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Abstract :

The electrochemical behavior of a- and B(II)-type zinc-substituted nickel hydroxides is studied during a galvanostatic cycling in a KOH electrolyte.
It is shown that these materials exhibit very stable capacities during long-term cycling. When using an 8 M KOH electrolyte, the B(III)/B(1I) system
is stabilized, after the initial formation of y-type phases during the first charges. The higher the amount of zinc in the starting material, the faster this
stabilization occurs. The substitution of zinc for nickel is also shown to delay the formation of the y-phase upon charge, when various KOH
electrolytes, with increasing concentrations, are successively used. A model is proposed to explain these results; it is based on several processes,
occurring simultaneously either via the solution or through solid-state reactions, with a partial loss of zinc.

Nickel hydroxide has been extensively studied during the last
century because of its use as an active material in alkaline batteries.
Various elements are commonly substituted for nickel to improve
the electrochemical behavior of the hydroxide. For this purpose, the
use of zinc was recently developed. more especially in Ni//MH bat-
teries. This substitution is reported to shift the redox potential to
higher values.™ to improve the cycling reversibility.! to stabilize
the capacity upon cycling, but to lower the capacity recovered on
discharge at the beginning of the cycling.!” Nevertheless, the capac-
ity in the presence of zinc becomes higher, after numerous cycles,
than that obtained without any substituting element. A Sanyo patent®
also points out the stabilizing effect of zinc, which prevents the
capacity loss consecutively to a deep discharge. Moreover, several
authors report the ability of zinc to inhibit the formation of the
v-phase upon overcharge.>’*2 This last point is of great interest for
commercial use. because it prevents the electrode swelling, which is
responsible for shortening the life of batteries. Finally, several stud-
ies mention that the presence of zinc increases the oxygen evolution
potential.>*1 and leads to a better chargeability of the active
material.

Nickel hydroxide exists either as B (II)-Ni(OH), or as a hydrated
phase designated by «-Ni{OH),. The structure of B(II)-Ni(OH),
can be described as a packing, along the ¢ axis, of NiO, slabs made
of edge-sharing NiOg octahedra. Protons are located in tetrahedral
sites in the interslab space, just below or above the oxygen atoms.
The structure of «-Ni(OH), derives from that of B(11)-Ni(OH), by
intercalation of one layer of water molecules as well as of anions in
the interslab space. B(II)-Ni(OH), is oxidized to 3(III)-NiOOH by
deintercalation of one proton and one electron. Upon overcharge of
the battery. the B(III)-phase can be converted into a y-type phase
[FLK,NiO,-zH,0 (x.» < 1)]. Various models have been proposed
to explain the battery discharge from the v phase: (/) formation of
the a-phase, which is unstable in alkaline solution and is rapidly
transformed into a B(I1)-phase through a dissolution, nucleation, and
growth process.!™™* and (i) direct transformation into the B(II)-
phase via a solid-state process. which was unambiguously shown by
electron microscopy.'” Because the average oxidation degree of
nickel ions is 3.5 in y-type phases, 1.5 electrons are theoretically
exchanged during the reduction fo « [against only one for the B(III)/
B(I) system. as mentioned above].

In our laboratory. a recent study has been devoted to a structural
investigation of zinc-substituted nickel hydroxide.'® It has been
shown that the B(IT)-type phase is stable up to 15% Zn [atomic ratio

* Electrochemical Society Active Member
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100 - Zn/(Ni + Zn)] and that zinc ions are substituted for nickel
within octahedral sites of the slab. The a-type phase is stable for
substitution amounts ranging from 20 to 50% zinc. It presents a
turbostratic structure with an interslab distance of 8.4 A. The zinc
cations are located in tetrahedral sites. in the interslab space, each of
these tetrahedra shares one face with a vacant octahedron of the
slab. The presence of carbonate ions, linked by only one of their
oxygen atoms to nickel or zinc cations, has also been highlighted.

In another study dealing with aging tests in 8 M KOH and with
chemical cycling of zinc-substituted nickel hydroxide.!” it has been
shown that (7) an Ostwald ripening process occurs during the aging
test of the B(II)-type phases in concentrated KOH. which leads to
the growth of crystallites via a dissolution. nucleation, and growth
process. and (77) a-phases are transformed into B(II)-phases via the
solution. In both cases, a partial zinc loss occurs during the dissolu-
tion. During the chemical cycling. redox reactions have been shown
to occur in the solid state, with a partial loss of zinc during a strong
oxidation. ie. when the y-phase is formed. Successive strong
oxidation-reduction cycles, starting from the ass50,7, phase, allow a
(II)-phase to be obtained via reactions in the solid state, with a
partial zinc loss during each strong oxidation. The resulting B(II)-
phase must therefore contain octahedral vacancies within the slab.

The present paper deals with the electrochemical behavior of a-
and B-(II)-type zinc-substituted nickel hydroxide. The structural
evolution of materials with zinc amounts ranging from 0 to 35% Zn
was investigated, during a galvanostatic cycling in a KOH electro-
lyte. Two kinds of studies were carried out: the first one deals with
a detailed investigation of the electrochemical cycling in 8 M KOH,
whereas the second one concerns the influence of the electrolyte
concentration on the electrochemical behavior. The results are dis-
cussed on the basis of the preliminary aging and chemical cycling
tests.

Experimental

Zinc-substituted nickel hydroxides were obtained by precipita-
tion. 200 mL of a 1 M metal salt solution (NiSO4 and ZnSOj, in the
appropriate ratio) were dropped into 300 mL of a 2 M NaOH solu-
tion at 25°C. The pH value was thus maintained equal to 14
throughout the precipitation. The precipitate was then washed with
deionized water, until the washing water pH reached a steady value
of 8-9. before being dried for 15 h at 60°C.

X-ray diffraction (XRD) patterns were obtained with a Siemens
D5000 diffractometer (Cu Kar). Most of them were recorded with a
scan step of 0.04°(26) for 25 s. Some of them. recorded for 7
s/0.04°, were smoothed.

In order to perform scanning electronic microscopy (SEM). a 2
nm layer of platinum was sputtered on the electrodes. Micrographs
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Figure 1. Evolution of the NEE per (Ni + Zn) atom, during a galvanostatic
cycling, at the C/5 rate. in 8§ M KOH. for the Bgoyza. Bsoszn: %a5057a. and
Q350,7, Materials (with graphite as the electronic conductor additive). For
comparison. the evolution of the NEE/(Ni + Zn). for an electrode consti-
tuted of B gezg With H .CoO; as additive. is also shown.

were recorded with a field emission Hitachi S-4500 microscope.

Electrodes for electrochemical tests were prepared by nuxing
two-thirds by weight of the active material with one-third by weight
of graphite, to ensure a good electronic conductivity. 1 wt % of
powdered polytetrafiuoroethylene was then added to increase the
mechanical strength. and the resulting mixture was pasted onto a
nickel foam (1 X 5 cm size). The whole electrode was pressed at 1
t/em?, placed into a nonwoven tissue. and then between two polyvi-
nylchloride plates. Two sintered cadmium hydroxide electrodes
were placed on either side of the positive electrode. their capacity
strongly exceeding that of the positive electrode, so as not to limit
the cycling of the battery. A galvanostatic cycling was performed.
The first charge was carried out for 20 h at the C/10 rate, meaning
that the value of the current intensity is such that 10 h are required
to exchange the theoretical capacity of the electrodes (based on one
electron exchanged per nickel atom). The subsequent discharge. as
well as the following cycles, were performed at the C/5 rate, with 6
h long charges and discharges down to 0.9 V vs. Cd(OH), /Cd. The
electrolyte was generally an 8 M KOH solution. In some experi-
ments, 2, 4, 6, and 8 M KOH electrolyte solutions were successively
used. Cobalt oxyhydroxide was used as an electronic conductor ad-
ditive, instead of graphite, in some punctual experiments. This ad-
ditive is added to the positive electrode mixture. via a solution, in
the form of cobalt sulfate, which is transformed mto the hydroxide
in the alkaline medium, and then irreversibly transformed into the
cobalt oxyhydroxide, which exhibits metallic conductivity
(H,C00,) during the first charge of the battery.!® Cobalt oxyhydrox-
ide is commonly used by battery manufacturers as an additive in the
nickel hydroxide electrode: 1t has the ability of forming an electronic
conductor film on the grains of active material, thus greatly improv-
ing the performances of the battery.®

Results and Discussion

In the following. each phase is designated by its structural type.
o or B. followed by the atomic ratio used in the synthesis [100
- Zn/(N1 + Zn)].

Evolution of the capacity in 8 M KOH as a fimction of zinc
amount—The evolutions of the number of electrons exchanged
(NEE) per (Ni + Zn) atom and per Ni atom for various zinc com-
positions, are represented in Fig. 1 and 2, respectively. The
NEE/(Ni + Zn) value is interesting from the application point of
view, because the presence of electrochemically inactive zinc influ-
ences the specific capacity. For comparison, the evolution of the
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Figure 2. Evolution of the NEE per Ni atom, during a galvanostatic cycling,
at the C/5 rate, in 8 M KOH, for the Bgozn. Psoszn: Mosepzn - and azse,z,
materials.

NEE/(Ni + Zn) value of an electrode. with H,CoO, used as the
additive instead of graphite, is also shown in Fig. 1. Meanwhule. the
evolution of the NEE per nickel ion. shown in Fig. 2. is representa-
tive of the influence of zinc amount in the material, on the ability of
each nickel ion to reach a high oxidation degree on charge. and to be
reduced on subsequent discharge. For each material, several experi-
ments were performed and one battery, representative of the average
electrochemical behavior, 1s presented for discussion.

When the active starting material is a B(IT)-type phase, a progres-
sive increase of the NEE can be seen during the first five to ten
cycles, corresponding to the activation period. In the presence of the
cobalt additive, this period is reduced to two cycles, which is much
shorter, as a result of the more homogeneous distribution of the
electronic conductor. On the contrary, the cycling of a-type phases
is characterized by an initial decrease in capacity. For asse,z, . this
decrease 1s going on slowly until the 40th cycle. For all materals,
the capacity is stabilized during a long-term cycling, after this initial
evolution.

The curves in Fig. 1 show that the NEE/(Ni + Zn) for the elec-
trode with B ge,7, (graphite as electronic conductor) is similar to that
obtained with ez, . at the beginning of the cycling, whereas this
value is higher for the zinc-substituted B(II)-phases after 30 cycles.
This is in good agreement with the literature.® The value of
NEE/(Ni + Zn) is still improved for the Bge,z, phase in the pres-
ence of the cobalt additive. It reaches a stabilized value of 1.1.
which corresponds to 282 mAh/g of (Ni.Zn) hydroxide and to 531
mAl/g of Ni. Nevertheless. it should be noticed that. in industrial
batteries. the increase in capacity with the zinc amount does not
seem to be so obvious. This different behavior may be due to the
fact that spherical nickel hydroxide that is used in industrial batteries
is prepared with a peculiar method, different from that used in the
present work. Industrial zinc-doped nickel hydroxide is indeed ob-
tained via the decomposition of zinc and nickel ammoniacal com-
plexes. coprecipitated by NaOH in the presence of NH;. whereas
zinc-substituted nickel hydroxides, presently studied. are directly
precipitated in NaOH.

As a result of the larger amount of zinc (which is electrochemi-
cally inactive). in a-phases than in B(II)-phases. the values of
NEE/(Ni + Zn) are lower for a-type phases than for R(II)-type
ones. Actually. Fig. 2 shows that the NEE/Ni value increases with
the amount of zinc in the active material. The largest stabilized value
(1.37) is observed for the o35z, material: it corresponds to 628
mAh/g of Ni. This latter value compares favorably with the capacity
of 410 mAh/g of Ni found by Dixit e al. for an o 44,7, material.’®
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Structural evolution of the B(Il)-tvpe phases upon cvcling in 8§ M
KOH—XRD patterns of electrodes with B ge,z, as the active mate-
rial, at different steps of the cycling, in the charged and discharged
state, are shown in Fig. 3. in comparison with that of the starting
material. At the beginning of the cycling, during the first three
cycles, a y-phase is formed on charge (C1, C2, and C3). The X-ray
diffractogram of the vy-phase exhibits a quite narrow (003) line, in-
dicating that the crystallites are built up of a sigmificant number of
slabs. During the respective subsequent discharges (D1, D2, and
D3). a mixture of the remaining y-phase and of a poorly crystallized
B(IT)-phase is obtained. Actually, the small diffraction line at 26
= 66.5°, which was indexed as (110). allows the direct calculation
of the ay, parameter. which is very different for reduced phases
{apex = 3.08 A(a) — 3.12 A[B(ID]} and oxidized phases [dpe,
= 2.80 A for both v and B(II)]. In the present case. the obtained
value shows unambiguously that the p(II)-phase 1s mixed with a
vy-phase. and not with an a-one. The C/5 rate does not allow the
complete reduction of the material, therefore, a part of the y-phase
remains in the electrode, probably at the core of the grains and
therefore far from the current collector. leading fo a residual capac-
ity. Furthermore, electrodes were discharged just down to 0.9 V vs.
Cd(OH), /Cd. so that only the first plateau was discharged. not the
second one.”® The relatively good crystallinity of the y-phase at the
end of charge C1, C2. and C3 suggests that the reactions. during the
first cycles, mainly occur in the solid state, in good agreement with
our previous study of Bge,z, oxidation.!” This behavior presents
analogies with the v — B(II) transformation in the solid state,
which was evidenced by Sac-Epée er al.'* On the basis of our ex-
periments, the intermediate formation of the a-phase on discharge
cannot be excluded, both steps v — a — B(II) being solid-state
processes. Indeed in our laboratory, the presence of the a-phase was
very recently demonstrated. after a very high rate of discharge of a
~v-phase, in a very low concentrated KOH electrolyte.”! Such a pro-
cess 1n the solid state is quite reasonable at the scale of one cycle.
even 1f one canmot exclude that a small part of the material may pass
into solution at the periphery of the grains. This solid-state process
was also evidenced in a previous study concerning aging tests of
a-type phases.!” Moreover, the significant broadening of the (001)
line, corresponding to the B(II) phase obtained in discharge i the
very first cycles. shows that there are a lot of defects in the material.
in agreement with the formation in the solid state.

After 15 cycles. a mixture of y- and B(III)-phases 1s obtained on
charge (C15). while the subsequent discharge (D15) leads to a bi-
phasic material. B(II) + . The amount of remaining ~y-phase is
very small. and the B(II)-phase is better crystallized than that ob-
tained at the third discharge (D3), as evidenced by a narrower (001)
line in the D15 diagram vs. the D3 one. This tendency 1s confirmed
at the 63rd cycle; the amount of vy-phase after charge 1s very small,
while the B(II)-phase obtained after discharge is still better crystal-
lized than that obtained at the 15th cycle. These results suggest that
a [B(II)-phase, different from the uncycled Bgo,zy phase, tends to
grow upon cycling. Actually, whereas the starting phase is com-
pletely oxidized to a y-phase after the third charge, for the B(II)-
phase obtained after a large number of cycles, the oxidation to the
v-phase is gradually prevented. The fraction of the B(II)-phase that
1s not oxidized to vy upon charge 1s increased during the cycling.
This fraction is cycled between B(II) and B(III). via solid-state re-
actions, and Ostwald ripening is superimposed on the cycling. lead-
ing to a significant growth of crystallites.”® This latter process was
actually evidenced during the aging tests of the 34,7, phase, in a 8
M KOH solution. One should notice that the change in the XRD
patterns gives a tendency for the evolution of relative amounts of the
two phases. but that quantitative results cannot be directly extracted
from the intensity ratio of the first two diffraction lines.

Figure 4 shows the evolution of the XRD patterns of electrodes.
manufactured with the 0,7, phase as the starting active material.
recovered in the charged state. at various steps of the cycling, in
comparison with the diagram of the starting material. The evolution

S Bl
s o B(lIT)
= (10)
7(003) BN or
(110)
(110)
C1

Cc63

(b) 290-.;( )

Figure 3. XRD patterns of the electrodes: (a) after the first and second
charges (C1 and C2) and discharges (D1 and D2); (b) after the nth charges
(Cp) and the nth discharges (D). in comparison with that of the starting

Pesoszn phase. Stars show the diffraction lines of Ni and C. added to the
electroactive material.
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Figure 4. XRD patterns of the electrodes, after the nth charges (Cp).

comparison with that of the starting gs,z, phase. Stars show the diffraction
Iimes of N1 and C added to the electroactive material.

of the patterns shows, as a general trend, a behavior similar to that
obtained with 40,5, . Therefore, only the diagrams relative to the
charged state are presented for P ge,z, . A well-crystallized y-phase is
obtained after the third charge (C3): after the 15th and 69th charges.
a mixture of v- and R(IM)-phases is obtained, the amount of B(III)-
phase mcreasing with the cycle number. A comparison of the
~v/B(III) molar ratio, for the phases with 0 and 6% zinc composi-
tions. shows that the p(III) — + transformation. in charge. is much
more limited with the Pge,z, phase, because the amount of the
vy-phase after 69 cycles is significant for the cycling with the o, 7,
material.

Derivatives of the discharge curves at the third and 15th cycles,
and at the end of the cycling. for electrodes with (3ge,7, OF Bge,za @S
active materials, are compared in Fig. 5. On this kind of cwve. the
vy/a system is usually characterized by a low-potential peak. around
1.16-1.18 V. and the B(TIT)/B(II) system by a higher potential peak,
around 1.23-1.25 V. these two potential domains being related to the
reversible potentials of the two corresponding redox systems. deter-
mined by Barnard.”® At the third discharge. only the /o system is
present, in good agreement with the XRD results (C3 in Fig. 3 and
4). At the 15th discharge. the low-potential peak is asymmetric fo-
ward high-potential values, which shows a non-negligible participa-
tion of the B(IIT)/B(II) system. The asymmetry is more pronounced
for the electrode with 4,7, as the active material. for which a peak
starts to form around 1.25 V (see the star in Fig. 5). At the end of the
cycling. a large contribution of the B(II)/B(II) system 1s highlighted.
It is clearly more pronounced for the B 4., 7, phase than for the 80,7,
one. in good agreement with the XRD results again.

As a conclusion, starting from the B(II)-phases. the electrochemi-
cal cycling and the XRD pattemns lead to the conclusion that the
starting [3(II)-phase is completely oxidized to a y-phase during the
very first charge, while a B(II)-phase is formed during the corre-
sponding discharge. Actually. in a first step, the y-phase must be
electrochemically reduced to B(II) (direct formation or via the
a-phase). The relatively well-crystallized state of the vy-phase. ob-
tained after the third charge. suggests that the previous reaction oc-
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Figure 5. Derivatives of the nth discharge curves (D). starting from the
Boeszs phase (dotted line) and from the gz, phase (continuous line).

curs in the solid state. The PB(IT)-phase that is obtained after the
reduction gives rise to B(III) or . during the subsequent charge.
with a progressive transformation of the v/a system to the B(II)/
[(II) one upon cycling. The stabilized cycling within the B(III)/B(II)
system allows for the growth of the crystallites. This evolution to-
ward the B(IIL)/B(II) system is more pronounced with Bz, than
with B,z . The very peculiar shape of the derivative (D63 in Fig.
5) should be noted in the case of the zinc-substituted system. Several
contributions appear in the 1.19-1.27 V range. which shows that.
even if the XRD pattern shows only one B(II)-type phase. several
materials, with different compositions or cationic distributions, are
involved in the cycling process. This point is discussed in detail in
the general discussion.

Structural evolution of the oase,z, phase upon cveling in 8§ M
KOH—XRD patterns of electrodes with atyse, 7, as the active mate-
rial, at different steps of the cycling. in the charged and discharged
state. are shown in Fig. 6, in comparison with that of the starting
material. After the third charge, a poorly crystallized y-type phase.
with an interstratified structure. is obtained. The interreticular dis-
tances corresponding to the first two diffraction lines (dotted lines
on curve C3) are not in the 2:1 ratio, suggesting an interstratified
structure. Such a material was reported to be obtained during a
strong oxidation of the aty50,7, phase.!” On the subsequent discharge
(D3). a mixture of an a-phase (interslab distance d = 8.2 A) and of
a poorly crystallized B(II)-phase. which 1s also interstratified, is ob-
tained. The lines at 1.57 and at 1.54 A (zoom), which correspond to
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Figure 6. XRD patterns of the electrodes. after the nth charges (C,,) and the nth discharges (D,). in comparison with that of the starting ot»se,7, phase. Stars

show the diffraction lines of Wi and C added to the electroactive material.

the dyyo distances in the two materials, are indeed simultaneously
present in the XRD patterns. This behavior suggests solid-state re-
actions. It 1s in good accord with the results obtained after succes-
sive strong oxidation-reduction chemical cycles, starting from
(50,7, - Which were shown to lead to a progressive y/a to B(III)/
B(TT) transformation, in the solid state, via intermediate interstrati-
fied materials.)” Meanwhile. an aging test of the o507, phase in 8
M KOH solution, which was carried out for 44 h (i.e.. the duration
required to perform the three first electrochemical cycles) led to a
mixture of a- and B(II)-phases via the solution. In fact. since the
a-phase is only present in the reduced state. the kinetics of the
dissolution reaction during the cycling cannot be compared with
those occurring during the aging tests. Nevertheless, this experiment
cleaily shows a tendency of dissolution of the material. This sug-
gests that a second process, occuring via the solution, must be
mvolved. in addition to the transformation in the solid state.

Very small traces of y-phase remain together with the prevailing
p(III)-phase after the 15th charge. After 58 cycles. the y/a system
has completely disappeared in favor of the B(IITI)/B(II) one. As in the
case of the B(II)-phases as the starting material, the crystallization
state of the B(II)-phase obtained after discharge is improved. cycle
after cycle.

Derivatives of the third. 15th. and 58th discharges are repre-
sented in Fig. 7. A low potential peak. together with a high potential
one. can be seen at the third discharge, which indicates that two
redox systems may be involved in the electrochemical process. This

is in good agreement with the XRD results. which show after the
third charge. an interstratified vy-type phase, constituted of B(III)-
and y-type slabs, which are likely to correspond to the high and low
potential peaks. respectively. For the 15th and 58th cycles, a low
potential peak is clearly predominant, which could @ priori be the
result of the reduction of the ~y-phase into an «-phase. Such an
attribution seems unreasonable because the B(III)/B(II) system was
shown, by XRD, to be largely prevailing at the 15th cycle. and
because no trace of v was detected after the 58th charge. The origin
of this peak is discussed later.

Scanning  electronic microscopy (SEM)—Cycled electrodes,
with the cy5,7, phase as active material. were characterized by
SEM. in comparison with the starting material and with an uncycled
electrode. which was aged for one week in a 8 M KOH solution
(Fig. 8). The o550, 7, phase is constituted of thin platelets (150-500 A
mn diameter) with ill-defined outlines. After the third charge (Fig. 8a)
and the subsequent discharge (Fig. 8b). the material presents a habi-
tus that is similar to that of the starting material. but with slightly
better defined outlines. Some small hexagonal platelets with diam-
eters around 300 A can also be seen. The similarity in habifus sug-
gests that the main process occurs in the solid state, during these
redox reactions. Nevertheless, a partial process via the solution can-
not be totally excluded. which may explain the improved definition
of the outlines vs. the starting material. After 15 cycles (Fig. 8c).
hexagonal platelets with well-defined outlines are obtained. Their
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Figure 7. Derivatives of the nth discharge curves (D,). starting from the
Ol 250 7n phase.

size (300-800 A diam and 100-200 A thickness) is significantly
higher than the average size of the particles in the starting material.
or in the electrode after three cycles. The micrograph in Fig. 8c
shows a habitus very similar to that of the uncycled electrode, which
was aged for one week in 8 M KOH (Fig. 8d). This shape evolution
suggests that a process of dissolution, nucleation. and growth also
occurs in the material during the electrochemical cycling. This is
consistent with XRD. in Fig. 6. which shows a narrowing of the
diffraction lines of the B(II)-phase after the 15th cycle.

To sum up. results obtained by XRD are in good agreement with
those deduced from the SEM study. Both methods show that two
processes occur sinmiltaneously, one of them occurring in the solid
state. whereas the second one implies a dissolution step. At the time
scale of one cycle. the solid-state process prevails and is just a small
part of the material involved in the Ostwald ripening. Nevertheless.
one can assume that, after a large number of cycles, the main part of
the material has been involved in the Ostwald ripening. Both pro-
cesses give rise to a B(IT)-phase in the discharged state. which leads
to the stabilization of the B(III)/B(II) system during subsequent
cycles. This stabilization allows the growth of crystallites of the
B(II)-type phases, following an Ostwald ripening. It should be noted
that the B(IT)-phase. formed in the solid state, must be different from
the classical one, since it must contain nickel vacancies due to the
loss of zinc.

Structural evolution of the B gz, and Bge,z, phases upon cvcling
as a function of the KOH conceniration—The experiments reported
i the previous section were performed in conditions, which were
favorable to the formation of the y-phase on charge: a 20% theoret-
ical overcharge was imposed and a concentrated 8 M KOH solution
was used as the electrolyte. In these conditions, the y-phase is
formed. on charge. right at the beginning of the cycling. and the
transition from the /o to the B(II)/B(II) system, which subse-
quently occurs, is more pronounced when the active material con-
tains zinc, in substitution for nickel. In the present section, the ex-
periment comsists in an initial cycling in a low-concentration of
KOH electrolyte (2 M). which allows the activation of the material,
but prevents the formation of the y-phase on charge. Afterward. the
electrolyte was removed and replaced by a more concentrated one.
In this way, 4. 6, and 8 M concentrated KOH electiolytes were
successively used. The aim of the investigation was to study the
appearance of the vy-phase, on charge, when using the B g0z, phase
as the active material. in comparison to the Bge;z, one. The evolu-
tion with cycling of the NEE per (Ni + Zn) atom. for the 4oz,
phase. is compared to that of the (3,.,7, one. in Fig. 9. Figure 10
shows the derivatives of some discharge curves. the fifth and 13th
ones, in 2 M KOH. the 14th and 29th, in 4 M KOH, the 31st and
45th, in 6 M KOH, and finally the 50th and 55th ones. in 8 M KOH,
were chosen.

For Boeyzy. the D5 and D13 derivatives show that only the
B(II)/B(II) system (characterized by the exclusive peak in the 1.23-
1.26 V range) 1s involved 1n the electrochemical reactions in the 2 M
electrolyte. For B,z . the behavior is the same in the first approxi-
mation, but the derivative curves are no more synunetrical, indicat-
ing that several closely related materials are clearly present within
the electrode. Afterward, each increase in the concentration of KOH
immediately leads to an increase in the NEE, due to an increase in
the conductivity of the KOH solution. However, any subsequent
mcrease of the NEE value can be related to a structural evolution of
the material.

In 4 M KOH. the capacity obtained from the (40,7, phase is
almost stable after the initial small increase in the NEE value. The
D14 and D29 derivatives are quite similar (continuous lines in Fig.
10). which confirms the stable behavior. in spite of a very slight
increase in the contribution at low potential, for the D29 curve. The
very broad shape of the derivative peaks must be noticed: in fact
several contributions occur, but their 1.20-1.28 V potential domain
allows one to conclude that there is an (almost) exclusive contribu-
tion of B(III)/B(II)-type systems. For Bgs,z,. the value of the NEE
continuously increases from the 15th to the 25th cycle, and then
stabilizes. This evolution is in good agreement with that of the de-
rivatives. Actually. a low potential peak. corresponding to the v/«
system. clearly appears in the D29 curve, which is not apparent in
the D14 one (dotted lines). Indeed, as previously mentioned. the
presence of the y/a system implies a significant increase of the
capacity. as compared to the B(IIT)/B(IT) one. The contribution of the
v/ system, m the case of the B gs,z, phase, accounts for the higher
NEE value. as compared to gz, -

In 6 M KOH. on the contrary, the capacity of the electrode with
B oo,z 13 almost stable upon cycling. in accordance with the two
D31 and D45 derivative curves (dotted lines). which demonstrates a
constant contribution of the /o system. As shown by the derivative
curves, the contribution of the /o system is, as expected. still larger
in 6 M KOH than in 4 M KOH. Meanwhile, the NEE for the B 0,7,
phase progressively increases, while the low-potential peak, charac-
teristic of the v/« system, appears between the 31st and 45th deriva-
five curves (contmuous lines).

In 8 M KOH, both materials exhibit a stable capacity and. ac-
cordingly. no modification of the derivative curves throughout the
cycling. A contribution of the y/ae system is observed in both cases.
This contribution is larger for the Be,7, phase than for the Bge,z,
one, in good agreement with the higher capacity, obtamned for the
former material. than for the latter one.
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Aging in 8M KOH

Figure 8. SEM photographs of the electrodes, after the third charge (a) and discharge (b) and after the 15th discharge (c), as compared to that of the starting
50,7, Material. As a comparison, the SEM photograph of an uncycled electrode, with the e450,7, phase as the active material and which was aged for one week

m 8 M KOH (d). is also shown.

This experiment shows that zinc. in substitution for nickel in
nickel hydroxide, delays the formation of the vy-phase on charge.
Actually. with 6% substituting zine. the y/a system appears n the
KOH electrolyte with a concentration above 6 M, whereas a signifi-
cant transformation to the /e system 1s already achieved in a 4 M
KOH electrolyte. for the By.,7, phase. It should be noted that the
potential of the derivative peak corresponding to the B(IID)
— B(II) reduction. is higher for Bgs,z, than for Bge,z, (Fig. 10). in
good agreement with literature.!

Discussion

Our experiments show that the presence of zinc, as a substituting
element in nickel hydroxide, allows the B(III)/B(II) system to stabi-
lize in good agreement with the literature. > A higher concentra-
tion of KOH is necessary to form vy on overcharge. when using
Bgo,za nstead of Bge,z, as the active material. During cycling in 8
M KOH, after the initial formation of the ~y-phase during the first
cycles, the long-term cycling, in the presence of zinc, involves a
stabilized B(IM)/B(I) system. The transformation from the /o sys-
tem to the B(II)/B(IT) one is faster for the material with 25% Zn
than with 6% Zn. For comparison, for Bge,z,. a non-negligible
amount of + remains on charge even after 69 cycles.

Figure 11 tries fo summarize schematically the various processes
that occur during the electrochemical cycling of the Bz, and
@150, 7o Phases. The processes involved in the cycling of a B(IT)-type
phase are different from those starting from an a-type phase, as a
consequence of the structural difference between the two kinds of

phases. In the B(II)-type phases. zinc cations are located in octahe-
dral sites of the slab, in substitution for nickel, while in the
a-phases, they are in tetrahedral sites of the interslab space, associ-
ated with nickel vacancies in the slab.

Tn order to describe the processes presented in Fig. 11, more
casily the various experimental results found in this study and in
previous ones - are summarized in Table L.

Evolution of the B(II)z,-tvpe phases upon cyvcling—During the
first charge in 8 M KOH, the B(IT)-phase is oxidized to a relatively
well-crystallized +y-phase, with the partial loss of zinc. Since the
reaction occurs in the solid state, the resulting y-phase contains
octahedral vacancies within the slab. due fo the departure of zinc.
The subsequent reduction leads to an a-phase, via a reaction in the
solid state, in addition to a small fraction of residual v, with no
further loss of zinc. Therefore. octahedral vacancies remain in the
o-phase. But this a-phase 1s unstable in the highly concentrated
electrolyte, where it is transformed into the (II)-phase. Two pro-
cesses can be envisaged for this transformation, one of them, which
is the prevailing one, occurs in the solid-state (process 1 in Fig. 11)
and the second one involves a dissolution of the material (process 2
i Fig. 11). The first process leads to a B(II) phase with octahedral
vacancies within the slab. During the following charge. this B(II)-
phase 1s oxidized to a relatively well-crystallized ~y-phase, which
accounts for the presence of such a y-phase, even at the third cycle.
and not only at the first one. Process 2 consists of a transformation
via a dissolution and nucleation process. It must lead to very small
particles of B(II)-phase. since the growth step has just begun at this
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Figure 9. Evolution of the NEE per (Ni + Zn) atom. during an electro-

chemical cycling of the Byoyz, and B oz, phases. in various KOH solutions
(2,4, 6. and 8 M).

stage of the cycling. An extended X-ray absorption fine structure
(EXAFS) study, which will be the subject of a forthcoming publi-
cation. was performed on a 3(II)-phase resulting from the aging of

an a-phase.”* It demonstrates that this B(II)-phase contains zinc cat-
ions in tetrahedral sites of the interslab space, which locally prevent
the formation of the vy-phase on charge.

Actually. in the case of a nonsubstituted ((I)-phase. the forma-
tion of v, during an overcharge, is due to the oxidation of some
nickel ions to Ni'". related to a strong slab deprotonation. This
implies strong electrostatic repulsion between adjacent oxygen
planes in the interslab space, which leads to an increase in the in-
terslab distance, and to the intercalation of cations (K¥) in the in-
terslab space.

In the case of B(II) phases. formed upon cycling, zinc cations are
located in the interslab space, so that covalent bonds exist between
these zinc cations and some oxygen atoms. belonging to the two
adjacent oxygen planes of the interslab space. In this case, even if
some nickel ions are oxidized to Ni'*, the interslab space cannot be
expanded. This explains why the NEE value per nickel atom. ob-
tained during the cycling of the B4s, 7, phase, 13 significantly higher
than one. even if the cycling is stabilized in the B(IIT)/B(IT) system.
Furthermore, if the ABAB oxygen packing is maintained, each of
these zinc cations, located in a tetrahedral site of the interslab space,
replaces one proton. This tetrahedron shares three edges with three
tetrahedra of the interslab space, which are normally occupied by
three protons. In the case of an 1ideal ABAB oxygen packing. one of
these tetrahedra must contain a proton vacancy to ensure electroneu-
trality: in the two other tetrahedra. protons are strongly destabilized.
since they share common edges with the ZnO, tetrahedron. There-
fore, the chargeability of the material is improved. However, it was
shown that zinc-substituted B(II)-type nickel hydroxides contain
stacking faults.'® In the vicinity of these defects, some tetrahedra of
the interslab space share one face with one octahedron of the slab.?
If a zinc ion is located in such a tetrahedron, this involves the oc-
currence of a nickel vacancy in the octahedron sharing one face with
this tetrahedron. The electroneutrality thus implies, either the inter-
calation of an additional proton, or the oxidation of a neighboring
nickel ion to Ni**, thus improving the electronic conductivity of the
B(II)-phase and consequently its chargeability. The subsequent oxi-
dation of this 3(II)-phase, leading to the formation of a 3(III)-phase.
occurs in the solid state with no further loss of zine, as reported
elsewhere, for chemical redox reactions in the B(III)/B(II) system. '’
Therefore. the B(III)-phase also contains zinc in tetrahedral sites of
the interslab space. In addition to the previously described two pro-
cesses, a third one occurs in the discharged state (process 3 in Fig.
11); this is the Ostwald ripening. responsible for the growth of the

D5
D13

dt/dV (a.u.)

D14
D29-

D31
D45

6MKOH 4M KOH 2M KOH
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Figure 10. Comparison of the derivatives of discharge curves. at different
steps of cycling. for Bge,z, (dotted line) and Bgo,z, (continuous line). For
cach concentration of clectrolyte, the derivatives of two discharges are rep-
resented, one discharge shortly after the change of electrolyte and one dis-
charge when the capacity obtained in this electrolyte is stabilized.

crystallites of the B(II)-phase. Among these three processes. only the
first one retains the material in the ~/a system. However, for the
a-phase. formed by the redox reaction of the B(II)-phase with va-
cancies (resulting from process 1), a fraction of the material follows
process 2. As a consequence, cycle after cycle, the whole material
will gradually be subject to process 2. and thus it will be stabilized
in the B(ID/B(II) system.

Evolution of the oz,-tvpe phases upon cveling —Starting from
the o507, phase. an interstratified phase containing vy-type and
B(III)-type slabs. designated by 1. is obtained after oxidation. The
starting material contains zinc cations in tetrahedral sites of the in-
terslab space and octahedral vacancies within the slab; both strue-
tural features remain after the oxidation since it occurs 1n the solid
state. The loss of zinc from tetrahedral sites, occurring during this
oxidation. leads to a local decrease in the interslab distance. leading
to the formation of B(III)-type slabs. The subsequent reduction oc-
curs 1n the solid state, with no further loss of zine. and it leads to an
interstratified [« + B(II)] phase [statistical packing of « and B(II)
domains]. Two processes can now be considered. The first one (pro-
cess 4 in Fig. 11) is a dissolution and nucleation process, resulting in
the formation of a B(II)-phase, with zinc cations in the interslab
space. This B(II)-phase will subsequently behave like that obtained
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Figure 11. Schematic representation of the processes that oceur during the
electrochemical cycling of Bgo,z, and asge,7, - Oxid: oxidation: Red.: redue-
tron: It interstratified material.

while starting from the Bge,z, phase, as already discussed in the
previous section. The second process (process 5 in Fig. 11) is a
succession of solid-state redox reactions, with a loss of zinc during
each oxidation. It leads to a B(IT)-phase, due to the departure of
intercalated species (zinc ions, carbonate ions, water molecules),
with remaining octahedral vacancies within the slabs. For this B(II)-
phase. an Ostwald ripening also occurs (process 6 in Fig. 11). Since
this process consists in the simultaneous dissolution of the smallest
particles and growth of the biggest ones, it leads to a mixture of a
classical B(II)-phase and of a B(II)-phase with octahedral vacancies
(the heart of the biggest particles, which has not been dissolved). As
already suggested. the occurrence of octahedral vacancies, within
the slab of the B(II)-phase. should stabilize the B(III)/B(I) system.'”
Actually, after oxidation to B(TIT), for each Ni** vacancy within the
slab, three nickel ions must be oxidized to Ni**, without creating
strong electrostatic repulsion. Therefore, since there is no deproto-
nation, this does not imply the increase of the interslab distance.
Buiefly, the +y-phase is not formed. even if some nickel ions are
oxidized to Ni'*, which explains that the value of the NEE per
nickel atom is higher than one. even at the end of the cycling, where
the B(IIT)/B(II) system is stabilized.

Comparison of the two systems.—All the processes occurring
during the electrochemical cycling of the aty50, 7, phase. directly lead

to B(II)-tvpe phases. This explains that the B(IIN)/B(II) system is
stabilized much more rapidly during the cycling of the wyse,z,
phase, than during that of the B s, 7, one. Indeed, for the latter phase.
process 1 in Fig. 11 temporally retains a fraction of the material in
the y/o system, which slightly delays the transformation to the
B(II)/B(ID) system.

The transformation from the /o system to the B(III)/B(II) one
accounts for the initial decrease in capacity, observed during the
electrochemical cycling of a-type phases. Actually, even if the B(IT)-
phases, formed 7n sifu upon cycling either with zinc cations in the
mterslab space (process 2) or with octahedral vacancies within the
slabs (process 5), exchange more than one electron per nickel atom
during electrochemical cycling, the capacity does not reach that ob-
tained in the initial v/« system (1.5 electrons per nickel atom theo-
retically exchanged). Concerning Bgo,z,. the initial increase in ca-
pacity results from the activation of the material. in addition to the
formation of the vy-phase upon charge. Subsequent transformation
from the y/a system to the B(IIT)/B(II) one does not lead to a de-
crease in capacity, unlike the case of the aysez, .

To sum up, numerous processes occur during the electrochemical
cycling of zinc-substituted nickel hydroxide. After the initial forma-
tion of the vy-phase. or of an interstratified y-type phase during the
first charges. a combination of these processes leads to a complete
transformation from the v/« system to the B(II)/B(II) one. The vari-
ous processes imply the formation of different kinds of B(II)-phases.
a classical B(II)-phase. a B(II)-phase with zinc in tetrahedral sites of
the interslab space. and a P(II)-phase with octahedral vacancies
within the slab. The last two kinds of B(II)-phase allow the NEE per
nickel atom to reach values higher than one. These three kinds of
[(IT)-phase probably have three different redox potentials. This ex-
plains the very broad discharge derivative curve, observed in Fig. 5
(D63) and in Fig. 10 (D29, continuous line), for the cycling of the
B go;zo Phase. More especially. the potential of the B(II)-phase with
octahedral vacancies is totally unknown. Tt could correspond to the
low-potential peak, observed in the D38 derivative curve (Fig. 7), at
the end of the cycling of the ass0,7, phase, where only the B(III)/
B(II) system is involved. The same low-potential peak is also
present in the D63 derivative (Fig. 5): its potential is close to that of
the y/a system but the XRD (Fig. 3) shows that only a very small
amount of this system is involved in the cycling. Therefore, one can
assume that a part of the low-potential peak corresponds to a B(I)-
type phase. with a special cationic distribution.

Conclusions

The electrochemical cycling of zinc-substituted nickel hydroxide
in 8 M KOH is very complex. It involves several simultaneous
processes, some of them occur in the solid state, whereas some

Table I. Overview of the various phenomena that are involved in the aging in KOH electrolyte and in the chemical and electrochemical cyecling,

for zinc-substituted - and «-type nickel hydroxides

Structure

Chemical cyeling
(Oxidation in NaClO + KOH.

Electrochemical
cycling as a
function of KOH
concentration

Electrochemical cyeling

Aging in KOH

(from Ref. 16) (from Ref. 17)

reduction in H50,)
(from Ref. 17)

(8 M KOH. 20% overcharge)

(This work) (This work)

Bz, Zn in octahedral site
within the slab

— B through the solution

Loss of zine in the KOH solution

gz, Zn in tetrahedral site
within the interslab
space

— B through the solution

Nickel vacancy within  Loss of zine in the KOH solution

the slab

Cycling in the B(III)/B(II)
system

Loss of zine during the oxidation
in the solid-state

— Zn vacancy within the slab
Evolution a —

interstratified phases —
B(II)/B(II) in the solid state

— Zn vacancy within the slab
Loss of zine

Formation of y
delayed in the
presence of Zn

B — v upon oxidation
during the st cyeles

Evolution y/ao —

B(IIT)/B(T1) in the solid state
and also via Ostwald ripening
Evolution @ — y — a

— interstratified materials

— B(IIT)/B(I) in the solid state

and also via Ostwald ripening.
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others imply a dissolution step. These processes lead to the stabili-
zation of the B(III)/B(II) system, during a long-term cycling, this
stabilization being faster with o550, 7, than with Bge, 7, as the active
material. These effects are related to the imvolvement of several
B(II)-type phases with special structural features (zinc cations in the
interslab space and/or octahedral vacancies within the slab).

When the cycling is performed in KOH electrolytes with increas-
ing concentrations, the presence of zinc in the active material also
delays the formation of the v-phase on charge.

The shape of the derivatives of the discharge curves as well as
the schematic diagram in Fig. 11 suggest that the same steady state
is observed at the end of the cycling. whatever the nature of the
starting phase (« or (3). The electrode materials contain B(II)-type
hydroxides with different cationic distributions. leading to a large
extent of electrode potential.
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