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bstract

A series of AgCuO2 samples are prepared and tested as alkaline cathode materials for primary batteries. AgCuO2 discharges via four equivalent-

harge reduction processes, the rate capabilities of which are determined. At ambient temperature AgCuO2 displays superior rate capabilities for the
wo highest voltage processes. For all samples, the rate capability of the two lower voltage processes is always superior to those at higher voltage.
his is due to the electrode intrinsically doping itself with elemental silver during discharge as part of the second reduction process. The electrode
ompares favourably with commercial electrolytic manganese dioxide but is prone to self-discharge, the kinetics of which are also discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

For portable electronic devices, batteries are the power source
f choice. With such devices becoming lighter, more portable,
nd having more advanced technology incorporated into them,
here is an increasing requirement for higher levels of power.
his places an ever-increasing strain on the battery systems,
hich may not be able to power future devices. Thus, for

dvancements in electronic devices to continue, there must also
e a parallel improvement in the performance of the battery
ystems.

Focusing on the electrode materials, battery performance may
e enhanced either by improving existing systems through gain-
ng a greater fundamental understanding of their characteristics,
r by identifying and developing a ‘next-generation’ of battery
aterial. The latter option is an attractive alternative as it may

ead to a significant leap in battery performance.
To develop new cathode materials for primary batteries, one

pproach in identifying suitable candidates is to prepare metal
xides in which the metal has a higher-than-usual oxidation

tate. From a performance perspective, this desirably increases
oth the intrinsic potential and the capacity of the electrode.
xamples of metal oxides synthesized using this scheme include
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aFeO4 (‘super iron’)—Fe(VI) [1,2], and ACuO2 (A = Li, Na,
)—Cu(III) [3,4]. In this study, focus is placed on the copper(III)
xide, silver cuprate (AgICuIIIO2), which has received attention
s both an alkaline [5] and a non-aqueous [6] cathode material.

The first member of the ternary Ag–Cu–O system was
isclosed by Gómez-Romero et al. [7], namely, the cop-
er(II) oxide, Ag2Cu2O3, which adopts the three-dimensional
aramelaconite (Cu4O3 [8]) structure. The corresponding
u(III) species, AgCuO2 (or possibly Ag2Cu2O4–AgIAgIII

u2
IIO4 [9]) has been prepared via several synthetic routes,

hich include (i) the “chimie douce” wet-chemical oxida-
ion with K2S2O8 [10], (ii) electrochemical oxidation at a Pt
node [9], or (iii) the ozonisation [11] of aqueous suspen-
ions of the Ag2Cu2O3 precursor. Irrespective of the synthetic
oute, AgCuO2 adopts the two-dimensional layered delafossite
CuFeO2) structure [5,12,13] (Fig. 1).

In alkaline electrolyte, AgCuO2 has been observed to dis-
harge via four equivalent-charge reduction processes [5]. Due
o the large separation of each reduction peak, it has been pos-
ible to isolate and identify the intermediates via ex situ X-ray
iffraction (XRD), with the mechanism outlined as follows:
AgCuO2 + H2O + 2e− → Ag2Cu2O3 + 2OH− (1)

g2Cu2O3 + H2O + 2e− → 2Ag + 2CuO + 2OH− (2)

dx.doi.org/10.1016/j.jpowsour.2007.05.032
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Fig. 1. Unit cell of AgCuO2.

CuO + H2O + 2e− → Cu2O + 2OH− (3)

u2O + H2O + 2e− → 2Cu + 2OH− (4)

ence, the overall discharge process may be described as:

gCuO2 + 2H2O + 4e− → Ag + Cu + 4OH− (5)

With novel electrode materials, certain aspects of their
lectrochemical performance may give the electrodes a niche
arket. One such aspect is the rate capability of the electrode.
or instance, low rate capabilities may dictate that a material
e used in an application where a slow, continuous discharge is
esirable (e.g., watches, hearing aids), whereas a system with
high rate capability may find an application where fast and

requent pulses of current are required (e.g., camera flash bat-
eries).

This paper reports an investigation of a series of AgCuO2
amples as prospective alkaline cathode materials. Physical data
XRD, SEM and BET surface area) are related to the synthe-
is temperature and electrochemical performance, particularly
he discharge rate capability. The rate capability is compared
ith that of electrolytic manganese dioxide (EMD), which is

he current market leader in alkaline cathode materials.

. Experimental

.1. Material synthesis

A series of samples were prepared as a function of the
ynthesis temperature via the ‘chimie douce’ wet-chemical
ethod outlined by Curda et al. [10]. A 1:1 stoichiomet-

ic solution of Ag+/Cu2+ was prepared by dissolving 1.670 g
gNO3 (9.83 mmol; UNIVAR) and 2.286 g Cu(NO3)2·2.5H2O

9.83 mmol; UNIVAR) in 400 cm3 of stirring de-ionised water.
n a separate beaker, 7.6 g of NaOH (0.190 mol; Aldrich) was
dded to 100 cm3 de-ionised water. These solutions were then
ixed at the desired reaction temperature to initiate the co-

recipitation reaction:
Ag+ + 2Cu2+ + 6OH− → Ag2Cu2O3 + 3H2O (6)

his suspension was left stirring for 30 min after which 4.25 g of
olid Na2S2O8 (17.9 mmol; Aldrich) was added to oxidize the
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uspension:

g2Cu2O3 + S2O8
2− + 2OH−

→ 2AgCuO2 + 2SO4
2− + H2O (7)

The suspension was allowed to oxidize for 1.5 h, followed
y the addition of another 4.25 g of Na2S2O8 and another 1.5 h
xidation period. The resulting solid was collected by vacuum
ltration, and washed to neutrality with several 100 cm3 volumes
f water. Finally, the solid was dried in air at 70 ◦C overnight.

The commercial EMD sample was supplied by Delta EMD,
ustralia Pty Limited. It was prepared by the electrolysis of a hot

∼95 ◦C), acidic solution of MnSO4 ([H2SO4]/[Mn2+] = 0.3),
hich resulted in the deposition of the EMD on to a tita-
ium anode. Following deposition, the EMD was mechanically
emoved from the anode, milled to form a −105 �m powder,
eutralized and washed to remove any entrained electrolyte, and
hen dried.

.2. Physical characterization

.2.1. X-ray diffraction (XRD)
A Phillips PW1710 diffractometer equipped with a Cu radia-

ion source (K� radiation, λ = 1.5418 Å) was used to obtain the
owder X-ray diffraction pattern of each AgCuO2 sample. Each
iffraction pattern was recorded over the 2θ ranges of 10–90◦,
ith a 0.04◦ step size and a 6 s count time.

.2.2. Scanning electron microscopy (SEM)
Electron micrographs of the samples were obtained using a

hillips XL30 SEM at a variety of magnifications.

.2.3. Gas adsorption/desorption
Surface areas of the samples were determined via a 9-point

ET measurement, obtained with a Micromeritics ASAP 2020
urface Area and Porosity Analyser in the partial pressure range
.05–0.3 at 77 K.

.3. Electrochemical characterization

All electrochemical tests were performed with a Princeton
pplied Research VMP 16-channel potentiostat/galvanostat.
he working electrode blackmix was prepared by mixing

ogether active material (AgCuO2 or EMD), SFG6 graphite and
.0 M KOH in the mass ratio 0.1:1:0.2–0.3 with a mortar and pes-
le. The EMD blackmixes were allowed to equilibrate overnight,
hereas those containing AgCuO2 were tested immediately as

hey are known to be prone to self-discharge [14].
The electrochemical cell used has been described elsewhere

15]. Cell assembly involved placing the amount of blackmix
orresponding to 15 mg of active material in a Teflon-lined C-
ize battery can. The sides of the Teflon sleeve were brushed
own to remove attached particles and three separator papers

ere placed on top of the sample. A stainless-steel piston was

hen carefully inserted into the can and used to compress the
lackmix (under 1 tonne) to form an electrode pellet within the
ell. After compaction, the piston was removed from the cell and
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eplaced by a perforated Perspex separator disc and a cylindrical,
tainless-steel, counter electrode. The chamber was filled with
15 cm3 of 9.0 M KOH electrolyte and a Perspex cap inserted.
he cell was then mounted between the cover and base plate,
n top of a brass current-collector, and held in place with three
ecuring bolts that were each tightened to a torque of 75 cN m to
nsure a uniform pressure. A Hg/HgO reference electrode was
nserted to complete the cell. EMD tests were allowed an equi-
ibration time (30 min) whilst AgCuO2 electrodes were tested
mmediately.

Each sample was discharged galvanostatically at several rates
n the range 10–250 mA g−1 and with linear sweep voltammetry
LSV) at 0.02 mV s−1, from the open-circuit potential (OCP) to
0.9 V versus Hg/HgO.

. Results and discussion

.1. Physical characterization

.1.1. Structural characterization
Powder X-ray diffraction patterns of the AgCuO2 samples

o not vary significantly as a function of synthesis tempera-
ure. The AgCuO2 samples all have a two-dimensional layered
elafossite structure (Fig. 1), as has been previously reported
13]. The Rietveld analysis of the powder XRD pattern is given
n Fig. 2. AgCuO2 crystallises in the C2/m space group, with
he unit cell parameters a0 = 6.065 Å, b0 = 2.807 Å, c0 = 5.859 Å
nd β = 107.95◦, which are comparable with the original work
13].

.1.2. Morphology
Scanning electron micrographs of the room temperature
22 ◦C) and 90 ◦C samples are presented in Fig. 3. The parti-
le size is observed to decrease with increasing temperature.
his is presumably due to nucleation being the favoured process
ompared with crystallite growth at higher temperatures.

Fig. 2. Rietveld analysis of AgCuO2.

t
t
d

F

ig. 3. Scanning electron micrographs of samples prepared at (a) 22 ◦C and (b)
0 ◦C.

.1.3. Material BET surface area

The BET surface areas of the samples produced at different

emperatures are shown in Fig. 4. All samples display rela-
ively low surface areas (i.e., <5 m2 g−1). Despite the grain size
ecreasing with increasing temperature, the material formed at

ig. 4. BET surface areas of AgCuO2 as function of synthesis temperature.
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oom temperature displays the highest surface area. This may be
ue to this sample having a more advanced pore structure than
he other samples, which would have developed during crystal-
ite growth. At lower temperatures, crystal growth is slower and

ore controlled, possibly allowing more advanced pore struc-
ures to develop, whereas at higher temperatures nucleation of
ew particles is favoured, and there is less time for such crystal-
ite growth.

.2. Electrochemical characterization

.2.1. Voltammetry

The linear sweep voltammogram (LSV) of AgCuO2 at

.02 mV s−1 is illustrated in Fig. 5(a). In alkaline electrolyte,
gCuO2 is observed to discharge in four steps of approximately

quivalent charge, as reported by Wang and co-workers [5].

ig. 5. (a) Linear sweep voltammogram of AgCuO2 at 0.02 mV s−1; (b) Dis-
harge profile of AgCuO2 compared with that of EMD.
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The reduction processes ascribable to AgCuO2 occur at
0.35, +0.04, −0.27 and −0.55 V versus Hg/HgO for processes
1)–(4), respectively. The synthesis impurity Ag2O is observed
s a low-capacity peak at +0.18 V, as was also reported by Wang
nd co-workers [5]. In both studies, however, Ag2O is not found
n the XRD pattern. The discharges profiles of AgCuO2, and
MD are given in Fig. 5(b). Clearly, AgCuO2 displays a consid-
rably larger capacity than EMD; i.e., 330 versus 260 mAh g−1,
espectively at −0.4 V. The capacity at this potential is chosen
s it corresponds to roughly 1 V versus Zn/Zn(OH)2, the anode
aterial of choice in alkaline batteries, and also to the potential

t which the discharge performance of EMD deteriorates [16].
gCuO2 is also a higher power electrode, with process (1) and

2) occurring at 0.31 and 0.21 V above that of EMD discharge
t their respective capacities.

.2.2. Rate capabilities
The rate capability of each discharge process was explored via

he exchange current density (i0) for each reduction. That is, the
aximum galvanostatic discharge rate without significant devi-

tion from the open-circuit potential (OCP) of the electrode for
hat process. Several phenomena during discharge may be rate-
etermining, and therefore dictate the magnitude of the exchange
urrent density for each process. Each process may be limited
y:

(i) access of electrolyte to the particle interior
(ii) a structural rearrangement of the material upon reduction
iii) electron transport (conductivity) to the site of reduction.
Phenomenon (i) is a mass-transport limitation, whereas (ii)
nd (iii) are activation limitations. Trends in the exchange current
ensities of processes (1)–(4) for each sample in the series are
llustrated in Fig. 6.

ig. 6. Exchange current densities (i0) of processes (1)–(4) for each sample of
eries.
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of discharge. This is unusual as, typically, higher coulombic
efficiencies are observed with lower discharge rates.

The above finding may be readily explained, however, by
a self-discharge process. This is a competing reaction, and, is
ig. 7. Exchange current density of process (1) as function of BET surface area.

Firstly, consider processes (1) and (2). For samples prepared
t elevated temperatures, the exchange current densities are
omparable (within ± 5 mA g−1) to one another and to that of
MD (45–50 mA g−1). There is, however, a notable increase
f ∼15 mA g−1 in i0 for the sample produced at room tem-
erature. Note that this sample also displayed the largest BET
urface area (Fig. 4). The effect of BET surface area on the rate
apabilities of process (1) is shown in Fig. 7. The exchange
urrent density of process (1) increases with increasing BET
urface area, which makes sense in terms of increasing the
lectrode|electrolyte interface. Nevertheless, the exchange cur-
ent density only increases by 15%, compared with a 270%
ncrease in BET surface area. Therefore, either the increase in i0
s not solely due to an increased interfacial area and that another
rocess becomes rate-determining, or that much of the increased
urface area is in the form of pores that are difficult to access
or the electrolyte, for instance narrow pore openings. The lat-
er may be the case, as electrolyte penetration into pores would
equire time for equilibration, which was not allowed due to
he tendency for process (1) to self-discharge at the OCP of the
ompleted electrode. Overall, the rate capabilities of the four
rocesses lie in the moderate discharge rate range, and typically
ncrease from process (1)–(4). This is important because should
n intermediate process display a significant drop in its rate capa-
ility, it could severely limit the performance of a battery in a
oderate rate application after partial discharge.
Processes (3) and (4) have rate capabilities between 60 and

5 mA g−1, which is ∼15 mA g−1 higher than that of processes
1) and (2), with the exception of the 22 ◦C sample. These are
oughly comparable for each respective process across the series
within ± 4 mA g−1). Now, consider the reaction of process (2),
here Ag2Cu2O3 is reduced to CuO and Ag. That is, as the
lectrode discharges beyond process (2), it is effectively ‘dop-
ng’ itself at the micro-particulate level with elemental silver
an excellent conductor), as well as proceeding with mechani-
al degradation (increasing the electrode|electrolyte interface).

F
r
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hese two phenomena are responsible for the observed increase
n rate capabilities of processes (3) and (4) when compared with
hose of (1) and (2). The similarity of the exchange current den-
ities may also imply some homogeneity at the micro-particulate
evel of the materials between the samples at this depth-of-
ischarge.

The idea of ‘doping’ a material at the micro-particulate level
ith a conductor has also been employed to increase the rate

apability of materials with poor conductivity [17]. As a spe-
ific example, LiFePO4 is seen as the long-term replacement of
iCoO2 as a cathode material in non-aqueous Li-ion cells due

o both its electrochemical performance in terms of excellent
ischarge potential, capacity and cyclablity, as well as socioe-
onomic factors such as it being environmentally benign and
aving a low cost compared with its would-be Li-ion predeces-
or [18]. The only aspect delaying its widespread commercial
mplementation is its low rate capabilities, due to a low spe-
ific conductivity (∼10−9 S cm−1 [19]) owing to the material
eing ionic in nature. The conductivity has been improved by
tilizing synthesis methods where the materials form compos-
tes with carbon (i.e., LiFePO4/C), which is comparable with our
aterial ‘doping’ itself with silver (CuO/Ag composite) dur-

ng discharge. An LiFePO4/C composite prepared containing
2 wt.% internal carbon displayed markedly increased conduc-
ivities to the order of 10−2–10−3 S cm−1 [20].

.2.3. Preliminary self-discharge investigation
The discharge profile for process (1) as a function of the

alvanostatic discharge rate is given in Fig. 8. The inset displays
he efficiency of process (1) as a function of the discharge rate.
eduction at higher discharge rates results in a greater efficiency
ig. 8. Discharge profile of process (1) as function of galvanostatic discharge
ate.
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ig. 9. Modelled examples of normalized capacity (Qr/Q0) as function of time
otal contribution of galvanostatic and self-discharge to overall extent of discha

ikely to be due to catalytic oxygen evolution on graphite at
he potential of the completed electrode [21], although oxida-
ion of surface functional groups (e.g., C OH, C O etc) has
lso been suggested [22]. Discharge at lower galvanostatic rates
llows more time for the competitive self-discharge to take place,
hile discharge at higher rates gives less time for self-discharge.
his is illustrated hypothetically in Fig. 9(a). First, if a first-order
rocess is assumed for the electrode self-discharge via catalytic
xygen evolution on graphite, then the remaining capacity (Qr)
n the electrode is given by:

r = Q0 e−kt + C (8)
here Q0 + C is the initial capacity of the electrode; k is the
rst-order rate constant; t is the time; C is a constant that indi-
ates the capacity remaining after self-discharge. Self-discharge

a
m
s
t

a) purely first-order self-discharge, (b) purely galvanostatic discharge, and (c)

s assumed to follow a first-order rate law strictly for the sake
f simplicity, and fits well with the observed data. A calculated
xample of pure self-discharge is illustrated in Fig. 9(b). For
urely galvanostatic discharge, the capacity decreases linearly
rom the theoretical capacity over time. This is illustrated in
ig. 9(c). The total capacity loss from galvanostatic and self-
ischarge will therefore resemble that of Fig. 9(a).

A first-order capacity decay model, in the form of Eq. (8),
as used to determine the kinetic parameters (k, Q0 and C)

hat relate to the self-discharge process. The parameters were
tted via linear least squares regression. The model was fit-

ed successfully to experimental data, and selected examples

re illustrated in Fig. 10. The important data from the kinetic
odel of self-discharge are listed in Table 1. The rate con-

tant lie in the range 2.1–3.6 × 10−4 s−1, which corresponds
o capacity half-lives (t1/2 = ln 2/k) of process (1) between 0.89
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Table 1
Kinetic data determined from the model

Synthesis temperature
T (◦C)

First-order rate
constant k (×104 s−1)

Capacity half-life
t1/2 (h)

Pre-exponential factor
Q0 (mAh g−1)

Constant C
(mAh g−1)

Initial Capacity Qi

(mAh g−1)

90 3.45 0.56 39.89 10.39 50.28
70 2.97 0.65
50 3.60 0.53
22 2.16 0.89
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[
[

[

ig. 10. Selected first-order self-discharge modeling (curved lines) from exper-
mental data (symbols) for samples prepared at 90 and 50 ◦C.

nd 0.53 h. As the electrode discharges, the concentration of
u(III) in the electrode decreases, and the potential falls. Even-

ually, the potential will drop to a value at which self-discharge
s either non-spontaneous or kinetically inhibited. The constant
f integration (C) corresponds to the remaining capacity of the
lectrode at this potential.

In each case, the observed initial capacity (Qi = Q0 + C) is
ignificantly less than the theoretical one-electron discharge for
gCuO2 of 131.8 mAh g−1. The duration of time from black-
ix preparation (i.e., the point at which self-discharge begins)

hrough cell assembly, to the time of the commencement the
lectrochemical testing (i.e., the observed initial capacity) is
pproximately 25 min. Therefore, the capacity of the electrode
ould have decayed significantly in this time. By way of exam-
le, the capacity of process (1) for the 50 ◦C sample is calculated
o drop from 107.8 mAh g−1 (back-calculated initial capacity)
o the observed 62.2 mAh g−1 during the estimated 25 min for
ssembly. That is, as the cell assembly time is comparable with
he capacity half-life (32.1 min), and the capacity decreases to
7.7% of its original value.

. Conclusions
AgCuO2 is a high-power alkaline cathode material, which
ompares favourably with the current market leader in alka-
ine cathode materials, EMD, in terms of both average potential

[
[
[

[

46.49 16.39 62.88
54.04 8.13 62.16
61.51 5.88 67.39

nd useable capacity. It is also comparable in terms of its rate
apabilities, where both materials are suitable for low–moderate
ate applications. Nevertheless, the electrode suffers from an
conomic perspective, as the silver-containing material has a
ignificantly higher manufacturing cost than EMD. This makes
he alkaline AgCuO2 electrode suitable only for niche applica-
ions, where large capacities are required. AgCuO2 also suffers
n terms of the self-discharge of process (1) in the completed
lectrode, which both decreases its capacity and the high start-
ng potential that the first discharge process offers. Research on
ow to stabilize the electrode and stop or satisfactorily mini-
ize the deleterious self-discharge process is required in order

o increase the shelf-life and make use of its high capacity and
otential. This is essential for the material to be incorporated
nto any commercial battery system.
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