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Abstract

Spherical Al-substitute@d-Ni(OH), for alkaline rechargeable batteries was prepared by a complexation-coprecipitation method. The
morphology and structure of the samples were characterized by SEM, XRD and Raman spectroscopy. Their electrochemical performance
including charge—discharge behavior, diffusion coefficient of protog)Dstability in strong alkaline solution and cycle life was also
investigated. The results showed that the Al-substitut®ti(OH), prepared by this method manifests perfect spherical shape and the specific
discharge capacity of the sample with 18.3 mol% Al reaches 477 mAlvhen the pH value of synthesis solution is 11.75. The interlayer
distance, the oxygen evolution potential and the half discharge potential of the sample increase greatly with the increase of Al content.
Compared witlg-Ni(OH), without Al substitution, there are large amounts of proton defects in Al-substituMiOH), which increases the
diffusion coefficient of proton (B+) measured by current pulse relaxation (CPR). The Al-substithidOH), sample shows an excellent
structural stability during ageing treatment in 6 M KOH solution and the loss of Al can be neglected.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction molecules and metallic cation such a& &nd causes a rapid
capacity fading during charge/discharge cycles.
Nickel hydroxide has been widely used as the posi- Recently, more attention has been paid eiNi(OH)s.

tive electrode material of NiCd, Ni-Fe, Ni~Zn, Ni—H> For a-Ni(OH)2/y-NiOOH couple, larger discharge capacity
and Ni-MH rechargeable batteries. In commercial batteries, can be obtained since the oxidation state of nickelyin
sphericalB-Ni(OH), powders are usually utilized since it NiOOH is 3.67 or 3.3-3.72,3] and there are no volume
has a high tapping density (>2.0 gT#) and good stability ~ expansion and mechanical deformation problems. However,
in strong alkaline electrolyte. However, there are two factors purea-Ni(OH) is labile in strong alkaline medium and eas-
that inhibit its further improvement as the active matefil ily transforms toB3-Ni(OH)2 [1]. Many efforts have been fo-
(i) the theoretical capacity @-Ni(OH)» is 289 mAh g 1 due cused on the preparation of stabilizeeNi(OH), by partial
to one electron transportation B¥Ni(OH)2/B-NiOOH sys- substitution of Cd4], Al [5-10], Fe[11], Mn [12] and Zn
tem, which has been approximately reached in the preseni13,14]for Nito increase the stability af-phase structure in
commercial batteries. (ify-NiOOH is easily formed when  strong alkaline medium. In addition to increasing stability of
B-Ni(OH), is overcharged, which results in a swelling of «-phase, Co and Mn substitutions are found to decrease the
the positive electrode volume by the intercalation of water electrode potential, whereas, Fe and Al substitution causes
an increase. Aluminum is considered to be the most effec-

* Corresponding author. Tel.: +86 571 87951513; fax: +86 571 87951895, Ve element to stabilize--Ni(OH), and improve its elec-
E-mail addresscncao@sun.zju.edu.cn (J.M. Wang). trochemical performance. Kamath et [&] chemically pre-
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pared the Ni/Al-LDHs with specific discharge capacity of by Almega Dispersive Raman Spectroscopy (Thermo Nicolet
240 mAh g ! and half discharge potential of 350 mV (versus company) and the wavelength of laser is 532 nm.

Hg/HgO) for a 20 mol% Al-containing compound. Wei-Kang

Hu and Noreugl0] recently reported that the.phase nickel 5 3 preparation of electrodes and electrochemical tests
hydroxide with a 10 mol% Al content gained a stable capac-

ity of 320mAh gt and had satisfactory stability in 6.0M The pasted nickel electrodes were prepared as follows:
KOH and durlng.(_alectrochemlc.al cycling for 300 cycles. Al- g wt.9 sample, 5wt.% cobalt powder and 5wt.% graphite
though the stability has been improved greatly, the electro- ,o\der were thoroughly mixed with a certain amount of
chemical perfor.mance (ac'tlvatlon, eIectrqde potgntlal, etc.) 504 PTEE solution. The paste obtained was incorporated
and the dynamic mechanism of Al-substituteeNi(OH), into nickel foam (2 cmx 2 cmx 0.9 mm) with a spatula. The
have not been studied in detail. The usual synthesis metho%asted nickel electrodes were dried at80and then roll-

is adding a mixed metal-nitrate solution containing Ni and Al pressed to thickness of 0.5 mm. Thereafter, the electrodes
to N.aOH or LiOH solutiqn with stirring5—7]. The obt_ained were soaked in 6 M KOH for 24 h before being coupled with
a-Ni(OH)2 often shows irregular shape and bad fluidness.  ,4rous Ni electrodes on either side as counters and a Hg/HgO

In the present work, Al-substituteetNi(OH)2 was pre-  gjectrode as reference. Galvanostatic charge—discharge stud-
pared by a complex-coprecipitation method. The effects of jeg were conducted using a DC-5 cell performance-testing

pH value and Al content on the physical properties and elec- jnstryment (made in China). The working electrode was gal-
trochemical performance ai-Ni(OH), are investigated in  \anostatically charged at 0.1 C rate for 15 h, rest for 5min,
detail. and then discharged to 0.1V versus Hg/HgO at 0.1 C rate for
five activation cycles. Cycle performance was tested under
the following scheme: charge at 1.0 C rate for 1.4 h, rest for

2. Experimental 5min, and discharge at 1.0 C rate to 0.1V versus Hg/HgO.
) ) ) The proton diffusion coefficient ({3 ) in nickel electrodes
2.1. Preparation of active material was measured by the current—pulse relaxation (CPR) tech-

nigue described by Kumagai and coworkgt5—17] using

A solution of NiSQ, (1.0M) complexed with aqueous e following formula for the time dependence of the tran-
ammonia and a mixed solution of NaOH (2.4 M) contain- gjant potential AE):

ing Alo(SOy)3 (in a required [NE*]/([Al 3*]+[Ni2*]) ratio),

Na;CO3(2.5gdn3) and aqueous ammonia (1.0M) were AE = [Vyr(dE/dn)/ FA(xDy+1)Y/2 1)
slowly added to a well-sealed reaction vessel with 250 mL

aqueous ammonia solution (1.0 M) at the same feeding speedvherel is a current pulse (300 mA)/r, the molar volume
with vigorous stirring. Reaction temperature was controlled (31.83 and 22.61 cfor a-Ni(OH), andB-Ni(OH),, respec-

at 55+ 1°C, and the pH value of reaction solution was held tively [16,17]),  the duration of the pulse (8 s),Ettin) the

at 11.0-12.25. After the precipitation reaction had been un- slope of the open-circuit potential (OCP) as a function of
dertaken for 6-8 h, the reaction product was aged in mothercapacity, andA the apparent geometric area (49mwhich
solution for another 16 h at 5&. The product was filtered  is assumed to be true in the present work. The equilibrium

off, washed several times with deionized water to neutral, and 0Open-circuit potential (OCP) was measured after about 24 h
dried at 60°C in air. on open-circuit. In Eq(1), n=0-1.5 is used by assuming the
following electrode reaction:

2.2. Characterization of nickel hydroxide . . _
NiOOH, <> NiOOH,_, +nH* +ne  (x= 0-2n= 0-2)

The chemical compositions (Ni) of the samples were ob- )
tained using an atomic absorption spectrophotometer (AAS)
(model 180-50 from Hitachi) and the Al contents were mea- These CPR tests were conducted on the Arbin BT-2000 sys-
sured by an inductively coupled argon plasma emission spec-tem. All the electrochemical tests were carried out at room
trophotometer (ICP, IRIS Intrepid Il XSP, Thermo Electron temperature.
Corporation, USA). The tapping density of the samples was
measured by following method: a certain amount of sample
was put into a measuring cylinder and was knocked to a con-3. Results and discussion
stant volume. Dividing the mass of the sample by its tapping
volume is the tapping density. 3.1. Effects of pH value on the physical properties and

The structure of the samples were determined using X- initial discharge capacity
ray diffractometer (Rigaku D/Max 2550), Cuwadiation at
40kV, 300 mA. The morphology of the samples was exam-  The Al-substitutedx-nickel hydroxide was synthesized
ined using scanning electron microscopy (SEM) (Philiphs XL via an aqueous solution complexation-coprecipitation route.
30 ESEM). The nickel hydroxide powders were also studied The formation reactions of Ni(OH)powders are as follows:
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Fig. 1. XRD patterns of Al-substituteg-Ni(OH), samples (Al 20%)synthesized at different pH values.

[Ni(NH 3)6] 2+(aq)+ 20H™ +6H,0 The XRD patterns of the samples synthesized at different
] pH values are displayed irig. 1. The prominent phase of
— Ni(OH)2(s)+ 6NH4OH(aq) ©) all samples isx phase and small percentagefophase also

appears at pH 11.0 and 12.25. During the precipitation pro-

cess, the initial substance of Al exists as AlOWhen pH is
AlO2™ +2H0 — AI(OH)3(s)+ OH™ 4) too high or low, large amounts of AKD remains as AlQ~

or AI%* in the solution, there is no enough®Alsubstitution
Al(OH)3 is solid solvated into the Ni(OH)attice, therefore, ~ for Ni position in the Ni(OH} lattice, so theg phase can be
the pH value is a key dynamic factor controlling the formation formed.
of Ni(OH), and affecting its structure and electrochemical Fig. 2shows the effects of pH value on the tapping density
performance. In this section, the molar ratio of Alto (Ni+ Al)  of Ni(OH), powders. The tapping density increases at first
is the same (20%). and then decreases with the increase of pH value. The highest
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Fig. 2. The effects of pH value on the tapping density of Al-substitatéti(OH), (Al 20%).
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Fig. 3. The effects of pH value on the discharge capacity and FWHM of (0 0 3) plane of the Al-substihit@dH), samples (Al 20%).

tapping density of the sample is obtained at pH 11.75. The large space to increase its density through the optimization
tapping density is directly determined by the nucleation rate of technical conditions.

of Ni(OH), particle. When pH is too low, the precipitate can- Fig. 3shows the effect of pH value on the initial specific
not be obtained over along period of time, and alarge numberdischarge capacity (per gram of pure Ni(QHand FWHM

of crystal nuclei are suddenly produced at the moment whenof (0 0 3) planes of the samples. It can be seen that the dis-
the solubility of the precipitate is reached, then the sample charge capacity also shows a parabola trend with increasing
with low density is obtained. On the contrary, when pH is pH value. However, the FWHM changesin the opposite direc-
too high, high relative supersaturation of the solution leads tion. This clearly indicates that fer-Ni(OH), the discharge

to the sample with low density. The highest tapping density capacity increases as the crystallinity is improved.

prepared by this method is 1.1 g th which is much lower The above results indicates that the optimal pH value is
than that of-Ni(OH), [1]. The Al-substitutedx-Ni(OH)» 11.75 in terms of the tapping density and initial specific dis-
shows a turbostatic character and a large interlayer distancecharge capacity of the Ni(Okyamples when the molar ratio
Therefore, the density @f-Ni(OH), is lowered. But thereis  of Al to (Al+ Ni) in the synthesis solution is 20%. In order
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Fig. 4. XRD patterns of nickel hydroxide samples with different Al contents.
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to discuss the effects of Al content on the physicochemical Table 1
properties of the samples, the pH value is fixed at 11.75 in The cell constana andc values andloo3) or dooy) of the samples

the following preparation. a(d) c(A) dioo3)or o) (A)
Al 0% (B) 3.126 4605 4.619
Al'5.4% (3) 3.123 4603 4.604
3.2. Effects of Al content on the character of structure AI10.6% (o) 3.077 23310 7 432
and morphology Al 14.8% (o) 3.079 23258 7.756
Al 18.3% (@) 3.057 23489 7.838
3.2.1. XRD Al 26.8% (@) 3.044 23162 7.838
The samples with different Al contents are named as Al Al32.7% @) 3.027 25993 8.532

C% (C is the molar percentage of Al to Ni and Al). Several

typical XRD patterns of nickel hydroxide powders with dif-
ferent Al contents are displayed fig. 4. There is no peaks The XRD patterns of Al 32.7% and Al 26.8% samples show

indicative of Al or AI(OH); in these patterns, which implies bad grystallinity, V\.’hi.Ch. indicates that the disprder degree of
that Al has coprecipitated with Ni into the Ni(Obijattice packing alonge axis is increased due to th_e intercalation of
and substitutes for the Ni position. The nickel hydroxide with- Iargg amounts of water molecules and anions.

out Al shows a typical structure @-Ni(OH)2. When 5.4% F.'g' 5shows the XRD patterns of Al 18.3% sample after
Al is added, the peak atV2=11.48 appears, which is the ageing in 6 M KOH at 45C for a week and at room tem-

characteristic otx-Ni(OH)2, but the content ot phase is perature for 3 mon_ths. _After_age_ing treatment at@3or a
very low. After the Al content reaches 14.8%, theohase week, thea phase is still maintained and the peak at about

plays a prominent part in the structure although some weakGOO clearly splits into two peaks. This condition is very strict

peaks of3 phase are still maintained and the crystallinity of for usage n aptual N"MH batterlgs. Sothe excellent stabil-
o phase becomes relatively high. When Al content is more ity of Al-substitutede-Ni(OH) at high temperature will not

than 18.3%, the Ni(OH)manifests a pura phase structure obstruct its use in commercial batteries. Unfortunately, after
It can be séen that the Al content has a strong effect on thefag?mg. atroom temperature for 3 mor_nhs, the peak of (001)
formation and the crystallinity of stabilizedNi(OH)». The indicative off} phase appears, but its intensity is very Wgak:

calculated cell constanta éndc) and the interlayer distance The peaks of (003) "’?”_d (00 6.) becomg sharper, which indi-
are listed inTable 1 It shows that the cell constard, de- cates that the crystallinity 6i-Ni(OH); is improved and the

creases with increasing Al content in the nickel hydroxide, turbostatic character is reduced.

which is caused by the smaller ionic radius 0??(0.54,&)

compared to l\ﬁ+(0.69,&) in the lattice[18]. However, the in- 3.2.2. SEM

terlayer distance and the cell constantare both increased. Fig. 6 shows the SEM photos of Al 0%, Al 18.3% sam-
The higher the Al content is, the more Ni positions in the lat- ples and Al 18.3% sample after ageing in 6 M KOH for 3
tice are substituted. Therefore, more positive charge is pro-months at room temperature at different magnifications. At
duced and more anions such as430and CQ?~ are inter- 1000 magnification, Al 0% sample appears as aggregates of
calated into the interlayer to compensate the positive charge.several spherical and quasi-spherical particles and the uni-
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Fig. 5. XRD patterns of Al 18.3% sample after ageing treatment.
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Fig. 6. SEM photos of samples, (a) and (b): Al 0% sample; (c) and (d): Al 18.3% sample; (e) and (f): Al 18.3% sample after ageing for 3 months at room
temperature.

formity of particle size is very low. However, the Al 18.3% is more looser for Al 18.3% sample, which increases the spe-
sample shows the perfect spherical particles and the size is al€ific active area and also results in the low tapping density of
most uniform without the aggregate of particles. As we know, «-Ni(OH)a.

the Al-substituted-Ni(OH);, almost has no definite shape or The aged sample shows the conglomeration of three or
shows aggregates of thin crumpled sh§&fg]. The spherical more spherical particlegig. &f) clearly shows the growth
particles are resulted from the complexation-coprecipitation of particles through the connection between crystallites of
preparation method, which accelerates the even agglomeradifferent particles. In the ageing process, small particles are
tion of crystallite from all the directions and forms a typical dissolved and large particles become more and more larger.
spherical particle. Spherical particle has good fluidness and isWang et al[9] also reported that a recrystallization process
easier to be filled into the foam nickel than irregular particles occurs with alkaline ageing treatment which causes growth
during the manufacture of batteries. At high magnification, of crystalline size and a loss of turbostatic disorder.

the crossed agglomerations of crystallites can be seen onthe AAS and ICP results show that the Al content of Al 18.3%
surface of particles for both Al 0% and Al 18.3% samples. sample after ageing treatment for 3 months at room temper-
More defects appear and the connection between crystallitesature is 18.0%, which can be considered to be almost un-
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Fig. 7. Raman spectra of nickel hydroxides with different Al contents.

changed. However, for Zn-substitutedNi(OH)», a large 3.2.3. Raman spectroscopy

amount of Zn is lost during ageing in KOH and oxidation Fig. 7 shows the Raman spectroscopy of the nickel hy-
reactiong14]. The Zn/(Zn + Ni) molar ratio o250, zn S@mM- droxide samples. The sharp and strong peaks at 358b cm
ple decreased from 25% to 4% after ageing in 8M KOH of Al 0% and Al 10.6% samples are attributed to the sym-
for a week at room temperature. Compared with Zn, the Al metric stretch of the free hydroxide groups of the crys-
element coprecipitated in nickel hydroxide lattice is more talline bulk. However, for Al 18.3% samples, the symmet-
stable and difficult to solve in the alkaline solution although ric stretch of the hydroxide groups appears at 3630%m
Al belongs to amphoteric metals, which is probably resulted which is probably caused by the hydrogen bonding of
from the different positions of Al and Zn in Ni(OH)attice. OH with the interlay water and aniorj§,6]. The Raman

In Al-substituteda-Ni(OH),, Al occupies the Ni positions, peak at about 3600cm splits into two peaks at 3660
however, for Zn-substituted sample, a large amount of Zn still and 3530 cm? for the Al 32.7% sample, which indicates
stays in the interslab space of Ni@yers[13]. that there are both free and hydrogen bonded OH. Sev-
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Fig. 8. The effect of Al content on the intensity ratiodfli—O~ to vNi—O(H).
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Fig. 9. The activation behavior of Ni(Okith different Al contents.

eral peaks at 1040-900 cthare observed for Al-substituted ~ 18.3% and Al 32.7% samples respectively, which can be
a-Ni(OH),, which is the character of the intercalated an- attributed to the NtO stretching vibration of Ni" species
ions such as S£3~ and CQ2, compensating the ex- associated with & (vNi—-O~) [19,20}, indicating of pro-
cess positive charge caused by the substitution &f Adr ton vacancy sites. TheNi—O™ peak is also shown in Al
Ni2*, 10.6% sample at 545 cm, but it is very weakFig. 8 dis-

A band at 448cm? is observed on the Raman spec- Playsthe effectof Alcontent on the intensity ratiodfi—O~
trum of Al 0% sample, which can be assigned to the®i  to vNi—O(H). It can be clearly seen that the proton va-
stretching vibration of Ni* species associated with OH cancy is increased by the substitution of Al for Ni posi-
groups ¢Ni—O(H)) [19,20] The vNi—O(H) of Al 18.3% tion in Ni(OH), lattice and the insertion of At cation in
and Al 32.7% samples appear at 479 and 489%mespec- the nickel hydroxide lattice creates proton vacancy. The ex-
tively. It can be seen that the peak efi—O(H) shifts to  cess positive charge caused by the doping 6f 48 com-
higher frequency with increasing Al content. Another kind Pensated by the insertion of anions such ag?SCand

of peaks are also observed at 547 and 566%ior Al COs?~ and the formation of proton defects. The occur-
600 - iR EEI T T
™ e e S /
/’l
e L
5004,
o)
= —— Al 0%
B 400~ - = = Al 5.4%
o  J| \¥FETTEmaeegean,,. 0 T Al 10.6%
= R . —-—-Al 14.8%
2 3004 -
= ‘NN —e=- AL18.3%
- : b e Al 26.8%
£ 200 i S Al 32.7%
Q ' . 1
o ! O
a 1 + | |
100 4 | : |
e —
0 100 200 300 400 500 600 700

Capacity /mAh g’

Fig. 10. The first charge—discharge curves of Ni(@tijth different Al contents at 1.0 C rate.
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Fig. 11. TheEpq andEyy of the samples with different Al contents at different rates.

rence of proton defects can increase the diffusion coeffi- crease of Al content the activation of the active materials

cient of proton, which will be verified in the following sec-
tion.

3.3. Effects of Al content on the electrochemical
performance

3.3.1. Activation performance

becomes more difficult. For Al 0% and Al 5.4% samples, the
discharge capacity reaches the maximum at the first activa-
tion process and then decreases in the following activation
procedure, which means that there is no need for activation
for these samples. For Al 10.6%, Al 14.8% and Al 18.3%
samples, the discharge capacity reaches the maximum at the
second or the third activation cycling. FerNi(OH), with

Fig. 9 shows the activation behavior at 0.1 C rate of the high Al content (26.8%, 32.7%), the discharge capacity con-
nickel hydroxide electrodes. It can be seen that with the in- tinuously increases during the activation process. It can be
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Fig. 12. TheEgi of the samples with different Al contents at different rates.



252

concluded that the-phase Ni(OH) is more difficult to ac-
tivate thanB-phase sample.

3.3.2. Galvanostatic charge—discharge

Fig. 10shows the charge—discharge curves of nickel hy-
droxide electrodes with different Al contents at 1.0 C rate.
The Al-substituted Ni(OH) electrode shows a stable po-

H. Chen et al. / Journal of Power Sources 143 (2005) 243-255

polarization degredrig. 12 shows theEgj; of the samples
with different Al contents at 0.1 and 1.0 C rates. It is obvi-
ous thatEgi decreases with the increase of Al content and
then increases slowl¥gir reaches the minimal value at Al
18.3% sample, which indicates the minimal polarization in
the electrode reaction. The reason whylyg changes with
the Al content will be explained by the following tests of the

tential over a long duration after an initial fast decease of diffusion coefficient of proton.
potential, which represents a perfect discharge plateau. The

discharge curve of Ni(OH)without Al has a relatively less
stable potential duration compared with Al-substituted
Ni(OH), samplesFig. 11 shows the effects of Al content
on the oxygen evolution potentiakfx) and half discharge
potential Eng, defined as the potential at the half discharge
capacity) at 0.1 and 1.0 C rateSex increases slowly and
Eng increases markedly with the increase of Al content at
all charge—discharge rates. Thgy of Al 32.7% sample is
87 mV higher than that of Al 0% sample at 0.1 C rate.
Barnard et al.[3] reported that thex/y system has a
lower reversible potential compared w3 system, where
the a-Ni(OH), without any doped metal ions is pure and
the a phase is labile. But for metal substitutaeNi(OH)a,

3.3.3. Tests of the diffusion coefficient of protogp{p

In order to verify the trend of the diffusion, the diffu-
sion coefficient of proton (B+) was measured by current
pulse relaxation (CPR) method. The closed-circuit potential
and quasi-equilibrium open-circuit potential are presented in
Fig. 13a) as a function of discharge capacity for Al 18.3%
sample. When the current is interrupted after discharging to
various capacities, the potentials of the nickel electrode re-
cover gradually towards the equilibrium state. This is caused
by a slow diffusion of protons from the electrode surface
towards the bulf15-17] A typical transient voltageAE)
in Al 18.3% sample observed after the passage of a current
pulse at 66.7% depth of discharge (DOD, the ratio of the ac-

the type and content of the doped metal have strong influ- tual discharge capacity at different conditions to the actual
ence on the potential @f-Ni(OH), electrodes. Based on the discharge capacity discharging to 0.1V versus Hg/HgO) is
difference in size between the substitution cation and the plotted against~2/2 in Fig. 13b). The slope of the linear

nickel ion in they phase, a model has been proposed by region can be used to calculate the diffusion coefficient of

Guerlou-Demourgues and Delmd®] to explain the effect

of the substituting cation on the potential of nickel hydrox-
ide electrode. It explains quite well the observed effect of
Mn-, Co-, Fe-substituted nickel hydroxide. The smaller size
of the Mrf* ion (rMn#*=0.54A) against that of Ni* one

protons, B+, in the nickel hydroxide electrodes using Eg.
(2).

Fig. 14 shows the [}+ values of Al 0%, 10.6%, 18.3%,
32.7% samples at different DOD. The;Dof Al-substituted
sample is much higher than that of p@ei(OH). The in-

(rNi3+:0.56,&) induces a decrease in the electrode potential terlayer distance ofi-Ni(OH)2 is much more than that of

with increasing substitution amount, similarly for the cobalt

B-Ni(OH), shown in XRD results and many proton defects

system, whereas in the case of the Fe-substituted materiahre formed inx-Ni(OH)> as indicated by the former Raman

the larger size of the B& and Fé* ions (Fe** = 0.64A and
rFe** =0.59A) entails an increase in the potential. But the
potential of Al-substituted Ni(OH)is not decreased due to
the smaller radii of A} (rAlI3* =0.54A) than that of N#*.

During our research, we also found that the discharge po-

tential of Zn-substituted-Ni(OH), decreased with increas-
ing Zn content, however, the radii of Zh(rzn?*=0.74A)

is larger than that of Ni". In the case of Al, a hypothesis,
based on the hybridization of metal-oxygen atomic orbitals,

spectroscopy, which makes the diffusion df kuch easier.
When the Al content is too high (such as 32.7%), the inter-
calated anions such as $0 and CQ?2~ obstruct the trans-
portation of H in the interslab. Thus the [} is decreased.
The change of B+ explains well the former results &t .

Al 18.3% sample has the highest,Dand lowesEgjs, which
decreases the diffusion polarization of the electrode process.
For a certain Al-substituted sample,Dincreases first and
then decreases, and at a certain DOD, it reaches the max-

was recently proposed to explain the experimental increaseimum value. The same inclination of ® with DOD was

of the electrode potential in the LigoyAlyO, layered sys-
tem[21]. For the late-transition-metal oxides, the oxygenisin

also observed in our previous waik2].

large part responsible for the electron exchange. The electron3.3.4. The cycle performance of the nickel electrodes
exchange with oxygen leads to a lower electrostatic energy  Fig. 15 shows the cycle life of the electrodes at 1.0C
(hence a higher potential), which can be speculated that therate using nickel hydroxide samples with different Al con-
increased potential correlates with the increased oxygen partents as active material. The specific discharge capacity is

ticipation in the electron exchange. Similarly, the participa-

in terms of the capacity per gram of pure Ni(QHAt the

tion of oxygen during the electron exchange is quite possible first cycle, the Al 18.3% sample has the highest specific dis-

in the Al-substitutedx-Ni(OH), electrodes.
The differencelEyis ) betweerky (defined as the potential

charge capacity, 477 mAhg, which corresponds to 1.65
electron transfer. The sample without Al shows the lowest

atthe half charge capacity before reaching the plateau of oxy-discharge capacity and its highest discharge capacity is only

gen evolution) andeng is the characteristic of the electrode

268 mAh g, which corresponds to 0.93 electron transfer.
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Fig. 13. (a) Closed-circuit and open-circuit potentials as a function of discharge capacity of Al 18.3% sample and (b) typical plot of observéd Epltag
against~1/2 for Al 18.3% sample at 66.7% DOD.

More than one electron transfer per Ni atom can be obtainedin Fig. 10 Therefore, the discharge capacities of Al 26.8%
duringa-Ni(OH)2/y-NiOOH transformation because the ox- and Al 32.7% samples decrease quickly.
idation state of Ni iny-NiOOH is 3.3-3.672,3] due to the During the initial 150 charge—discharge cycles, the dis-
existence of Ni*. However, the oxidation state of Ni 8- charge capacity of Al-substituted Ni(Of{except for Al
NiOOH is less than 3.0. Therefore, théy couple has more  32.7% sample fades fast, and then maintains at a relatively
electron transfer and much higher discharge capacity thanhigh level even till the 600th cycle. However, the discharge
B/B couple. capacity of Ni(OH) without Al decreases quickly after 300
At the first cycle, the discharge capacity increases and cycles. At the 600th cycle, the discharge capacity of Ni(©H)
then decreases with increasing the Al content. It reaches thewithout Al is still much lower than those of Al-substituted
maximum value at Al 18.3% sample. Considering the former Ni(OH), electrodes. It is very interesting that the discharge
XRD results, the percentage afphase in the total nickel  capacity of Al 32.7% sample is tremendously stable from the
hydroxide sample increases with the increase of Al content, first cycle to the 600th cycle. Its deterioration rate of capacity
which leads to increasing the oxidation state of Ni in the is only 7% at 600th cycle, which is likely resulted from the
charge states. When the content of Al is more than 18.3%, it contribution of high Al substitution content on the structural
is difficult to charge due to the high charge potential as shown and electrochemical stability of-Ni(OH)5.
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Fig. 14. DOD dependence of proton diffusion coefficient for different samples.
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Fig. 15. The cycle performance of the samples with different Al contents at 1.0 C rate.
4. Conclusion 2. The specific discharge capacity of Al-substituted
Ni(OH)2 increases with increasing Al content and it
1. The spherical Al-substituted-Ni(OH), samples for reaches 477 mAhg when the Al content is 18.3%,

alkaline rechargeable batteries were prepared by a which is much higher than that d8-Ni(OH), with-
complexation-coprecipitation method. The optimal pH out Al substitution. The oxygen evolution poten-

value is 11.75 in terms of the tapping density and ini- tial and the half discharge potential increase greatly
tial discharge capacity of the Ni(Obiyamples when the with the increase of Al content. The capacity sta-
molar ratio of Al to (Ni+ Al) in the synthesis solution is bility during 600 charge—discharge cycles is im-

20%. proved by large amount substitution of Al, however,
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Al-substitutedx-Ni(OH)» is more difficult to activate than [5] P.V. Kamath, M. Dixit, L. Indira, J. Electrochem. Soc. 141 (1994)
B-Ni(OH)a. 2956. _
3. Compared WithB-Ni(OH)z, there are |arge amounts [6] A. Sugimoto, S. Ishida, K. Hanawa, J. Electrochem. Soc. 146 (1999)

f proton defects and long interlayer distance in Al 1251.
OF proton detects and long Interlayer distance In Al- 715 iy x.v. wang, H.T. Yuan, Y.S. Zhang, D.Y. Song, Z.X. Zhou,

sups_tituteobL-Ni(OH)g which increases the diffusion co- J. Appl. Electrochem. 29 (1999) 855.
efficient of proton measured by current pulse relaxation [g] Y.J. Leng, B. Liu, F.J. Wang, J.X. Zhou, Y. Xiao, Z.F. Ma, Chin. J.
(CPR) and decreases the diffusion polarization. The Al- Power Sources 24 (2000) 326.

substitutedx-Ni(OH), sample shows excellent structural ~ [°1 C.Y. Wang, S. Zhong, K. Konstantinov, G. Walter, H.K. Liu, Solid

. . . . . State lonics 148 (2002) 503.
stability during ageing treatmentin 6 M KOH solution and [10] W-K. Hu, D. Noreus, Chem. Mater. 15 (2003) 974.

the loss of Al can be neglected. [11] L. Guerlou-Demourgues, C. Delmas, J. Power Sources 45 (1993)
281.
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