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Metal Borides: Competitive High Capacity Anode Materials
for Aqueous Primary Batteries
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Experimental results indicated that transition metal borides ®Bd TiB, electrodes can deliver exceptionally high discharge
capacity of over 3100 and 1600 mAh/g, respectively, corresponding to an 11 and 6 electron oxidation reaction, although their
parent elements V, Ti, and boron, are almost completely electrochemically inert. The reasons for the observed extraordinary
capacities of diborides are probably due to the electrochemical activation of boron, which alleviates the passivation of the
transition metal by clamping the electrode potential to a less positive range of potential.
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Electrochemical batteries have been serving as convenient POWeNInO, catalyst(20 wt %) loaded on activated carbd@B5 wt %) and
sources for various portable electronic devices. Among the differentpo|ytetraf|uoroethy|ene bindel5 wt %). The gas diffusion layer
types of aqueous primary batteries available on the market, thgyas prepared by mixing acetylene bla@0 wt %)and PTFE emul-
Zn-MnO, system has been possessing a dominant share for over sion (40 wt %) with isopropanol to form a paste and then rolling the
century because of its appropriate performance and low cost. Howpaste to 0.5 mm thick film. Both layers were pressed together with a
ever, despite that the performances of the Zn-Mh@ve been sig-  nickel mesh in between at 80 kg/érand sintered at 270°C in air for
nificantly improved during past decade&it seems increasingly dif-  half an hour to remove organic residues.
ficult for this battery system to satisfy the demands of portable To calculate quantitatively the electric charges generated in the
digital devices popping up one after another nowadays. Thereforeglectro-oxidation of the diboride electrodes, the cyclic voltammo-
the search for new battery systems with higher energy density hagrams(CVs) of the metal boride electrodes were recorded at a very
always been highlighted in recent decadésevertheless, metallic  glow sweep rate (0.05mV$) to avoid the possible distortions
zinc (theoretical discharge capacity 820 mAhlg still employed  from sluggish kinetics of the electrode reactions. The electrochemi-
predominantly as anode material in almost all aqueous primary syscal discharge capacities of the boride electrodes were also evaluated
tems, including the Zn-NiOOH system recently suggested bypy galvanostatic discharge experiments in the laboratory cells using
Toshiba: ) . 4 cn? VB, (TiB,) electrode as anode, 25 érair electrode as inex-

Judging from thermodynamic datd, many transition metals haustible cathode, and 30% KOH solution as electrolyte.

(TM), such as Ti, V, Mn, and Fe, and nonmetal elements such as B, The discharge reaction products of the boride electrodes were
C, and Si should be capable of performing as competitive high-analyzed by colorimetric determination of titanate ions and vanadate
energy anode materials for aqueous batteries. However, apparentlyns’according to procedures described in Ref. 11. The qualitative

due to their chemical instability or surface passivation, electrodesyantification of Tiqz ions as a soluble discharge product of FiB

made from these elements were not capable of delivering their elecg|e irode was based on the appearance of a yellow color after add-
trochemical capacities in aqueous solutions.

Many intermetallic compounds and metal borides, carbides, an ng 3% H, O, into the acidified cell electrolyte, and the quantitative

silicides of the TM have thermodynamic parameters and electronic etermination of the Ti content was made by absorbance analysis at
conductivities similar to those of the corresponding TM. Therefore,420 wm using a spectrophotomet&f21 type, Shanghai Analytical

from the viewpoint of electrochemical energy conversion, these'nStr”_mem_ _Corp., China S_|m|IarIy, V@, " ions in the electrolyte_
compounds may constitute a large class of promising electrochemi?/ere identified by the reddish brown color produced by the reaction
cally active materials for batteries. The use of metal borides as an®f Pentavalent vandium with hydrogen peroxide in acidified electro-
ode material for batteries has been mentioned by Millennium Cell in'¥t€ @nd guantitatively determined by spectrophotometric analysis.
the patent literaturesHowever, to the knowledge of authors of this The qualitative and quantitative determination of boron in electro-
paper, no experimental result has ever been published. Here we rd{t€ Was also made by spectrophotometric measurement based on
port the preliminary results of experimental study of the electro- ("€ Color change of carminic acid from red to bluish tint in sulfuric
chemical behavior of TiBand VB,, to demonstrate the feasibility "’.‘C'd.'” the presence of boron. The quantitative determln_atlon c.’f the
of using these compounds as high capacity anode materials in aquél_tanlum and boron content were also carried out by inductively
ous primary batteries. coupled plr_alsm&ICP) spectrome_try.

The solid phases of both TjBand VB, electrodes before and
Experimental after discharge were examined by X-ray diffractiodtRD) using a

The VB, (TiB,) electrodes are composed of 85% YETIB,) Shimadzu lab XRD diffractometer with CudKsource.
(Aldrich powder, 325 mesh 8% acetylene black, and 7% polytet-
rafluoroethylene. The boride electrodes were prepared first by mix-
ing the electrode constituents to form a paste, then roll-pressing the Figure 1 depicts the CVs obtained with LiBnd VB, powder
paste to 0.15 mm thick films, and finally pressing the film onto a electrodes in 30% KOH solution. A common feature of these CV
nickel net. The electrochemical measurements were performed in aurves is the appearance of well-defined current peaks on the anodic
three-electrode cell using a small piece (9 firof the boride elec-  branches. From the weight of metal boride and the area of these
trodes as working electrodes, a large area air cathode as count@eaks it can be calculated that the electric quantity released from the
electrode, and Hg/HgO as reference electrode. This preparatioanodic oxidation of TiB powder isca. 2200 mAh/g, which is near
method of air electrode is similar to those described in Ref. 9 andthe theoretical 6€ oxidation capacity of 2314 mAh/g; and the dis-
10. The air electrodes consist of a catalyst layer and a gas diffusioharge capacity of VBpowder is about 4100 mAh/g, which is near
layer. The catalyst layer is a membrane 0.1 mm thick containing thethe theoretical 11e oxidation capacity of 4063 mAh/g.

To test the practical feasibility of employing the metal diboride
electrodes as high capacity anodic materials, we constructed simu-

2 E-mail: ece@whu.edu.cn lated diboride air cells and discharged the cells at relatively high

Results and Discussion

Downloaded on 2016-09-17 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Electrochemical and Solid-State Letteis(7) A212-A215(2004) A213
1.4
) 2' a.Zn
] b. TiB,
_—~ 10'
< />\ R C. V82
= , o 0.8 ——
[«}] : [0)] ]
t N : E O 6_
B -45- v S
= Lo = 0.4 a b c
X 6.0 c - VB, o 1
—TiB, 0.2-
=75 ' ' ' 0.0 : : : :
-1.0 -0.8 -0.6 -0.4 -0.2 0 800 1600 2400 3200

E (V vs. Hg/HgO in 30% KOH) discharge capacity(mAH/g)

Figure 1. CVs of TiB, (2.6 mg)and VB, (2.1 mg)electrodes in a 30% KOH

solution. Potential sweep rate was set at 0.05 mV/s. Figure 3. A comparison of the discharged capacities of \dhd TiB, with

Zn powder electrode. All cells were constructed using air cathodes and dis-
charged at 100 mA/g.

current densities. Figure 2 shows the discharge curves of diigl

VB, powder electrodes. It is clear from the figure that the practicall

att;irrl)able discharge capacity of YBowder elgzactrode maypbe over yan_d_al‘ter disc_harge. It is clear from Fig. 4 that after discharge the
3100 mAh/g at 100 mA/g anda. 2900 mAh/g at a very high dis- original XRD lines of VB, fade out almost completely and no XRD
charge rate of 500 mA/g. These values are three to four times highefignals from new crystalline phases are evident, implying that the
than the theoretical discharge capacity of Zn, and, to our knowledgedischarge products of VBare probably completely dissolved in
are the highest discharge capacity values for solid electroactive ma€'€ctrolyte solution. By spectrophotomeric analysis of the electro-
terials ever reported in the literature. These values also indicate thdyte, we found that the discharge products of the,\éectrode exist
the VB, powder electrode can serve not only as “high energy den-mainly in the forms of BQ~ and VG;" in electrolyte and the
sity anode,” but also as “high power density anode.” The FiB amounts of B@* and VO}+ formed in electrolyte are in accordance
powder electrode can achiega. 1600 mA/g at 100 mA/g and 900 with the 11€ electrochemical oxidation reaction mechanism. Table
mAh/g at 500 mA/g, respectively; also well above the theoretical | compares the discharged capacities of the,\dBd TiB, electrode
discharge capacity of metallic zinc anode. In Fig. 3 the dischargewith the capacity values calculated from the amounts of2 V0
curves of Tig, VB,, and Zn electrodes are compared to demon- 1i4+ and BG™ ions found in electrolyte after discharge. Clearly,

strate the superior behavior of the transition metal boride electrodesme experimental discharge capacity of the \V8ectrode agrees

However, the plateau on the discharge curves of TM boride eIec-We” with the capacity value calculated from the amounts offVO
trodes is about 0.3 V lower than that of the Zn electrode. pacity 4

To elucidate the reaction mechanisms of the diboride electrodesnd BG formed in electrolyte, suggesting that the oxidation reac-
it is of primary importance to find out the discharge products, in- tion of the VB, electrode seems to proceed according to the follow-
cluding both solid phase products and products soluble in the elecid mechanism
trolyte. Figure 4 shows the XRD patterns of a ¥8ectrode before

VB, + 20 OH — VO3 + 2 BO} + 10H,0 + 11le [1]
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Figure 2. Discharge curves of - - -) VB, and(—) TiB, electrodes in
a 30% KOH solution at constant current @) 100 and(b) 500 mA/g. The
voltage profiles were recorded Bfair cathode)— E(metal boride).

Figure 4. XRD patterns of VB anodesia) before discharge antb) after
complete discharge to 0.5 V.
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Table I. Comparison of the experimental discharged capacities of 2 \? ?cormsion 2f T T 7
the VB, and TiB, electrode with the capacity values calculated =~ \?\? _r -
from the amounts of VO3*, Ti**, and BO3™ ions dissolved in the 2 ®.. e E L ® i
discharged electrolyte. ‘?,, 1 al |

> o Tl
Discharge product in electrolyte E 0 passivation ?:’ r ) B
(amount/theoretical capacjty e ofF @®.. corresion .

Cop BO3~ L VO3~ Cea i
(mAH)  (mg/mAH)  (mg/mAH)  (mg/mAH) (mAH) corrosion
TiB, 112.9 72.8/99.5 4.9/10.9 — 110.4
VB, 291.7 173.2/236.8 — 156.2/182.1 418.9 -2 immune —

& Ceyp denotes the discharge capacity measured from experimental
cell. G, denotes the sum of theoretical capacity calculated from
the amount of B&~, Ti**, and VG~ found in electrolyte. 6&
and 11e oxidation mechanisms are assumed for ,Té&d VB,
electrodes, respectively, in the calculation of theoretical capacity.

However, the discharge behaviors of JiBlectrode are more
difficult to understand. First, on the discharge curves of,TéRc-

0 5 10 pH 15

a

Figure 6. pH-potential diagram fofa) Ti and (b) V, schematically recon-
structed from data shown in Ref. 14.

TiB, + 12 OH — 2 BO3~ + Ti(amorphous + 6H,0 + 6€
(2]

trode in Fig. 2 a small stefrorresponding to the discharge of less  The above-stated results clearly indicate that boron in both TiB
than one electron per T appears before the main discharge pla- and VB, is electrochemically very active in 30% KOH solution, in
teau. On the anodic branch of CV curve of FiBhown in Fig. 1, a  contrast with the behavior of elementary boron electrode, which is
small peak is also visible before the main peak. The mechanismalmost completely inert in alkaline solutions. It is really impressive
responsible for this small step and small peak is still not clear. Secto find out that TiB and VB,, both well known for their very high
ond, it can be seen from Table | that only a relatively small amountchemical stability, could react so energetically as anode materials for
of Ti** was found in electrolytécorresponding to less than 10% batteries. However, the observed anodic reaction of boron oxidation
discharge capacily From results of spectroscopic analysis of the takes place in a potential range far more positive than the theoretical
electrode, it was found that the major part of Ti is still in the elec- equilibrium potentiall@bout—1.8 V, vs. a standard hydrogen elec-
trode after discharge. XRD analysis of the fully discharged,TiB trode(SHE), as calculated from thermodynamic daththese elec-
electrode(Fig. 5) revealed that the XRD peaks due to JiBe- trodes. The observed anodic reactions were realized under a condi-
creased significantly, but no new crystalline phase was observedion of very high overpotentigica. 1V, i.e., the reactions are highly
Nevertheless, electron probe microanalysis of the, EiBodes indi-  irreversible).

cated that the Ti content in the discharged electrode was almost the At the present stage, we are still unable to ascertain whether the
same as in a freshly prepared electrode. A probable mechanism igbserved different behavior between the boron electrode and TM
that Ti exists in the discharged electrode as amorphous titaniumboride electrodes is due to the difference of structure of surface
which is formed after the electrochemical leach out of boron. oxides or differences of some other parametsigh as electronic

After complete discharge of the Tjelectrode, BG™ was iden- conductivity, electron work function, ehc.Th.e crystalline structure
tified as the only major discharge product in electrolyte, and itsOf TM diborides is simply a hexagonal lattice consisting of closely
amount was almost quantitatively-05%) in accordance with the Packed TM layer and graphite-like B layer alternatélyUnlike
6o oddaion mechanismable . Thereore the prineipal - [ SYSISYEepouns: re e(5 ong neryer neracion
charge reaction of the TiBelectrode oxidation seems to be structure and bonding of MBtype TM diborides have revealed that
there are at least three types of bondings present ir, kBn-
pounds: The bonding between TM atoms is dominantly of a metallic
nature, while the bonding between boron atoms is covalénhgp
brid. The TM and B atoms are bonded by a finite ionic bond through
electron donation from the TM atoms to B atofisBecause the
hybrid bonding between the TM and B atoms and between B atoms
are not as strong as the covalent bgbrid bonding of B-B atoms in
solid boron, the chemical stability of the B atoms is weakened, so
the electrochemical liberation of electrons from the B atoms should
be facilitated in the TM diborides.

The next question would be why TjBand VB, electrodes be-
have so differently in discharge reaction. Examination of the pH-
potential diagrams for Ti and V, which are depicted schematically in
Fig. 6a and Koriginal diagrams can be found in Ref.)14eems to
provide some hints to the solution of this question. Figure 6b shows
that, in solution of pH 15, the vanadium electrode is passive at the
potential of equilibrium, but electrochemically actit@nodic disso-
lution highly probablg in the potential range of boron oxidation
(around—0.7 V vs. SHE, which isca. 0.1 V lower than a Hg/HgO
reference electrodle Therefore, vanadium could oxidize together
Figure 5. XRD patterns of TiB anode:(a) before dischargeb) after dis- with boron to complete an 1lereaction as shown in Eq. 1. From

charge to the stage corresponding to the completion of first potential stepthe pH-potential diagram for TiFig. 6a), it is clear that the Ti
and(c) after complete discharge to 0.5 V. electrode surface remains in the passivated state in pH 15 solution in
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a potential range around 0.7 V vs. SHE, so we should not expect
that Ti could oxidize together with boron during the discharge of the 1.
TiB, electrode. 2.
The above-stated experimental results and discussion seem tg
indicate clearly that boron in TM diborides may serve as a very high ¢’
discharge capacity and high power density anode for primary aque-s.
ous batteries. The TM element in TM diboride may also discharge as
active anode if the metal is electroactive in a potential range of ”-
boron oxidation as in the VBelectrode. If the TM is in the passi- g
vated state in a potential range of boron oxidation, it probably will
not take part in the discharge reaction as in the,TeRctrode. 9.
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