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The Faradaic and non-Faradaic characteristics of a series of activated carbon particles (used to produce
composite carbon-polymer electrodes for redox flow cells) have been determined using aqueous elec-
trolytes (sulfuric acid and sodium polysulfide) at 295 K. The particles were mounted as a circular section
(ca. 0.80cm?) shallow packed bed of 2.5 mm thickness in the direction of electrolyte flow (mean lin-
ear flow velocity~6mms-1). Cyclic voltammetry in deaerated, 1 moldm—3 H,SO4 at 295K indicated
a specific capacitance in the range of 50-140Fg~!. Linear sweep voltammetry and galvanostatic step
studies in an alkaline sodium polysulfide electrolyte (1.8 mol dm~3 Na;S;1;) have demonstrated marked
differences amongst various types of activated carbon. Such differences are highlighted during galvano-
static charge-discharge cycling of half-cell electrodes in the polysulfide electrolyte. The electrochemical
characteristics are compared to those based on (N, adsorption) gas porosimetry measurements.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Porous carbons

Porous carbons [1] are often used as electrode materials due
to their high surface area, good electrical conductivity and relative
inertness. Such materials are available in diverse forms, ranging
from discrete particles to monolithic foam and felt structures [2,3].
More recently, carbon nanotubes, especially single walled carbon
nanotubes (SWCTs) have been intensively studied, e.g. [4,5] but
such materials suffer the disadvantages of very high cost, diffi-
culties in preparation, problems in the reproducibility of surface
structure/chemistry and limited purity. These drawbacks might
limit larger scale, technological applications of SWCTs.

Activated carbon particles are widely used as sorbents; in addi-
tion to a high surface area, the materials show a microporous
structure, the ability to adsorb a wide spectrum of species and a
high adsorption capacity together with a high surface reactivity.
Such properties have been exploited in electrosorption experi-
ments, where a bed of activated carbon particles (or felt) under

* Corresponding author. Tel.: +44 2380 598752; fax: +44 2380 598754.
E-mail address: F.C.Walsh@soton.ac.uk (F.C. Walsh).
! Current address: St John’s College, Grove Road South, Southsea, Hampshire PO5
1QW, United Kingdom.

0378-7753/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2008.08.020

potentiostatic control can be used to remove metal ions or dis-
solved organic species [6-8]. Activated carbon particles have been
extensively characterised in terms of the carbon surface, pore size
distribution and activity, e.g. [9,10] and electrodes for filter-press
cells (including redox flow cells) can be manufactured from acti-
vated carbon-polymer particles [11]. The present study seeks to
characterise activated carbon particles for particular electrochemi-
cal applications, such as redox energy storage using redox flow cells
[12]. A laboratory, shallow packed bed reactor is used to screen
the performance of the carbons for the sulfide/polysulfide redox
reaction.

1.2. Faradaic and non-Faradaic processes

The Faradaic and non-Faradaic characteristics of a range of acti-
vated carbon materials can be considered in terms of the active
surface of an electrode. Three important cases can be identified:

1.2.1. Electrolyte/solid interface

One limit is the area estimated via double layer capacitance
measurements. These measurements correspond to the entire solid
surface in contact with the electrolyte solution. The area values
obtained may include contributions from some of the smallest
pores within the carbon structure.
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Nomenclature

A electrode area (cm?)

As specific surface area of the electrode (cm2g=1)

Ch bulk concentration of reactant (mol cm~3)

Ca capacitance per unit electrode area (Fcm~2)

Cs specific capacitance (Fg~1)

D diffusion coefficient of electroactive species
(cm2s—1)

E electrode potential (V)

F Faraday constant (=96,485 Cmol~1) (Cmol~1)

I current (A)

I limiting current (A)

ILs specific limiting current (Ag~1)

Is specific (charging) current (Ag~1)

j current density (Acm~2)

Js specific current density (Acm—2g~1)

Re electrical resistance (£2)

t time (s)

w mass of carbon (g)

z number of electrons in the electrode process

Greek letters

SN Nernst diffusion layer thickness (cm)

n overpotential (V)

v linear potential sweep rate (Vs—1)

1.2.2. Mass transport limited area

The active area for a reaction under mass transport control
occurs for either a reaction with rapid kinetics or when a large
overpotential is applied such that electron transfer is very rapid.
For simple electrode reactions, the surface area can be calculated,
under complete mass transport controlled conditions, via the lim-
iting current due to convective-diffusion, I; which is given by:

DAZFCb
N

where kp, is the mass transport coefficient, A the electrode area, F
the Faraday constant and ¢, is the bulk concentration of reactant.
The value of I obtained critically depends on the surface roughness
of the electrode and the thickness of the mass transport layer. If the
surface roughness is small compared to the thickness of the Nernst
diffusion layer, dy, the area measured will be equal to the geometric
area. If the size of the surface roughness of the electrode is similar
to the thickness of the diffusion layer, however, surface areas larger
than the geometric value will be observed [1]. The thickness of the
diffusion layer depends on the experimental conditions (such as
the relative electrode/electrolyte flow, electrolyte composition and
temperature) but it is normally in the range of 100-1000 pm. In the
case of a three-dimensional electrode having a uniform electrode
area, Eq. (1) can be rewritten as an expression for the specific lim-
iting current, i.e. the limiting current for a unit weight of electrode
material, via:

(1)

Iy = kmAzFcy, =

IL,S = kmAsZFCb (2)

where Ag is the specific electrode area, i.e., the electrode area per
unit weight of electrode material.

1.2.3. Electrochemically active area

The ‘electrochemically active’ area, i.e. the area of the elec-
trode surface that is active in supporting a charge transfer
controlled reaction is very sensitive to the electrode poten-
tial. Part of the internal pore surface becomes active and the

active zone may vary with the reaction type and the process
conditions.

1.3. The aqueous polysulfide/sulfide redox couple

This redox couple has shown promise for energy conversion in
photoelectrochemical cells and in redox flow batteries for energy
storage [12-17]. The redox couple is also important in pulp and
paper processing [ 18-20]. The polysulfide/sulfide redox reaction in
aqueous alkali is a complex process where the sulfur species depend
on pH and composition. The reversible reduction of polysulfide ions
to sulfide ions can be simplified to:

S42~ +4H,0 + 6e~ < 4HS™ +40H™ (3)

Following a thermodynamic consideration of the chemical spe-
ciation involved [13], this reaction has been considered [14] as
a solution phase chemical equilibrium between polysulfide and
supersulfide ions:

S42~ < 2S5~ (4)

followed by a heterogeneous electrochemical process to reduce the
supersulfide ion to the bisulfide ion:

2S,~ +4H,0 + 6e~ <> 4HS™ +40H~ (5)

During potential step experiments in previous studies [14],
a second cathodic reaction was evident at higher overpotentials
(where an electrochemical reaction preceded a chemical one (i.e.,
an EC mechanism). This reaction was less prominent at lower over-
potentials or when the concentration of S, =~ was higher. The study
of reaction (5) at a low overpotential proved difficult due to the
extremely low currents observed at non-porous electrodes [14]. The
CE reaction is believed to occur at a very slow rate, making it nearly
invisible at common, two-dimensional laboratory electrodes.

In the present paper, the polysulfide/sulfide reaction is simply
considered as a reversible, two-electron reduction of the polysul-
fide anion:

S42~ +2e = 25,% (6)

High surface area activated carbons were employed in an
attempt to compensate for the low rate of the CE reaction and to help
identify the critical factors affecting the performance of candidate
electrode materials for redox flow cells and other electrochemical
power sources. A thin-layer packed bed electrode cell was devel-
oped as a rapid tool for the screening of activated carbon particles
used as a raw material for planar, moulded carbon-polymer com-
posite electrodes. Such materials have been used to manufacture
carbon-polymer composite materials for use as bipolar electrodes
in redox flow batteries [11,12,17]. The objective of the present
study was to provide a rapid screening technique to evaluate acti-
vated carbon powders used in the manufacture of carbon-polymer
composite electrodes for redox flow batteries. A number of RFB
technologies are under development for energy storage and load
levelling applications [12].

2. Experimental details
2.1. The porous, packed bed electrode cell

A ‘flow-through’ packed bed reactor (Fig. 1) was used for esti-
mating double layer capacitance values via cyclic voltammetry and
galvanostatic step experiments. A shallow, cylindrical bed of carbon
particles (with a circular cross-sectional area of 80 mm? and thick-
ness of 2.5 mm)was placed in contact with a platinum mesh current
feeder and compressed between two, highly porous, glass sinters. A
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Fig. 1. Schematic of the ‘flow through’ packed bed electrode for electrochemical
evaluation of activated carbon particles.

constant mean linear electrolyte velocity of 6mms~! through the
bed was employed. Double layer capacitance measurements were
made at 295 + 2 Kin 1 mol dm—3 sulfuric acid or potassium chloride
solution (each electrolyte being deoxygenated by a fast stream of
nitrogen gas prior to testing).

The arrangement used for Faradaic studies consisted of a stan-
dard, three-compartment glass electrochemical cell. A single layer
of activated carbon particles was attached to an insulated graphite
rod current feeder (0.79cm?) using a thin layer of conductive
carbon cement. The electrolyte was agitated at a constant rate
using a magnetic stirrer. During potential step experiments, the
potential of the working electrode was recorded vs. a saturated
calomel electrode (SCE) and controlled via a computer controlled
potentiostat (Windsor Scientific, Autolab). Faradaic reactions were
studied in aqueous 1.8 moldm—3 Na;S;1; polysulfide at 295+2K.

Table 1
Physical properties of the activated carbon particles studied

The electrolyte was prepared by addition of sulfur to an alkaline,
1.8 moldm—3 solution of Na,S in 1 moldm—3 KOH solution, fol-
lowed by electrolysis to produce the required level of polysulfide
ion.

2.2. The activated carbon particles

Activated carbon materials having a broad range of physi-
cal properties were supplied by Sutcliffe Speakman Carbons Ltd.
The proprietary materials had been activated using a variety of
oxidative techniques. The pore size distribution of each mate-
rial was determined using the classical techniques of N, sorption
and Hg porosimetry as summarised in Table 1. 203C, 207C and
AR1 carbons were all produced from coconut precursors with an
increasing degree of activation. 208EA material was produced from
a coal-based compound while DCL was a lignite coal derivative.
Unactivated coconut shell, UNCS carbon was also used for the pur-
pose of comparison.

The nitrogen adsorption data show that the total surface area
of the coconut carbons increased at higher degrees of activation.
The results also suggest that the 208EA carbon possessed a sur-
face area similar to that of the 207C whilst the DCL carbon had a
higher surface area which is close to that of the AR1 sample. Mer-
cury porosimetry again showed an increase in porosity with the
degree of activation for coconut shell carbons. The results suggested
that the surface area of the 208EA was similar to that of AR1 and
that the DCL carbon possessed a much greater pore volume than
the other carbons. Whereas nitrogen adsorption is able to charac-
terise the micro-, meso- and macro-porosity of the carbon, mercury
porosimetry can only provide information concerning meso- and
macro-porosity [21].

3. Results and discussion
3.1. Non-Faradaic processes

Cyclic voltammetry was carried out in aqueous sulfuric acid
(1moldm—3, 295K, flow rate 6mms~!) at controlled potential

sweep rates using a packed bed reactor. The capacitance per unit
area can be estimated from the charge envelope under the cyclic

Type of activated carbon particles

UCNS 203C 207C

AR1 208EA DCL

Coconut shell
High activity

Coconut shell
Medium activity

Coconut shell
Unactivated

Precursor
Sample description

Specific surface area 652 380 1010
(N3 gas) (m? g~1)

Total specific pore - 0.19 0.46
volume (N; gas)
(cm?g)

Specific micropore 0.29 0.17 0.43
volume (N; gas)
(em?g™)

Total specific pore 0.21 0.16 0.32
volume (liquid Hg)
(cm?g)

Specific mesopore 0.08 0.07 0.13
volume (liquid Hg)
(cm?g)

Specific macropore 0.12 0.09 0.19
volume (liquid Hg)
(em’g")

Bituminous coal
Broad pores; high activity carbon

Coconut shell
High activity

Lignite coal
Low density; broad pores

1530 1070 1400
0.79 0.49 1.0
0.71 0.46 0.71
0.44 0.43 111
0.27 0.23 0.44
0.17 0.20 0.68

N, gas refers to nitrogen gas adsorption at 77 K (total pore volumes are defined as: micropore 0-2 nm width, 0-20 nm width, narrow micropore 0-06 nm width, broad
micropore 0.6-2 nm width. Liquid Hg refers to mercury porosimetry at 297 4+ 2 K (total pore volumes are defined as: 2-10 nm width, mesopore volume 2-50 nm width,

macropore volume 50-10% nm width [27]).
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Fig. 2. Charging current vs. potential sweep rate for beds of dried carbons in
1 moldm~3 sulfuric acid at 295K. (a) The behaviour of (A) 207C activated carbon
and (B) unactivated coconut shell carbon (UCNS) particles. (b) Two beds of dried,
activated 207C carbon particles (A) bed 2 and (B) bed 1.

voltammogram in potential regions were no Faradaic current was
observed. The current density is then given by:

j=Cav (7)

where Cy is the capacitance per unit area of the activated carbon
and v is the linear potential sweep rate (dE/dt).

When a charging current or a change in potential addresses
a practical porous electrode, the available electrode area is not
charged at a uniform rate due to a non-uniform reaction environ-
ment. As a result, capacitance values will be higher at the lower
sweep rates and the slope of the plot of specific current vs. poten-
tial sweep rate decreases with increasing sweep rate. The specific
capacitance, Cs may be related to the current density, j by:

JA _JsA
CS = m = T (8)
where js is the specific current density. From the plot of the spe-
cific charging current vs. potential sweep rate shown in Fig. 2(a),
specific capacitance values of 53 and 84Fg~! were calculated for
UCNS and 207C activated carbon, respectively, These values corre-
spond to approximately 40% of the maximum theoretical value of
130Fg~1, assuming a capacitance of 20 wF cm~2 and a BET surface
area of 652 m?2 g~ for the unactivated coconut shell carbon.

The effect of drying the 207C activated carbon (at 100°C for
5h) resulted in a 15% decrease in weight. A plot of the specific
charging current vs. the potential sweep rate for the dried 207C
particles is shown in Fig. 2(b). A marked increase in the specific
capacitance from 84 to 144Fg~! was observed compared to the
‘as-received’ material. This increase may result from the combined

0.6
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o o
N o

o
~
f
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o

0.0 0.2 0.4 0.6 0.8
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Fig.3. Cyclicvoltammograms for (A) 1.503 gand (B) 0.750 g of 207C activated carbon
beds in 1 moldm~3 sulfuric acid at 295 K using a potential sweep rate of 2mVs~'.

effect of the reduced weight per volume of activated carbon and
the subsequent ingress of electrolyte within those pores previously
containing absorbed moisture. The value of 144Fg~! is consistent
with literature values of 120-160Fg~! [15] for activated carbon
in 1 moldm—3 sulfuric acid (Chemviron RC carbon with a BET sur-
face area of 1100-1300m2g~'). The double layer capacitance of
planar carbon electrodes in aqueous media is typically 20 wF cm—2
and 207C activated carbon has a BET surface area of 1041 m2 g~!
resulting in a maximum theoretical capacitance of approximately
200F g1, Activated carbons contain micropores of less than 2 nm
diameter, however, that may not be fully wetted by the electrolyte.

Fig. 3 illustrates the reduction in electrical charge (equivalent to
the area under the curve of current vs. potential plots) as a result of
the reducing the mass of carbon particles. The specific capacitance
was again calculated to be approximately 140Fg~!. In potassium
chloride solution, a capacitance value of 90Fg~! was determined
by cyclic voltammetry, compared to 140 Fg~1 in sulfuric acid under
similar conditions. These values agree well with data presented
in the literature from a study of nanoporous carbons (obtained
by selective leaching of titanium and aluminium from Ti,AlC and
boron from B4C), where values for the specific capacitance were
found to be between 52 and 125F g~ [22]. The capacitance of the
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Fig. 4. Potential vs. time curves for a bed of 207C activated carbon in 1 moldm™3
sulfuric acid at 295K with the reference electrode (A) adjacent to the Pt current
feeder and (B) adjacent to the activated carbon bed. The current was switched from
04Ato0Aatt=2s.



G.J.W. Radford et al. / Journal of Power Sources 185 (2008) 1499-1504

0.5

0.4 1 @

0.3 1
027 (B)

0.14

0.01

Current density, j/ A cm™2

-0.1 1

-0.2 0.0 0.2 0.4
Overpotential, nn/V

Fig.5. Potential step experiments (10-20 mV steps at 100 s intervals)in a polysulfide
electrolyte (1.8 moldm=3 Na;S;1; aqueous solution) at 295K. (A) 207C activated
carbon particles and (B) two-dimensional graphite particles.

activated carbon depends on the nature of the adsorbed ion. It is
believed that the sulfate ion exists as [SO42~(H,0);, ] with an asso-
ciated diameter of approximately 5.3 A. A pore size of around two
to three times that of the electrolyte complex has been considered
necessary to achieve a high capacitance [23,24]. The sulfate ion can
be accommodated inside the micropores (which have a diameter
<2.0 nm) within the activated carbon surface.

In galvanic experiments, the ohmic resistance of the cell
was determined using a current interrupt, chronopotentiometric
method (within a time interval of 0.5 ms). A constant current was
applied for a controlled period. The current was then switched off,
followed by discharge of the double layer. Linear extrapolation of
the current vs. time curve to a time equal to zero allowed the IR drop
to be calculated and the uncompensated resistance established
[25].

Fig. 4 illustrates a typical potential vs. time curve obtained for
207C activated carbon. The experiment involved application of
a 0.4 A current through the activated carbon particle bed for 2's
followed by switching to open-circuit. Potentials were measured
via matching reference electrodes (SCEs) placed above and below
(adjacent to Pt current feeder) the activated carbon bed; as shown
by the upper and lower luggin capillaries in Fig. 1. The average
resistance, obtained with the reference electrode located adjacent
to the current feeder, was calculated to be 0.11 + 0.01 2. This was
significantly lower than the resistance value measured with the
reference located at above the bed (1.28 +0.02 Q2). Overpotentials
of £100 mV were subsequently applied to the packed bed and the
current was monitored with time (not shown). The rate was clearly
lower for the reference electrode placed above the bed, resulting
from the higher bed resistance. The R.C time constants for a posi-

Table 2
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Fig. 6. Overpotential vs. time for various activated carbon particles during galvano-
static cycling at a current density of £250 mAcm~2. (A) 207C (R. =0.16 £2), (B) DCL
lignite carbon (R. =0.19 2) and (C) 208EA coal-based carbon (R =0.18 £2).

tive potential step were calculated as 25-31s; values of 280-470s
were obtained when the reference electrode was adjacent to the
current feeder (and above the bed). The large variation for the lat-
ter condition is due to the difference in resistance between the two
beds.

The specific capacitance can also be determined via the charging
current, I [26]:

AE t
1= %o (re) ®

where AE is the potential step, R the electrical resistance, t the
time and C is the capacitance. Values for the R.C time constant
were estimated from the slope of a semilogarithmic plot of I vs. t
(not shown) and average values for specific capacitance were typi-
cally 150 + 12 Fg~1. The high capacitance values, compared to those
obtained via cyclic voltammetry, may be due to Faradaic reactions,
such as oxygen evolution, occurring as a result of the initially high
currents and hence high potential drop within the bed. Similar
values were recorded during negative potential step experiments.

Cyclic voltammetry in 1moldm~3 sulfuric acid showed that
the currents per unit cross-sectional bed area, produced at a non-
porous graphite packed bed were approximately 5000 times higher
than those experienced at a polished, glassy carbon disc electrode,
highlighting the large specific surface area of activated carbons.
As expected, the capacitative currents produced were significantly
lower than those for the porous carbons. Oxidation/reduction peaks
were observed at 0.40 and 0.35V vs. SCE, respectively, at the
graphite particles, due to the presence of oxygen functional sur-
face groups on the graphite surface which arise from the process
conditions used to manufacture the carbon.

Cathodic current densities at an overpotential of —0.2 V and pore volumes for a range of activated carbons particles measured in a polysulfide electrolyte at 295 K

Particulate carbon material Current density? (mAcm~2)

Specific mesoporosity?

Specific macroporosity® Total specific pore

(overpotential =0.2 V) (cm3g1) (em3g1) volumed (cm? g—')
203C 1 0.06 0.08 0.14
207C 8 0.12 0.19 0.31
AR1 21 0.26 0.17 0.43
208EA 18 0.23 0.20 0.43
DCL 31 0.43 0.67 1.10

a Current density is based on the circular cross-sectional area of the particulate bed.

b Mesoporosity is defined (IUPAC) as pores in the size range of 2-50 nm [27].
¢ Macroporosity is defined as pores of size >50 nm [27].

d Total specific pore volume is the sum of specific mesoporosity and specific macroporosity.
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3.2. Faradaic processes

Repetitive potential step experiments (10-20mV at 100s
intervals) were performed at the carbon materials within the
aqueous polysulfide electrolyte using a three-compartment cell.
Fig. 5 clearly demonstrates that the extremely low rate of the
CE chemical-electrochemical reaction at the graphite particle
electrode results in an insignificant cathodic response at low over-
potentials. At the porous 207C activated carbon, increased currents
are observed which are limited by the supersulfide radical in solu-
tion as predicted by Lessner et al. [14]. A second cathodic reaction
was evident at higher overpotentials (where an electrochemical
reaction precedes a chemical one, EC). The anodic reaction rate also
appeared to be enhanced by the high internal porosity.

Further evaluation of various activated carbons (having a
broad range of physical parameters) was carried out to determine
the properties which control electrochemical activity. During
potential step experiments, an increase in current was observed
with increasing pore volume and (especially) mesopore volume.
This was more prominent during the second cathodic excursion
(Table 2) due to the increased concentration of reactant at the acti-
vated carbon surface as a result of the positive (anodic) potential
step. The variation in anodic current density at an overpotential
of 0.2V further demonstrated a significant pore volume depen-
dence. The electrochemical activity clearly increased at higher
meso/macroporosity levels.

Constant current cycling of a packed bed reactor containing
various activated carbon particle beds supported the above data.
Fig. 6 shows overpotential vs. time profiles during the constant
current charging and discharging of three types of activated
carbon particles. The overpotentials recorded for the DCL lignite
coal-based carbon particles were smaler than those at 208EA of
lower meso/macroporous volume. The performance of the carbons
was completely independent of microporosity when using both
techniques.

4. Conclusions

1. Very large specific capacitance values were recorded for the
activated carbons when compared to non-porous and unacti-
vated materials, suggesting that all but the small micropores
were utilised. The specific capacitance varied with background
electrolyte.

2. Faradaic reactions involving the aqueous polysulfide/sulfide
redox couple indicated that an increased rate was observed as a
consequence of the presence of porosity. A smaller fraction of the
real surface area appears active and electrochemical conversion
is likely to occur in the larger meso/macropores.

3. Under the experimental conditions, several activated carbons
showed a relatively high specific mesoporosity and a high elec-

trochemical activity for the reduction of the polysulfide ion. Such
electrode materials have found use as planar, carbon-polymer
composite bipolar electrodes in redox flow batteries.
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