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Influence of Na Content on the Chemical Stability of Nanometric Layered
Na,RhO, (0.7 = x = 1.0)

Aurea Varela,!?l Marina Parras,/?! and José M. Gonzalez-Calbet*?!
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A new Na,RhO, solid solution composed of nanometric par-
ticles of the u-NaFeO, structural type has been stabilised in
the 0.7 = x = 1 range. Its thombohedral structure is built
from close packed layers of edge-sharing [RhOg] octahedra
separated by intercalant layers consisting of octahedrally co-
ordinated Na. Electron microscopy shows that compositional

variations are indeed accommodated by means of stacking
faults leading to a local change in the Na oxygen environ-
ment. Samples are air-sensitive, and the aged materials par-
tially decompose, segregating sodium carbonate.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

AMO, layered oxides (A: alkaline, M: transition metal)
have been widely studied because of their interesting physi-
cal properties.' 3! Among them, Na,CoO, has attracted
particular interest due to the large thermoelectric power of
the metallic conductor NaCo,0,4% 7 and the recent discov-
ery of superconductivity near 4K in hydrated
Nag ;C00,:1.3H,0.58

The structures of various Na,CoO, phases have been re-
ported. All of them are based on the stacking of CoO, lay-
ers, consisting of edge-sharing CoOg octahedra. The Na
atoms form layers between the CoO, layers. NaCoO, (x =
1) crystallises in the o-NaFeO, structure.l'” This rock-salt
type structure is built from a cubic stacking of oxygen layers
(ABCABC) with Co and Na occupying the octahedral sites
of alternating layers.''l A decrease in the Na content
changes the Na coordination from octahedral to trigonal
prism, leading to the stabilisation of different structures.!!%]
Moreover, a recent electron diffraction study of various
Na, Co0O, (0.15 < x < 0.75) compositions has shown the
existence of several ordered distributions of the Na vacan-
cies that lead to a wide range of superstructures of the basic
hexagonal cell depending on the x value.['?]

The discovery of superconductivity in the cobalt ox-
yhydrate Nag3;Co0,'1.3H,03! spread the interest in this
system. From a structural point of view, the oxyhydrate
phases are formed by CoO, layers stacked together with
one layer of Na* ions and two layers of water molecules.
The insulating layers, which alternate with the CoO, layers,
play the dual role of spacing provider and redox controller.
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In addition to this superconducting phase, a series of hy-
drated phases have been stabilised for the same Na/Co ratio,
the H,O content ranging from Naj3C00,°1.4H,0 to Na 5-
C00,.l3 In this work, Foo et al. studied the influence of
Na and H>O contents on the structural and physical prop-
erties of these compounds.

Much less attention has been devoted to 4d or 5d metal
oxides. Among them, the ruthenium oxides have probably
been the most studied because they exhibit a rich variety of
magnetic and electrical properties.['*!>] Recently the struc-
tural characterisation of the new layered oxide NaRuO, and
and oxyhydrate Nag,,Ru0,-0.45H,0O have been reported
but no superconducting behaviour has been observed in the
hydrated phase.['®]

Rhodium oxides have also been studied recently, and a
new sodium rhodate, NaRh,O,, has been stabilised under
high pressure.!'’l This compound crystallises in the
CaFe,0, structure, which is a 3-D structure comprising a
network of edge-sharing RhOg4 octahedra. In addition to
this 3-D material, layered NaRhO, has been reported by K.
Hobbie et al.l'81 The structural refinement carried out on a
single crystal shows this compound to be isostructural to
o-NaFeO,. However, unlike the aforementioned Na,CoO,
system, where compositional variations have been exten-
sively studied, only NaRhO, is known in the Na,RhO,
series. The present work is devoted to the systematic investi-
gation of the compositional variations of the Na, RhO, sys-
tem and its structural and microstructural characterisation.

Results and Discussion

Chemical and Structural Characterisation

The Na:Rh cationic ratio, determined as described in the
experimental section, is shown in Table 1. The Na content
depends on both the time of the thermal treatment and the
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container used. Our results indicate that Na loss is favoured
by long thermal times and by the use of Al,O5 crucibles.

Table 1. Preparation conditions of the Na ,RhO, samples.

Label Crucible  Annealing time ~ Chemical compositionl?!
[h]

PT-24 Pt 24 NaRhO,

PT-48 Pt 48 N'd()(gsRh02

AL-24 A1203 24 NaothOZ

AL-48 AlL,O4 48 phase mixturel®!

[a] The estimated error in cationic composition is around 2%.
[b] Hydrated and non-hydrated NaRhO, phases.

Na,RhO, (I = x = 0.7) samples were characterised by
means of XRD. The pattern corresponding to NaRhO,
(PT-24) is shown in Figure la. All maxima can be indexed
on the basis of a rhombohedral unit cell (R-3m) of parame-
ters @ = 3.0903(1) and ¢ = 15.5400(6) A. The pattern has
been refined by the Rietveld method by taking as the start-
ing model the structural data of the isostructural a-
NaFeO,. The graphic result of this refinement can be seen
in Figure la. Table 2 lists the refined structural parameters
and selected interatomic distances are shown in Table 3.
The crystallographic data obtained are in agreement with
those previously reported for a NaRhO, single crystal.l'8]

The XRD pattern corresponding to Nagy gsRhO, (PT-48),
Figure 1b, is very similar to that of stoichiometric NaRhO,.
The only visible difference is that (001) reflections are
shifted toward lower 26 values, indicating a slight increase
in the c-axis length. Actually, the obtained cell parameters
correspond to a = 3.0867(6), ¢ = 15.5785(5) A. The struc-
ture was refined in the R-3m space group, by using the
NaRhO, structure model with a reduced Na content of 0.85
per unit formula, according to cationic analysis. The
graphic result of this refinement is shown in Figure Ib,
while Figure2 depicts the crystal-structure view of
Nag gsRhO,. As it can be observed, the structural features
of stoichiometric NaRhQ, are maintained. The rhombohe-

Table 2. Structural parameters of Na,RhO, (0 = x = 0.7).
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Figure 1. Experimental, calculated and difference powder XRD
patterns corresponding to Na,RhO, samples. (a) x = 1 (PT-24); (b)
x = 0.85 (PT-48) and (c) x = 0.70 (AL-24). An enlargement of a
portion of the XRD patterns is shown in the inset.

dral structure is formed by close-packed layers of edge-
sharing [RhOg] octahedra perpendicular to the c-axis sepa-
rated by intercalant Na layers, Na also being octahedrally

NaRhO, (PT-24)

Atom Site x y z Occ B[A?]
Rh 3b 0 0 0.5 1.0 0.28(1)
Na 3a 0 0 0 1.0 0.59(1)
(6] . 6¢ . 0 0 0.232(3) 1.0 0.31
a=3.0903(1) A, ¢ = 15.5400(6) A; Ry = 2.34, Ry, = 4.37, Ry, = 10.6, > = 5.84

Na()_85Rh02 (PT-48)

Atom Site x oy z Occ. B[A%
Rh 3b 0 0 0.5 1.0 0.11(8)
Na 3a o 0 0 0.86(1) 0.08(2)
o q 6¢ 00 02340 1.0 0.109)
a=3.0867(6) A, ¢ = 15.5781(1) A; Rp = 3.52, Reyy = 5.08, Ry = 12.8, 1% = 6.3

Nag -RhO, (AL-24)

Atom Site x oy z Occ. B[A%
Rh 3b 0 0 0.5 1.0 0.17(1)
Na 3a 0o 0 0 0.71(1) 0.94(2)
o 6¢ 0 0  0.23003) 1.0 0.721(9)
a=3.07503) A, ¢ = 15.766(1) A; Ry = 6.34, Ry = 4.97, Ry = 1034, 1% = 4.39
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Table 3. Selected interatomic distances [A] in Na,RhO, (0.7 = x =
D).

NaRhOZ Nao_g5Rh02 Na0_7Rh02
Rh-O 2.058(2) 2.069(2) 2.027(2)
Na-O 2.372(3) 2.358(3) 2.422(3)
Rh-Rh 3.090 3.090 3.075
Na-Na 3.090 3.090 3.075
Rh-Na 3.145 3.145 3.171

coordinated to the oxygen atoms. The refined structural pa-
rameters and some selected interatomic distances are listed
in Table 2 and Table 3, respectively.

PA
N

Yo,

Figure 2. Crystal structure of NaggsRhO,. Grey dots correspond
to sodium and small dots to oxygen atoms.

It is well known that XRD is not the most powerful tech-
nique to study structural effects of light atoms such as oxy-
gen or sodium. However, the refinement was stable, and it
was possible to refine the Na fractional occupancy. The ob-
tained value, corresponding to a Na content of 0.86 atoms
per unit formula, nicely agrees with the cationic analysis.
Moreover, the lack of extra maxima in the XRD patterns
indicates a random distribution of the Na vacancies
through the intercalant layers. The metal-oxygen distances
correspond to 2.069(2) and 2.358(3) A for Rh-O and Na—
O, respectively, both comparable with their typical val-
ues.[17-18]

According to these results, the decrease in the Na con-
centration from NaRhO, occurs only with minor structural
changes. The ¢ parameter increases, indicating a slight in-
crease in the thickness of the intercalant Na layers. Further-
more, a small shrinkage of the g-axis is also observed. The
shrinking of the RhO, layers is probably due to the partial
oxidation of Rh(1) to Rh(1v), which occurs in order to en-
sure charge neutralisation when Na ions are removed.

The above features are more pronounced in Nay;RhO,
(AL-24), which also presents the structural characteristics
of stoichiometric NaRhO,. The corresponding structure
has also been refined by the Rietveld method (Figure lc),
and the refined lattice parameters, « = 3.0750(2), ¢ =
15.766(1) A (see Table 2), show again the expansion of the
c-axis as well as the contraction of the a-axis when Na con-
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tent decreases. As a consequence, (101) and (006) reflections
overlap, and only one diffraction maximum is observed (see
inset of Figure 1). These structural features are also re-
flected in the corresponding interionic distances. Actually,
as it can be seen in Table 3, the Na—Rh distance increases
from 3.14 for NaRhO, to 3.17 A for Nay,RhO,. In ad-
dition, the Rh-O distance decreases from 2.058(2) to
2.0269(5) A, because of the smaller size of Rh!V (rgv =
0.60; rgy™ = 0.65 A in an octahedral environment[')).

Similar behaviour has been previously observed in the
Na,CoO, system.['3] The c-axis is increased from 10.82 A,
for the stoichiometric NaCoO, (x = 0), to 11.23 A for x =
0.3. A series of hydrated phases has recently been reported
for this Na content.®2%21  The lower hydrate,
Nay, 3C00,+0.6H,0, has a c-parameter of 13.8 A that corre-
sponds to an expansion of 1.3 A per intercalant layer as
compared to Nay3Co0, The H,O molecules are found in
the same plane as the Na atoms, unlike the model proposed
for superconducting Nag3C00,+1.4H,0®! in which the c-
parameter is increased to 19.6 A. This value corresponds to
an expansion of 2.8 A per intercalant layer, and, in this case,
Na ions and H,O molecules are not located in the same
plane.

In Na,RhO,, the c-axis value increases from 15.540 for
x =1 to 15.766 A for x = 0.7. This small expansion seems
to indicate that, up to x = 0.7, the Na* ions lost into the
intercalant layers are not replaced by H,O molecules. How-
ever, to fully discard this possibility a thermogravimetric
analysis of the above samples has been performed.

The weight change of PT-24, PT-48 and AL-24 samples,
when heated at 0.2 °C/min in flowing O, in a thermogravi-
metric analyser (TGA), is presented in Figure 3. No sub-
stantial weight loss occurs over the temperature range of 30
to 300 °C. Actually, if we consider that the observed weight
loss (close to 0.2%) corresponds to H,O molecules, a con-
tent of only 0.02 water molecules per unit formula should
be obtained. These results seem to indicate that down to
0.7-mol Na content, H,O molecules are not introduced into
the layer space, at least not in a significant amount.

A different result is obtained when the sample is treated
at 800 °C for 48 h in alumina crucibles (AL-48). The corre-
sponding XRD pattern is shown in Figure 4a. The main
peaks of this pattern can be also indexed on the basis of
the above-described rhombohedral unit cell with lattice pa-
rameters close to a = 3.09, ¢ = 15.7 A; however, extra max-
ima of very low intensity are also visible (marked in the
figure with asterisks). This sample is air-sensitive, and, after
24 h in air, the intensities of the extra maxima increase (Fig-
ure 4b). This fact has also been reported for the iso-
structural NaRuO,.['?l Actually, this compound is also air-
sensitive, and, after one night in air, an oxyhydrate is
formed with the stoichiometry WNag,,Ru0,:0.45H,0.
Therefore, the extra peaks of Figure 4 could correspond to
a new Na,RhO,yH,O hydrate. In fact, all these maxima
can be indexed on the basis of a rhombohedral unit cell of
parameters a = 3.02, ¢ = 20.46 A. The high value of the c-
axis should be a consequence of the intercalation of some
H,O molecules. Unfortunately, this oxyhydrate phase has
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Figure 3. Thermogravimetric curves of Na,RhO, samples (I = x
= 0.7). Experiments were carried out in O, for a ~100 mg speci-
men with a heating rate of 0.2 °C/min.

not been isolated up to now. Finally, it is worth recalling
that this hydration process is highly reversible, and, after
1 hour at 800 °C in air, the non-hydrated phase is already
stabilised (see Figure 4c).
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Figure 4. Experimental powder XRD patterns corresponding to (a)

sample AL-48; (b) sample AL-48 after being aged 24 h in air and
(c) the previous sample heated for 1 h at 800 °C in air.

As described above, the Na content of the samples varies,
depending on the preparation conditions, from 1.0 to
0.7 mol per unit formula. Recently, Zandbergen et al.l'’]
have studied the Na,CoO, system by electron diffraction.
They have shown the existence of an extensive series of su-
perstructures of the basic NaCoO, structure originating
from different ordered distributions of the Na vacancies.
In order to study the influence of the Na content in the
microstructure of the Na—Rh-O system, a study by selected
area electron diffraction (SAED) and high resolution elec-
tron microscopy (HREM) has been carried out.

Figure 5a corresponds to the SAED pattern of stoichio-
metric NaRhO, (PT-24) along the [010] zone axis. All the
observed crystals show the same pattern. The local compo-
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sition, analysed by energy-dispersive X-ray spectroscopy
(EDS), nicely agrees with the experimental composition. All
the spots appearing in the pattern can be indexed on the
basis of the rhombohedral unit cell with parameters a =
3.8, ¢ = 15.6 A, which are in agreement with the XRD
results. Moreover, the lack of streaking along the ¢* axis is
evidence of an ordered situation as confirmed by HREM.
The HREM image along [010] (Figure 5b) shows a fully
ordered material with interplanar distances of 2.7 and
15.6 A, corresponding to d;oo and dy;, respectively. The op-
tical Fourier transform (inset in the figure) shows features
similar to the experimental SAED pattern in Figure 5a. An
enlargement of the image is depicted in Figure 5c. The ob-
served differences can be associated to the atomic configu-
ration shown in the structural model projection depicted in
Figure S5c. The brightest dots are attributed to Rh atoms
forming the ABCABC stacking sequence, which corre-
sponds to the 3R structure. The dots of intermediate inten-
sity correspond to the lighter Na and O atoms. The calcu-
lated image for Az = 7 nm, Af = —60 nm, shown in the inset,
nicely fits the experimental data. All observed crystals have
the same features, and no stacking faults are observed.

Figure 5. (a) SAED pattern corresponding to NaRhO, along [010].
(b) Corresponding HREM image. The Optical Fourier Transform
and the calculated image are shown in the insets. (c) Enlargement
of the above image. The unit cell shows the ...ACB... stacking se-
quence characteristic of the NaRhO, structure. The calculated im-
age is shown in the inset. Big dots correspond to Rh, grey dots to
Na and small black dots to oxygen atoms.

It is worth recalling that, under electron beam irradia-
tion, crystals are unstable. Actually, Figure 6a and b shows
the SAED pattern and the corresponding HREM, along
[010], of a NaRhO, crystal after an extended period of elec-
tron beam illumination. Radical changes were observed and
the microstructure was altered in such a way that some kind
of disorder appeared, as evidenced by the presence of
streaking along the ¢*-axis (see Figure 6a). The correspond-
ing HREM shows the presence of stacking faults along the
crystal. These faults locally change the stacking of the 3R-
NaRhO, phase by the incorporation of one A-layer in the
ABC cubic sequence, giving rise to a local change in the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4413
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Na sites from octahedral to trigonal prismatic. The electron
damage is more important for thinner crystals. For this
reason, in order to obtain images such as the ones in Fig-
ure 5, low exposure times should be used and crystals that
are not too thin must be chosen.

Figure 6. (a) SAED pattern corresponding to NaRhO, along [010]
after electron beam irradiation. Streaking along the c-axis is appar-
ent. (b) Corresponding HREM image showing stacking faults.

TEM characterisation of Na,RhO, samples reveals a dis-
ordered stacking sequence apparent in the SAED pattern
(Figure 7a) as diffuse streaking along the ¢* axis, as well as
in the corresponding image (Figure 7b) as planar defects.
Note that the same disordered microstructure of Na-de-
ficient materials is observed for stoichiometric NaRhO, un-
der long beam time exposure. It seems that the electron
beam favours the diffusion of Na out of the irradiated area,
generating local Na-deficient areas with a disordered micro-
structure.
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Figure 7. (a) SAED pattern corresponding to Na,RhO, along
[010]. (b) Corresponding HREM image.
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Morphological Characterisation

In order to study the dependence of the morphology of
the Na,RhO, samples (0.7 = x = 1) on the duration of the
thermal treatment and the crucibles used, a SEM character-
isation was performed. Figure 8a-d shows SEM micro-
graphs of the Na ,RhO, samples heated for 24 (24-PT) and
48 h (48-PT) in Pt (a, b), and for 24 (24-AL) and 48 h (48-
AL) in Al,O5 (c,d) containers. All samples exhibit a similar
platelike morphology with a quite homogeneous size distri-
bution (100-200 nm). These small particles form agglomer-
ates of around 1-2 um. The powders obtained exhibit a par-
tially sintered microstructure due to a certain degree of par-
ticle coarsening and sintering. All of the studied samples
show analogous features. This fact seems to indicate that
neither the thermal treatment nor the container used plays
an important role in the morphology and crystallinity of
the samples.

Figure 8. SEM micrographs of the Na,RhO, samples heated at
800 °C, 24 and 48 h in Pt (a, b) and 24 and 48 h in Al,O; (c,d)
containers. Sintered microstructure of the nanoparticles can be ob-
served in the enlargement of (b).

In addition to the morphology, SEM characterisation
has evidenced an important common feature of these sam-
ples. Although the samples are carefully stored in a dry box,
their morphology markedly changes with the aging time.
Figure 9 corresponds to the NaRhO, sample (PT-24) 15 (a)
and 30 (b) days after being prepared. It is clearly visible
that, besides the platelike particles characteristic of
NaRhO,, needlelike particles (2-3 pm) appear to some ex-
tent. Both the amount as well as the particle size of these
needles gradually increases with the aging time. In fact,
these particles grow up to around 6 um after 30 days,
whereas the size of the platelike particles remains constant.
The EDS analysis carried out on the needles indicates the
presence of C and Na, but no Rh is detected. It follows
that these particles should correspond to a minor phase of
sodium carbonate segregated when the material is aged. At
this stage, we have studied these samples by XRD. The
XRD patterns of the aged samples are not different from a
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freshly prepared sample. Neither extra maxima nor inten-
sity changes of the maxima are detected. This result, cor-
roborated by electron diffraction, suggests that the segre-
gated sodium carbonate is a noncrystalline phase. The de-
composition process progresses over time and, after several
montbhs, it is visible in the XRD patterns by the appearance
of broadened diffraction maxima corresponding to a hy-
drated and poorly crystalline sample. The other Na,RhO,
(x = 0.85, 0.7) samples undergo the same aging process.

Figure 9. SEM micrographs of NaRhO, (PT-24): (a) 15 and (b)
30 days after preparation.

Concluding Remarks

On the basis of the XRD results, it can be concluded that
a Na,RhO, solid solution with the a-NaFeO, structure is
stable in the 0.7 = x = | compositional range. The relative
disposition of the CoOg4 sheets is kept, and therefore no
significant modifications in the Na environment are ob-
served. In fact, in this compositional range, the main struc-
tural features of stoichiometric NaRhO, are maintained,
and only a variation of the lattice parameters is observed.
Finally, whereas no water is incorporated in the 0.7 = x =
1 range, a hydrated phase appears for x < 0.7, which has
not been isolated to date.

According to SAED and HREM results, variations in
the amount of Na in Na,RhO, are not totally randomly
distributed throughout the crystal as indicated by XRD. In
fact, the decrease in Na content gives rise to a local change
in the stacking sequence of the RhO, sheets, leading to Na
in a trigonal prism environment. However, no long-range
order was attained, and no new ordered phases were stabi-
lised in the compositional range studied. In this respect, the
situation is different from the Na,CoO, system,[!?] where
several structures have been stabilised as a function of the
Na content. In this way, we would like to emphasize that,
in spite of the presence of a significant Na vacancy concen-
tration, none of the prepared samples show Na ion conduc-
tivity.

Finally, the morphological characterisation shows that
all freshly prepared samples are composed of nanometric
particles (100-200 nm) with the same platelike shape. In ad-
dition, all Na ,RhO, (0.7 = x = 1) samples are air-sensitive:
the aging process leads to a final stage in which deliques-
cence takes place, and the sample decomposes, segregating
sodium carbonate.

Eur. J. Inorg. Chem. 2005, 4410-4416 www.eurjic.org

Experimental Section

Samples were prepared as polycrystalline powders by the solid state
reaction of Na,CO; and Rh,0O5 in a 1:1 ratio with heating at 8§00 °C
in flowing oxygen. It is well known that, during the synthesis pro-
cess, Na can be lost because of the high volatility of Na,O. There-
fore, in order to obtain materials with various Na:Rh ratios, dif-
ferent annealing times as well as different crucibles were used.

The Na:Rh cationic ratio was determined on pellet samples by
microprobe analysis with a JSEM-8600 scanning electron micro-
scope working at an acceleration voltage of 10 KV. In addition, the
local composition was analysed by EDS with an INCA analyser
system attached to a JEOL 3000 FEG electron microscope.

To determine the precise water content of the samples, a thermal
study was carried out with a high-sensitivity thermobalance
(CAHN D-200) by heating in oxygen a specimen of around 80 mg
up to 300 °C at a rate of 0.2 °C/min. This electrobalance allows the
detection of weight variations within +5x 103 mg in a sample of
about 100 mg.

Powder X-ray diffraction (XRD) patterns were collected using Cu-
K, radiation (1 = 1.5418 A) at room temperature with a PHILIPS
X'PERT diffractometer equipped with a graphite monochromator.
Diffraction data were analysed by the Rietveld method,*? using
the Fullprof program.3]

The samples were characterised by SAED and HREM with a
JEOL 3000 FEG electron microscope fitted with a double-tilting
goniometer stage (+22°,+22°). Simulated HREM images were cal-
culated by the multislice method using the MacTempas software
package. The morphological study was carried out with a JSM-
6330F FEG scanning electron microscope working at 10 k'V.
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