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Abstract

Ni-Fe hydrotalcites with Ni/Fe molar ratios of 1, 2, 3, 6 and 10 were prepared by coprecipitation. TG-DTA results showed
that the hydrotalcites decomposed in two stages, corresponding to two endothermic peaks around 200 and 300°C. After
calcination at 400°C, the hydrotalcites were converted to NiFeO mixed oxides with high surface areas around 100 m*/g,
which exhibited the XRD pattern of NiO only. TPR studies of the mixed oxides indicated that the reduction temperatures
decreased with increasing Ni content, inconsistent with the in situ Mdssbauer spectroscopic results which showed that the
mixed oxide (Ni/Fe = 2) was easier to reduce than the Fe,0; sample. Microcalorimetric adsorption of NH3 and CO, revealed
that the mixed oxide (Ni/Fe = 2) displayed intermediate acidity and basicity between those of the pure oxide NiO and Fe,0s.
The mixed oxides after calcination at 800°C possessed the phases of NiO and NiFe,0, with the surface area around 15 m*/g,
which exhibited moderate basicity with only a little weak acidity. © 1997 Elsevier Science B.V.
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1. Introduction

Catalysts consisting of nickel and iron have fre-
quently attracted much attention [1-10]. Supported
Ni-Fe-alloys have been studied in relation to the
Fisher~Tropsch synthesis and methanation [1-6].
NiFeO mixed oxides have newly been found to exhibit
excellent activity for the vapor phase oxidation of
benzoic acid to phenol, which is one of the most
important starting materials for various chemicals
(7,8]. Moreover, the mixed oxides have also been
investigated in catalyzing the decomposition of hydro-
gen peroxide [9,10].
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Hydrotalcite like compounds consist of brucite-type
layers containing octahedrally coordinated bivalent
and trivalent cations as well as interlayer anions
and water [11,12]. The anionic clays have been widely
studied as precursors of catalysts and catalyst supports
[11,13-21]. The mixed oxides derived from hydro-
talcite-type precursors usually have high surface areas
and hence may be promising materials in catalysis
[11-14,20,21].

Microcalorimetry is an effective technique for
investigating properties of the surface active sites of
catalysts by measuring the adsorption heat evolved
when a reactive molecule contacts the surface [21-
28). This heat change is related to the energy of the
bonds formed between probe molecules and surface
sites and hence to the nature of the bonds and the
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chemical reactivity of the catalyst. In many cases, the
calorimetric results may be correlated to catalytic
activity and selectivity [22,23,28,29].

The objective of this work was to study the common
properties of the Ni—Fe mixed oxides obtained from
hydrotalcite-type precursors. We synthesized a series
of Ni—Fe hydrotalcites with Ni/Fe molar ratios from 1
to 10 using coprecipitation method [11,20]. The
resulting hydrotalcites were decomposed into NiFeO
mixed oxides and were further reduced to Ni-Fe
alloys. The properties of all the samples were char-
acterized by X-ray diffraction (XRD), thermogravi-
metric-differential thermal analysis (TG-DTA),
M@éssbauer spectroscopy and temperature program
reduction (TPR). In particular, ammonia and carbon
dioxide were used as probe molecules to determine the
surface acidity and basicity of the calcined Ni-Fe
hydrotalcites.

2. Experimental
2.1. Materials

All the starting materials were AR chemicals. Ni—
Fe hydrotalcites with Ni/Fe molar ratios of 1, 2, 3, 6
and 10 were prepared by coprecipitation. In each
batch, Ni(NO,),-6H,O and Fe(NO3)3-9H,O were dis-
solved to obtain an aqueous solution of 250 cm® with
total cation concentrations of 1 M. NaOH and Na,CO;
were dissolved to form another solution of 250 cm®
with appropriate amount according to the equations of
[OH™] = 2[Ni**] + 2[Fe**] and [CO37] = 0.5[Fe**].
The two solutions were added dropwise to 300 cm®
distilled water at 60°C over 30 min. The pH of the
slurry was controlled to be in the range 8 to 9. It was
aged for another 30 min at 60°C, the coprecipitate was
filtered and washed until the pH of the filtered water
was near to 7. The material isolated was dried at
80°C overnight. Samples with Ni/Fe molar ratio of
n are referred to as nNF-HT. For comparison, pure
Ni(OH), and Fe(OH); were also prepared in the
similar manner. The hydrotalcite precursors were
calcined in air for 6 h at 400 and 800°C, respectively,
to produce the mixed oxides, denoted as nNFO-t.
For example, 3NFO-400 refers to the NiFeOQ mixed
oxide with Ni/Fe molar ratio of 3 after calcination
at 400°C.

2.2. Apparatus

XRD patterns of the samples were measured on a
Shimadzu DX-3A X-ray diffractometer equipped with
a diffracted beam graphite monochromator using the
FeK,, radiation.

TG-DTA experiments were performed in flowing
air, 60cm’min~' on a Rigaku thermoanalyzer
(Simultaneous TG-DTA High Temp. Type Cat. No.
8076E1) in the temperature range of 30-630°C and a
heating rate of 20°C min~ . @-AlLOs powder was
applied as the DTA standard.

The BET surface areas of the calcined samples were
measured by N, adsorption at —195.8°C using the
BET method. The samples were typically evacuated to
0.7 Pa at 400°C before the measurements.

In the TPR experiments, the samples were first
purged with N, at 100°C for 1 h. After cooled to
room temperature, the samples were exposed to an
H,/Ar mixture (H,/Ar = 0.05, molar ratio) and
heated at a programming rate of 16°C min~ ' to a final
temperature of 800°C.

Maéssbauer spectra were collected at room tempera-
ture using a constant acceleration spectrometer
equipped with a *’Co/Pd source. The velocity scale
of the spectrometer was calibrated with the >'Fe
Mossbauer resonance. The reduction properties
were investigated by heating the samples in H, at
constant temperatures followed by phase deter-
mination with in situ Mossbauer spectroscopy. The
spectra were computer-fitted to Lorentzian line
shapes.

Microcalorimetric measurements of adsorption of
ammonia and carbon dioxide were carried out at
150°C using a Tian-Calvet heat-flow microcalorimeter
[30]. The apparatus was linked to gas-handling and
volumetric adsorption system, equipped with a Bara-
tron capacitance manometer for precision pressure
measurement. Heat-flow signals were detected by a
transducer assembly manufactured by the ITI Inc. The
differential heat of adsorption versus adsorbate cover-
age was determined by measuring the heats evolved
when doses of gas (1-3 umol) were introduced
sequentially onto the sample until a final equilibrium
pressure was reached at 700 Pa. Before a measure-
ment, the sample was calcined in high purity oxygen at
400°C for 2 h and evacuated at 400°C for another 2 h.
Ammonia and carbon dioxide (purity > 99.995%)
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were purified by successive freeze-pump-thaw cycles
before used.

3. Results and discussion

As can be seen from the XRD patterns, shown in
Fig. 1, a typical hydrotalcite type structure was pre-
sent in all the samples with Ni/Fe ratio from 1 to 10
[11]. The hydrotalcites have a rhombohedral R-3m
symmetry, in which the Ni*™ and Fe®" cations are
incorporated into brucite-type layers and the excessive
positive charges on the layers are compensated by
carbonate anions in the interlayers [11]. The intensity
of the diffraction peaks are weak, which may be in part
be attributed to the poor crystallinity of all the Ni-Fe
hydrotalcites. However, no other separated phases
were detected in these samples.

TG-DTA profiles of some Ni-Fe hydrotalcites as
well as Fe(OH); and Ni(OH), are reported in Fig. 2.
These hydrotalcites exhibit two similar weight loss
stages. The first endothermic peak at about 200°C
corresponds to the loss of interlayer water without
collapse of the hydrotalcite structure. The second
endothermic peak at about 300°C was due to the loss
of hydroxyl groups from the brucite-like layer and the
interlayer CO%’ anions. In addition, a little water was
obviously adsorbed on the surfaces of the hydrotal-
cites and it desorbed below 100°C. Ni(OH), and
Fe(OH); exhibit totally different decomposition beha-
vior.

The formula of Ni-Fe hydrotalcite can be calcu-
lated from the TG results, for example, sample 3NF-
HT composed of NigFe,(OH)4CO5-(X| + X2)H,0, in
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Fig. 1. XRD patterns of the Ni-Fe hydrotalcites with Ni/Fe molar
ratios of 1, 2, 3, 6 and 10.
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Fig. 2. TG-DTA profiles of the Ni-Fe hydrotalcites, Ni(OH), and
Fe(OH);.

which X; and X, denote the number of surface and
interlayer water molecules, respectively. The formula
of 3NF-HT is NigFe,(OH),¢CO5-4.0H,0, in agree-
ment with that of the natural one, Reevesite [31].
The XRD patterns of the calcined Ni-Fe hydro-
talcites are shown in Fig. 3. Only three broad peaks
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Fig. 3. XRD patterns of the calcined Ni-Fe hydrotalcites.

with d values around 2.09, 2.41 and 1.48 (character-
istic of NiO) can be observed for all the samples
calcined at 400°C. The absence of any detectable iron
phase suggests that the Fe*" cations are highly dis-
persed in the NiO lattice. After calcination at 800°C,
the mixed oxides showed sharp diffraction peaks due
to NiO and NiFe,O, spinel phase, respectively. The
intensity of the diffraction lines of NiFe,O, increased
as the increase of Fe content.

Table 1 gives the BET surface areas of some cal-
cined Ni-Fe hydrotalcites. The samples calcined at
400°C had similar surface areas (around 100 m? g .
All the mixed oxides obtained from hydrotalcite-type
precursors [11,20,21] have high surface areas. It was
interesting that the samples had surface areas around
15 m? g~ ! even after calcination at 800°C. Miki et al.

Intensity

0.985

0.985

Velocity {(mm/s)

Fig. 4. Mossbauer spectra of the Fe;O3 sample (a) as well as the
Ni-Fe hydrotalcites (Ni/Fe = 2) before (b) and after calcination at
400 (c) and 800°C (d).

prepared the NiFeO mixed oxides with ordinary
coprecipitation without formation of hydrotalcite
structure [7,8]. They pointed out that the active species
for the vapor phase oxidation of benzoic acid to phenol
might be the finely dispersed NiO in NiFe,O, and the
larger surface areas of the catalysts would result in
higher activities for the reaction. In our case, we
obtained the exact phases in the samples calcined at
800°C as detected by XRD and Mossbauer. This
suggests that the method presented here may be a
way for the preparation of NiFeQ catalysts for the
oxidation of benzoic acid to phenol.

Fig. 4 presents the Mdssbauer spectra for the Ni—Fe
hydrotalcites before and after calcination in compar-
ison with those of pure iron oxide samples. The
Méssbauer parameters are summarized in Table 2.
The hydrotalcite and the one calcined at 400°C dis-
played a doublet due to the superparamagnetic Fe>*
species with isomer shifts of 0.77mms~' and
0.52 mm s~ ", respectively (Fig. 4(b,c)). The absence
of a magnetically split six-finger pattern, as was found
in Fig. 4(a) for the iron oxide calcined at 400°C,
indicates that the particles of iron species in the
2NFO-400 sample might be smaller than 10 nm
[32]. This result is consistent with the previous
XRD results that Fe** cations were highly dispersed

Table 1

BET surface areas of the NiFeO mixed oxides after calcination at 400 and 800°C
Sample INFO-400 2NFO-400

BET areas (m?/g) 107 102

Sample Fe,05-400 NiO-400

BET areas (m?/g) 46 50

3NFO-400 6NFO-400 10NFO-400
121 93 117
INFO-800 2NFO-800 3NFO-800
18 15 13
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Table 2
Mossbauer parameters of the Ni—Fe hydrotalcites and NiFeO mixed oxides treated at different conditions
IS QS HF
Sample Treatment (mm/s) (mm/s) (kOe) Assignment
2NF-HT 140°C dried 0.77 0.53 Fe’*
2NFO-400 400°C calcined 0.52 0.69 Fe'*
800°C calcined 0.52 501 NiFe spinel
300°C reduced 0.49 297 NiFe alloy
400°C reduced 0.46 296 NiFe alloy
Fe,05-400 400°C calcined 0.37 510 a-Fe,05
300°C reduced 0.25 0.02 488 Fe;0,4 (Td)
0.62 0.09 456 Fe;0, (Oh)
400°C reduced —-0.03 0 329 a-Fe
S 160 1.3 pmol m~ 2 The Sanderson electronegativity scale
g 140 B can be used to explain the acidity and basicity of oxide
x o o, catalysts [22,23,34]. To a first approximation, the
= 120 S a00 oxide with lower Sanderson electronegativity is a
2 400 N .@g.go‘?ﬂ _ stronger base and weaker acid. Here, we correlate
_ av .OOA Ca s the strength of the basicity characteristic of the initial
= 80 "y og e heat of CO, adsorption to the Sanderson electronega-
§ 60 v ED‘DA . tivity. The Sanderson electronegativity of the sample
2 40 . , o increased following the order : NiO(2.26) < the
o 0 0.5 1 1.5 2 mixed oxide with Ni/Fe = 2(2.33) < Fe,05 (2.46),

OO2 Coverage (umollmz)

Fig. 5. Differential heat versus CO, coverage at 150°C on the Ni—
Fe hydrotalcites (Ni/Fe = 2) calcined at 400 (O) and 800°C (A)
as well as the Fe,O; (IB) and NiO () calcined at 400°C.

in the NiQ lattice of the calcined hydrotalcites. As can
be seen in Fig. 4(d), the hydrotalcite calcined at 800°C
displays a sextuplet (IS = 0.52mms~') with a mag-
netic hyperfine field of 501 kOe, corresponding to the
NiFe,Q, spinel phase [33].

In Fig. 5 the results of the microcalorimetric
adsorption of CO, on to samples of calcined Ni-Fe
hydrotalcite (Ni/Fe = 2), NiO and Fe,O3 are shown.
It is seen that NiO displayed the strongest basicity with
an initial heat of 145kJmol ' and the saturation
coverage of 1.5pumol m~2 for the CO, adsorption.
Fe, 05 exhibited the weakest basicity from the point of
view of both the initial heat (120 kJmol™') and
saturation coverage (1.2 pumol m~?). In contrast, the
Ni-Fe mixed oxide calcined at 400°C possess inter-
mediate basicity: the initial adsorption heat was about
135 kJ mol ™! and the saturation coverage was about

in agreement with the calorimetric results that the
calcined Ni-Fe hydrotalcite possessed an intermediate
basicity. Shown in parentheses are the Sanderson
electronegativities of these oxides [35]. It is interest-
ing that the hydrotalcite calcined at 800°C exhibited a
similar initial heat for CO, adsorption to that of the
sample calcined at 400°C. However, the 800°C cal-
cined sample exhibited denser basic sites than the one
calcined at 400°C.

Fig. 6 shows the results of microcalorimetric
adsorption of NH; on the samples. It is surprising
that the NiO displays a very high initial heat
(~250KkJ mol_l). This may be due to the coordination
reaction between NH; and nickel cations instead of
simple chemisorption of NH; on the surface. The
initial heat and coverage for the adsorption of NH;
on Fe,0; are 110kJ/mol™' and 3.5pmol/m 2
respectively. The 400°C calcined hydrotalcite dis-
played similar initial heat (~120kJ/mol™") and
smaller coverage (~2.4 pmol/m_z) than the Fe,0s.
Apparently, the behavior of NH; adsorption on the
400°C calcined hydrotalcite was closer to Fe,Os,
indicating that the adsorption of NH; on the mixed
oxide sample was mainly related to iron cations
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Fig. 6. Differential heat versus NH; coverage at 150°C on the Ni—
Fe hydrotalcites (Ni/Fe = 2) calcined at 400 (O) and 800°C (A)
as well as the Fe,O, () and NiO ([1J) calcined at 400°C.

instead of nickel cations. The 800°C calcined hydro-
talcite exhibited totally different behavior for the NH,
adsorption. The change in heat versus coverage plot
displays a plateau for this sample with the heat of
adsorption around 40kJmol™'. It is generally
accepted that the strength of Lewis acidity is related
to the degree of unsaturation of a cation that adsorbs
an NH; molecule, that is, a higher unsaturated site
exhibits stronger Lewis acidity. In the light of this, we
concluded that the unsaturation of cations on the
surface of the 800°C calcined mixed oxide was greatly
diminished, leading to weak acidity for the sample.
Comparing the results for the adsorption of CO, and
NH;, we suggest that the Ni-Fe mixed oxide calcined
at 800°C was moderate solid base with weak acidity.

TPR and in situ Mossbauer spectroscopy were
employed to investigate the reducibility of the cal-
cined Ni-Fe hydrotalcite samples. Fig. 7 presents the
TPR profiles of the samples after calcination at 400°C.
A reduction peak around 550°C, with a low tempera-
ture shoulder around 450°C, was observed for all the
samples except for the 10NFO-400. The reduction
temperature decreased slightly with increase in the
Ni/Fe molar ratios from 1 to 6, while the 10NFO-400
was much easier to reduce than the others. This is
consistent with the Mossbauer result which will be
discussed shortly.

The Mossbauer spectra of the samples after reduc-
tion in H, are shown in Fig. 8 and the Mdssbauer
parameters are listed in Table 2. Upon reduction at
300°C, the NiFeO mixed oxide (Ni/Fe = 2) displayed
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Fig. 7. TPR profiles of the Ni-Fe hydrotalcites with Ni/Fe molar
ratios of 10 (a), 6 (b), 3 (¢), 2 (d), and 1 (e) calcined at 400°C.
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Fig. 8. Mossbauer spectra of the Fe,O; reduced at 300 (a) and
400°C (c) as well as the NiFeO mixed oxids (Ni/Fe = 2) reduced
at 300 (b) and 400°C (d).

a sextet with a hyperfine field of 297 kOe (Fig. 8(b)),
attributed to Ni-Fe alloy [6,36]. In contrast, the Fe,O5
was reduced to magnetite at 300°C (Fig. 8(a)). The
reduction of Fe,O5 at 400°C resulted in the formation
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of a-Fe (329 kOe) as shown in Fig. 8(c). Apparently,
the existence of nickel greatly enhanced the reduci-
bility of the iron species, in agreement with the results
reported by Unmuth et. al. for the supported Ni-Fe
catalysts [2].

4. Conclusions

The main conclusions obtained are as follows:

1. Ni-Fe hydrotalcites with Ni/Fe molar ratios of 1,
2,3, 6 and 10 can be prepared by a coprecipitation
method. The hydrotalcites decomposed in two
stages at about 200 and 300°C, respectively,
corresponding to the successive loss of interlayer
water, carbonate and hydroxyl groups. Thus,
calcination at 400°C is enough to obtain Ni-Fe
mixed oxides from their hydrotalcite precursors.
In addition, the formula of the hydrotalcite with
the Ni/Fe ratio of 3 was found to be Nig
Fe>(OH),,C0O3-4.0H,0 using the results of TG~
DTA. The composition was similar to that of
Reevesite as found in nature.

2. The Ni-Fe hydrotalcites calcined at 400°C exhib-
ited high surface areas around 100 m*g ' and
displayed XRD patterns of NiO only indicating
that the Fe®" cations were highly dispersed in the
lattice of NiO. This was also confirmed by the
Mossbauer spectrum of the sample which showed
only a quadruple doublet. The mixed oxide
(Ni/Fe = 2) displayed intermediate acidity and
basicity compared to the pure oxide NiO and
Fe,0; revealed by the microcalorimetric adsorp-
tion of NH; and CO,.

3. The 800°C calcined Ni-Fe hydrotalcite
(Ni/Fe = 2) exhibited structures of NiO and
NiFe,O, and possessed surface areas around
15m? g~ '. The micrecalorimetric results showed
that the sample was a moderated base with a little
weak acidity.
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