JOURNAL OF MATERIALS SCIENCE35 (2000)2683— 2688

Synthesis by a soft chemistry route and
characterization of Li,Ni;_,O (0 < x<0.5)
compounds: Behavior in molten carbonates
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LixNi;_,O powders and Li,Ni,_,O/Au with 0 < x < 0.5 are synthesized by a soft chemistry
route. Analysis of Li,Ni;_,O by XRD shows an evolution from NiO (0 < x <0.3) to LiNiO,
(0.3 < x < 0.5) structures. The stability of Li,Ni;_,O/Au (0 < x < 0.5) compounds synthesized
by soft chemistry is studied in molten (Ligs2Nag.45)2,CO3 eutectic at 650°C, under the cathode
atmosphere used in molten carbonate fuel cells (air/CO,: 70/30). After a 48 h immersion,
analysis by XRD of the lithiated nickel oxide shows that lithium ions diffuse from the oxide
to the bulk of the melt. The major oxide detected at the surface of the sample has a
composition very close to that of NiO formed in situ at the surface of a nickel foil. Hence,
highly lithiated nickel oxides are not stable in the melt. Li,Ni _,O is rapidly transformed
confirming the very high stability of Ni(ll) in the working conditions. © 2000 Kluwer
Academic Publishers

1. Introduction ity of NiO is strongly associated with the concentration
Molten Carbonate Fuel Cell (MCFC) is regarded asof crystal defects [10]. The amount of lithium is esti-
a clean and efficient power source device for the fuimated at 1 and 4 at. % [11] and the presence of sodium
ture. The stage of prototypes has nowadays reachedhas been detected by XPS [12]. The formula of the
promising stage: after the recent experient@®MW  stable compound of nickel in thedCO5;/Na;CO;5 (52-
stack in Santa Clara 1 MW-class MCFC installation 48 mol %) eutectic seems to bgNayNi1_(xy)O, with
will soon be starting in Japan [1, 2]. The features ofx andy atabout one per cent. Therefore, the role played
a 10-kwW MCFC stack has been recently studied [3].by alkali and lithium species has drawn the attention of
Nevertheless, MCFC is not yet commercially availabledifferent authors [13, 14]. In effect, the influence of the
because of its limited lifetime. Indeed, the corrosion,lithium amount is crucial for the increase of the cath-
the dissolution of the cathode and the current collecode conductivity and its electrochemical behavior. A
tors are crucial problems [3]. thorough study of lithiated nickel oxide in molten car-
This paper will be focussed on the cathode. Dif-bonate is of great interest since there are no general
ferent metals, such as nickel, cobalt or iron and sevdata on their thermodynamic stability and in particular
eral oxides like NiO and LiCo®have been studied LiNiO».
as cathode materials for MCFC by many researchers LixNi;—_xO (0< x < 0.5) materials have often been
[4-9]. Currently, the cathode is constituted of lithiated studied for their potential applications as cathodic
nickel oxide formedn situin molten LbCO3/K,CO;  materials for lithium ion batteries and as cathode ma-
or Lio,CO3/Nax,COQs. Initially, the cathode is in metal- terials for MCFC. In this last case, JNi;_xO ma-
lic nickel; but rapidly, as nickel is exposed to molten terials have already been prepared using solid-state
carbonates under an atmosphere composed/@f@, reactions by several research teams. Some of them
it is oxidized. On account of its temperature of for- prepared LiNi;_xO by reacting nickel hydroxide and
mation, the nickel oxide layer is not stoichiometric: lithium hydroxide at 700C for 2 hours in air [15]. In a
positive holes are present and the formula is_ND.  recent article, Antolini realized a liquid phase sintering
Moreover, alkali species, lithiumin particular, provided of LixNi;_xO solid solutions foxx = 0.3 andx = 0.44
by the electrolyte, can be incorporated in its structurepy the reaction of nickel powder with lithium carbonate
which enhances its conductivity. Indeed, the conductiv-at 750 C for different heating durations [16].
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In this paper, a soft chemistry route is developed The electrode was quenched out ofthe cell, its surface
in order to synthesize kNi;_xO (0<x <0.5) com-  beingrecovered by athinfilm of carbonate. Afterwards,
pounds, with structures between NiO and LiNiDhis  this carbonate layer was rapidly washed with a stream
process has already been used to prepare Lildgxa- of iced water, avoiding a large contact between water
thodic material for lithium ion batteries [17]. Due to and the lithiated surface.
the high reactivity of the reagents and the media, syn-
thesis preparation is shorter than solid-state reaction
processes. The principal aim of these syntheses is 19,2, X-ray powder diffraction analysis
evaluate the stability of the prepared compounds in the'he samples of LiNi;_,O/Au were analyzed before
carbonate melt. The lithiated samples were analyzegnd after the exposure to the,00;-NapCOs (52-
by X-ray diffraction (XRD) before and after their ex- 48 mol %) eutectic, at 65C under an atmosphere
posure to the melt in order to follow the influence of of air/CO, (70/30%), by XRD with a Siemens D5000
the electrolyte on the lithium amount in the NiO lat- giffractometer using Co K(» = 1.7889A) and a back
tice. Two types of LiNi;_xO samples were studied: graphite monochromator. The diffraction pattern was
powders and thin films coated on gold by a dip coatingscanned by steps of 0.0{2) with a fixed counting
technique. The main interest of the coating on gold isime (6 s) between 2@ 20 < 100°. The structure of
specifically to simulate the properties of the nickel 0x-| j, Ni,_, O powder and LiNi;_yO/Au were refined by
ide layer formedn situ on nickel without taking into  the means of the Rietveld method. The lattice parame-
account the corrosion of the support metal itself. Th&ers and the real lithium ratio present in the compound
structure of LiNi; xO (0<x <0.5) compounds are \yere determined. The refinement was performed by
determined by Rietveld refinement. using the Fullprof program and peak shapes were de-
scribed by pseudo Voigt-functions [18]. The Rietveld
procedure requires a structural model to refine. For
0<x <0.3, the LikNi;_4xO structure refinement was
started with the model of NiO [19]. For.®< x < 0.5,
the LixNi;_»O structure refinement was started with
the model of LiNiQ [20].

2. Experimental

2.1. Synthesis

Lithium hydroxide (LIOH, HO) and nickel nitrate
(Ni(NO3),2, 6H,0), Normapur reagents of analytical

purity (>98%) were used to synthesizgNi;_,O with Lo .
0 < x < 0.5. The synthesis route was as follows: a solu- For LiyNi,_xO/Au compounds, gold was considered

tion of (1—x) mol of Ni(NOs), was prepared in water as a second phase. Gold is crystallized in a fm3m space
and added to a solution afgmzol of LIOH in NH4OH group; its lattice parameter is 4.0786 The structure

Gelatinous green precipitates of Ni(Of¥yere formed. r_efinement was started with a model described in the

Remaining water and ammonia were partially removedIterature [21, 22].

by rotating evaporator at 8G. At this stage of the ex-

periment, two kinds of sample can be prepared. Ei-

ther the gelatinous precipitate was directly treated ther3. Crystallographic data _ o _

ma”y, Obtainingapowder, oritwas coated on agold ﬂad\llo is known under two allotl’oplc varieties: a cubic

before thermal treatment in order to realize a thin film.0ne and a rhombohedral one. The bunsenite is a green

Both samples were then calcined in a tubular furnac@xide crystallized in a rock-salt structure whose space

with a heating rate of T&/min up to 700C; this tem-  group is fm3m [23]. Nevertheless, this cubic structure

perature was maintained constant during 5 hours, undé$ known to be distorted to a rhombohedral cell whose

an oxygen flow to favor the formation of nickel (Ill). SPace group is R-3m [24].

After thermal treatment the Samp|es were quenched at LiNiO 2, Crysta”iZEd in a rhombohedral structure, is

room temperature. a layered compound into which lithium can be deinter-
The principal advantage of Ni;_,O/Au samples calated and re-intercalated [25]. Lithium ions are situ-

was the possibility to compare directly the behaviorated in (3a) sites, nickel ions in (3b) sites and oxygen

of these lithiated nickel oxide compounds with NiO ions in (6c) sites. When no crystal defect is present in

formedin situ from nickel. The main drawback of this the lattice, LiNiG; can be described as a succession of

deposition was the more complicated refinement of théhree kinds of plan, one containing only lithium, one

structure because of the introduction of a second phas@nly oxygen, and a third one only nickel. The prepared
Lithium and sodium carbonates, mixed in a ratio ofcompounds are not stoichiometric and the position of

52-48 mol %, were Merck reagents of analytical purity lithium as a function of its amount is investigated fur-

(>98%). The cathodic atmosphere was composed dfier on.

air/CQy inaratio of 70-30%. Carbon dioxide of high pu-

rity grade (N45) was dried over silica gel. The cell was

a compact single-compartment crucible of dimensiom. Results and discussion

70x 60 mn? hermetically sealed by a stainless steel4.1. Determination of the lattice parameters

cover with a Viton O-ring. LiNi; 4O (0<x <0.5) of Li,Ni1_ O (0 < x <0.5)

samples were coated on gold foils of 400 mn? (En-  All the synthesized samples includingNi;_, O pow-

gelhard CLAL). The thickness of the powder layer wasders and LjNi;_yO/Au were analyzed by XRD before

about 1Qum. The temperature was controlled at 860 exposure to the carbonate melt. Precise lattice param-

with a West 6100 Gulton regulator and a calibratedeters and the real lithium content of these compounds

chromel-alumel thermocouple. were deduced from Rietveld refinement ofNi;_, O

2684



T T T T T T T T T T
: ’ COKa ] ; ]“A'\ COK m£
] LiNiO a
] L B
Ll LiNIO | | E
ig‘_ﬂ_.i_,,Ag T l\_,*,tv ,m_ﬁ,_a"sz\ PO~
o L, 1oNig 6,0 -‘L f A A Li N o
Iﬁz_s N'mo ] [ 030 070
3 L'o.wN'o.soo A__A E ZL'o.zsN'mso
NiQ L L A A ,
P4 BY PN RG GIGEA U SRW O PF PEEYR EY BE FA |G PG v I T T
20 30 40 50 60 70 80 90 100 38 40 42 44 46 48 50
20 20

Figure 1 XRD patterns of LiNi1—xO (0< x < 0.5) synthesized by soft  Figure 2 Partial XRD patterns of LiNi1_xO with different lithium con-
chemistry route. tents showing the phase change between NiO and Lilst@ictures.

powders avoiding the interference of gold XRD lines
in LixNi;_»O/Au. In this first case, the precision of the Te ]
Rietveld method is much better. The XRD patterns of 294 [ ]
LixNi;_xO powders as a function of are shown in . : . 1
Fig. 1. All the compounds were single-phase, neithers 292 |- . ]
other secondary product nor reactant were detected. / ]
phase change can be noted betweerD.3 andx = 0.4. 29 . 1
Hence, the general feature of NiO structure is conserver g |
for 0 < x < 0.3 and the general feature of LiNj@truc- i
ture is observed for.8 < x < 0.5. 286 L — — ‘

For x=0, NiO has a rock-salt structure with= g 01 92 L D: 05
4.177A [26]. For 0< x < 0.3, LixNi;_O is also cu- @)

145 —— : —

bic and the pattern can be indexed in the Bragg peak
of NiO. There is no preferential position for lithium :
and nickel ions; thus, there is only one cation crystallo- 144 ¢

14.45 _f

T
|

graphic site. When the amount of lithium increases, the< 1435 © . -
whole pattern is shifted towards Iargeroangles. The pars Yid B . E
tial substitutioon of nickel (II) X =0.83 A) by lithium s o ]
() (r =0.90 A) implies the creation of nickel (lll) N ® ]

(r =0.70 A) whose ionic radiug is smaller, which 142 g

contracts the lattice [27]. On the XRD pattern of the 1415 ————— — ‘ ‘
Lig3Nig7O compound, a large and very low inten- ) '
sity peak appears around 2 21°, which indicates a ®
short-range order of lithium. Moreover, the broaden-rigure 3 Evolution of the hexagonal parameters ofNi;_xO. (a) “a”
ing of (111), (220), (311) and (222) peaks is observearameter; (b) “c” parameter.
for this compound. This phenomenon becomes more
pronounced for the higher lithium content compounds,
where allthe mentioned lines are splitinto two. In Fig. 2,them decrease progressively, which can be explained
the evolution of the XRD pattern, betwerer-0.30and by the contraction of the lattice due to the increase in
x =0.50, is presented. For=0.4, the (101) line ap- the Ni(lll) content as mentioned previously. These re-
pears and fox = 0.5 the splitting of the line2=44.5°  sults are in agreement with those ofétial. who used
into (006) and (012) can be noted. The significant evoa solid state synthesis route [15].
lution of the XRD pattern is correlated with the phase These parameters and the real amount of lithium were
transition. Indeed, for3 < x < 0.5, LixNi;_xOiscrys- deducedfromthe Rietveld refinement. The final conver-
tallized in a hexagonal system; lithium and nickel ionsgence factors varied a little with the sample, depending
being segregated into predominant lithium site plan andf the powder was analyzed alone or if it was coated on
nickel one. The patternis close to that of LiNi@hose  gold. Convergence parameters were the followitg
space group is R-3m. values, withRg the Bragg factor: @10< Rg < 0.020,

In order to follow the influence of the lithium amount and R the R factor: Q006 < Rg < 0.015. The error on
on the lattice parameters, all the compounds were inthese values was inferior to 2%, which can be consid-
dexed in a hexagonal system. For the compounds witkred as satisfactory. Nevertheless, the corresponding
0<x < 0.3, the cubic cell is equivalent to a hexago- values for profileRp and weight-profileRyp are much
nal one. Indeed, as mentioned by &fi al, when in  higher: 008< Rp<0.176 and 0l1< Ryp < 0.246.
a hexagonal cellgh/an = 2,/6, it is equivalent to the These poor results can be explained by the inappro-
cubic one witha; = /2a, [15]. The evolution of the priate evaluation of the background in relation with the
(a) and{c) parameters is presented in Fig. 3. Both ofexperimental XRD procedure.
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A description of Rietveld refinement ariRi factors
is given in the Appendix. In this paper, the stability of
LixNi1_xO (0< x < 0.5) compounds was studied in the
carbonate melt. A priori four phenomena may occur:

*Aul
° NiO
A Ni
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— Lithium originated from the melt can be incorpo-
rated in the nickel oxide. The amount of lithium may
then increase with the time.

— Lithium present in the LiNi;_xO compound can
diffuse in the melt, which means that the compound is L
not sta_blg in this melt. This diffusion involves adecrease ,, 44 46 48 50 52
in the lithium amount. 20

— The melthas no influence on the amount ofIithiumF_ 6 XRD oatt © NG formedin sit \i |
in the nickel oxide, which means that eachill, O FB1E 8 X0 e of 42 oreen S o 1L s nel s
compound, for G< x <0.5, is stable in the melt; how- 5.t 650C, under airt. CO,, 70-30.
ever, this situation is unlikely.

— LixNi1_xO compound is totally transformed into
NiO and LiNiO, [14].

40% after ;

SRR EnE
;

%
'
'
H 3
i 1
i v
i \
{ v
L - <
+ v

10% Li after

NiO in situ/Ni

detection of LiINiQ. In two recent works, LiNi@ has
been detected afterimmersion in a carbonate melt [14,
28]. In particular, linotet al.found that this compound
4.2. Behavior of LiyNii_xO/Au (0 < x <0.5) was formed at temperatures higher than‘®Q@inder a

in Li;CO3/Na,CO3 at 650°C pure oxygen atmosphere; nevertheless, under @b
These samples were analyzed by XRD after a 48-hourgtmosphere, lithium content in NiO was very low [28].
immersion in the melt. Before realizing the analysis, All the synthesized samples, analyzed after their im-
the carbonate layer was removed from the electrode agersion, have very close XRD patterns. Whatever the
indicated in the experimental part. XRD pattern of theinitial oxide, poor or rich in lithium, the nickel oxide
lithiated nickel oxide formed after exposure to the meltafter immersion is roughly similar. Hence, the XRD
was compared with that of the oxide initially present Onpatterns of L 1NiggO/Au and Lip4NiggO/Au, after
gold. All the LixNi;_xO/Au samples were analyzed. exposure to the melt, were compared in Fig. 5 to that
The X-ray diffraction patterns of the §iNiosO/Au  of NiO formed in situ from metallic nickel. An en-
compounds, before and after the exposure to the meltargement of the pattern shows that the product after
are compared in Fig. 4. It can be noted that the structurgnmersion has a composition rather close to that of
of Lig4NiggO is not stable in the melt. Indeed, after NiO formedin situon nickel. However, Lj;NiggO/Au
the immersion, the detected oxide has a compositiodnd Liy4sNigO/Au compounds after exposure to the
close to that of NiO as shown in Fig. 4. The (003) line melt, show lines slightly shifted towards larger an-
of Lio4NigeO disappears. This line is very sensitive gles with respect to those relative to the NiO formed
to the lithium amount and its arrangement in the lat-in situ. This means that lithium content in the men-
tice; its disappearance confirms that under an aig/COtioned compounds, after exposure to the melt, is a bit
(70-30) atmosphere, high lithium compounds are nohigher than in NiO formeéh situ. The value is close to
stable. The lithium content in the oxide decreases sigthat 5%. All these results outline the very high stability

nificantly, proving the diffusion of lithium ions towards  of nickel oxide, which only incorporates small lithium
the bulk of the melt and the transformation of Ni(lll) amounts.

into Ni(Il). Hence, in our working conditions, the stable
nickel oxide in the melt incorporates very few lithium
amounts. However, it can be noted that the lines of gold4 3. Estimation of alkali cation content

and those of LiNiQ are very close, which can mask the in NiO formed in situ on nickel

The amount of lithium in NiO cannot be determined
e B o R R B precisely by the Rietveld refinement. Indeed, this con-
;?‘i‘ Ni O . 1 Co, 1 tent is too weak and the structure factor of lithium is
b i 1 too low. However, an estimation of this content can
e be obtained. In effect, as shown in Figs 1 and 2, the in-
C ] crease in the lithium content in nickel oxide leads to the
) o ] shift of the whole XRD pattern towards larger angles.
A* oo ] XRD patterns of NiO obtaineih situ from metallic
L. = nickel, of commercial NiO as well as of ¢.4sNig.g950
o - " ] and Lip10Nig.g0O preparedex situare compared be-
| before ¥ * ¥ W fore their exposure to the melt in Fig. 6. It can be
U noted that the (111) line is abouf 2 43.5° for NiO
L N in situ, whereas it is respectively of 43,513.6', 43.8
20 for NiO, Lig.0sNig 050 and Li,10Nio.g0O. This indicates
Figure 4 XRD patterns of L4NiosO/Au, before and after a 48 h ex-  that the nickel oxide chemically formed situ incor-
posure to LiCOs/NaeCOs at 650 C, under air CO,, 70-30. porates much less than 5% of lithium. Furthermore, the
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L B A B LA Rietveld refinement. A contraction of the lattice was
i observed with increasing valuesf
LixNi1_xO compounds with high lithium content are
not stable in the LCOs-Na,CO; eutectic; lithium ions
rapidly diffuse in the melt. It was shown that the lithium
p _ ] content in LgNi;_xO compounds, after a 48 h immer-
;:Sm_ﬁo— """""""" ] sion in the melt, reaches a value relatively close to 5%,
= / “\ = whereas that obtained with situ formed nickel oxide
NiO in situ 4 S~ ] is significantly lower than 5%. Other more sensitive
P R S SN SR IR techniques such as SIMS are required in order to eval-
428 43 432 434 436 438 44 442 444 uate more precisely the lithium and also the sodium
20 contents in the NiO lattice. The synthesis by a soft
chemistry route of LiNi;_xO compounds witlx < 5%

Figure 6 Evolution of the (111) Bragg peak relative to NiO formied appears as a new and interesting fabrication procedure
situon Ni, commercial NiO, Ld 05Nip 950 and Lp.1Nig 9O synthesized for MCEC cathode

ex situ

Appendix [29]
The Rietveld algorithm fits the observed diffraction pat-

commercial NiO. ; . ; "
éern using as variables the instrumental characteristics

Few amounts of sodium can also be present in th and the structural parameters of the sample material
NiO lattice [12]. For the same reasons than lithium, a P b

precise quantification from XRD measurements is im_(lattice and atomic parameters).

) L The refinement fit minimizes the following function:
possible. Moreover, contrary to lithium that presents
an ideal solid solution, LiNi;_xO, between NiO and 2
LiNiO,, there is probably no solid solution between F= Zw‘ (¥i.obs — ¥i.cal)
NiO and NaNiQ. For example, the synthesis of !
Nao2NioO in the same mentioned conditions was notyherey, is the weight assigned to the individual step
successful and the final product after thermal treatmenhtensityyi ons Yi.obs ANAYi cal are respectively the ob-
was biphased, containing NiO and NaNidherefore,  seryed intensity and the calculated intensity atithe
contrary to lithiated nickel oxide compounds, the studystep of the pattern.

of lattice parameters was not possible for sodium com- The intensity at théth step is calculated with the

XRD pattern of this nickel oxide is very close to that of

pounds. o o __following formula:
The amounts of lithium and sodium in the nickel
oxide, after being exposed to the carbonate melt, are v .
) _ ] ' ,obs= YB,i + hkl,
very low and analysis techniques such as XPS or XRD Yiobs = Y. % Yhid

are not sensitive enough with respect to light elements.

More sensitive techniques as Secondary lons Maswhereyg; is the background intensity at théh step
Spectrometry (SIMS) could be used to evaluate the conandyn.i is the contribution of eachkl line at theith
centration of lithium in NiO. step.

Highly lithiated nickel oxides cannot be regarded as Background intensity can be estimated either by a
alternative cathodes for MCFC because of their higHinear interpolation between the points where no peaks
instability. On the contrary, the poorly lithiated nickel appear or by a polynom. Several residual measurements
oxides synthesizeex situby a soft chemistry process have been introduced to estimate the agreement be-
could be valuable. Fluctuations of the lithium ratio be-tween the observation and the model. The most useful
tween 0-5% may have an important effect on the cathparameters are the profile and the weighted prdtile
ode conductivity. Indeed, an optimization of the lithium factors, which take into account the background:
content could improve lithiated nickel oxide perfor-
mances. Moreover, the porous microstructure of the ox- 22 [Yi.obs = Vicall
ide obtained by the precipitate synthesis method might Ry = > 1Yi.obs

have an interesting electrocatalytic property. 12
Rwp = [Zi Wi (Yi,obs — Yi,cal)zj|

2
2 Wi Y obs

5. Conclusion

Solid solutions of LiNi;_xO (0< x < 0.5), in a pow- ] .
der form or deposited on gold, were successfully Syn_.Two o'gher important factor_s only take into account the
thesized by a soft chemistry route. These single-phas@tensity of the integrated lines.

compounds were analyzed by XRD before and after S i obs — Thi.call
hkl ,0bs — ,cal

their exposure to the molten 1G0O;-Na,CO3 eutec- Reragg =
tic. The XRD patterns of LiNi;_xO compounds vary > _hki Ihki.obs
between the features of NiO (x < 0.3) and LiNiO,
(0.3 < x < 0.5) structures. The evolution of cell param- » | (2 12

. . . R . hkl | *hkl,obs hkl,cal
eters relative to the synthesized oxides with the increase Re = 12
in the lithium content was followed by the means of hki T hid,obs
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where Ink ops IS the observed integrated intensity of 11. 3. R. SELMAN andL. G. MARIANOWSI, in “Molten Salt
the (ki) reflection and i ca is the calculated inten-
sity. TheRgraggis surely the best criterion to assess the

agreement between the observed data and the structufdl

model.
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