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Abstract

By examining the relationships between the structure and the thermodynamic and electrochemical properties for
Zr Ti (V Mn Ni E ) (x50.1–0.3, a50.28–0.30, b50.50–0.57, c50.05–0.12, a51.6–1.8, E5Co, Fe, Mo) alloy system with C1412x x 0.1 a b c a

type structure, the following results were obtained. The partial molar enthalpy for hydride formation decreases linearly with decreasing
cell volume V of the C14 phase. This means that the hydride becomes unstable with decreasing V , as is the case for the C15 typeC14 C14

structure. Both 2DH and V decrease with decreasing average atomic radius of the alloy, and the correlation coefficient was sufficientlyC14

high for each value. The discharge capacity and dischargeability also depend on 2DH and V .C14
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1. Introduction and DH were measured for Zr-Ti-V-Mn-Ni-E (Co, Fe, Mo)
alloys with C14 structure. The correlations between their

Laves-phase AB alloys have attracted attention as electrochemical properties, DH, cell volume, and alloy r2 av

negative electrodes of rechargeable Ni–MH batteries be- are also discussed.
21cause of their large capacity of about 370–410 mAhg .

Many studies have been conducted on these alloy elec-
trodes with the object of improving their electrochemical
performance and durability [1–7]. 2. Experimental details

It is basically important in alloy-designing to investigate
the correlation between the structural and electrochemical Some eighteen alloy samples of AB type were investi-2

properties. In the rare-earth–nickel AB type alloys, it has gated as shown in Table 1. Their composition range was as5

been reported that the free energy change DG, the enthalpy follows: Zr Ti (V Mn Ni E ) , (E5Co, Fe, Mo, x512x x 0.1 a b c a

change DH for hydride formation, and the equilibrium 0.1–0.3, a50.28–0.30, b50.50–0.57, c50.05–0.12, 0.11

hydrogen pressure all depend on cell volumes [8–12]. On a1b1c51.0, a51.6–1.8). This formula implies that Zr
the other hand, in the case of pseudo-binary Laves-phase and Ti, being the larger atoms, occupy the A-lattice site in
AB alloys with C15 structure, the linear correlation the AB crystal structure and the other elements, being the2 2

between DH and cell volume V has been confirmed both smaller atoms, the B-lattice site. However, this assumptionC15

experimentally [4,5] and theoretically on the basis of needs to be proved by structural analysis.
thermodynamic considerations [15]. Moreover, it is noted The alloys were prepared in amounts of about 50 g by
that DH and V depend on the average atomic radius r arc-melting in an argon atmosphere and treated at 10808CC15 av

and average electronegativity of the alloy’s constituent for 10 h in vacuum. Their exact compositions and crystal
elements [4,5]. structures were determined by elemental analysis and X-

In this study, electrochemical and thermodynamic prop- ray powder diffraction analysis, respectively. The abun-
erties such as charge–discharge capacity, dischargeability, dance of the C14 phase was calculated by using the peak

intensity obtained from the ASTM cards and the measured
*Corresponding author. peak intensity of the (103) and (201) reflections which
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Table 1
Electrochemical properties, enthalpy change (DH ), cell volume (V ), abundance (R ) of C14, ratio (r /r ) of atomic radii of A and B atoms andC14 C14 A B

average atomic radius (r )av

a 21 b c* * *No. Alloy C DC (mAhg ) D/C 2DH V R r /r rH C14 C14 A B av
˚ ˚(%) (A) (%) (A)

17 55 110

1 Zr Ti (V Mn Ni Mo ) 464 256 198 145 55.1 50.06 181.63 100 1.1995 1.41110.9 0.1 0.10 0.28 0.57 0.05 1.6

2 Zr Ti (V Mn Ni Fe ) 457 366 315 243 80.1 43.98 177.70 100 1.1964 1.40180.8 0.2 0.10 0.28 0.57 0.05 1.6

3 Zr Ti (V Mn Ni Co ) 458 370 326 276 80.8 43.20 177.23 100 1.1968 1.40150.8 0.2 0.10 0.28 0.57 0.05 1.6

4 Zr Ti (V Mn Ni Mo ) 466 329 212 145 70.6 47.59 180.11 100 1.1905 1.40610.8 0.2 0.10 0.28 0.57 0.05 1.6

5 Zr Ti (V Mn Ni Mo ) 452 380 319 238 84.1 45.86 178.68 100 1.1958 1.40220.8 0.2 0.10 0.28 0.57 0.05 1.7

6 Zr Ti (V Mn Ni Fe ) 461 395 297 187 85.7 43.06 176.73 100 1.1874 1.39680.7 0.3 0.10 0.28 0.57 0.05 1.6

7 Zr Ti (V Mn Ni Co ) 445 383 302 210 86.1 41.81 175.98 92 1.1878 1.39650.7 0.3 0.10 0.28 0.57 0.05 1.6

8 Zr Ti (V Mn Ni Mo ) 459 371 250 172 80.8 46.20 177.96 100 1.1816 1.40110.7 0.3 0.10 0.28 0.57 0.05 1.6

9 Zr Ti (V Mn Ni Fe ) 449 422 374 285 94.0 39.56 174.82 72 1.1926 1.39300.7 0.3 0.10 0.28 0.57 0.05 1.7

10 Zr Ti (V Mn Ni Co ) 426 400 382 359 93.9 39.55 174.33 92 1.1930 1.39260.7 0.3 0.10 0.28 0.57 0.05 1.7

11 Zr Ti (V Mn Ni Mo ) 453 395 284 200 87.2 43.45 176.98 100 1.1866 1.39740.7 0.3 0.10 0.28 0.57 0.05 1.7

12 Zr Ti (V Mn Ni Fe ) 443 415 397 380 93.7 38.58 173.63 92 1.1974 1.38940.7 0.3 0.10 0.28 0.57 0.05 1.8

13 Zr Ti (V Mn Ni Co ) 444 418 390 372 94.1 38.70 173.87 71 1.1979 1.38910.7 0.3 0.10 0.28 0.57 0.05 1.8

14 Zr Ti (V Mn Ni Mo ) 449 423 390 348 94.2 41.57 175.75 84 1.1913 1.39390.7 0.3 0.10 0.28 0.57 0.05 1.8

15 Zr Ti (V Mn Ni Fe Mo ) 475 314 160 86 66.1 46.67 178.00 100 1.1829 1.40010.7 0.3 0.10 0.30 0.53 0.05 0.02 1.6

16 Zr Ti (V Mn Ni Fe Mo ) 464 178 74 - 38.4 45.47 178.40 76 1.1822 1.40060.7 0.3 0.10 0.28 0.50 0.08 0.04 1.6

17 Zr Ti (V Mn Ni Fe Mo ) 464 393 273 155 84.7 41.06 176.00 100 1.1880 1.39640.7 0.3 0.10 0.30 0.53 0.05 0.02 1.7

18 Zr Ti (V Mn Ni Fe Mo ) 449 240 130 53 53.5 44.70 177.21 100 1.1872 1.39690.7 0.3 0.10 0.28 0.50 0.08 0.04 1.7

21 21 a 21 b 21 c* * *C , first charged hydrogen content (mAhg ) at 17 mAg ; DC, discharge capacity; D/C, dischargeability; , mAg ; , kJ mol H ; , r wereH 2 av
˚calculated from the metallic bond radii (Zr51.60, Ti51.47, V51.35, Mn51.37, Ni51.25, Co51.25, Fe51.26, Mo51.40 A).

characterize the C14 structure as shown in previous studies The alloy electrodes were discharged to 20.6 V vs. Hg/
21[4,5]. HgO at current densities of 17–110 mAg for measure-

In order to calculate the atomic radius ratio for AB , ment of discharge capacity. The operating temperature was22a

the authors assumed that vacancies are absent and that a /3 kept at a constant 258C in the charge–discharge processes.
of A atom migrate to B atom sites although this might not The thermodynamic quantities, such as the partial molar
be justified because vacancies were shown to exist from enthalpy of the hydride formation, were obtained at about

21density measurement. Consequently, the formula AB the half-point of discharge capacity at 17 mAg (H/M522a

can be rewritten as follows. 0.55–0.85) on the basis of the temperature change of the
equilibrium electrode potential as described in Refs.

AB → A (B A ) → A(B A )22a (12a / 3) (22a ) a / 3 x y 2.0 [14,15].

[x 5 3(2 2 a) / h2(3 2 a)j, y 5 a / h2(3 2 a)j].

The atomic radius ratio was calculated from the above
formula. The values shown in Table 1 were calculated by 3. Results and discussion
assuming that both Zr and Ti atoms migrate, but the ratio
increased by a maximum of 2.2% by assuming the 3.1. Crystal structure
migration of Ti atoms only except for No. 1 alloy.

An electrode of a disk type shape was made by mixing For the Laves-phase in the Zr-Ti-V-Ni system it was
the alloy powder (200–350 meshes, 24 wt.%), Ni powder reported [13] that the C14 structure predominated when the
(72 wt.%), and PTFE powder (polytetrafluoroethylene, 4 ratio r /r of the atomic radii of the A and B atoms wasA B

wt.%), and molding under a pressure of 780 MPa for 15 less than 1.225. For bigger values the C15 structure
min. It had a diameter of 13 mm and a thickness of predominated. For the alloys examined in this study, the
approximately 1.0 mm. A lead wire was attached to one r /r values are in the range of 1.18 to 1.20. As expected,A B

side of the pellet [4]. Charge–discharge was performed on X-ray diffraction results indicate that most of the alloys
the opposite side. were C14 single phase and some contained additional C15

The electrodes were charged at a current density of 17 phase. Small amounts of a-Zr phase were also present in
21mAg after immersion in 6 M KOH for 15 h. The the cases of AB alloys.1.6

hydrogen gas generated during charging was collected in a The cell volumes V as calculated from the latticeC14

gas burette. The electrochemically absorbed hydrogen constants (a, c) of the C14 structure by using Eq. (1)
3˚contents of the alloy were calculated by subtracting the ranged from 173.63 to 181.63 A as shown in Table 1.

quantity of electricity required for the hydrogen gas
] 2Œevolution from the total integrated quantity of electricity. V 5 3a c /2 (1)C14
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3.2. DH and cell volume VC14

The partial molar enthalpy DH for hydride formation
was measured electrochemically and found to range from

2138.6 to 50.1 kJ mol H (Table 1). As indicated in Fig. 12

and Eq. (2), 2DH was highly correlated with V .C14

2 DH 5 1.511VC14

2 224.0 (correlation coefficient R 5 0.978) (2)

That is, 2DH, which expresses the stability–instability
of the absorbed hydrogen in the alloy, decreased with
decreasing V in this C14 alloy series, similarly to theC14

C15 series [4,5]. Fig. 2. Correlation between 2DH and discharge capacity DC at 17
21On the other hand, V decreases in accordance with the mAg .C14

decrease of r as defined by Eq. (3). This correlation isav

shown in Eq. (4).

21ties at 17 mAg and charged hydrogen contents are
r 5O (a r )YO a (3)av i i i shown in Table 1.

Most of the alloy electrodes examined were easily
V 5 366.6r 2 335.6 (R 5 0.978) (4)C14 av charged to their maximal hydrogen contents. The hydrogen

contents during the first charge were in the range of
21From Eqs. (2) and (4), the correlation between 2DH 426–475 mAhg .

and r was expressed by Eq. (5). For many alloy electrodes, the discharge capacitiesav
21at 17 mAg were greater than 80% of the initially

2 DH 5 542.8r 2 715.5 (R 5 0.937) (5)av charged hydrogen contents, typically more than 370
21mAhg . The discharge capacities tend to decrease with

For the present C14 alloys it can be concluded that r isav increasing 2DH (Fig. 2). In the case of
a factor that governs 2DH and V . This result differsC14 Zr Ti (V Mn Ni Fe ) (No. 12) having0.7 0.3 0.10 0.28 0.57 0.05 1.8

21from the case of C15 alloys [4,5]. 2DH538.6 kJ mol H , the discharge capacity was 4152
21 21 21mAhg at 17 mAg , and remained at 380 mAhg at

213.3. Electrochemical properties 110 mAg .
The discharge capacity and dischargeability for high-rate

The electrochemical properties, such as the electrical discharge may be superior in alloys having an appro-
21capacity charged initially at 17 mAg , the discharge priately smaller 2DH value than in this example. An

21capacities at current densities 17–110 mAg , and the estimate of the 2DH and V values referring to basicC14

dischargeabilities indicating the ratio of discharge capaci- properties of the alloy is important for alloy-designing.
The above-mentioned contribution of r will be useful inav

such designing.

4. Conclusions

The following correlations were found between cell
volume, DH and electrochemical properties of the Laves-
phase alloys Zr-Ti-V-Mn-Ni-E (Co, Fe, Mo) with C14
structure.

(1) The 2DH values decrease linearly with decreasing
cell volume V .C14

(2) 2DH and V decrease with decreasing averageC14

atomic radius r .av

(3) The discharge capacity and the dischargeability
Fig. 1. Correlation between cell volume V and 2DH. depend on 2DH and V .C14 C14
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