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The nitrate-intercalated layered double hydroxide of Co with Fe decomposes on hydrothermal treatment
to yield an oxide residue at a temperature as low as 180°C. The oxide product is phase segregated
into a Co304-type normal spinel and a CoFe,04-type inverse spinel. Phase segregation is facilitated as
decomposition in a solution medium takes place by dissolution of the precursor hydroxide followed
by reprecipitation of the oxide phases. In contrast, thermal decomposition takes place at 400°C. This
temperature is inadequate to induce diffusion in the solid state whereby phase segregation into the
thermodynamically stable individual spinels is suppressed. The result is a single-phase metastable mixed
spinel oxide. This is rather uncommon in that a hydrothermal treatment yields thermodynamically stable

products where as thermal decomposition yields a metastable product.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Layered double hydroxides (LDHs) having the formula,
MY MT(OH), J[A™ Jx/n- yH20 (0.2 < x < 0.33) are well known
precursors for the synthesis of transition metal oxides [1-5] as
they have a low decomposition temperature. Further, the decom-
position is accompanied by a large mass loss, by virtue of which,
the product oxide has a nanoparticulate morphology [1]. There
is an added significance, in the case of Co(ll)-based LDHs, as the
product of decomposition is a spinel [1,3-6]. Spinels of Co%* (gen-
eral formula, CoB,04) are technologically important as magnetic
storage materials and catalysts [7-9].

The unitary hydroxide of Co(Il), Co(OH),, decomposes at 220 °C
to yield Co304 (B = Co3T). Co304 is a normal spinel. The LDHs of
Co%t with trivalent cations, M’'3*, yield the mixed spinel Co(Co,
M’3%)04. When M’ = Al or Cr, the product is a normal spinel. But
interesting possibilities arise when the trivalent cation is Fe3*, as
cobalt ferrite, CoFe;0Qy4, is an inverse spinel owing to the poor oc-
tahedral crystal field stabilization energy of Fe3+,

Consequently when the LDH of Co with Fe having the for-
mula [CoyFe(OH)s] (NO3)-yH,0 (x = 0.33) is decomposed, there
are many possibilities: (a) the oxide product could be a single-
phase mixed spinel of the type Co?t(Co3*, Fe3*)04 or (b) the
oxide may phase segregate into a normal spinel, Co304 and an in-
verse spinel, CoFe;04.
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The thermal decomposition of the Co-Fe LDHs has been re-
ported over a range of temperatures. At lower temperatures
(<450°C) a single-phase Fe-substituted Co-rich spinel [4,6] is
observed. The Fe-Co-O phase diagram [10,11] shows that for
Co/(Co + Fe) ratios corresponding to that found in LDHs (0.66-
0.80), complete solubility of Co and Fe spinels is attained only
above ~900°C. At lower temperatures (<900°C), a solubility gap
is seen in the phase diagram comprising cobaltite and ferrite. The
single-phase spinels obtained at still lower temperatures (<450 °C)
are therefore metastable.

Another method of decomposing a LDH is by hydrothermal
treatment. Hydrothermal treatment is generally employed to pro-
mote crystal growth [12] or achieve a gel to crystallite conver-
sion [13]. In an LDH, all the cations occupy octahedral sites. LDHs
comprising cations with low octahedral crystal field stabilization
energies such as Zn*t, Co?*, and Fe3T have poor stability. Such
LDHs decompose on hydrothermal treatment [14,15]. Since hy-
drothermal transformations take place within a solution medium,
we refer to such a decomposition reaction as solution decomposi-
tion.

In this paper we report the solution decomposition of the Co-Fe
LDH and compare the oxide products obtained with those obtained
from thermal decomposition.

2. Materials and methods

The Co-Fe LDHs were prepared by coprecipitation by the ad-
dition of a mixed metal (Co?* + Fe3+) nitrate solution (total con-
centration, 0.5 M; [Co®*]/[Fe3*] = 2.0, 3.0) to a solution containing
three times the stoichiometric excess of the required anion (NO3
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or CO%‘) taken as its sodium salt. The reaction was carried out at
constant pH 7 using a Metrohm Model 718 Stat Titrino operating
in the STAT mode under constant stirring (T = 65°C). N gas was
bubbled through the reaction mixture during the preparation of
the Co-Fe-NO3 LDH. All the products were washed by centrifuga-
tion with decarbonated, deionized (Millipore ELIX3 ion exchanger)
water and dried in an air oven at 65°C.

Both the carbonate and nitrate LDHs were hydrothermally
treated (T = 150-180°C, 24 h) under autogenous pressure (50%
filling) using a Teflon-lined autoclave (volume, 80 ml; 0.4 g LDH
dispersed in 40 ml of water). In separate experiments, the LDHs
were also calcined in a muffle furnace at 400 and 600°C for 18 h
each in separate experiments.

Powder diffraction data were collected on a Bruker D8 Advance
powder X-ray diffractometer (CuKo radiation, A = 1.5418 A) fitted
with a bent crystal graphite secondary monochromator. Data were
collected at a continuous scan rate of 0.5° 20 min~' and rebinned
into steps of 0.02° 20. PXRD profiles of the oxide residue were fit
by the Rietveld method using the Fullprof suite with either a sin-
gle Co304-type structure model or with two structure models (one
normal and the other inverse spinel). TG data were obtained using
a Mettler Toledo TGA/SDTA Model 851¢ system after equilibrating
the sample at 100°C (30 min) and then ramping the temperature
up (100-800°C, heating rate 5°Cmin~!) in air. Transmission elec-
tron microscopy was (TEM) was carried out using a JEOL 200CX
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microscope operated at 160 kV. Powdered samples were dispersed
on carbon-coated grids.

3. Results

In Fig. 1 is shown the PXRD pattern of CosFe-NO3 LDH. The
pattern can be indexed on the basis of a hexagonal cell (a =3.13 A,
¢ =23.8 A) and exhibits three classes of reflections characteristic
of the LDHs. The set of low angle reflections, 00¢, can be used
to identify the nature of the interlayer anion. The basal spac-
ing (doos = 7.9 A) agrees with what is expected of the nitrate
present in D3, orientation with the 3-fold axis being parallel to
the c-direction. The set of high angle (50-60° 20) reflections is
characteristic of the metal-metal distances within the interlayer. In
addition, a set of mid-20 reflections is observed. The non-uniform
broadening of these reflections indicates a turbostratically disor-
dered material.

Hydrothermal treatment of this sample was originally carried
out with the objective of bringing about structural order. How-
ever, turbostratic disorder could not be eliminated up to 150°C.
At 180°C however, the LDH was found to decompose to yield
a Co304-type spinel as indicated by the PXRD pattern shown in
Fig. 2. While all observed peak positions match with those ex-
pected of a Co304-type spinel, the peaks corresponding to different
reflections exhibit an asymmetry on the low angle side. The asym-
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Fig. 1. PXRD pattern of the CozFe-NO3 LDH.
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Fig. 2. Rietveld fits of the observed PXRD profile of the oxide residue obtained from the solution decomposition of the Co3Fe-NO3 LDH using (a) one phase structure model,

(b) using two structure models.
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Table 1

Sample Rp Rwp Rexp XZ Bragg R-factor
C03,XFE)¢O4 COF6204

CozFe-NOsHT 180°C, 552 527 4693 126 133

Fig. 2a, single-phase

with asymmetry factor

CozFe-NOsHT 180°C, 469 474 4432 114 8.65 13.00

Fig. 2b (two-phase)

CozFe-NO3D 400°C, 50.5 49.7 485 105 9.23
Fig. 6a
CoyFe-NO3 D 400°C, 593 599 56.09 114 1538
Fig. 6b

HT: hydrothermally decomposed; D: thermally decomposed.

metry is greater in peaks appearing at high angles. In order to
analyze the source of this asymmetry, the pattern was analyzed by
Rietveld refinement. The asymmetry in the observed peaks could
be either due to instrumental factors (axial divergence of the inci-
dent beam) or the presence of a structurally related second phase.
If the asymmetry is due to instrumental factors, then it should in-
crease at decreasing angles [16], but in our pattern the opposite
trend is observed. Nevertheless, both these possibilities were ex-
plored.

The observed profile was used to refine a Co304-like structure
by the Rietveld method and the results are shown in Fig. 2a. The
goodness-of-fit parameters are given in Table 1. These are higher
than normally accepted values owing to the poor crystallinity of
the samples. The asymmetry in the peak shape was fitted by in-
corporating an asymmetry parameter and then refining it. This fit
corresponds to a single-phase structure model, Cos_yxFeyO4. Al-
ternatively, the observed profile was fit to a two-phase mixture
comprising the normal spinel Co304 (ICSD No: 24210) and the in-
verse spinel CoFe;04 (ICSD No: 98553). The Bragg reflections of
these two phases are progressively separated at higher angles and
account for the asymmetry of the observed peak shapes without
the incorporation of the asymmetry parameter in the profile func-
tion. The results of the Rietveld fit are shown in Fig. 2b and the
refined parameters are shown in Table 1. It is evident from an
examination of the R values that the two-phase fit is superior
to the single-phase fit. According to Young [16], more important
than the R-values is an examination of the difference profile. It
is clear that the difference profile in Fig. 2a has systematic resid-
ual intensities at 18-20° 26 and ~65° 26. These are eliminated

in Fig. 2b, showing a two-phase model fits the observed data bet-
ter.

In order to further examine the phenomenon of phase segre-
gation into normal and inverse spinels under hydrothermal condi-
tions, it was thought that a sample with higher iron content would
lead to a greater degree of phase segregation. The PXRD pattern of
CoyFe-NOs3 LDH is shown in Fig. 3a. While the poor crystallinity of
the sample does not permit accurate comparison of a-parameter,
a comparison of the TGA data of the two LDHs, discussed in the
next section, points to the formation of an LDH with a higher iron
content.

Hydrothermal treatment of this sample at 180°C also leads to
decomposition of the LDH. In this pattern (see Fig. 3b), the splitting
of the peaks in the high angle region is better resolved indicating
greater phase segregation due to the higher iron content in the
precursors. The reflections towards the higher angle side are due
to Co304 and those to the lower angle side are due to CoFe;04.

The PXRD pattern of Co3Fe-CO3 LDH is shown in Fig. 4a. The
d-spacing of the 003 reflection, 7.59 A, corresponds to a carbonate-
intercalated LDH. The relative sharpness of the reflections in the
mid-26 region indicates a better ordered material when compared
to the nitrate LDH. It is seen that upon hydrothermal treatment, all
the reflections corresponding to the LDH have disappeared indicat-
ing a break down of the LDH structure (see Fig. 4b). The pattern
can be indexed to a mixture of 8-Co(OH), and y-Fe,0s.

The products obtained by solution decomposition were com-
pared with those obtained after calcination at 400°C. TG-DTG
data of the precursor LDHs are shown in Fig. 5. The single step
weight loss observed in both the carbonate and nitrate LDHs
point to simultaneous dehydration and dehydroxylation. The DTG
curve indicates that the CO3-LDH decomposes at 167 °C (Fig. 5a)
while the NOs3-LDH decomposes at a slightly higher tempera-
ture at 185°C (Fig. 5b). Further, the Co,Fe-NO3 LDH (Fig. 5c)
decomposes at a slightly lower temperature (175°C) when com-
pared with the CozFe-NO3; LDH (185 °C). This is due to the higher
iron content in this sample. The CoyFe-NO3 LDH exhibits a total
mass loss of 32.5% giving a nominal formula [CogggFep.33(OH)2]
(NO3)0.33-0.25H,0 while the 3:1 LDH exhibits a mass loss of 30.2%
from which the nominal formula of this LDH was calculated to be
[Coo.75Fep.25(0H)2](NO3 )o25-0.25H,0.

On calcination at 400°C, CosFe-NO3 LDH decomposes to give
a Co304-type spinel. The peaks due to the various reflections are
symmetrically broadened. A Rietveld fit of this pattern was done
using the Cos_yxFeyO4 structure model (Fig. 6a). While the poor
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Fig. 3. (a) PXRD pattern of the CoyFe-NO3; LDH. (b) PXRD pattern of the oxide obtained by the solution decomposition of (a).
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Fig. 4. (a) PXRD pattern of the CozFe-CO3 LDH. (b) PXRD pattern of the solid obtained by the solution decomposition of (a).
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Fig. 5. (a) TG-DTG curve of (a) Co3Fe-CO3; LDH, (b) Co3Fe-NO3 LDH, (c) CopFe-NO3 LDH.

crystallinity of this sample implies that the cation distribution ob-
tained by the Rietveld technique cannot be relied upon, an exami-
nation of the a-parameter gives an indication of the site occupied
by Fe3*t. Pure Co304 has a lattice parameter of 8.08 A. In com-
parison, the a-parameter of this spinel is found to be 8.14 A. The
higher a-parameter is indicative of Fe3* (Oy, ionic radius = 0.77 A)
substituting a part of the Co3* (ionic radius = 0.68 A) in the oc-
tahedral sites. In comparison, the single phase spinel obtained on
decomposition of CopFe-NOs (Fig. 6b) exhibits a slightly larger a-
parameter of 8.16 A in concordance with the higher Fe3t content
from the precursor.

The carbonate LDH is also seen to decompose to give a single-
phase Co304-type spinel on calcination at 400 °C (data not given).

In this case also, the higher a-parameter of 8.17 A indicates a spinel
in which Fe3t ions substitute a part of the Cot ions in the octa-
hedral sites of C0304.

Fig. 7A shows a selected area electron diffraction pattern
from the oxide residue obtained by thermal decomposition of
CosFe-NO3 LDH. The pattern can be indexed to a Co3Og4-type
phase. The diffuse rings indicate the nanocrystalline nature of the
sample. The SAED pattern of the hydrothermally treated sample
is shown in Fig. 7B. Distinct splitting of the rings in the radial
direction can be seen (as shown by arrows) indicating that two
phases with close d-spacings could be present. This is consistent
with the powder X-ray data that shows the presence of the Co304
type phase and the CoFe;04 type phase in these samples.
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Fig. 6. Rietveld fits of the observed PXRD profile of the oxide residue obtained from the thermal decomposition at 400 °C of the (a) CosFe-NO3 LDH, (b) CopFe-NO3 LDH.

Fig. 7. SAED pattern of oxide reside obtained upon (a) thermal decomposition of
Co3zFe-NOs3 LDH, (b) solution decomposition of CosFe-NO3 LDH.

4. Discussion

As the LDH composition is divalent cation rich, x = 0.25-0.33,
formation of a stoichiometric spinel requires that a part of the di-
valent cations be oxidized. In the case of the oxide product derived
from the CosFe-LDH, such an oxidation would lead to a spinel of
the formula Co''Coll, Fell' 04. In a spinel of this composition, it
is expected that Co(Ill) would occupy octahedral sites due to its
very high octahedral crystal field stabilization energy. There are
then two possible cation distributions that the spinel can adopt:
(i) The Fe(Ill) can occupy tetrahedral sites pushing Co(Il) into oc-
tahedral sites giving a partly inverse spinel, (ii) Fe(Ill) can occupy
octahedral sites along with Co(Ill) giving a primarily normal spinel
in which Co(Il) ions occupy tetrahedral sites. These two cation dis-
tributions are represented as shown below:

(Coll)[cogl.lzev Feg_'75]04, (1)
(Feg%s’ C°8A21)[C°[11A126’ C03A78]04s (2)

where round brackets denote tetrahedral sites and square brackets
denote octahedral sites.

Experimental results suggest that on thermal decomposition,
the Co-Fe LDHs, yield a single-phase spinel having a cation dis-
tribution similar to (1) above. Navrotsky and co-workers [17] have
shown that in an oxide of the spinel structure, Fe(Ill) has a ‘def-
inite’ tetrahedral site preference. Therefore a spinel of the above

composition is understandably metastable [10] and phase segrega-
tion into a cobalt rich normal spinel and iron rich inverse spinel is
observed to occur at higher temperatures [6]. As both the single-
phase spinel and the two-phase spinel have the same crystal struc-
ture, the formation of one product over the other would be depen-
dent upon the site preference energies of the cations involved. In
the LDH structure, Fe(Ill) occupies octahedral sites whereas Co(lII)
can occupy either octahedral sites as in 8-Co(OH); and Co-M(III)-
LDHs or tetrahedral sites as in a-Co(OH); [18]. It is observed that
the metastable single-phase spinel is formed only on thermal de-
composition. The formation of the single-phase spinel would re-
quire only diffusion of Co(Il) ions from octahedral to tetrahedral
sites while Fe(Ill) and Co(Ill) remain in octahedral sites. Phase
segregation to a normal and inverse spinel on the other hand
would require both migration of Co(Il) into tetrahedral sites to give
cobalt-rich spinel as well as migration of Fe(Ill) into tetrahedral
sites to yield an iron rich spinel.

Therefore under conditions of solid state decomposition, where
diffusion plays a large role, formation of the metastable single-
phase spinel would be kinetically favoured over formation of the
two-phase product.

Under hydrothermal conditions however, solubility would rule
out any topochemical pathway for the decomposition and the ther-
modynamically stable phase segregated products would be ener-
getically favoured. This is observed in the case of hydrothermal de-
composition of CosFe-nitrate LDH. Another possible factor driving
phase segregation under hydrothermal conditions could be incom-
plete oxidation of Co(II) ions in the depleted oxidative atmosphere
prevailing under hydrothermal conditions.

The overriding role played by solubility is further demonstrated
by the decomposition of Co3Fe-CO3 LDH. It is known that carbon-
ate LDHs are in general more stable than nitrate LDHs [19] and
under hydrothermal conditions, this is reflected by the lower sol-
ubility of carbonate LDHs when compared with the nitrate LDHs.
Decomposition of the carbonate LDHs under hydrothermal condi-
tions is therefore not complete and S-Co(OH), and y-Fe,03 are
seen to have formed.

5. Summary
Decomposition of the Co-Fe LDH is seen to be kinetically

controlled under thermal conditions leading to a single-phase
metastable spinel. Under hydrothermal conditions however, de-
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composition is seen to take place under thermodynamic control
and is demonstrated by (1) formation of thermodynamically sta-
ble normal and inverse spinels and (2) the observation that the
nitrate LDH leads to complete decomposition whereas the higher
stability of carbonate-LDH leads to incomplete decomposition and
formation of 8-Co(OH); and y-Fe;0s.
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