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Abstract

The capacitive behaviours of magnetite nanocrystallites, along with conductive carbon black additive, in aqueous electrolytes, including
sodium sulphite, sulphate, chloride, and phosphate, and potassium hydroxide, have been characterised by means of cyclic voltammetry and
chrono-potentiometry. The behaviour can be categorised into three groups. Sodium sulphate and chloride electrolytes give capacitances
(~5 F/g-Fe;0,) close to the space-charge capacitance of the oxide. Potassium hydroxide and sodium phosphate gave rise to a higher
capacitance (~7 F/g) which can in part be attributed to a surface redox reaction which involves hydroxide ions. Sodium sulphite results in the
highest capacitances, which depend heavily on the dispersion of magnetite crystallites on the conductive matrix and range from ~30 to 510 F/
g-Fe;0, with an operation voltage range of 1.2 V. Correlation between rest potential and anion-concentration gives strong indication of
potential-determining process which involve either OH under extremely alkaline conditions (pOH < 3) or SO5%~ in the sulphite electrolyte.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pseudo-capacitance (PC) [1-7] denotes the charge-sto-
rage mechanism which results from faradaic reactions
involving only surface or adsorbed species at the electro-
delelectrolyte interface. The mechanism typically gives
capacitances 10—100 times greater than electric double-layer
capacitance (EDLC) [1,2,8,9] per unit area, and was first
exhibited by a handful of precious metals and their oxides,
such as Pt, IrO, and RuO, [1-7]. Applications of these
materials have, however, been hindered by their high costs.
Research has continuously been carried out to find less
expensive PC electrodes [10-13]. Specific capacitances
greater than 100 F/g in aqueous electrolytes have recently
been reported [14,15] for several solution-derived mixed
iron oxide surface-layers or thin films that consist of mainly
Fe;0,. In the work reported here, the capacitive behaviour of
well-defined magnetite particulate electrodes has been char-
acterised in several aqueous electrolytes which include
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sodium sulphite, sulphate, chloride and phosphate, and
potassium hydroxide.

2. Experimental

Magnetite has a very limited conductivity and preliminary
tests showed that it was necessary to combine the oxide with
conductive additives in order to obtain significant capaci-
tance. Two types of composite electrodes consisting of
magnetite and conductive carbon black (CB; VULCAN®
XC72, Cabot Corp., USA) were prepared for characterisa-
tion in this work. The first type, which will be referred to as
the ‘mixed’ electrode, consists of magnetite particles and CB
powder mixed by mechanical grinding. The magnetite par-
ticles were synthesised by the electrocoagulation process
described by Tsouris et al. [16]. This process involves
immersing two plates of carbon steel in a 0.04 M NaCl,q)
solution, and applying a voltage (30 V) to the electrodes at
room temperature. The resulting magnetite particles were
then thoroughly washed with de-ionised water and finally
vacuum-dried. The second type of composite electrode,
referred to as the ‘coprecipitated’ electrode, was synthesised
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by refluxing conductive carbon black powders in an aqueous
solution of FeSO,4, 1 M KOH and 0.08 M KNOj at 95 °C for
30 min [17]. In this case, as confirmed by electron micro-
scopic analyses and magnetic experiments, magnetite crys-
tallites were deposited in situ on CB to form magnetite/
carbon composite powders. The magnetite content in the
powder was determined by inductively coupled plasma
(ICP) analysis.

To prepare the electrodes, mixtures which comprised
selected compositions of magnetite, CB, the coprecipitated
composite powder and binder (PTFE, 4 wt.%) were ground
in ethanol, and the resulting mixtures were pressed on to Ti
meshes, which served as current-collectors. All electrodes
subjected to characterisation had an active geometric area of
~1 cm?. Electrochemical characterisation was carried by
means of an electrochemical analyser (Eco Chemie
PGSTAT30). Cyclic voltammograms (CVs) were acquired
with a two-electrode configuration which was comprised of
two plane electrodes of the same composition 1 cm apart,
while single-electrode CVs were recorded with a three-
electrode configuration with an AglAgCllsaturated KCl
(EG&G, 197 mV versus SHE at 25 °C) reference electrode.
For microstructural characterisation, nitrogen adsorption
(ASAP2000, Micromeritics) was conducted to determine
the BET surface-area, while X-ray diffraction (XRD) was
performed with a Mac-Science/MXP diffractometer with Cu
Ko radiation.

3. Results and discussion

X-ray diffraction shows that both the electrocoagulation-
and coprecipitation-derived oxide powders contain magne-
tite as the predominant iron-containing species, except for a
small amount (<5 mol%) of hematite in some cases (Fig. 1).
The electrocoagulation-derived magnetite powder has an
average grain size of 14 nm, as calculated from the
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Fig. 1. XRD patterns acquired from powders synthesised, respectively, via
(curve 1) electrocoagulation and (2) coprecipitation processes. The indices
indicate reflections due to Fe;O,.
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Fig. 2. Effect of carbon black (CB) content on BET surface-area of
magnetite—CB composite powder prepared via coprecipitation process:
([0) calculated; (37) measured.

Debye—Scherrer equation, based on the line-broadening of
the magnetite (3 1 1) reflection. The BET surface-area is
34 m*/g which can be translated into a grain size of 29 nm
for non-agglomerated, non-porous crystallites. The fact that
this value is much greater than the XRD-grain size (14 nm)
suggests agglomeration among the oxide crystallites. The
coprecipitation-derived magnetite powders, on the other
hand, have an XRD average grain size that increases slightly
with magnetite content, i.e. from 19 to 29 nm for 3-61 wt.%
Fe;0,4. The BET surface-areas of these powders increase
with increasing CB content, i.e. with decreasing magnetite
content, as shown in Fig. 2. Also plotted are the theoretical
specific surface-areas for different magnetite composition
based on the assumption of an unchanged surface-area of the
CB component and non-porous, non-agglomerated magne-
tite crystallites. It is found that the measured surface-area
matches the calculated value at a 97 wt.% CB (or 3 wt.%
magnetite) loading and that difference increases with
decreasing CB content. This result may be interpreted in
terms of a high degree of dispersion of the magnetite
crystallites at 3 wt.%, but with increasing agglomeration
toward higher loadings.

Cyclic voltammograms of the mixed electrodes in aqu-
eous electrolytes, viz. 1 M solutions of Na,SO;5 (Fig. 3(a))
NaCl, Na,SO,4, KOH and a saturated solution of Na;PO, are
shown in Fig. 3(b). In all cases, the electrodes exhibit
‘mirror-image’ traces characteristic of a capacitor. The
sodium sulphite electrolyte gives the largest capacitance,
which is 5-7 times greater than the other electrolytes, while
the two neutral electrolytes, including sodium sulphate and
chloride, exhibit the smallest capacitances. Based on single-
electrode CVs (Fig. 4), the electrolytes can be categorised
into three groups. The first category includes sodium sul-
phite, which gave the largest capacitance with an operation
range of ~1.2 'V (from —0.8 to 0.4 V versus AglAgCllsatu-
rated KCI, Fig 4(a)), bounded by H*/H, and O,/H,O reac-
tions. In addition, two shallow redox reaction ‘humps’
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Fig. 3. Cyclic voltammograms for mixed electrodes containing
magnetite:carbon black = 9:1 by weight in (a) 1 M Na,SO3 and (b) 1 M
NaCl (curve 1), 1 M Na,SO, (curve 2), 1 M KOH (curve 3), and saturated
NazPO, (curve 4). Dashed lines marked with (CB) indicate contribution of
carbon black in (a) Na,SO; and (b) saturated NazPO,, respectively, as
determined for pure carbon black electrodes (sweep rate: 2 mV/s).

centred at —0.32 and 0.22 V (or —0.12 and 0.42 V versus
SHE), respectively are evident. To our knowledge, these two
reaction potentials do not match with any known redox
reaction involving either iron cation or sulphite anion.

The second category includes sodium chloride and sul-
phate, and produce almost identical CVs (curves 1 and 2,
Fig. 4(b)) with a slight increase in capacitance towards
increasing negative potentials. This is characteristic of
space-charge-limited capacitance for a semiconductor—elec-
trolyte interface [19]. These two electrolytes posses an
operation range of at least 1.6 V. Potassium chloride and
sodium phosphate constituted the third category, and show
strong redox reaction towards negative potentials. The redox
peaks appearing at the far-left (negative potential) side of the
CVs involve reversible redox reactions in conjunction with
the H'/H, irreversible reaction.

The specific capacitance of the magnetite component in
these electrolytes was determined from chrono-potential
curves (Fig. 5) for charging—discharging under constant-
current with an operation potential range of 1.2 V. Contribu-
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Fig. 4. Cyclic voltammograms for mixed electrodes containing
magnetite:carbon black = 9:1 by weight in (a) 1 M Na,SO3 and (b) 1| M
NaCl (curve 1), 1 M Na,SOy (curve 2), 1 M KOH (curve 3), and saturated
Na;zPO, (curve 4) (reference electrode: AglAgCl saturate KCI; sweep rate:
2 mV/s).

tions from the carbon black component were accessed from
a pure CB cell in the same electrolytes and were subtracted.
The capacitances based on the charging and the discharging
branches of the curves are listed in Table 1. Except for the

Table 1
Effect of electrolyte on specific capacitance of magnetite in mixed
electrode containing magnetite:carbon black = 9:1

Electrolyte Specific capacitance (F/g-Fe;0,)*
Charging Discharging

1 M Na,SO; 38 27

1 M NaCl 49 49

1 M Na,SO, 53 53

1 M KOH 5.8 5.7

Saturated Nas;PO, 7.6 7.6

 Specific capacitances were calculated based on chrono-potential
curves acquired under a constant charging and discharging current of
15 mA/g, with subtraction of the contribution from the carbon black
component.



176 N.-L. Wu et al./Journal of Power Sources 113 (2003) 173-178

1.0

0.5

0.0 -

E(V) vs. Ag/AgCl

= l'o 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000

=]

(a) Time (sec)

Lo

1) (2)

0.5 3) @

0.0 -

E(V) vs. Ag/AgCl

1 i 1

400 800 1200 1600
(b) Time (sec)

-1.0

<

Fig. 5. Chrono-potential curves under constant-current charge—discharge
for individual electrodes magnetite:carbon black = 9:1 in (a) 1 M Na,SO;
and (b) 1 M NaCl (curve 1), 1 M Na,SO4 (curve 2), | M KOH (curve 3),
and saturated NazPO, (curve 4) (charge/discharge current: 15 mA/g;
reference electrode: AglAgCl saturated KCl).

sodium sulphite electrolyte, for which the test was per-
formed with a higher practical current density (8 mA/
sz) than for the other electrolytes (1.5 mA/cmz), the dis-
charging—charging efficiency is close to 100% even with the
simplified cell configuration employed.

Due to the limited conductivity of magnetite, the con-
ductive additive is expected to have a significant impact on
the performance on the performance of the magnetite com-
ponent as well as that of the entire electrode. Indeed, for
example, the pure magnetite (i.e. without CB) electrode
exhibits a specific capacitance of less than 0.1 F/g-Fe;04 in
1 M Na,SOs, while it was increased to about 30 F/g-Fe;0,4
with an addition of 10 wt.% of CB (Table 1; Fig. 6). Never-
theless, a further increase in CB content within the range 10—
75 wt.%, produces no further increase in the specific capa-
citance of magnetite. By contrast, for the coprecipitate
electrodes, the specific capacitance of magnetite content
(Fig. 6), and reaches ~510 F/g-Fe;0,4 at 3 wt.% Fe;0, in
1 M Na,SO; (Figs. 6 and 7).

The significant enhancement in specific capacitance by
the addition of the very first 10 wt.% of CB can be under-
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Fig. 6. Effect of magnetite loading on specific capacitance of magnetite in
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Fig. 7. Cyclic voltammograms for cell comprising coprecipitated
composite powder containing 3 wt.% magnetite loading. Dashed line
marked with (CB) indicates contribution of carbon black (electrolyte: 1 M
Na,SO;, sweep rate: 2 mV/s).

stood by considering the fact that the presence of the CB
component reduces agglomeration among magnetite parti-
cles and, by providing a highly conductive pathway,
increases the accessibility of magnetite crystallites. On
the other hand, the results also indicate that the dispersion
of magnetite particles within the CB matrix caused by
mechanical grinding is limited. Greater dispersion can be
obtained only by in situ deposition taking place during the
coprecipitation process. Even in this case, however, a high
dispersion of magnetite, and hence, a high specific capaci-
tance, is achieved only with very low magnetite loading (e.g.
3 wt.%). As aresult, the overall capacitance of the electrode
remains no greater than 40 F/g-electrode (Fig. 6). It is clear
that, in order to take full advantage of the high capacitance of
magnetite, a new synthesis technique that is capable of
producing high dispersion at high magnetite loading has
yet to be developed.



N.-L. Wu et al./Journal of Power Sources 113 (2003) 173-178 177

0.20

015 —A— A }
I 5.5 mV/p[Cl]

0.10 -
?B 0.05 -
%o 0.00 [
< oosf 19 mV/p[OH ]
é -0.10 — M
&) -0.15

020 [ Moﬁ

-0.25 - T T —T | | —T T

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

planion]

Fig. 8. The effect of anion-concentration on rest potential of mixed
electrode containing magnetite:carbon black = 9:1 (p[anion|= — log[anion]).

Magnetite has an inversed spinel structure and is a
semiconductor with a band-gap of 0.1 eV [17]. Its conduc-
tivity originates from electron (and hole) hopping between
the Fe>" and the Fe>" ions located at the octahedral sites.
Considering the octahedral site density and the known band-
gap of magnetite, its carrier density is estimated to be no
greater than 2 x 10?' cm >, which is the product between
Fe?" density and exp(—0.1 eV/2kT). Following the Mott—
Schottky relation [18] and assuming a dielectric constant of
7.0 for the compact H,O film at the interface [9] and a
voltage of 1.0 V, a maximum space-charge capacitance at
the magnetite side is calculated to be 10 pF/cm? of real
surface. This value is close to the experimentally determined
capacitance of highly conductive Sb-doped SnO, [19], and is
expected to be an upper limit that can be achieved by
magnetite, which has lower carrier concentration and lower
conductivity. The BET specific surface-area of the magnetite
particles used in the mixed electrode, for example, is 34 m?/
g. This gives an estimated specific capacitance of 3.4 F/g-
Fe;0,. This value is close to those in NaCl and Na,SO, but
significantly less than those in the other electrolytes, espe-
cially in Na,SO5 (Table 1).

The capacitance of either the mixed or the coprecipitated
electrodes is found to be insensitive to alkaline cations, such
as K and Na™, but is affected dramatically by anions, as
shown in Table 1. Correlation between the rest potential of
the mixed electrode containing magnetite, CB = 9:1, and the
concentration of different anions has been investigated. It is
found (Fig. 8) that the larger the specific capacitance, the
greater the anion-concentration dependence. For instance,
the capacitance in the chloride electrolyte is the lowest
among the three categories of the electrolytes, and the rest
potential is affected only weakly by C1™ concentration with a
dependence slope of 5.5 mV/p[Cl] (Fig. 8). This is con-
sistent with finding that, as discussed earlier, show the
specific capacitance in sodium chloride to be close to that
predicted by the space-charge capacitance, which involves
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Fig. 9. Effect of alkalinity of electrolyte on rest potential of mixed
electrode containing magnetite:carbon black 9:1 (p[OH™ = — log[OH™]).

no redox reaction and hence a weak dependence on Cl™
concentration.

Potassium hydroxide, which gives the intermediate spe-
cific capacitance among the three groups of the electrolytes
employed (Table 1) displays an intermediate dependence on
anion (OH™) concentration, with a dependence slope of
19 mV/p[OH]. It is noted that the solution alkalinity (or
acidity) has a strong effect on rest potential only under
extremely alkaline conditions (e.g. p[OH™] < 3), such as in
KOH and sodium phosphate electrolytes (Fig. 9), but has
little effect for the rest electrolytes, which have a
p[OH™] > 4.

The strongest correlation is observed for SO327, which, as
described earlier, clearly exhibits pseudo-capacitance. The
dependence slope is 28 mV/p[SO5>~]. The magnitude of the
slope is close to the well-defined Nernstian slope (30 mV)
for a redox reaction that involves an electron-to-anion ratio
of 2. Meanwhile, the positive sign of the slope implies that
the anion and electron are involved on the opposite sides of
the potential-determining reaction. It is also worth mention-
ing that the rest potentials of a pure CB electrode show a
complete different, weak dependence. In view of these
results, two pseudo-capacitance reaction mechanisms are
possible for Na,SOj electrolyte.

FeO + SO3>~ < FeSO, + 2e~ (1)
2Fe"O + S03%~ « (Fe™0)*S03* (FeMO)" +2¢=  (2)

Reaction (1) suggests possible surface redox reactions of
sulphur in the form of sulphate and sulphite anions. Reaction
(2), on the other hand, suggests possible redox reactions
between Fe'' and Fe™™ accompanied by intercalation of
sulphite ions to balance the extra charge within the iron
oxide layers. The presence of the compact hydroxide sur-
face-layer of the nanocrystallites might facilitate the inter-
calation reaction [17]. Both mechanisms indicate the
reactions occur only at the surface region, as the conductiv-
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ity of the oxide would decrease dramatically when Fe®"
forms. The mechanisms are tentative, and although they are
consistent with the rest potential behaviour have yet to be
tested against other spectroscopic studies.

In summary, the capacitive behaviour of magnetite in
aqueous electrolytes including sodium sulphite, sulphate,
chloride and phosphate, and potassium hydroxide has been
characterised, and are categorised into three groups. Sodium
sulphate and chloride electrolytes give capacitances (~5 F/
g-Fe;0,) close to the space-charge capacitance of the oxide.
Potassium hydroxide and sodium phosphate yield a higher
capacitance (~7 F/g) which can be attributed, at least in part,
to a surface redox reaction which involves hydroxide ions.
Sodium sulphite results in the highest capacitance which,
depending on the dispersion of the magnetite crystallites on
the conductive matrix, reaches as high as 510 F/g-Fe;0,4
with an operation voltage range of 1.2 V. Redox reactions
which involve sulphite ions within the surface-layer of
magnetite crystallites have been proposed and are based
on a correlation between rest potential and anion-concen-
tration.
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