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bstract

High electrochemical capacity of alkaline boride anodes is presented. The alkaline anodes based on transition metal borides (demonstrated with
aB, TaB2, TiB2 and VB2) can deliver exceptionally high discharge capacity. Over 2000 and 3800 mAh g−1 discharge capacities are obtained for

he commercially available TiB2 and VB2 respectively, much higher than the theoretical capacity of commonly used zinc metal (820 mAh g−1)
lkaline anode. Coupling with the super-iron cathodes, the novel Fe6+/B2− battery chemistry generates a matched electrochemical potential to the
onventional MnO –Zn battery, but sustains a much higher electrochemical capacity. High capacity TiB and VB anodes are further studied by
2 2 2

oupling with a variety of cathodes (such as MnO2, NiOOH, KIO4 and composite K2FeO4/AgO). Both TiB2 and VB2 show good compatibilities
ith each of these cathodes. With the additive AgO to the super-iron (K2FeO4) cathode, a K2FeO4/AgO composite cathode TiB2 anode alkaline
attery exhibits high-rate discharge performance.

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

Alkaline Zn–MnO2 redox charge storage has been estab-
ished for over a century. Among the different types of aqueous
rimary batteries available in the market, the Zn–MnO2 system
as been possessing a dominant share because of its appropriate
erformance and low cost. However, this battery chemistry is
ncreasingly limited in meeting the growing energy and power
emands of contemporary consumer devices. Therefore, the
earch for new energy storage chemistry systems with higher
apacity and energy density is a continuous need. A number
f new materials, such as metal hydride and intercalation com-
ounds have been successfully applied to the high performance
i–MH and Li-ion batteries [1,2]. We introduced a new bat-
ery type, super-iron battery based on the high Fe(VI) cathodic
harge storage in 1999 [3]. Followed the primary alkaline super-
ron batteries, recently, rechargable thin layer super-iron cathode
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athode

4,5] and high performance composite Fe(VI)/AgO cathode [6]
ave also been successfully developed. In 2004, it was reported
hat metal borides could be used as anodic alkaline charge
torage materials [7,8]. Representative transition metal borides
nclude TiB2 and VB2 which can store several folds more charge
han a zinc anode through multi-electron charge transfer. Corre-
ponding anodic reactions are: [7]

iB2 + 12OH− → Ti(amorphous) + 2BO3
3− + 6H2O + 6e−

(1)

B2 + 20OH− → VO4
3− + 2BO3

3− + 10H2O + 11e− (2)

However, one obstacle was evident towards implementation
f this alkaline boride (MB2, M = Ti or V) anodic chemistry. The
lectrochemical potential of the boride anodes was more posi-
ive than that of zinc. Therefore, the voltage of a boride MnO2

ell was low compared to the voltage of the pervasive Zn–MnO2
attery. In our recent communication [9], we introduced a novel
e6+/B2− battery chemistry in which the super-iron (Fe6+) cath-
de provides the requisite additional electrochemical potential
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or the boride (B2−) anode. Therefore, the Fe(VI)–MB2 cou-
le generates a similar potentials to the Zn–MnO2 battery. In
ddition, the obstacles of the boride anode decomposition are
vercome by applying a zirconia hydroxide-shuttle overlayer on
he anode particle surface [9]. This paper is a continuous study
f the Fe6+/B2− redox chemistry. More boride anodes and more
lkaline cathodes, especially Fe(VI)/AgO composite cathode are
tudied in super-iron boride batteries.

. Experimental

Cathode materials used in this study include MnO2 (EMD,
raChem K60), NiOOH (taken from the commercial Ni–MH
utton cell (Powerstream®)), KIO4 (from ACROS®) and the lab
ynthesized K2FeO4, AgO. Preparation and analysis of K2FeO4
as been detailed elsewhere [10,11]. K2FeO4 of 97–98.5% is
repared according to:

Fe(NO3)3·9H2O + 3/2KClO + 5KOH

→ K2FeO4 + 3/2KCl + 3KNO3 + 23/2H2O (3)

AgO is prepared by standard methods [12] (the reaction at
5 ◦C of an alkaline AgNO3 solution with K2S2O8) in accord
ith:

4AgNO3 + 2K2S2O8 + 8NaOH

→ 4AgO + K2SO4 + 3Na2SO4 + 2NaNO3

+ 2KNO3 + 4H2O (4)

Anode materials TiB2 (10 �m powder), VB2 (325 mesh pow-
er) TaB (325 mesh), TaB2 (325 mesh), MgB2 (325 mesh), CrB2
325 mesh), CoB2 (325 mesh), Ni2B (powder, 30 mesh) and
aB6 (powder, 10 �m) are from Aldrich®.

Batteries studied in this paper are prepared as 1 cm button cell
onfiguration. The cells are prepared with a saturated KOH elec-
rolyte. Preparation of the cathodes and anodes will be detailed
n Section 3. Conductive medium used in cathode and anode
reparation is 1 � graphite (Leico Industries Inc.). The cells are
ischarged at a constant load (will be indicated in Section 3).
rimary discharge is measured as the cell potential variation
ver time, and is recorded with LabView Acquisition on a PC,
nd cumulative discharge, as milliampere hours, determined by
ubsequent integration.

. Results and discussion

From the thermodynamic view [13], a lot of transition met-
ls, such as Ti, V, Mn, and Fe, and non-metal elements such
s B, C, and Si have larger theoretical electrochemical capac-
ty or more negative electrode potentials and should be capable
f performing as competitive high energy anode materials for
atteries. However, chemical instability or surface passivation
f these elements limits their use of delivering electrochemi-

al capacities as anode materials in batteries. Many transition
etal borides have thermodynamic parameters and electronic

onductivities similar to those of the corresponding transition
etals. Therefore, from the electrochemical energy conversion

c
i
i
A

ig. 1. (a): Open circuit potentials (OCP) of various boride anodes alkaline
uper-iron (K2FeO4) cathode batteries. Electrolyte used is saturated KOH. (b):
ischarge profiles of TaB, TaB2, TiB2 and VB2–K2FeO4 alkaline cells.

iewpoint, transition metal borides may constitute a large class
f promising electrochemically active materials for batteries
14,15]. In the study herein, various transition metal borides
aB, TaB2, MgB2, CrB2, CoB2, Ni2B, LaB6, TiB2 and VB2 are
onsidered as the anodes for alkaline battery. Similarly as TiB2
nd VB2 [7], electrochemical potentials of the borides are more
ositive than zinc metal, thus the cell voltage of MnO2-boride
atteries are lower than the conventional MnO2–Zn battery.
he alkaline thermodynamic potential of the 3e− reduction of
uper-iron cathodes Fe(VI → III) via Eq. (5), is approximately
50 mV higher than the one electron reduction of MnO2 via
q. (6), with potentials reported versus SHE (the standard H2
lectrode):

FeO4
2− + 5/2H2O + 3e−

→ 1/2Fe2O3 + 5OH−; E = 0.60 V (5)

MnO2 + 1/2H2O + e−

→ 1/2Mn2O3 + OH−; E = 0.35 V (6)

Coupling with super-iron cathode (K2FeO4), open circuit
otentials of these super-iron boride batteries are presented in
ig. 1a.

In addition to the previously studied TiB2 and VB2 [7,9], in
ig. 1a, only tantalum boride salts exhibit a degree of anodic

harge storage, each of the other borides did not exhibit signif-
cant primary discharge behavior due to their high solubilities
n alkaline solution or their reaction with alkaline electrolyte.
s previously reported [7,9], the alkaline oxidation of the TiB2
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Fig. 2. Comparative discharges of titanium (top) or vanadium (bottom) boride anode alkaline batteries with a variety of cathodes, under (left) anode-limited or (right)
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athode-limited conditions. The cells are discharged at a constant 3 k� load. T
r 90% MnO2 and 10% 1 �m graphite; or 90% NiOOH and 10% 1 �m graphi
tudied by packing each cell, respectively, with excess intrinsic cathode or anod

node produced amorphous titanium, and similarly we expect
he reduction of TaB2 can yield tantalum:

aB2 + 12OH− → Ta + 2BO3
3− + 6H2O + 6e− (7)

aB + 6OH− → Ta + BO3
3− + 3H2O + 3e− (8)

According to the oxidation reaction of the half cell and the
ormula weight of TaB2 (FW 202.57 g mol−1) or TaB (FW
91.76 g mol−1), intrinsic capacity of TaB2 and TaB would
ccordingly be: 794 and 419 mAh g−1.

Discharge profiles of TaB and TaB2 anode, K2FeO4 cath-
de button cells are shown in Fig. 1b. Button cells are prepared
ith excess cathode capacity and discharged at a low current to
robe the anode’s limits and characteristics. As seen in the figure,
he TaB2 exhibits an anodic storage capacity comparable to the
idely used conventional alkaline zinc anode (820 mAh g−1).
ompared to the theoretical capacity (794 mAh g−1 for TaB2
nd 419 mAh g−1 for TaB), 88% for TaB2 and 93% for TaB
f the coulombic efficiency are obtained for these two anodes.
he discharge of TiB2, rather than TaB2, to the amorphous
etal product is comparable to a significantly higher gravimet-

ic charge storage capacity due to the lighter weight of this metal
47.87 g titanium mol−1 compared to 180.95 g tantalum mol−1),
n accord with Eq. (1). As seen in Fig. 1b, a significant advantage
f the titanium boride anode is the higher capacity compared to

he conventional alkaline zinc anode (820 mAh g−1). The TiB2
node discharge is in excess of 1300 mAh g−1 at moderate dis-
harge rates (3 k� load) and is in excess of 2000 mAh g−1 at
ow discharge rates (100 k� load). In accord with Eq. (1), and

K
o
T
s

thode is either 76.5% K2FeO4, 8.5% AgO, 5% KOH and 10% 1 �m graphite;
75% KIO4 and 25% 1 �m graphite. Anode- or cathode-limited conditions are
acity. Electrolyte used is saturated KOH.

formula weight, W = 69.5 g mol−1, TiB2, has a net intrinsic 6
lectron anodic capacity of 6F/W = 2314 mAh g−1 (F = the fara-
ay constant). While the TiB2 exhibits greater intrinsic capacity
han the TaB2, a vanadium, compared to a titanium, diboride
alt can yield even higher alkaline anodic capacity. Unlike TiB2,
he alkaline VB2 anode undergoes an oxidation of both the
oron and the tetravalent transition metal ion, with a net 11
lectron process. In accord with Eq. (2), VB2, will have an intrin-
ic anodic capacity of 11F/(W = 72.6 g mol−1) = 4060 mAh g−1,
ivaling the high anodic capacity of lithium (3860 mAh g−1). As
vident in Fig. 1b, this substantial capacity of VB2 is experimen-
ally realized (3800 mAh g−1) in the discharge of the alkaline
uper-iron VB2 cell. The VB2 sustains more efficient higher rate
ischarge (and lower polarization loss) than the TiB2 alkaline
node cell. As seen comparing the 3 k� discharges in Fig. 1b, the
iB2 discharge sustains 56% of the intrinsic capacity, whereas

he VB2 sustains 91% of the intrinsic capacity (which increases
o 94% during a 10 k� discharge).

Fig. 2 probes the boride anode cells, not only under anode-
imited, but also with a variety of cathode-limited conditions.

2FeO4 has an intrinsic three electron cathodic storage capac-
ty of 3F/(W = 198 g mol−1) = 406 mAh g−1, compared to the
apacity of MnO2 (308 mAh g−1). Recently, it has been shown
hat hydroxide and Ag(II) additions mediate Fe(VI) charge trans-
er [6]. Consistent with this observation, in lieu of the pure
2FeO4 salt utilized in Fig. 1 (75% K2FeO4/25% graphite cath-
de), the K2FeO4 cathode in Fig. 2 includes AgO and KOH.
his permits the Fe(VI) cathode to sustain higher current den-
ities, and greater depth of discharge, with significantly less
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plete super-iron TiB2 (6F per TiB2 + 2K2FeO4) and super-iron
VB2 (11F per VB2 + 11/3K2FeO4) are higher respectively at
345 and 369 mAh g−1. The discharge of the complete super-
iron boride redox chemistry is investigated in Fig. 4 using cells
ig. 3. (a): High current discharge profiles of composite K2FeO4/AgO–TiB2

ntrinsic anode capacity, in a 1 cm coin cell, discharged under 0.1 k� constant lo
rofiles at a range of discharge loads, of fixed composition composite K2FeO4/

raphite added as a conductive matrix, and the cathode con-
ains in addition to a K2FeO4 salt, 8.5% AgO, 5% KOH and
nly 10% graphite. Other alkaline cathodes compared in Fig. 2
nclude the conventional MnO2 and NiOOH alkaline electrodes,
nd a recently introduced periodate (KIO4) cathode [16]. The
ighest cathodic capacity is that of the Fe(VI) cathode, as shown
n the right side (top and bottom) of Fig. 2, and also evident is
he higher discharge potential, compared to cells with alternate
lkaline cathodes in the boride cells.

The small voltage plateau evident in Fig. 2, during the initial
ischarge of the Fe(VI) cathode, is largely due to the Ag(II ⇒ I)
eduction of the added AgO. In addition, the voltage plateaus
re visible for each of the non-Fe(VI)/TiB2 cells, during the
nitial discharge, (Fig. 2 top, left and right), but not evident in
he VB2 cells (bottom, left and right), are consistent with com-
lexities attributed to the simultaneous Ti(VI) reduction [7]. In
lkaline MnO2/zinc cells, the MnO2 cathode exhibits a steep
oltage decrease with increasing depth of discharge. This voltage
oss increases significantly with increasing discharge rate, and
ecreases the high-rate storage capacity of alkaline MnO2/zinc
ells. The alkaline NiOOH cathode exhibits less of this voltage
oss, and similarly the 3e− alkaline discharge profile of Fe(VI)
s flat. The alkaline MnO2/boride cell also exhibits the typical

nO2 voltage drop in Fig. 2. As noted in Fig. 1, VB2 anodes
xhibit less polarization loss than TiB2, and as seen on the left
ottom of Fig. 2, in conjunction with a VB2 anode, the NiOOH
nd Fe(VI) cathodes exhibit significantly less voltage drop with
ncreasing depth of discharge, than with a MnO2 cathode.

Specially, Fe6+(Ag2+)/B2− alkaline battery, with
2FeO4/AgO composite cathode and TiB2 anode is fur-

her probed. AgO additive facilitates the Fe(VI) charge transfer.
ncreasing a AgO additive in a composite K2FeO4 cathode
emarkably improves its charge transfer at high discharge rate,
s shown in Fig. 3a.

With a large fraction of AgO additive, the composite cathode

ields over four times capacity than that without AgO additive.
n effective composite cathode is prepared with 29.5 mg 76.5%
2FeO4, 8.5% AgO, 5% KOH and 10% graphite. Excess capac-

ty TiB2 anode is prepared as 75% TiB2, 20% graphite, 4.5%

F
b
t

n cells. The K2FeO4/AgO composite cathode is studied in cells with excess
nditions. Fraction of AgO additive is from 0% to 59.5%. (b): Discharge voltage
TiB2 button cells. Electrolyte used is saturated KOH.

OH and 0.5% bender (T-30, 30% teflon). Discharge profiles
f this novel type of button cells at different constant loads are
hown in Fig. 3b. The intrinsic capacity of the composite cathode
s 408 mAh g−1, based on 3-electron charge transfer of K2FeO4
406 mAh g−1) and 2e− charge transfer of AgO (432 mAh g−1)
90% × 406 + 10% × 432 = 408 mAh g−1). Depth of discharge
f this composite cathode is relatively high at low current den-
ity discharge, and utilization of intrinsic capacity is over 80%
e.g. Discharged at 3000 and 10,000 �). However, only 45% of
apacity is utilized at lower load, 100 �, discharge.

The range from maximum experimental (<160 mA g−1) to
heoretical (2F per Zn + 2MnO2 = 222 mAh g−1) charge stor-
ge capacities of the conventional alkaline Zn–MnO2 cell are
hown as vertical lines in Fig. 4. The theoretical capacities
or the complete super-iron TaB2 (6F per TaB2 + 2K2FeO4)
nd super-iron TaB (3F per TaB + 1K2FeO4) are respectively
t 268 and 206 mAh g−1. Theoretical capacities for the com-
ig. 4. Combined (anode + cathode) capacity comparison of the super-iron
oride alkaline batteries to the conventional (MnO2/Zn) alkaline battery. Elec-
rolyte used is saturated KOH.
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ith balanced anode and cathode capacity (based on the intrin-
ic capacity of the anode and cathode components). As seen in
ig. 4, the super-iron titanium boride cell combined anode and
athode capacity is experimentally in excess of 250 mAh g−1,
nd that of the super-iron VB2 cell is over 310 mAh g−1, which
s two-fold higher than that of the conventional alkaline bat-
ery chemistry (MnO2/Zn). The combined super-iron tantalum
oride cells also yield high practical capacity comparable to
hat of Zn–MnO2 cell. The super-iron boride chemistry exhibits
ignificantly higher charge storage than conventional alkaline
rimary storage chemistry. A further optimization of both the
oride and super-iron particle size should further enhance cell
erformance.

. Conclusions

A novel high capacity battery chemistry based on super-iron
athode and transition metal boride anode is presented. This
e6+/B2− redox chemistry generates a matched electrochemical
otential to the conventional MnO2–Zn battery chemistry, but

ustains a much higher electrochemical capacity. With the addi-
ive AgO to the super-iron (K2FeO4) cathode, a K2FeO4/AgO
omposite cathode TiB2 anode alkaline battery exhibits high-
ate discharge performance. High capacity TiB2 and VB2 anodes

[
[
[
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re also compatible to variety of other alkaline cathodes, such
s commonly used cathodes MnO2, NiOOH and new reported
IO4.
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