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Abstract Lithium nickelate was synthesized by self-
propagating high-temperature combustion. The elec-
trochemical behaviour of the product was studied by
cyclic voltammetry of microparticles immobilized on the
surface of graphite electrodes. Whereas numerous pre-
vious studies have dealt with non-aqueous electrolyte
solutions, here the behaviour of lithium nickelate in
contact with aqueous electrolyte solutions was investi-
gated. It could be shown that protons are intercalating
upon reduction of the Ni(IIT) to Ni(IT) and deinterca-
lating upon oxidation. This insertion electrochemistry is
chemically reversible. Within 1600 oxidation-reduction
cycles, the response diminished only by about 10%.
Scanning electron microscopy reveals a considerable
recrystallization during the electrochemical cycles. En-
ergy dispersive X-ray detection proved that no metal
cations are intercalating. The electrochemical system is
accessible only in very alkaline solutions as it shifts to
more positive values with decreasing pH.
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Introduction

Oxide materials such as LiNiO, and LiCoO, and similar
compounds are promising candidates as electrode ma-
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terials for rechargeable lithium batteries [1, 2] and more
specifically for the rocking-chair type with carbon as the
negative electrode. In view of these applications, the
structure and electrochemistry of lithium nickelate with
non-aqueous electrolytes has been well studied. It has
been reported that lithium nickelate crystallizes in the
rhombohedral lattice mode with trigonal symmetry
(space group: R3m). The lithium and nickel ions occupy
the octahedral sites of the face-centred cubic oxygen
packing. Depending upon the value of x in Li,Ni;; ,O,,
various authors report distortions in the structure of the
compound [3-5]. If x < 0.56, the structure of lithium
nickelate is that of the disordered rock salt type, whereas
for x > 0.6, partial cation ordering occurs, culminating
in the formation of the layered LiNiO, (x-NaFeO,)
structure at x = 1. The layered compound is very im-
portant from the battery point of view, since it is the
only phase known to intercalate lithium ions reversibly
at voltages larger than 3.5V vs. Li. Using electro-
chemical and in situ X-ray techniques, it was proved that
LiNiO, can be electrochemically converted into Li,.
NiO, by insertion of lithium ions and vice versa, though
substantial hysteresis in the cell voltage was observed
during this phase transition [6]. Several attempts were
made to prepare the stoichiometric compound but the
results were not successful. Even a small amount of
structural disorder due to the displacement of nickel ions
or lithium ions in the structure of LiNiO, leads to
changes in the electrochemical properties of the sample
[7, 8]. Electrochemical studies on the variation of cell
voltage vs. composition of LiNiO; revealed that the in-
crease in the content of nickel ions in the sample de-
creases the discharge capacity of Li/Li Ni;_.O, cells in
propylene carbonate [1]. The extra nickel ions present in
the lithium sites reduce the interslab space and this limits
the reintercalation of lithium ions during discharge,
thereby affecting the cell performance. Also the elec-
trostatic repulsion between the lithium ions and the ex-
tra nickel ions may play a negative role in the entry of
lithium ions. These materials as well as the sodium
compounds are also used as reference systems in solid
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state CO, and SO, sensors using f”-alumina as a solid
electrolyte. Very fine powders are necessary to form
reference electrodes that are electrochemically active
[9, 10].

Conventionally, these oxide materials are prepared by
a solid state method [1, 6, 8], which is a tedious and time
consuming process, involving prolonged heating with
intermittent cooling and grinding of the powders. A key
focal point in materials chemistry is the development of
new routes for the preparation of a variety of inorganic
compounds with the desired structure, composition and
properties. In the present work, LiNiO, is prepared by
self-propagating high-temperature combustion
(SPHTC). This is a novel technique that has been used
successfully for the preparation of ceramic and phosphor
materials [11-16]. The main advantage of this method,
compared to the solid state sintering method, is that the
experiment is completed within 10 min. The basic prin-
ciple of the method is the decomposition of an oxidizer,
e.g., a metal nitrate, in the presence of a fuel. The fuel
becomes ignited by the oxidizer to yield oxide materials
derived from the metal salts.

LiNiO, prepared by SPHTC is subjected to electro-
chemical studies in aqueous electolytes by mechanically
immobilizing the solid sample on the surface of a par-
affin impregnated graphite electrode (PIGE) [17-20]. It
is worth mentioning that this material is so far studied
only for its electrochemical behaviour in non-aqueous
electrolytes and to our knowledge there have been no
previous reports available on the electrochemistry of
LiNiO, in aqueous electrolytes. We focused our atten-
tion to study the electrochemical behaviour of this
compound in aqueous electrolytes in order to examine
its insertion characteristics so that its viability as a bat-
tery active material could be extended to aqueous sys-
tems. In this paper we report the cyclic voltammetric
behaviour of LiNiO, in aqueous alkali electrolytes,
which helps to understand the intercalation and dein-
tercalation of cations during the redox process. With the
help of scanning electron microscopy (in conjunction
with an energy-dispersive X-ray spectrometer), the
electrochemically treated electrodes were analysed for
the presence of intercalated cations. The composition of
the lithium nickelate powder prepared was characterized
by X-ray diffraction.

Experimental
Preparation of LiNiO, by SPHTC

In SPHTC, attention should be given to calculating the stoic-
hiometric composition of the oxidizing and reducing species in
order to obtain phase-pure final products and also to avoid the
evolution of unwanted gases like NO, during the combustion
process. Some details regarding the experimental procedure for the
preparation of LiNiO, by SPHTC are given below.

The stoichiometric compositions of the redox mixtures for the
combustion reaction are calculated, using the total oxidizing (O)
and reducing (R) valencies of the individual components, which

serve as the numerical coefficients for the stoichiometric balance, so
that the equivalent ratio, R, is unity (i.e. O:R = 1) and the energy
released by combustion is a maximum [21]. Accordingly, the sto-
ichiometric composition of the reaction mixture is calculated for
the synthesis of LiNiO, as: LINO3 + Ni(NO;), + 2.5 NH,-CO-
NH,.

As per the above equation the stoichiometric amounts of the
reactants, viz. LiNO;, Ni(NO;), and urea, were dissolved in a
minimum amount of distilled water in a beaker. The beaker with
the solution was subjected to heating in a muffle furnace at 500 °C.
After a few minutes the solution boiled, solidified and ignited with
a flame temperature of 1100 °C to yield a grey-black fine powder.

Equipment and measurements

For electrochemical measurements the following instrumentation
was used: an Autolab (ECO-Chemie, Utrecht, Netherlands), an
electrode stand VA 663 (Metrohm, Herisau, Switzerland) and a 386
personal computer. The reference electrode (Metrohm, Switzer-
land) was an Ag/AgCl electrode with 3 M KCI (E = 0.208 V vs.
SHE). All measurements were performed in solutions which were
thoroughly deareated with high-purity nitrogen for at least 10 min.
The voltammograms were recorded at 22 + 1 °C. X-ray diffrac-
tion (XRD) measurements were performed with a HZG 4 (Seifert-
SPM, Germany) and the scanning electron microscope was a Leo
440 (Germany) equipped with an Econ 4 detector (EDAX, USA).

All the chemicals used were of analytical grade and all solutions
were prepared with double distilled water.

Results and discussion
XRD studies

The XRD pattern of the LiNiO, sample prepared by
SPHTC is shown in Fig. 1. The X-ray pattern is com-
parable with the standard JCPDS data [22]. Although
the 20 values are comparable with the standard pattern
of LiNiO,, there are considerable differences in the in-
tensity of lines (003) and (104). This may be due to the
formation of a lithium-deficient phase Li;_,NiO,. The
value of x in the sample can be deduced by comparing
the X-ray data of LiNiO, reported in earlier studies.
Our XRD pattern and data coincide with the work of
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Fig. 1 X-ray diffraction (XRD) pattern of LiNiO, prepared by self-
propagating high-temperature combustion (SPHTC)



Rougier et al. [1], who deliberately prepared a lithium-
deficient phase of LiNiO,. They reported an x value of
0.41 for a thermally treated sample at 950 °C, which
may hold good for our sample since the SPHTC involves
a high temperature (1100 °C). From this we infer that
the composition of samples prepared by our method is
Lig¢NiO,. As reported by Rahner et al. [23], Li;_, NiO,

Fig. 2 Scanning electron mi-
croscopy (SEM) image of Li-
NiO, a before electrochemical
treatment and b after electro-
chemical treatment with a final
reduction at 0.1 V vs. Ag/AgCl
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with 0 < x £ 0.5 is a suitable cathode material for re-

chargeable lithium cells using a carbon anode. The
broadening of the XRD lines (Fig. 1) of the sample is
due to the smaller size of the crystallites. It is known, in
general, that SPHTC produces samples of fine particle
size. Scanning electron microscopy of LiNiO, shows the
particle morphology as in Fig. 2.
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Electrochemical studies

As mentioned in the introductory part of this paper, the
structure and electrochemistry of lithium nickelate is
well studied in non-aqueous electrolytes with reference
to its application as a positive electrode in the recently
developed rocking-chair rechargeable batteries. The
structure of lithium nickelate determines the insertion
phenomena, which in turn decide the applicability of the
compounds. In the case of iron(III) hexacyanoferrate(II)
or Prussian blue (PB), the zeolitic channels of PB enable
a reversible intercalation of lithium ions from non-
aqueous electrolytes [24] but not from aqueous electro-
lytes. This is the result of the very strong hydration of
lithium ions and the large size of the hydrated ions. An
appreciable difference between LiNiO, and PB is that
the layered interslab spacing in the structure of LiNiO,
is variable with respect to the mode of preparation,
whereas the zeolitic channel of PB remains unperturbed
and insensitive to the method of preparation ([25] and
refs. therein). This study was aimed at elucidating
whether LiNiO, can reversibly intercalate cations from
aqueous electrolytes. To study this problem, cyclic vol-
tammetry of microparticles of the compound immobi-
lized on graphite electrodes was applied [26]. Aqueous
alkali electrolytes were used in these studies. Our at-
tempts to study this compound in neutral solutions were
not successful because of the pH shift of the volta-
mmetric system with decreasing pH.

Lithium nickelate powder was mechanically immo-
bilized on the surface of a PIGE and the electrode was
cycled in LiOH, NaOH and KOH electrolyte solutions
of varying concentrations ranging from 0.02 to 0.5 M.
Figure 3 shows the cyclic voltammograms obtained for
lithium nickelate in LiOH electrolyte solutions. The
appearance of a single set of strong and stable redox
peaks indicates that intercalation and deintercalation of
cations take place during the faradaic redox reaction. At
a low concentration of the electrolyte (0.02 M), the an-
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Fig. 3 Cyclic voltammograms of mechanically immobilized LiNiO,
on the surface of a paraffin impregnated graphite electrode (PIGE) in
different concentrations of LiOH electrolyte solutions: a 0.02 M, b
0.04 M, ¢ 0.05 M, d 0.1 M. Scan rate = 50 mV s™'

odic peak occurred at 0.76 V and the cathodic peak at
0.2 V. With increasing concentration of the electrolyte,
the anodic peak is shifted towards negative potentials
while the cathodic peak is shifted towards positive po-
tentials. At higher concentrations of the electrolytes
(0.05 and 0.1 M), the anodic peak tends to disappear.
It is interesting to speculate about the origin of the
redox peaks in LiOH electrolyte solutions. In propylene
carbonate +1 M LiClO, electrolyte solutions [23], Li-
NiO, gives a single set of redox peaks which are due to
the reversible intercalation of lithium ions. However, in
aqueous electrolytes the identity of the cation which is
reversibly intercalating is not known. The anodic peak
probably appeared owing to the oxidation of Ni** to
Ni*" in LiNiO, accompanied by the expulsion of a
cation, and the cathodic peak may be due to the re-
duction of Ni** to Ni*" accompanied by the interca-
lation of a cation. The reaction may be written as

LiMNiO; = LiNiOy + M + ¢~

Figure 4 shows the cyclic voltammograms of LiNiO, in
various NaOH electrolyte solutions. There is a pro-
nounced difference in the behaviour of LiNiO, in NaOH
compared to that of LiOH electrolyte solutions. At
higher concentrations, say at 0.1 and 0.5 M NaOH so-
lutions, the anodic peak is sharp and well defined, in-
dicating that the faradaic reaction involving the ion
expulsion is much more facile than in case of LiOH
solution. Apart from this fact, other characteristics of
the cyclic voltammograms remain similar to LIOH. With
an increase in the concentration of NaOH, the anodic
peak shifts towards negative potentials. At the highest
studied concentration of NaOH (0.5 M), the anodic
peak appears as if it is a doublet. At 0.1 M NaOH, the
anodic peak is preceded by a precursor peak which is less
predominant at lower concentrations. As seen from the
cyclic voltammograms, it becomes more pronounced
with increasing concentration and appears as a doublet
or split peak. Such peak splitting has been reported for
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Fig. 4 Cyclic voltammograms of mechanically immobilized LiNiO,
on the surface of a PIGE in different concentrations of NaOH
electrolyte solutions: a 0.02 M, b 0.05 M, ¢ 0.1 M, d 0.5 M. Scan
rate = 50 mV s~



PB films in NaCl solutions [27] and also for LiMn,QO, in
non-aqueous electrolyte [23]. The reason for such peak
splitting is not clearly established. It was reported that
such behaviour could arise from the transformation of
one phase to another or be due to the difference in Ey
values of two distinct chemical species formed.

Figure 5 shows the cyclic voltammograms obtained
for lithium nickelate in KOH electrolyte solutions with
the concentration ranging from 0.02 to 0.5 M. The
electrochemical behaviour of lithium nickelate in KOH
is similar to that in NaOH except at the highest con-
centration studied (0.5 M), where there is reduction in
peak current values of both the anodic and cathodic
peaks. Again the precursor peak appearing before the
anodic peak in NaOH is not clearly visible in KOH
electrolyte solutions. The presence of such a peak
seemed to be apparent in 0.02 M KOH, but with in-
creasing concentration there is no predominant ap-
pearance of this peak.

In order to have a clear picture for comparison be-
tween the three alkali solutions, the cyclic voltammo-
grams of lithium nickelate in 0.1 M LiOH, NaOH and
KOH are shown in Fig. 6. At lower alkali concentration
(0.02 M) the difference in peak potentials is minimal and
they appear more or less at the same potentials, al-
though the peak currents in the case of LiOH are smaller
compared to those of the other two electrolyte solutions.
However, at higher concentration (0.1 M) the cyclic
voltammograms obtained for NaOH and KOH (Fig. 6)
are similar in shape and potentials, but the result is
different in LiOH.

If we suppose that the intercalating cation is an alkali
metal cation (K" or Na™ or Li") in these alkali elec-
trolytes, then the equation representing the redox reac-
tion may be written as

K" 4+ LiNiO; + ¢~ = LiKNiO,

In accordance with this reaction one should, according
to Nernst, observe the following dependence of the
formal potential on the activity of the alkali cation:
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Fig. 5 Cyclic voltammograms of mechanically immobilized LiNiO,
on the surface of a PIGE in different concentrations of KOH
electrolyte solutions. @ 0.02 M, b 0.05M, ¢ 0.1 M, d 0.5 M. Scan
rate = 50 mV s~
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Fig. 6 Comparision of cyclic voltammograms of mechanically
immobilized LiNiO, on the surface of a PIGE in 0.1 M electrolyte
solutions: @ LiOH, » NaOH, ¢ KOH. Scan rate = 50 mV s~

Er = E° +0.059 ag -

i.e. the formal potential £y = (E, + E.)/2 of the redox
reaction should be directly proportional to the concen-
tration of potassium ions in KOH electrolyte solutions.
Table 1 shows the formal potentials evaluated in various
concentrations of the alkali electrolytes. As seen from
the table, the formal potentials in all three cases decrease
with increase in concentration of the alkali electrolyte
solutions. This fact is more clear from the derived plots
of E;vs. log[K "] and E; vs. log[Na"] in Fig. 7. These
results indicate that the alkali metal cations do not in-
tercalate in LiNiO, from alkali electrolyte solutions. If
we assume that the intercalating cation is a proton, then
the equation for the redox reaction can be written as

H* + LiNiO; + e~ = LiHNiO,
Then, the Nernst equation follows as
Er = E° +0.059 ay-+

In this case, the formal potentials should be directly
proportional to the concentration of protons in the al-
kali electrolyte solutions. The negative slope of the plots
in Fig. 7 is in good agreement with the idea of proton
participation in the redox reaction. Scanning electron
microscopy-energy dispersive X-ray (SEM-EDX) results
confirm this supposition, which will be discussed below.

Since the intercalating cation in all the three alkali
electrolytes is the proton, the difference in cyclic vol-

Table 1 Formal potentials of the Ni>* /3" system of solid LiNiO,
at various concentrations of alkali hydroxide solutions

Conc. MeOH Er (V) Er (V) Er (V)
(mol 11 LiOH NaOH KOH
0.02 0.479 0.463 0.472
0.03 0.462 0.452 0.455
0.04 0.437 0.445 0.432
0.1 - 0.399 0.417
0.5 - 0.355 0.377
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Fig. 7 Derived plots of a E¢ vs. log[K™], b E¢ vs. log[Na™]

tammetric behaviour obtained at higher concentrations
(Fig. 6) still needs to be explained. The most probable
explanation is to take into account the variation of ac-
tivity coefficients in the different alkali hydroxide solu-
tions. A study of the scan rate dependence of the peak
currents reveals that the reaction is diffusion limited at
scan rates above 100 mV s™' (i, ~ /v) (Fig. 8a). At
lower scan rates the peak currents are proportional to
the scan rate (Fig. 8b), which is due to the very small
particles allowing complete electrolysis during the time
scale of the experiment.
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In long-term experiments with continuous cycling
(100 mV s™") of LiNiO, in 0.5 M KOH it was observed
that the voltammetric system decreased only by about
10% within 1600 cycles between —0.2 V and + 1.0 V vs.
Ag/AgCl. The reason for this decrease may be a small
loss of microparticles adherent to the electrode surface
as a result of the recrystallization which is obvious from
Fig. 2. It is rather improbable that the LiNiO, itself
caused this loss of response. This feature needs a sepa-
rate study if a battery application of the system is to be
attempted.

SEM-EDX studies

The SEM-EDX spectrum obtained for LiNiO, powder
prior to electrochemical treatment shows only Ni sig-
nals. As expected, there is no intercalated cation in the
sample. Also the EDX spectrum of a LiNiO, sample
which is electrochemically treated does not show any
metal other than nickel. The sample was subjected to a
cycle of intercalation/deintercalation processes through
chronocoulometric experiments. Initially the electrode
was oxidized at 0.5 V for 10 min (deintercalation) and
then reduced at 0.1 V for 10 min (intercalation) in 0.5 M
KOH electrolyte solution. The absence of a signal for
K™ ions in the EDX spectrum reveals that these ions do
not intercalate during the redox reaction. These results
clearly augment our arguments and conclusions arrived
through electrochemical studies.

Conclusions

This study shows for the first time that lithium-deficient
lithium nickelate Li;_ NiO, undergoes a chemically re-
versible proton intercalation electrochemistry in aque-
ous alkali electrolytes. This is even in LiOH the
preferable reaction pathway, most certainly because of
the very strong hydration of lithium ions.
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