an improvement in HRPSoC cycle-life was obtained. The PbO-CB
composites were prepared by pyrolysis and pickling of a CB that had
been treated with lead nitrate solution and ammonia. Such treatment
endowed the composites with a higher content of alkaline surface
functional groups and less carboxyl surface functional groups compared
with CB. A 1wt.% sample of the resultant material was incorporated
into the negative active-mass of lead-acid cells to achieve the extended
cycle-life.

Another approach has been to form a composite material from lead-
doped porous carbon and graphite, which are believed to function sy-
nergistically in inhibiting hydrogen evolution and prolonging HRPSoC
cycle-life [40]. In a further study, the same authors [41] report that
their new nano-lead electrodeposits could contribute superior pseudo-
capacitance (see Box 3 below) in addition to suppressing the hydrogen
evolution induced by carbon.

During operation of a hybrid energy-storage system with a PbO,
positive and a carbon negative, Russian workers [44] found that the

charge-transfer.

and in ‘nanodot’ form shows greater than 1000 F g™*.

Transition metal oxides undergo electron-transfer reactions but yet behave in a capacitive manner [42]. These materials are said to exhibit
‘pseudocapacitance’ which occurs when ions are electrochemically adsorbed on the surface of a material with a concomitant Faradaic

Rather than being associated with potential-dependent accumulation of electrostatic charge, as in a double-layer capacitor, the charge is
stored indirectly through the Faradaic chemical processes. The speed of the reversible redox reactions is such that the electrochemical
features are those of a carbon-based capacitor, but with significantly higher capacitances. The term pseudocapacitance arises because the
capacitance is not always constant. Ruthenium oxide is typical example and stores protons from aqueous electrolytes, as presented
schematically in Fig. 13. In crystalline form RuO, has a capacity of 380 F g}, in the amorphous or hydrated form it approaches 800 F g%,

RUO,(OH),+6H*+ Se- <> RuO, 5(OH),.s

Current Collector

Hydrous grain
boundary

H*in
electrolyte

Fig. 13. Illustration of reversible redox reactions that
give rise to pseudocapacitance [43].
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carbon collected between 200 and 600 mg Pb per square centimeter of
electrode area. It appeared that electroplating of lead occurred fairly
rapidly during the early part of service. The uptake of lead by the
carbon electrode led to an increase in the specific capacitance of the
electrode from 130 to 430F g~ '. Based on the observation that the
shape of the discharge voltage curve of the electrode does not change
appreciably (just its slope), it was assumed that the increase in capa-
citance was due predominantly to an increase in specific-area capaci-
tance (F cm™2) that was associated with the total surface of the de-
posited lead metal, compared with that of the carbon. Whereas typical
(minimum) values for metal surfaces can be as high as 40-60 F cm 2,
those for different types of carbon are generally lower and can be well
below 10F em ™2 [45].

Significantly, it has been suggested ([46-48] and see also Section
4.2 below) that basal plane carbon can be treated as a semiconductor
and that there is a distribution of charge-carrier concentration that
gives rise to a semiconducting space-charge region adjacent to its sur-
faces. The capacitance of graphite, for example, is then comprised of
three components that operate in series, namely: the Helmholtz (Cg)
and diffuse (Cgp) double-layers and a space-charge capacitance (Csc)
within the solid. The space-charge element, which extends into the solid
from the interface with the liquid, can be modified by the presence of
metal particles (such as the lead particles discussed above) at the sur-
face, as shown schematically in Fig. 14. If the metal is one with a work
function that is larger than the electron affinity of the carbon, then the
act of bringing the two materials into mutual contact leads to electron
flow from the carbon into the metal to bring their Fermi levels into
alignment. The remaining positively-charged atoms in the carbon
modify the space charge region and this change is expected to alter the
hydrogen evolution overpotential. Electron affinity varies considerably
from one form of carbon to another [49] so that the beneficial effects on
the overpotential of hydrogen evolution are not expected to be uni-
versal amongst different types of the material.

To summarize, there is ample evidence that the intimate combina-
tion of some forms of carbon with lead metal or lead monoxide can
provide additives that invest the negative active-material with en-
hanced capacitance. This facility results in benefits to the DCE and, at
the same time, is able to raise the overpotential of hydrogen evolution
and thereby alleviate the problem of water loss.

An investigation [50] has demonstrated that the addition of Zn(II)
— either as solid ZnO to a negative active-mass that contains electro-
chemically active carbon (EAC) or as ZnSOy4 to the electrolyte solution
— reduces hydrogen evolution in comparison with a cell containing
EAC alone, without any loss of the benefit in charge-acceptance; see
Fig. 15.

More recently, the addition of 0.05 wt.% ZnO and 0.5 wt.% carbon
black of high surface-area (both by weight of leady oxide) to a con-
ventional negative active-mass has been found to reduce hydrogen
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Fig. 15. (a) Hydrogen evolution rates from cells containing EAC, EAC + ZnO
and EAC + ZnSO,4 compared with control; (b) charge-acceptance for the same
four cells [50].

evolution and improve HRPSoC cycling performance [51]. The ZnO was
synthesized by ultrasound-assisted precipitation from a solution of zinc
nitrate and potassium hydroxide. Despite these studies, however, zinc
has not yet been proved to be as effective as lead (in the appropriate
form) in suppressing the HER.

A third metal has now been shown to enhance the value of carbon
added to the negative plate. It has been reported [52] that the addition
of bismuth sulfide can inhibit hydrogen evolution on lead-carbon ne-
gative plates. Negative electrodes modified with a C-Bi,S; composite
exhibited good low-temperature performance. The hydrogen evolution
reaction onset potential of a C-Bi,S; composite electrode was negative-
shifted (-1.23 V). Activated carbon modified with 4 wt. % Bi,O3 also

Fig. 14. Schematic of the contact between a
metal (on the left) and a carbon that is be-

having as a semiconductor (on the right). (a)
WMatumam level
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Energy band diagram before contact. (b)
Energy band diagram with the metal and
carbon in intimate contact. The region marked
as ‘Depletion region’ carries a positive space
charge due to the balancing of the Fermi levels
that is achieved by migration of electrons from
the carbon into the metal. Ex Fermi level en-
ergy, Ey energy of the valence band, Ec energy
of the conduction band,  electron affinity, ¢,
work function, ¢o Schottky barrier height.
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suppressed hydrogen evolution by negatively-shifting the hydrogen
evolution onset potential to —1.12 V. Evidently, C-Bi,S; is more effec-
tive in inhibiting hydrogen evolution than C-Bi,O3 and its excellent
behavior is probably due to the more uniform distribution and stronger
interaction between C and Bi,Ss.

Notably, both zinc and bismuth appear in the group of elements that
were found by CSIRO to reduce negative-plate gassing during float
charge [34].

Clearly, the exploitation of metal additives to alleviate the problems
of hydrogen evolution deserves further study; see Section 6.

4. Significant properties of carbon

4.1. Structures and electrical conductivity properties of various forms of
carbon

Carbon can exist in various forms with a very wide range of physical
characteristics that depend very strongly on the respective electronic
properties of the atoms. The principal allotropes of the element are:

(i) diamond, in which the carbon atoms are sp3-hybridized so that the
material is very hard and electronically resistive;

(ii) Graphite, in which the atoms are sp2-hybridized and invest the
material with a softer, layered structure that exhibits significant
conductivity along the planes of its hexagonal structure.

Other forms of carbon, e.g., activated carbon and carbon black,
generally consist of combinations of sp3 and sp2 carbon atoms and
exhibit electronic conductivity properties between those of diamond
(an insulator) and graphite (a semi-metal) see Fig. 16. The physical
properties of the two principal allotropes are listed in Table 1.

In the context of the materials present in the negative plate of a
lead-acid cell, it is worth noting that the thermal conductivity of gra-
phite is approximately four times that of lead (35.3W m ™! K™ !) and
therefore the presence of graphite will assist heat distribution within
the negative active-material. The resistivity of graphite (both parallel to
and perpendicular to the basal plane, see Table 1) is greater than that of
lead (2.08 x 10~7 Q m). Consequently, early theories that the benefits
gained by the addition of carbon are due to an improvement in the
conductivity of the negative active-material appear to be groundless —
except when the electrode is discharged to such an extent that almost
all of the sponge lead is replaced by lead sulfate.

The diamond structure tends to exhibit a high degree of crystalline
perfection, although isolated point defects can occur. By contrast, the
layered structure in graphite allows a range of defect opportunities that
give rise to considerable variability in physical properties [53]. The
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Table 1

Physical properties of diamond and graphite.
Property Diamond Graphite
Crystal structure Cubic Hexagonal
Orbital hybridization sp3 sp2
Covalent radius, pm 77 73
Density, g cm ™ 3.515 2.267
Mobhs hardness 10 ~1
Heat capacity, J mol * K™* 6.155 8.517
Thermal conductivity, W m™" K~! ~2200 ~150
Resistivity, Q@ m ~ 102 ~3 x 1073 (c-axis)

~4 x 10 ° (a-axis)

* picometres; 100 pm = 1 angstrom A).

normal —-AB- layer stacking sequence, in which the atoms of alternate
layers in the crystallographic c-axis sequence are situated identically in
the x-y plane, results in a hexagonal structure. The structure can,
however, be re-ordered to construct a rhombohedral sequence ~ABC- in
which the atoms of every third layer in the c-axis sequence are situated
identically in the x-y plane. Such re-ordering can be partial or com-
plete. Further, a fraction of the carbon atoms can be sp3 rather than sp2
hybridized, with the result that the individual (‘graphene’) layers be-
come buckled. Indeed, the concentration of sp3 carbons can be quite
high [54]. Disordered carbon systems even with the same ration of sp2
to sp3 carbons show a variety of different electronic structures owing to
the degree of clustering of sp2 carbons into ‘graphitic domains’. A dis-
ordered distribution of sp2 sites in a sp2—sp3 mixed system disrupts the
conjugated electron system even when the concentration of sp3 carbons
is rather low. Such ‘non-graphitic’ disorder serves to reduce con-
ductivity, but this can be restored by thermally-induced migration of
sp3 defects at temperatures from 200 to 400 °C [54]. The degree of
crystalline perfection is reduced to a minimum in the production of
amorphous or glassy forms of carbon. The ultimate crystallite size for
carbon materials can vary over a large range, from 0.001 to 100 um
[55]. Evidently, the specific surface-area of such material can also vary
widely.

Departures from the perfect structure of graphite, which can arise
from the occurrence of stacking faults and/or the accommodation of sp3
carbon atoms, cause the conductance of the material to exhibit a wide
spread of values [54]. The chemical reactivity of a given carbon ma-
terial is influenced by the specific area and the composition of the
surface. Each sp3 carbon atom has one free bond that is not involved in
holding the graphene layer together. Such bonds can provide attach-
ment to a variety of chemical entities, e.g., carbonyl, carboxyl, lactone,
Quinone, phenol and various sulfur and nitrogen species [55].

Two important factors affect the electrochemical behavior of

Diamond Activated carbon Graphite
Carbon blacks
sp’ 109.5° Carbon fibres s, 120°
‘ sp? =%
3 Glassy carbon
sp sp) . Y ) sp?
sp’ Carbon aerogels Pl
sp®/sp?
sp’-hybridization | combinations sp-hybridization
Insulator ‘Semiconductor’ Semi-metal

Fig. 16. Structures of diamond comprised of sp3 carbon atoms and of graphitecomprised of sp” atoms. Other carbons are composed of sp?/sp3 mixtures.
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graphite, namely, the layered structure and an amphoteric disposition
[56]. The layered structure of graphite — which involves strong bonds
within the sheets of atoms (the graphene sheets) that lie perpendicular
to the c-axis and weak bonds between the sheets — allows a rich in-
tercalation chemistry. A wide variety of species can be inserted between
the graphene sheets and such intrusions increase the interlayer spacing
without disturbing the bonds that hold the sheets together. The earliest
graphite intercalation compounds, which entailed the incorporation of
potassium, were reported over 160 years ago [57]!

The amphoteric characteristic of graphite arises because graphite is
a semi-metal (the valence and conduction bands overlap slightly [58])
in which both electrons and holes are always available to carry current.
As a result, graphite can act as an oxidant towards an electron donor
intercalate and as a reductant towards electron acceptor species such as
acids. Pure graphite intercalation compounds can be synthesized via n
stages between 1 and at least 12 — as determined by both the nature of
the intercalate and the synthesis route. The value of n indicates the
number of graphene layers between consecutive layers of intercalates.
Graphite intercalation compounds can exhibit remarkable properties.
For example, the stage-1 lithium graphite intercalation compound has a
conductivity of 2.4 x 10° S cm ™! within the graphene planes and 1.8
x 10* S cm ™! in the direction perpendicular to the planes [59].

Graphite also forms a number of intercalation compounds with
sulfuric acid [60-62]. These develop when the intercalation process is
assisted either by the presence of an oxidizing agent (such as PbO,) or
by electrochemical action when the material is held at a positive po-
tential. In general, the process involves the insertion of both HSO,~
ions and neutral H,SO, molecules, with the charge on the former ba-
lanced by a positive charge on the oxidized graphite network, e.g.,
C24*-HSO, 2.5H,S0,. The stage-1 sulfuric acid graphite intercalation
compound (alternating graphene and sulfuric acid layers) can be pre-
pared in 96% acid at a cell voltage just below the decomposition po-
tential of the electrolyte solution [56]. At any particular oxidation level,
the graphite bisulfate compound can be decomposed by a cathodic
current. In general, the formation of intercalation compounds of gra-
phite results in an increase in electrical conductivity [53].

It has also been reported [63,64] that hydrogen can be stored in
carbon single-wall nanotubes by an electrochemical process. Carbon
samples subjected to a negative potential in a cell with a potassium
hydroxide electrolyte solution and a nickel counter electrode were
found to take up 1-2 wt.% of hydrogen that could be released when the
potential was reversed. Further, the maximum stored concentration
could be increased by incorporating Group I metals (especially, lithium)
into the carbon structure [64]. It is not yet clear whether this result
signals the feasibility of protonic intercalation into the graphite
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structure, but it has been shown [65] that electrodes constructed from
carbon fabrics of high surface-area (woven bundles of activated carbon
fibre) are able to store reversibly between 1.5 and 2.0 wt.% hydrogen.
These authors suggested that the mechanism of storage was indeed
intercalation (of nascent hydrogen) into graphitic domains, rather than
trapping of hydrogen by carbon-surface functional groups.

In summary, a wide range of amorphous, or poorly crystalline,
substances can be prepared in which both sp2 and sp3 carbon atoms are
present. Such materials exhibit physical properties, such as electrical
conductivity, that are intermediate between those of the diamond and
graphite ‘end-members‘, but also are strongly influenced by other
parameters associated with materials. Their conductivity, for example,
depends not only on the ratio of sp2 to sp3 carbon atoms but also on the
purity, micro-texture, activation, and thermal pretreatment [66]. The
common precursors of carbon capacitor electrodes are coal-tar pitch,
coke produced by heating organic materials, and petroleum coke which
is the carbonization product of heavy residues in petroleum processing;
see Fig. 17. Hard carbons are non-graphitizable and are obtained by
carbonizing thermosetting polymers (phenol-formaldehyde resins fur-
furyl alcohol, and divinylbenzene-styrene co- polymers), cellulose,
charcoal, and fruit shells. Graphitizable carbons are able to form gra-
phite-like structures by heat treatment of petroleum coke, oil, and coal-
tar pitch. An intermediate liquid-like ‘mesophase’ facilitates the three-
dimensional ordering.

The particle-size of the carbon materials can be anywhere between a
few nanometres and tens of microns, whereas surface-areas can vary
from a few m? g~ ! (graphite) to over 2000 m? g~ ! (activated carbons
and carbon blacks). Activated carbon, which is mainly amorphous,
consists of flat aromatic sheets, broken in places by slit-formed pores,
and of cross-linked amorphous carbon that defines cylindrical pores by
its accidental orientation; see Fig. 18. The aromatic character de-
termines the internal resistance of the carbon particles. Ash components
(silicon, calcium, magnesium, iron, sodium, potassium, etc.) appear as
ions, oxides and other salts, which may be eluted by the electrolyte
solution, or may be catalytically active. Heteroatoms (hydrogen,
oxygen, nitrogen, sulfur, chlorine, phosphorus) are present in in-
dividual particles, as intercalated impurities between the aromatic
sheets, or incorporated as functional groups. Such groups dictate the
acid character of the material and its ion-exchange properties.

Carbon blacks are composed of agglomerates of interconnected
clusters within which there are regions that are ordered and have the
graphite structure. In the absence of other factors, electrical con-
ductivity is likely to follow the sequence graphite > carbon blacks

> activated carbons. The surfaces of these materials, however, can
accommodate a range of atoms or groups of atoms [67] that exercise

| Carbonaceous materials for supercapacitors |

Active Carbon Carbon Glassy Carbon foam
carbon black fibers carbon (aerogel)
\ /
\ / \ / \
Activated  \ Furnace Thermal PAN Phenol Pitch Polymer // Polymer
\\ soot black resin based / based
/
Graphitized Nano
carbons materials
OH OH
CH,| .-CHs CHp
Micropores: <2nm n &
CH, \ ¢ «
Mesopores: 2-50nm 7 N\ - : £

Macropores: >50nm

Phenol-formaldehyde resins

CNT: Multiwall
carbon nanotube

CNF: Herringbone
nanofiber

Fig. 17. Carbon materials for supercapacitors [66].
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Fig. 18. Structure of activated carbon materials [66].

considerable influence on properties such as wettability, double-layer
formation, and chemical reactivity. Impurity levels are equally im-
portant. Depending on the production process, industrial carbons can
contain up to 10 000 ppm of ‘foreign’ elements that can include various
amounts of iron, nickel, copper, zinc, silicon, potassium, and sulfur. In
view of the need to restrict the evolution of hydrogen during charging,
it is, of course, particularly important to prevent or minimize the pre-
sence of those impurities that would promote such gassing.

For VRLA cells, a further criterion in the selection of appropriate
carbon additive(s) to the negative active-mass should be their ability
during charging to resist attack by the oxygen from the positive that is
destined for recombination.

4.2. Capacitive properties of carbon

It has been suggested [30] that the lead electrode in the lead-acid
battery may possibly transform into a lead—carbon electrode. For this to
occur in practice, the carbon type used as an additive to the negative
active-mass should have high affinity for lead. If this is the case, another
factor of primary importance is the amount and size of the carbon
particles. When the dimensions of the carbon particles are of the order
of tens of micrometers, lead nuclei may form on the surface and form a
lead-carbon active-material. Activated carbon particles, on the other
hand, have high surface-area and a microporous structure. When their
pores are filled with water, they acquire the properties of a super-
capacitor. Water and H* ions penetrate into the carbon pores. During
charging, these carbon particles store charge in a capacitive process,
which will improve the charge-acceptance of the negative plates.

In a review of the capacitive properties of carbon in supercapacitors
[48], it was pointed out that the anticipation that the capacitance of a
porous carbon material (expressed in F g~ ') will be proportional to its
available surface-area (in m? g_l) usually represents an over-
simplification [68-70]. The major factors that contribute to what is
often a complex (non-linear) relationship are:

(i) uncertainties in the measurement of electrode surface-area;
(ii) variations in the specific-area capacitance of carbons with differing
morphology;
(iii) variations in surface chemistry (e.g., wettability and pseudocapa-
citive contributions);
(iv) variations in the conditions under which carbon capacitance is
measured.

The surface-areas of porous carbons and electrodes are most com-
monly measured by gas adsorption (usually nitrogen at 77 K) and use
BET theory to convert adsorption data into an estimate of apparent
surface-area. Despite its widespread use, the application of this ap-
proach to highly porous (particularly microporous) and heterogeneous
materials has some limitations [71] and is perhaps more appropriately

284

used as a semi-quantitative tool. Possibly the greatest constraint in at-
tempting to correlate capacitance with BET surface-area, is the as-
sumption that the surface-area accessed by nitrogen gas is similar to
that accessed by the electrolyte solution during the measurement of
capacitance.

Whereas gas adsorption can be expected to penetrate the majority of
open pores down to a size that approaches the molecular size of the
adsorbate, electrolyte solution accessibility will be more sensitive to
variations in carbon structure and surface properties [72]. Penetration
of the solution into fine pores, particularly by larger organic electro-
lytes, is expected to be more restricted (due to ion-sieving effects) and
to vary considerably with the choice of electrolyte [73]. Variations in
electrolyte—electrode surface interactions that arise from differing
electrolyte properties (viscosity, dielectric constant, dipole moment)
will also influence wettability and, hence, penetration into pores.

For carbon-based double-layer capacitors, the presence of surface
groups is also known to influence the electrochemical interfacial state
of the carbon surface and its double-layer properties that include:
wettability, point of zero charge, electrical contact resistance, adsorp-
tion of ions (capacitance), and self-discharge characteristics [74,75].
Graphitic carbon surfaces can be regarded as being made up of (at least)
two chemically different kinds of sites, namely, basal and edge carbon
sites [75]. Edge sites are considered to be more reactive than basal sites
as they are often associated with unpaired electrons. This view is sup-
ported by the observation that the reactivity of edge sites towards
oxygen, for high-purity graphite, is an order of magnitude greater than
that of basal sites [76]. Consequently, the chemical properties of car-
bons also vary with the relative fraction of edge sites and basal plane
sites; with the ratio of edge to basal sites generally increasing with the
degree of disorder.

The specific-area capacitance (expressed per unit of BET surface-
area, in puF cm~?) ofa range of carbon materials is listed in Table 2. The
values vary considerably and appear to be highly dependent on carbon
morphology. Most notably, the capacitance of the edge orientation of
graphite is reported to be an order of magnitude higher than that of the

Table 2
Typical values for specific-area capacitance (UF cm™2) of carbonaceous mate-
rials [74].

Carbonaceous material Electrolyte Capacitance Surface area
(UF ecm™?) (m>g™h

Activated carbon 10% NaCl 19 1200
Carbon black 1M H,SO4 8 80 - 230

31 wt% KOH 10
Graphite cloth 0.168 N NaCl 10.7 630
Graphite basal plane 0.9N NaF 3
edge plane 50 -70
Glassy carbon 0.9N NaF 13
Carbon aerogel 4 M KOH 23 650
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basal layer [77,78]. One determinant of specific-area capacitance could
therefore be the relative density of edge and basal plane graphitic
structures in carbon materials. Carbons with a higher percentage of
edge orientations would be expected to exhibit a higher capacitance.

The low capacitance recorded when the basal layer of graphite is
exposed to solution has been examined in detail [46,47]. By treating
basal plane carbon as a semiconductor, there resulted a distribution of
charge-carrier concentration (charge density) that gave rise to a semi-
conducting region of space charge on the carbon side of the interface.
This means that some of the applied potential extends into the carbon
and a space-charge capacitance (Cy.) develops. This capacitance is in
series with other capacitive components of the double-layer, namely,
the Helmholtz (Cy) and diffuse (C4) double-layer contributions. In
effect, the stored charge at a given potential is spread over an additional
dielectric element. The overall capacitance of the electrode (C) is then
represented as:

1 1 1 1

—=—+—+
C GCe Cy (2)

For the semiconducting basal graphite layer, the space-charge ca-
pacitance is significantly less than Cgyr and Cy, and therefore dominates
the overall interface capacitance. In fact, calculations have shown
[46,47] that at the point of zero charge essentially all of the potential is
associated with the space-charge region within the carbon electrode. By
contrast, the edge orientation of graphite has a higher charge-carrier
density since its conductivity is more like that of a metal. The space-
charge capacitance is correspondingly greater so that the overall in-
terface capacitance is now dominated by Cg and Cg.

The measurement of carbon capacitance is also very dependent on
the experimental conditions employed. For example, the capacitance
values measured for a range of porous carbons can vary substantially
with discharge current [79]. The capacitance of microporous carbons is
particularly affected by variations in discharge current due to the
greater possibility of restricted electrolyte diffusion in narrower pores.
Ideally, reported capacitance values of carbon electrodes, particularly
when used for comparative purposes, should be measured and eval-
uated at a fixed current density.

Cdijf

5. A model for the lead—carbon negative electrode

In an electrochemical system, a charge zone is formed at the
boundary between the electrode and the electrolyte solution. This
charged zone provides a double-layer capacitance. As the capacitance is
on the surface of the electrode, it occurs in parallel with the electro-
chemical charge-transfer (Faradaic) reaction, as shown schematically in
Fig. 19. The current through the battery I, is divided into a part that
flows in the charge-transfer reaction and a part that flows into the
double-layer capacitor. As the capacitor has a limited storage cap-
ability, it is mainly charged just at the first moment of a charge pulse.

In the equivalent circuit displayed in Fig. 19, the voltages of the two
elements are equal at all times [80]. Hence:

VBat,0 — IctRcr = Viato — IcRc - [ Ic/C dt 3

Ibat

ICT

Rer

Fig. 19. Equivalent circuit of an active mass with a significant capacitive ele-
ment.
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where subscripts CT refer to the charge-transfer component (Pb-PbSO,)
and subscripts C refer to the carbon component. Subscript 0 refers to
time zero.

Differentiating Eq. (3) gives:
—(dI¢r/dDRer = ~(dIc/dt)R¢ - Ie/C 4

Since Ip,; = Icr + Ic and the battery current, Ip,,, is assumed to be
constant: (dIcp/dt) = —(dIc/dt) and Eq. (4) then becomes:

(dIe/dt) [Rer + Rel = -1e/C (5)
Integrating Eq. (5) gives:
Ic¢/Ico = exp(-t/RC") (6)

where RC’ C(RCT + Rc) Now, att = 0, ICT,ORCT = IC,ORC so that:
Ico = Igar [Rer/(Rer + Ro)l @)

Eq. (6) can be integrated to obtain an expression for the capacitive
charge, Q, transferred to the carbon, namely:

Q =Ico (RC) [1 - exp(-t/RC)] ®

where RC’ is the effective time constant of the capacitive element.

By way of example, 35g of negative active-material containing
2wt.% of a carbon with a specific capacitance of 150F g~ ! and
specific resistance of 0.001 Q g~ ! would yield an electrode with 0.7 g
of carbon, a capacitance of 105 F and a resistance of 0.15 Q. Assuming
the resistance of the plate is 0.015 €, then the time constant of the
electrode would be 1.5s. From Eq. (7), the initial current I¢ o into the
capacitive element is found to be 95.5% of the total current Ip,, and
charging of the capacitor will be complete in around five times the
time constant (v.s.), i.e., 7.5 (see Box 1, above). This rapid response
is the key to the ‘buffering’ effect through which the carbon protects
the electrode against high-rate charge pulses and enables the Far-
adaic component of the behaviour of series-connected cells to remain
balanced.

A schematic diagram for the buffering effect of the capacitance [20]
is shown in Fig. 20. The large BET surface-area of the activated carbon
is considered to form an extensive electric double-layer, which is able to
store protons and electrons very rapidly during high-rate charge—
discharge conditions. Therefore, during HRPSoC cycling, the Faradaic
phase transition of Pb to PbSO, and the non-Faradaic charge ad-
sorption—-desorption processes take place simultaneously in the negative
electrode. Supposing the phase transition between Pb and PbSO, is
represented by an electric component, R, and the charge adsorption and
desorption by an electric component C, then the negative electrode that
contains activated carbon can be treated as thousands of parallel R-C
micro-circuits.

At the onset of a high-rate charge, the activated carbon acts as an
effective buffer of peak power and accepts much of the transient current
that would otherwise give rise to hydrogen evolution; see Fig. 20(a). As
charging proceeds, the capacitor becomes fully-charged and the ex-
ternal circuit then delivers electrons for the reduction of lead sulfate to
lead metal. At this time, the current flowing through the non-Faradaic
part decreases to zero; see Fig. 20(b). When the external charge is
discontinued, see Fig. 20(c), the electrons stored in the capacitance at
the active surface of carbon are discharged to continue the Faradaic
charge reaction.

In summary, the capacitive element absorbs high-rate charging for a
short time and the Faradaic part of the cell accommodates events that
take place over a longer time-scale.

6. Maximizing the benefits of carbon

A critical analysis has been undertaken of the possible avenues
whereby the addition of supplementary carbon to the negative plate of
a lead-acid battery moderates, without exacerbating hydrogen
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(b)

evolution, the development of irreversible sulfation during HRPSoC
cycling. It is concluded that:

(c)

Fig. 20. Buffering mechanism provided by a capacitive element: (a) initial stage of charge; (b) steady stage of charge; (c) the stage after charge [20].

The addition of extra carbon to the negative active-mass of lea-
d-acid automotive batteries extends the operational life in HRPSoC

duty and, in the case of batteries of higher voltage used in hybrid

(i) a key attribute of carbon is to increase the overall specific capaci-
tance of the negative active-material;

(ii) given the present state-of-the-art, the beneficial action peaks at
additions between 0.5 and 2.0 wt.%.

electric vehicles, serves to keep the individual, series-connected, cells
well-balanced.

A secondary, but undesirable, consequence of such additions is a
reduction in the hydrogen evolution overpotential that leads to loss of

Faradaic process
1000
Test conditions
* Working electrode: Pb plate
* Counter electrode: PbO, A
. . 1
500 I Scanrate:10mVs
§ 0 : . -
£ 46 15 14 a3 N 09 08 07 06 -05 -4
o
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Potential / V vs. Hg 1 Hg,SO,
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4000 | "
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Fig. 21. Cyclic voltammetric (CV) scans demonstrating the operation of the negative plate in an UltraBattery™ [24].
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water from the electrolyte solution and a limitation to the beneficial
effects that the carbon is intended to provide. Thus, during HRPSoC
duty, extra carbon appears to improve dynamic charge-acceptance but
may not improve dynamic charge-efficiency as a result of the parasitic
reaction evolving hydrogen, with subsequent dry-out causing the early
failure of valve-regulated lead-acid batteries.

Without judicious practice, both the benefits of adding carbon and
the stumbling block of hydrogen evolution are expected to carry over
into lead-acid batteries in stationary energy storage. One or more of the
following mechanisms may serve to provide the improvement that, in
some cases, carbon brings.

6.1. Capacitance

The extra carbon, either admixed with the sponge lead (e.g., Pavlov
[81]) or in the form of a porous sheet as in the UltraBattery™ (e.g.,
Furukawa [24]) introduces the characteristic properties of a capacitor
in parallel with the Faradaic reaction; see Fig. 21.

The positive plate in a lead—acid battery is inherently blessed with
an anomalously high specific capacitance (~7 F g~ '), which enables it
to provide the ‘buffer mechanism’ during HRPSoC charge and discharge
without assistance.

By contrast, the raw active-material on the negative plate (sponge
lead) has a low surface-area and a specific capacitance of only
0.06-0.08 F ¢! and sulfates during HRPSoC duty. When, however,
~2wt.% of a carbon that is characterized by ~200F g~ ! is added, the
mixture has a specific capacitance (4F g~!) that is now comparable
with that of the positive. This elevation of the overall specific capaci-
tance of the negative active-material is sufficient to provide the ac-
ceptance of 4 As g~ V™! which represents 1-2% of the total capacity
of the active-material on the plate. During regenerative-braking, only
about 2% of the capacity of the battery is used (at the very high rate of
charge) and so 1-2 wt.% of carbon provides sufficient capacitance to
absorb the greater part of this super high-rate charge. In other words,
during the HRPSoC duty for the battery in a HEV, a substantial fraction
of the high-rate cycling can be handled by the charging and discharging
of the capacitance. Further, the time constant for the capacitive con-
tribution (of the order of seconds) ensures that, the involvement of the
capacitive element is complete before there is much contribution from
the Faradaic reaction. Consequently, the problem of sulfation can be
avoided.

6.2. Extended electrochemically-active surface-area

Adding carbon can increase the specific surface-area of the active-
material by up to an order of magnitude. Provided that the carbon in-
volved has sufficient electronic conductivity, the increase in surface-

area can result in a significant increase in the rates of the electro-
chemical reactions during charge and discharge.

6.3. Physical effects

In cases where the ultimate failure mode of the negative plate is an
accumulation of ‘hard’ lead sulfate, the addition of some forms of

Table 3
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carbon may obstruct the growth of lead sulfate crystals that occurs via
‘Ostwald Ripening’ and ensure that the recharge of lead sulfate back to
lead is able to continue.

Other possibilities are that carbon admixed with the negative active-
material can assist the diffusion of the electrolyte solution through the
pore structure of the plate, and that separate sheets of porous carbon in
contact with the external surface of the plate can limit the extent of acid
stratification. The influence of the way in which the supplementary
carbon is incorporated is summarised in Table 3 below.

If the hydrogen evolution problem could be ameliorated then the
constructive influence of carbon addition in existing applications
(HRPSoC) would be improved and the way could be opened to other
duty cycles in which larger amounts of carbon could contribute higher
levels of capacitance.

As noted, most of the work devoted to the use of extra carbon in the
negative active-mass has been aimed at improving the DCE and ex-
tending the life of 12-V batteries for micro-HEVs. In stationary appli-
cations of energy storage, however, battery voltages generally need to
be much greater than 12 V. If the buffering mechanism that appears to
be largely responsible for the improved DCE and life extension of au-
tomotive batteries is also accountable for the self-balancing of high-
voltage modules during mild-/medium-hybrid vehicle duty, then there
should be considerable value in also maximizing the extra-carbon effect
for batteries in stationary energy-storage applications.

Optimization of carbon additions should continue and this should
include close attention to the effects of active groups at the particle
surfaces. Furthermore, there deserves to be a thorough investigation of
the potential additional benefits that can be provided by the inclusion
of one or more of the metallic elements that appear to enable the
suppression of hydrogen evolution.

A ‘volcano plot’ of the hydrogen evolution reaction in acid solution
as catalyzed by different metals is shown in Fig. 22 [82]. It is seen that
sp metals are located on the left-hand branch of the volcano. They
adsorb hydrogen rather weakly and hydrogen is evolved via a rate-
determining primary discharge. This branch includes also the metals of
the IB group (copper, silver, and gold).

All transition metals are located on the right-hand branch of the
volcano. For these metals, the adsorption of hydrogen is strong and the
surface concentration is close to saturation, thus making hydrogen
evolution difficult.

Precious metals are found in the intermediate range of M—H bond
strength. For these, the M—H bond strength is close to the H—H bond
strength, i.e., neither too weak nor too strong, according to the quali-
tative principle of Sabatier in catalysis, and the reaction may proceed at
high rate with a mechanism that produces a low Tafel slope. Platinum is
in fact among the best catalysts for electrolytic hydrogen evolution.

The position of nickel, iron, and cobalt is a debated issue. If
AG(M—H), the increase in M—H bond strength, taken from gas-phase
experiments is used, these metals are located on the descending branch.
In the other hand, when AG(M—H) is estimated from in situ electro-
chemical experiments, they appear on the ascending branch. This ap-
parent contradiction can be reconciled if it is considered that AG(M—H)
becomes weaker if hydrogen is absorbed, as occurs during electrolytic
hydrogen evolution.

Configurations of the lead-acid battery in which the several beneficial carbon mechanisms might contribute.

Mechanism Carbon mixed with lead in Carbon mixed with lead in Separate carbon
a VRLA cell a flooded cell sheet connected in parallel

Capacitance Yes Yes Yes
Expanded electrochemical Yes Yes Probably not

reaction surface-area
Blocking of sulfate Yes Yes No

crystal growth
Inhibition of stratification No No Yes




P.T. Moseley et al.

(&)

<«

~N

Exchange current for H, evolution —og i, /A cm™= .
©

50
M — H bond strength / kcal moi*

Fig. 22. Exchange-currents for hydrogen evolution vs. strength of intermediate
metal-hydrogen bond for different metals in acid solution [82].

The five metals bismuth, cadmium, germanium, silver and zinc
(identified by CSIRO [34] and also discussed in Section 3.1) that show
promise in limiting gassing from the negative plate of a lead-acid cell
are grouped together. As reviewed herein, the merits of lead, zinc and
bismuth in suppressing the hydrogen evolution reaction on carbon
additives to the negative plate have already been demonstrated. The
observation that lead and bismuth also augment the specific capaci-
tance of the carbon is a bonus. Evidently, there is considerable scope for
further work in pursuit of increased efficacy of carbon additions.

The overpotential (for hydrogen evolution) acts like a hetero-
geneous catalyst in that it dictates the rate at which the (hydrogen
evolution) reaction proceeds. The presence of particles of certain metals
on the carbon surface controls the overpotential in the same way that
the presence of certain other metals controls the catalysis of gas-phase
reactions on the surface of semiconducting oxides (e.g., SnO,, CeO,).
The difference is that, in the case of carbon-enhanced lead-acid bat-
teries, the search is for metal particles that exercise a negative influence
on the reaction rate, whereas normally in heterogeneous catalysis metal
particles are intended to accelerate reaction rate. Perhaps that is why it
is the base metals, zinc, bismuth, lead, that are found to be useful.

7. Key findings

The duty cycle to which a battery is exposed is an important factor
in controlling the function of supplementary carbon added to the ne-
gative active-mass. When the quantity of carbon is of the order of a few
wt.% of the active-material, the capacitance mechanism can cope with
charging and discharging up to a few percent of the capacity of a lea-
d-acid cell in around 5s. Such a cycling regime is typical of the sche-
dule to which the battery is exposed during most regenerative-braking
events. There is then inadequate time for the Faradaic capacity of the
cell, even operating through the extended surface-area, to make a sig-
nificant contribution. The acceptance of charge by the capacitance at
very high rates avoids the danger of any excess charge current spilling
over into the parasitic reaction of hydrogen evolution and thereby may
leave lead sulfate unreduced.

Duty cycles where the charge and discharge events last much longer
than 5s, however, may still involve charging or discharging the capa-
citance initially but depend on the Faradaic reaction to access a greater
fraction of the overall cell capacity. In such cases, the extended surface-
area provided by the carbon material allows charge to be accepted by
the Faradaic reaction at higher rates than when the carbon is not
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Table 4
Overpotentials (referred to a standard hydrogen elecrode) of metals for the
hydrogen evolution reaction (HER).

Platinized platinum Silver Graphite Lead Zinc

-0.07 V -0.22V -0.62V -071V -0.77 VvV

present. Thus, once again, the threat of hydrogen evolution and reduced
DCE is diminished.

In either brief or more extended duty cycles, the presence of carbon
can help to prevent the development of so-called ‘hard sulfate’ by ob-
structing the process of Ostwald ripening.

Unfortunately, given that the hydrogen evolution overpotential on
carbon is below that on lead (see Table 4 below), the presence of the
extra carbon gives rise to an increase in the loss of hydrogen which, in
turn, causes ‘dry-out’ of the electrolyte solution that ultimately leads to
cell failure.

The hunt for methods of limiting hydrogen evolution currently re-
presents an active area of research. Detailed evaluation of published
work suggests that the following two approaches are the most promising.

7.1. Introducing metal-based additives

The addition of certain metals can alleviate the hydrogen loss
without degrading the benefits that carbon brings. For instance, it has
been found that the incorporation of lead (either as nano-sized lead
particles or as lead monoxide), zinc (either as zinc oxide or zinc sulfate)
or bismuth (either as sulfide or oxide) in the supplementary carbon
serves to restore the hydrogen overpotential and thereby diminishes the
HER, as shown for example in Fig. 11 (v.s.).

The role of the added metals can be explained as follows. The hy-
drogen evolution reaction

2H* + 2~ — H, 9

is the cathodic reaction in the electrochemical splitting of water and is
one of the principal means of producing hydrogen for use as a reagent
or as a fuel. In such technology, a catalyst is used to lower the HER
overpotential and thus achieve high energy efficiency. Platinum is one
of the most effective electrocatalysts for the process (see Table 4 above)
as it requires a very small overpotential, even at very high rates in
acidic solutions.

Pursuit of the efficient charging of a lead-acid cell, however, de-
mands exactly the opposite outcome and must depend on a surface that
offers the highest possible overpotential in order to minimize hydrogen
gassing — in fact a ‘negative catalytic effect’. The manner in which the
addition of certain metals restores the overpotential that is lost when
supplementary carbon is included in the negative active-mass involves
an electronic interaction with the carbon surface. This requirement is
akin to the metal-support interaction that occurs in gas-phase hetero-
geneous catalysis. The electronic properties vary a good deal from
diamond (insulator), through carbon black, carbon fibres and other
allotropes to the very anisotropic graphite (a semi-metal), as illustrated
in Fig. 16 (v.s.).

Forms of carbon that are composed of mixtures of sp?/sp3 hy-
bridized carbon atoms can behave as semiconductors and undergo
Fermi-level equalization with metal particles that are in intimate con-
tact with the carbon surface. Acting in this way, metals with a high HER
overpotential can markedly suppress the rate of hydrogen evolution at
the carbon surface.

7.2. Action of functional groups

Certain functional groups at the carbon surface appear to be capable
of reducing the hydrogen reaction by discouraging the rate of proton
adsorption. Consistent with this hypothesis is the observation of a
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Fig. 23. Active functional groups that can be accommodated at the periphery of
a graphene sheet [83].

strong positive correlation of normalized HER current with the in-
creasing ability of functional groups (examples shown in Fig. 23) to
render the surface of the carbon more alkaline.

Surface groups may also play an important part in the changes in
behaviour of the negative plate that result from the addition of gra-
phene oxide (GO) to the active-mass. As reported recently [84], GO
materials that contain a large number of carbon-oxygen single-bond
groups promote hydrogen evolution and the reduction of lead sulfate,
whereas GO with a high proportion of C=0 double-bond groups ac-
tually extend the operational life of lead-acid cells in HRPSoC opera-
tion.

8. Future avenues of research

Although the addition of small amounts of certain carbons to the
raw negative active-material takes care of sulfation, hydrogen evolution
is aggravated. The benefits of adding up to around 2wt.% (varying
somewhat with the type of carbon) of such carbons to the raw negative
active-material outweigh the deleterious effects of hydrogen evolution.
At carbon levels above 2 wt.%, however, there is no further benefit
because the sulfation has already been suppressed but hydrogen evo-
lution continues to increase pro rata and so battery life decreases.

The rate of the HER (Eq. (1)) depends upon the supply of the re-
actants, electrons and protons, to the reaction site. The supply of these
reactants can be controlled, respectively, by the choice of metal addi-
tions and surface functional groups.

Metals that can modify the electrocatalytic evolution of hydrogen
on carbon do so by affecting the rate of electron transfer from the
carbon surface. To date, only lead, zinc and bismuth have been found to
reduce hydrogen evolution on carbon. The CSIRO study of 17 ‘residual
elements’ identified bismuth, cadmium, germanium and zinc as being
‘beneficial’ in reducing hydrogen gassing during float charge [34].
Trasatti’s ‘volcano curve’ indicates that indium, cadmium, lead, gal-
lium, zinc, tin and bismuth all have similar hydrogen evolution prop-
erties [82]. Undoubtedly, there is room for further investigation here.

Future work should complete the survey of metals that can effec-
tively increase the HRE overpotential and the optimum manner in
which such additives should be deployed. Simultaneously, mitigation of
hydrogen evolution by incorporation of functional surface groups on
different types of carbon should be evaluated systematically. Obviously,
in undertaking modifications of the negative active-mass, it is im-
perative to safeguard against any adverse influence on the performance
of the corresponding positive plate.
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