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Two nickel-manganese hydroxycarbonates with Ni/Mn ra-
tios close to 2/1 (Ni2Mn) and 3/1 (Ni3Mn) have been synthe-
sized by coprecipitation under an air atmosphere from aqueous
solutions of Ni(II) and Mn(II). Characterization by powder X-
ray diffraction, transmission electron microscopy, and differ-
ential thermal and thermogravimetric analyses confirm a hy-
drotalcite-like structure for these brown colored compounds,
indicating that Mn(II) is at least partially oxidized to Mn(III)
during the synthesis process. Thermal decomposition in air at
450°C leads to formation of NiO as the major product in both
samples. At 700°C, the Ni/Mn ratio determines the nature of
the nickel-manganese mixed oxides present, in addition to
NiO. Temperature-programmed reduction of calcined samples
indicate that the major mixed oxide in sample Ni2Mn calcined
at 700°C is ilmenite, NiMnQO;, while in Ni3Mn it is the
spinel NiMn,0,. At 1000°C, formation of NiO and NiMn,0,
spinel occurs whichever the Ni/Mn ratio in the starting
material. 01996 Academic Press, Inc.

INTRODUCTION

Hydrotalcite, the mineral [MgsAl,(OH)4]COs5 -4 H,0,
has been taken as a reference name for many other isomor-
phous materials. They are also referred to as anionic clays,
and as such form a complementary class of materials to
conventional cationic silicate clays.

Hydrotalcite-like compounds can be represented by
the general formula [M(II),_ M(III),(OH),]** A%,-
nH,0, with M(II) = Mg, Zn, Ni, Cu, ..., M(IIl) = Al,
Fe,Cr,...,and A* = CO%,SO3, Cl,.... Their structure
consists of brucite-like layers, Mg(OH),, with M(II)/
M(III) substitution in octahedral sites of the hydroxide
sheet, resulting in a net positive charge which is neutralized
by the interlayer anions; water molecules also exist be-
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tween the layers (1-3). These materials have found a great
variety of uses as such or after calcination at high tempera-
tures (4-8).

Calcination of these compounds at temperature de-
pending on the particular cations in the layers and anions
in the interlayer leads to mixed oxides characterized by
structural homogeneity and the absence of chemical
segregation (9, 10). Hydrotalcites are consequently a set
of precursors useful for the preparation of catalytically
active oxides (11-13). The activity and selectivity of
these solids have been established for several reactions
(14-17).

Although most of the papers published on this type
of materials correspond to these containing two main
groups cations (i.e., Mg—Al) or with one transition metal
cation (Mg-Fe, Ni-Al, ...), very few papers report on
hydrotalcite-like materials containing two transition
metal cations in the layers (Co-Fe, Ni-Fe, ...)
(18-20).

In this paper we report on preparation of hydrotalcite-
like compounds with Ni and Mn in the hydroxide layers.
With a wide range of attainable oxidation states, Mn has
been valued as a component of batteries but also of indus-
trial catalysts of oxidative processes (including conversion
of hydrocarbons and the oxidative coupling of methane)
and in reductive catalysis, as a promoter in combination
with other transition metals (21-23).

The synthesis has been carried out by coprecipitation of
Ni(II) and Mn(II) cations at room temperature with
strongly alkaline solutions. As already reported for
Mg-Mn hydrotalcites (24, 25), during precipitation Mn(II)
ions undergo partial oxidation to Mn(III), giving rise to
mixed layered hydroxides with the hydrotalcite structure.
The changes induced by thermal treatment also have been
studied. Finally, the nature of mixed oxides obtained by
calcination at increasing temperatures has been assessed
from X-ray diffraction and temperature programmed re-
duction.
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EXPERIMENTAL

Synthesis of the Samples

Synthesis of the hydroxycarbonates was carried out by
dropwise addition (during a period of 3 h) of 100 ml of a
solution containing Ni(NO;),-6H,O (0.08 M) and
MnCl, - 2H,0 (0.04 M) to 100 ml of a 0.2 M NaOH, 0.1
M Na,COj solution for the so-called “Ni2Mn”’ samples,
the number indicating the integer closest to the Ni/Mn
atomic ratio; for the “Ni3Mn” samples the Ni(I) and
Mn(II) salt concentrations were 0.09 and 0.03 M, respec-
tively. The precipitate thus obtained was centrifuged and
washed several times with distilled, deionized water, until
no infrared band due to nitrate was detected; a final wash-
ing with acetone was also performed, in order to eliminate
excess water. The solid was finally dried in an oven at
60°C.

Characterization

The Ni/Mn ratio was determined by atomic absorption
spectroscopy (AAS) using a Perkin—Elmer 3100 appara-
tus after dissolution of the samples in diluted HCI and
adding H,0, to reduce all Mn to Mn(II). Carbon analysis
was carried out in a Perkin—-Elmer 2400 CHN analyzer.
Powder X-ray diffraction (PXRD) diagrams were ob-
tained with a Siemens D500 instrument, using CuKa
radiation (graphite monochromator) at a scanning speed
of 2°(26)/min. Transmission electron micrographs (TEM)
were obtained in a JEOL 200CX microscope. The Fou-
rier-transform infrared spectra (FT-IR) of the samples
were recorded in a Perkin—Elmer FT-IR 1730 apparatus,
with a nominal resolution of 2 cm™! and averaging 100
scans; the sample was pressed in KBr pellets with 3 mg
sample per 100 mg KBr; under the experimental condi-
tions used, FT-IR absorption bands with a transmittance
larger than 1-2% were detected. Differential thermal
analysis (DTA) and thermogravimetric analysis (TG)
were recorded on Perkin—Elmer DTA 1700 and TGS-2
instruments, respectively, using flowing air or nitrogen
(60 ml-min~!) at a heating rate of 12°C - min~!. Specific
surface areas of the samples prepared have been mea-
sured by the single-point method using a Micromeritics
Flowsorb II 2300 instrument, using a N,/He (30/70) gas
mixture from Sociedad Espafiola de Oxigeno (SEO,
Spain). Temperature-programmed reduction (TPR) anal-
ysis was carried out in a Micromeritics TPR/TPD 2900
instrument, at a heating rate of 10°C-min~', and using
ca. 10 mg of sample and a H,/Ar (5% vol) mixture as
reducing agent (60 ml-min™!); experimental conditions
for TPR runs were chosen according to procedures re-
ported elsewhere (26) in order to attain good resolution
of component peaks.
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RESULTS AND DISCUSSION

Hydrotalcite-like Materials

Chemical analysis results for both samples are given in
Table 1. The Ni/Mn ratios were close to the values of the
starting solutions, and small variations are within experi-
mental error in most of the cases.

X-ray diffraction patterns of both samples are shown in
Fig. 1. The overall aspect of the diagrams indicates a lay-
ered structure, peaks due to higher order diffraction being
observed at 7.68, 3.88, and 2.66 A for Ni2Mn and at 7.81,
3.89 and 2.66 A for Ni3Mn. In addition, both samples show
the characteristic doublet at 1.54 and 1.51 A. The better
crystallinity (sharper peaks) of sample Ni2Mn compared
with sample Ni3Mn should be noted. The first three peaks
(at lower 26 values) are due to diffraction by planes (003),
(006), and (009), while the doublet is originated by planes
(110) and (113), respectively. The positions are very close
to those reported in the literature for hydrotalcite (3),
takovite (Ni—-Al hydroxycarbonate) (10), and desautelsite
(Mg—Mn hydroxycarbonate) (24, 25). The (0kk) diffrac-
tion lines are extremely broad and tailing toward higher
20 values as observed in other hydrotalcite-like materials
synthesized following the coprecipitation method (25). On
the other hand, although the low crystallinity of the pat-
terns, especially for Ni3Mn, does not permit us to rule out
the presence of amorphous, unidentified materials, their
content would be rather low, according to data obtained
by subsequent techniques. As expected, a slight decrease
in the (001) spacings is observed as the electric layer charge
is increased, i.e., when the Ni/Mn atomic ratio decreases.
The values for the positions of these (001) peaks arise
within the range reported in the literature for hydrotalcite-
like materials containing carbonate anions in the interlayer

TABLE 1
Metal Contents Data and Surface Area for Ni2Mn and
Ni3Mn Samples and Their Calcined Products

Sample % Ni % Mn Ni/Mn” S&ET
Ni2Mn 373 16.7 2.09 70
Ni2Mn/125 39.0 17.9 2.04 80
Ni2Mn/450 48.8 22.5 2.02 58
Ni2Mn/700 50.5 22.9 2.04 15
Ni2Mn/1000 51.1 24 2.00 <1
Ni3Mn 41.7 11.8 3.08 70
Ni3Mn/125 46.6 14.3 3.05 72
Ni3Mn/450 56.7 17.2 3.08 56
Ni3Mn/700 60.8 18.0 3.13 17
Ni3Mn/1000 60.8 18.3 3.07 4

“ wt%.

b atomic ratio.

c m2 . gfl.
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FIG. 1. PXRD diagrams of untreated Ni2Mn and Ni3Mn hydrotal-

cite-like materials.

(3, 4, 25), assuming a thickness of 4.8 A for the brucite-
like layers; it should be noted that the ionic radii of the
cations in hydrotalcite (Mg(II) 0.86 A, AI(III) 0.67 A) are
fairly close to those of the cations here existing (Ni(II)
0.83 A, Mn(II) 0.97 A, Mn(III) 0.78 A) (27).

The a dimension can be calculated (6) from the position
of the (110) peak at 3.08 A. These findings confirm the
hydrotalcite-like structure of the materials synthesized,
and so the (at least partial) oxidation of Mn(II) to Mn(III)
during synthesis.

For these anionic clays, the negative charge of the inter-
layer anions should balance the positive charge in excess
(due to the trivalent cations) in the brucite-like layers.
Chemical analysis for C indicates a content of 1.66% for
sample Ni2Mn; this value corresponds to 91% of Mn being
Mn(III). That is within experimental error and it can be
concluded that almost all Mn has been oxidized to the
trivalent state during synthesis. Such an oxidation has been
previously reported (24, 25) for Mg—Mn hydrotalcites and
explained on the basis of the larger relative stability of the
Mn(III) oxidation state than Mn(II) at high pH values
(24). With regards to sample Ni3Mn, the C content was
1.29, corresponding to the presence of all Mn as Mn(III).
However, determination of the oxidation state of Mn solely
from carbon content ignores the possible presence of bicar-
bonate species, as well as of lattice defects and/or species
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in brucite-like layers formed via acid/base reaction of the
hydroxyl groups, leading to O?~ or H,O species in the
layers. In order to overcome this ambiguity, the TPR pro-
files of the untreated Ni2Mn and Ni3Mn samples have
been recorded. Hydrogen consumption for sample Ni2Mn
was 7.74 mmol H,/g solid, and for sample Ni3Mn it was 8.18
mmol H,/g solid. We have previously shown that Ni(II)
in hydrotalcites is quantitatively reduced to Ni(0), while
reduction of Mn(n) (n > 1II) goes only to Mn(II), which
is not further reduced to the metallic state (28). In order
to test the nature of the species existing after the TPR
run, we have recorded the PXRD diagram of the residue
obtained after the TPR of sample Ni2Mn, showing lines
due to Ni(0) and MnO, thus confirming the above men-
tioned final oxidation states for these two metals.

From the chemical analysis data for Ni and Mn content
in samples Ni2Mn and Ni3Mn, total hydrogen consumption
expected for reduction processes Ni(II) — Ni(0) and
Mn(III) — Mn(II) are 7.87 and 8.18 mmol H,/g solid,
respectively. These values are in agreement, within experi-
mental error, with the values experimentally recorded for
a Mn(III) content of 91 and 100% for samples Ni2Mn and
Ni3Mn, respectively, thus confirming the results obtained
from the C chemical analysis.

The TEM micrographs of the samples show agglomer-
ates of small particles (Fig. 2), and they are slightly larger
for sample Ni2Mn than for sample Ni3Mn, in agreement
with the better crystallinity observed by X-ray diffraction
for the former sample. However, this increase in the parti-
cle size seems to be insufficient to give rise to noticeable
differences in the specific surface areas of the samples, the
values of which are also included in Table 1.

The DTA profiles (recorded in air and in nitrogen) for
sample Ni3Mn are shown in Fig. 3. Both profiles show
two strong, sharp endothermic peaks at 209 * 1°C (due
to dehydration) and 302 * 1°C (dehydroxylation and de-
carboxylation). Ascription of these peaks to the named
processes has been made according to previous data (10,
24) corresponding to similar samples to those studied here.
The traces in both experiments are slightly different above
400°C, showing a weak, broad, ill-defined exothermic effect
centered at ca. 580°C when the analysis is performed in
air, together with a clearly detected endothermic effect at
782°C for the same experiment. The presence of a low
intensity exothermic effect (only when the analysis is per-
formed in air) immediately after decomposition of the hy-
droxycarbonate can be associated to oxidation reactions,
as already observed in other hydrotalcites containing oxi-
dizable cations, such as Mn(III) to Mn(IV) (24) and Co(II)
to Co(III) (29). The TG traces, also included in the same
figure, show a multiple, overlapped, weight loss in the
temperature range 100-750°C, making uncertain any calcu-
lation leading to determination of the water content, as
removal of interlayer molecular water cannot be differenti-
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FIG. 2. TEM of the original samples: (a) Ni2Mn and (b) Ni3Mn.

ated from dehydroxylation and decarboxylation. Never-
theless, the total weight loss under air (25%) is lower than
when the analysis is performed under nitrogen (31.5%), in
agreement with the oxidation process above mentioned.

The behavior shown by Ni2Mn sample during TG/DTA
experiments was rather similar to that above and the figures
have not been included to avoid repetition.

The FT-IR spectrum for sample Ni3Mn is shown in Fig.
4 (the spectrum for sample Ni2Mn is very similar and has

been omitted). The broad band at ca. 3420 cm™! is due to
vog mode of hydroxyl groups, both from the brucite-like
layers and from the hydroxyl groups of water molecules
existing in the interlayer space, for which dyoy is recorded
at 1637 cm~'. Bands due to interlayer carbonate are also
observed. Thus, the split band with maxima at 1400 and
1358 cm ! is ascribed to mode »; (antisymmetric stretching)
of carbonate species, recorded as a single band at 1450
cm™! for free CO3™ species, but which splits because of the
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FIG. 3. TG and DTA profiles of Ni3Mn (a) in air and (b) in nitrogen.

lowering symmetry and hydrogen bonding with hydroxyl
groups in the interlayer space. Additional confirmation of
this carbonate—hydroxyl hydrogen bonding arises from the
weak shoulder at 3075 cm™! (30). In addition, restricted
symmetry in the interlayer space gives rise to activation
of carbonate mode »;, which is recorded as a weak shoulder
at 1060 cm ™, as previously reported for other hydrotalcites
(31). No infrared evidence could be recorded of the pres-
ence of bicarbonate species, which could be formed due
to the lowering in pH during washing of the precipitates,
thus displacing toward the right the equilibrium

CO% + H,0— HCO35 + OH".

The other bands in the FT-IR spectrum below 1000 cm™!
can be ascribed to lattice modes of the brucite-like lay-
ers (31).

Calcined Products

We have analyzed the crystalline phases existing in the
samples after calcination at increasing temperatures. We
have chosen calcination temperatures from information
provided by the DTA results. The samples were calcined
at 150°C (just before dehydration), 450°C (after
dehydroxylation/decarboxylation), 700°C (before the en-
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dothermic effect recorded in air and ascribed to oxidation/
reduction processes), and 1000°C, where well crystallized
phases are expected to be formed. Samples will be named
Ni2Mn/T or Ni3Mn/T, where T stands for the calcination
temperature, in °C. The XRD patterns of samples Ni2ZMn
and Ni3Mn calcined in air are included in Fig. 5. The
layered structure is stable up to 150°C, although a decrease
of the interlayer spacing and crystallinity is observed; both
effects can be ascribed to a loss of interlayer water during
the calcination treatment. The slight increase in the specific
surface area (see Table 1) can be ascribed to formation
of small craters on the brucite-like layers, through which
dehydration occurs (9).

The PXRD diagrams of samples calcined at 450°C show
that for both samples the layered structure of the hydrotal-
cite collapses, leading to formation of NiO (rock-salt struc-
ture). Together with diffraction lines due to NiO, weak
diffraction peaks appear due to mixed oxides, which struc-
ture and stoichiometry (as well as the oxidation state of
manganese) depend on the nature of the starting material.
So, while for samples Ni2Mn these lines could be ascribed
to ilmenite, NiMnO; (Fig. 5a), for sample Ni3Mn lines at
4.8,29, and 2.5 A due to the spinel structure (Ni,MnOy,
or NiMn,0,) can be observed in addition to the lines corre-
sponding to NiO (Fig. 5b). Nevertheless, the low crystallin-
ity of the material (diffraction lines very broad and rather
weak) makes rather uncertain the exact determination of
the manganese oxides existing in these samples, as already
observed for other calcined hydrotalcites (24). The FT-IR
spectra of the samples calcined at 450°C (Fig. 4) show weak
bands at 3420, 1400, and 1358 cm ! due to residual hydroxyl
and carbonate groups, together with lattice vibrations in
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FIG. 5. PXRD diagrams of (a) Ni2Mn and (b) Ni3Mn calcined in air for 3 h at different temperatures.

the 800-250 cm™! range (30). The PXRD diagram of sam-
ple Ni2Mn calcined at 700°C, Fig. 5a, corresponds to a
mixture of rock-salt NiO and of ilmenite, NiMnQOs, al-
though weak peaks due to the spinel phases are also ob-
served. The PXRD diagram for sample Ni3Mn calcined at
the same temperature, Fig. 5b, also shows the presence of
NiO as the major Ni-containing phase, but Mn is mostly
incorporated into the spinel, and weak lines corresponding
to ilmenite also appear.

Formation of ilmenite takes place through a further oxi-
dation of manganese ions from Mn(II) (in the starting
soluble salts) to Mn(III) (during the precipitation process
to yield the hydrotalcite-like structure), and to Mn(IV)
during calcination, in agreement with the exothermic effect
recorded in the DTA profile at ca. 580°C when the analysis
is performed in air (Fig. 3a). On the other hand, formation
of NiO in addition to ilmenite, NiMnOs, is expected taking
into account the value of the Ni/Mn ratio, larger than 1.0.

The FT-IR spectra of samples calcined at 700°C (Fig.
4) shows exclusively well-defined absorption bands in the
800-250 cm™! range, while bands due to carbonate and
hydroxyl groups have been completely removed, in
agreement with total elimination of carbonate and hydrox-
yls at this temperature.

In order to obtain additional information about the ther-
mal stability of the different phases formed during calcina-
tion, PXRD diagrams of samples calcined at 700°C during
different heating times have been recorded. It should be
stressed that at this temperature all carbonate and hydroxyl
groups have been removed, and so all changes are due to

reaction between Ni and Mn oxides. These diagrams are
given in Fig. 6 for samples Ni2Mn and Ni3Mn, calcined at
700°C in air for 6, 15, and 30 h. For sample Ni2Mn, all
diffraction lines due to spinel (existing when the sample
is calcined at this temperature, but for 3 h, see Fig. 5a)
have disappeared, and all diffraction lines recorded can be
ascribed to NiO and NiMnQOs;. As the calcination time is
increased, the intensities of the ilmenite lines, with respect
to those of NiO, decrease; however, no new lines develop,
thus suggesting that these changes are due to a differential
recrystallization of both phases, and not to an increase in
the relative amount of NiO with respect to NiMnO;. The
behavior shown by sample Ni3Mn is, however, rather dif-
ferent. When calcination at 700°C is prolonged, the stable
phases formed are NiO and a Ni-Mn spinel (NiMn,O, or
Ni,MnQ,), the relative intensities of the lines originated
by both phases being maintained as the calcination time is
increased; only a sharpening of the lines is being observed,
probably due to improved crystallinity of the particles.
Chemical analysis data in Table 1 indicate that, as expected,
the Ni/Mn atomic ratio is maintained close to 3.0, and
hence, formation of the spinel Ni,MnQO, cannot be safely
ignored. However, the larger content of NiO, as concluded
from the PXRD diagrams (see Fig. 6b) suggests formation
of the spinel NiMn,O,, together with NiO.

It should also be noted that formation of the inverse
spinel Ni;MnO, would require location of Ni(II) both in
octahedral and tetrahedral sites, while in ilmenite NiMnOs,
both cations Ni(II) (d®) and Mn(IV) (d*) are located in
octahedral sites. From the electronic configurations, crystal
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FIG. 6. PXRD diagrams of (a) Ni2Mn and (b) Ni3Mn calcined in air at 700°C for 6, 15, and 30 h.

field stabilization energies are larger, in both cases, for
octahedral coordination. Thus, we can conclude that in the
presence of Mn(IV), formation of ilmenite is favored vs
formation of inverse spinel Ni,MnQO,. For sample Ni3Mn,
ilmenite is formed as an intermediate product (and also
as a minor component) when the sample is calcined at
700°C, but vanishes as the calcination time is increased,
leading to formation of a more stable phase at this tempera-
ture, probably spinel NiMn,O,, containing Mn(III).
When the samples are calcined at higher temperatures
(1000°C), PXRD shows that only spinel and NiO are
formed, although the relative intensities of the lines corre-
sponding to both phases are different indicating that the
spinel content is larger for sample Ni2Mn (larger intensity
of the diffraction line at 2.53 A due to planes (311) not
coincident with any peak of NiO), although for sample
Ni3Mn calcined at 1000°C, NiO is the major phase. As
expected, and confirmed by the atomic absorption data
collected in Table 1, the Ni/Mn ratio is maintained along
the calcination process, thus accounting for the larger NiO
content in sample Ni3Mn than Ni2Mn calcined at 1000°C.
A point remaining obscure is the nature of the spinel
formed, Ni¥Mn'VO, or Ni'"Mn}'O,; this can be hardly dis-
cerned, due to the closeness of the diffraction peaks in
both cases, and to the fact that some of the lines coincide
with those of the major component, NiO. However, it
should be noted that no peaks due to any other phase
containing manganese are detected and, at least for the
high temperature calcined samples, formation of any other

phases would be rather easily detected by PXRD, due to
sintering of the materials at a so high calcination tempera-
ture. Therefore, for calcined products obtained from
Ni2Mn, formation of Ni,MnQO, can be discarded, as the
atomic Ni/Mn ratio of 2.0 coincides, within experimental
error, with that determined by atomic absorption. There-
fore, no NiO would crystallize. However, rock-salt NiO
obviously has formed. As formation of NiMnO; (con-
taining Mn(IV)) has been observed at medium calcination
temperatures, formation of spinel NiMn,O, (containing
Mn(I1T)) requires Mn(IV) — Mn(III) reduction, which
could account for the weak endothermic effect recorded
at 782°C, and also would explain the presence of NiO in
the product calcined above 782°C. This behavior is rather
similar to that previously reported for other hydrotalcites
(18, 20, 24), for which calcination leads to formation of a
single oxide of the divalent cation (Ni in our case), together
with mixed oxides the precise nature of which depends on
the nature of the cations existing in the brucite-like layers.
The above discussion permits us to propose the formation
of the spinel NiMn,Oy,.

With regards to the nature of the spinel formed from
the Ni3Mn sample, TPR analysis of samples calcined at
700 and 1000°C has been carried out since, as mentioned
above, determination of the precise oxidation state of man-
ganese is hardly attained from the PXRD diagrams, as
diffraction lines are coincident (within experimental error)
for, at least, two different spinel, i.e., NiMn,O, and
NizMnO4.
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As an example, TPR curves for sample Ni2Mn pre-
viously calcined at 700 and 1000°C are given in Fig. 7.
Reduction of sample Ni2Mn/1000 takes place in better
defined steps, with maxima at ca. 410 and 500°C, while for
sample Ni2Mn/700 reduction starts at a lower temperature,
reaching a maximum at ca. 350°C, with a clearly detected
shoulder at ca. 470°C.

The total hydrogen consumption during reduction (12.27
and 10.94 mmol H,/g solid for samples Ni2Mn/700 and
Ni2Mn/1000, respectively) can be split into the amount of
hydrogen required for a quantitative reduction of Ni(II)
to Ni(0), the remaining amount of hydrogen being con-
sumed for reduction of manganese; hence, from knowledge
of the final oxidation state for manganese (as concluded
from the PXRD analysis performed on the residue), the
average oxidation state of manganese in the starting mate-
rial can be calculated. Sample Ni2Mn/700 contains 8.60
mmol Ni/g and 4.17 mmol Mn/g (Table 1). Assuming an
oxidation state of +4 for Mn and +2 for Ni, reduction to
Mn(II) and Ni(0) would require consumption of 12.77
mmol H,/g solid, a value only 4% larger than that experi-
mentally recorded. For sample Ni2Mn/1000 (containing
8.71 mmol Ni/g and 4.37 mmol Mn/g), however, such a
reduction process would require 13.08 mmol H,/g solid,
i.e., 20% larger than that recorded. But if it is assumed
that Mn exists as Mn(I1I), total hydrogen consumption for
reduction to Ni(0) and Mn(II) would consume 10.90 mmol
H,/g solid, a value coincident with that recorded.

We conclude that in sample Ni2Mn/700 most of manga-
nese exists as Mn(IV), in agreement with the PXRD data,
showing diffraction lines due to ilmenite, NiMnO;. For
sample Ni2Mn/1000, however, PXRD data confirm the
presence of a spinel, that, according to TPR data, should be
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FIG. 7. TPR profiles of Ni2Mn calcined in air for 3 h at 700 and
1000°C.
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NiMn,0, (where Mn exists as Mn(I11)), and not Ni,MnO,
(containing Mn(IV)).

With regard to samples Ni3Mn/700 and Ni3Mn/1000,
hydrogen consumptions were 12.12 and 12.74 mmol H,/g
solid, respectively. These values correspond, within experi-
mental error (1% and 5%, respectively) with the expected
values assuming Mn existing in the +3 state, i.e., as spinel
NiMn,O,. This conclusion is in agreement with the infor-
mation provided by the PXRD analysis above: the ilmenite
content in sample Ni3Mn/700 is very low, and disappears
as the calcination time is increased up to 3 h; for sample
Ni3Mn/1000, PXRD data indicate the presence of the
spinel.

Summarizing the above information about the calcina-
tion of the samples at increasing temperatures, the follow-
ing scheme can be assumed to explain thermal decomposi-
tion in air of Ni2Mn and Ni3Mn hydrotalcites:

150°C 450°C 700°C

Ni2Mn(HT) — Ni2Mn (HT) — NiO + NiMnO; —

700°C 1000°C

—— NiO + NiMnO; + (NiMn,0O,) — NiO + NiMn,0,
125°C 450°C 700°C

Ni3Mn(HT) — Ni3Mn(HT) — NiO + spinel —

700°C 1000°C
— NiO + NiMn,0, + (NiMnO3) — NiO + NiMn,O,.

CONCLUSIONS

When Mn(II) and Ni(II) are simultaneously precipitated
under an air atmosphere from aqueous solutions using
NaOH and Na,COj; (aq), Mn(II) is oxidized to Mn(III)
and a solid possessing the hydrotalcite-like structure is
obtained, with Ni(II) and Mn(III) ions in the layers, the
Ni/Mn atomic ratio depending on the relative concentra-
tions of the cations in the starting solutions. The Ni/Mn
ratio strongly determines the nature of crystalline phases
formed during prolonged calcination of these solids:
calcination of Ni2Mn at 700°C leads to formation of NiO
and NiMnO;, while calcination of Ni3Mn at the same tem-
perature leads to formation of NiO and NiMn,O, (spinel).
However, calcination at 1000°C leads to formation of NiO
and NiMn,O, spinel, regardless of the Ni/Mn atomic ratio
in the starting material.
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