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Ultrafine Ni(II) ferrite (UNF) with 36% Ni2+ substitution for
Fe2+ in magnetite has been synthesized in order to study its catalytic
activity and selectivity toward CO2 methanation at 300◦C. Ni(II)
ferrites were prepared by two different methods: (1) coprecipitation
of Ni2+, Fe2+, and Fe3+ at 60◦C followed by heating to 300◦C and
(2) oxidation of aqueous suspension of Fe2+ and Ni2+ hydroxides
at 65◦C (oxidation method). The BET surface area of the initial
UNF synthesized by coprecipitation was 73 m2 g−1, eight times as
large as that of the Ni(II) ferrite obtained by the oxidation method
(NF; 9 m2 g−1). It rapidly decreased to 26 m2 g−1 by sintering in the
initial stage of methanation. The yield of CH4 obtained on the UNF
catalyst was 1.5–6.0 times larger than that on the NF catalyst in a
2-h run of the methanation, depending on a flow rate of reactant
H2/CO2 mixed gas. It was found that the selectivity for CH4 was
much improved in UNF (96%) in comparison with NF. XRD and
chemical analysis showed that the UNF and NF were transformed
to oxygen-deficient ferrite forms during the methanation. The spe-
cific activity (mol m−2 s−1) of UNF for CH4 formation was rather
lower than that of NF, about half the activity of NF, which could
be explained assuming that oxygen sublattice points on the catalyst
surface formed by H2 reduction serve as active sites for methana-
tion. On the other hand, the activity for CO formation significantly
decreased on UNF, due to the change in the nature of the active site.
c© 1996 Academic Press, Inc.

INTRODUCTION

Magnetite and M(II)-bearing ferrites with the spinel-
type structure belong to the space group Fd3m and form
a family of oxygen-deficient spinel ferrites which are
generally represented by the formula MxFe3−xO4−δ; the
oxygen deficiency δ expresses the reduction degree of
ferrite. The oxygen-deficient ferrite (ODF) can be formed
by hydrogen reduction of the ferrite at 300◦C,

MxFe3−xO4 + δH2 → MxFe3−xO4−δ + δH2O.

1 To whom correspondence should be addressed. Fax: +81-3-5734-3337.
E-mail: mtsuji@chem.titech.ac.jp.

The ODF is highly reactive and decomposes CO2 to its el-
ements, i.e., carbon and oxygen, around 300◦C (1–10). The
former is deposited on the surface of the ferrites and the lat-
ter is incorporated into the lattice points of the ODF crystal:

MxFe3−xO4−δ + (δ − δ′)/2CO2 →
MxFe3−xO4−δ′ + (δ − δ′)/2C (δ > δ′).

The carbon deposited by CO2 decomposition can readily
react with hydrogen to form CH4 over the ODF at
200–300◦C (2, 11–15):

C+ 2H2 → CH4.

Thus, CO2 can be converted to CH4 through the three re-
action steps using ODF. A great number of bivalent metal
ferrites (MxFe3−xO4; M=Fe, Ni, Co, Cu, Zn, Mg, Mn) have
been studied for their effect of substitution on their activ-
ity for CO2 methanation. It was found that the substitution
of Ni(II) for Fe(II) in magnetite (NixFe3−xO4) strongly im-
proves its activity for CO2 methanation (11, 14). A high
yield, over 86% for CH4, could be attained through the
three steps of the reactions at 200–300◦C using Ni(II) ferrite.

When the mixed gas of CO2 and H2 is flowed through
ferrite, these reactions take place on the ferrite surface and
the catalytic conversion of CO2 to CH4 can occur over the
ODF at 300◦C (16–18). However, the yield and selectivity
for CH4 formation were less than 25 and 83%, respectively,
at 300◦C in the catalytic conversion. One of the most effec-
tive ways to improve the methanation efficiency is to use
ferrite catalysts with a large surface area, which makes both
the H2 reduction of the ferrite and the methanation of CO2

via carbon more efficient. The enlargement of the surface
area will be accomplished by development of a new method
of preparation for ultrafine ferrite particles. The crystallite
size of the ferrites can be controlled within the range from
50 to 500 nm by changing the aging time in the conventional
oxidation methods reported hitherto (19–28). However, it
is difficult to obtain ultrafine ferrites with diameters less
than 50 nm by the oxidation method.
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The objective of the present study is to investigate the
catalytic activity and selectivity for methanation of CO2 of
ultrafine Ni(II) ferrite synthesized by coprecipitation.

METHODS

1. Synthesis of Ni(II) Ferrite Catalysts

Ni(II) ferrite catalysts were prepared by two different
methods as follows: Ultrafine Ni(II) ferrite (UNF) with
39% Ni2+ substitution (Ni(II)/Fetotal mole ratio= 0.15)
was synthesized by coprecipitation, followed by heating
of the coprecipitate to 300◦C. Appropriate portions
of NiCl2 · 6H2O (2.09 g), FeCl2 · 4H2O (2.68 g), and
FeCl3 · 6H2O (12.2 g) were dissolved at 60◦C in distilled
water (0.15 dm3) previously degassed by passing nitrogen
gas through it for a few hours. An appropriate amount of
NaOH (7.20 g) was separately dissolved in degassed water
and the NaOH solution was kept at 60◦C. The mixed metal
chloride solution was added to the NaOH solution at 60◦C
with vigorous stirring for coprecipitation. The formed co-
precipitate was aged for 1 h at 60◦C by bubbling nitrogen
gas in the mother solution.

Ni(II) ferrite with a crystallite size of 100–200 nm (NF)
was prepared by oxidation of aqueous suspension of Fe(II)
and Ni(II) hydroxides according to our papers reported
previously (21–28). Requisite quantities of NiSO4 · 6H2O
(44.1 g) and FeSO4 · 7H2O (312 g) were dissolved in wa-
ter previously degassed by passing nitrogen gas through
distilled water (4.0 dm3) for a few hours: the Ni(II)/Fetotal

mole ratio was 0.15. The pH of the solution was raised to
9.0 by adding an NaOH solution to form hydroxide suspen-
sion. Air was passed through the hydroxide suspension to
oxidize them at 65◦C. The pH was kept constant at 9.0 by
adding the 3.0 mol dm−3 NaOH solution. The end of the ox-
idation was recognized by means of an oxidation-reduction
potential (ORP) measurement (22).

The products thus synthesized by the coprecipitation and
oxidation methods were collected by centrifuging at 14,000
rpm. After washing with distilled water and successively
with acetone, they were dried in vacuo at 60◦C for a day. The
products were then heated in an N2 gas stream at 300◦C for
1–2 h to remove H2O and any OH− groups incorporated.

2. Characterization of the Catalysts

The products were identified by X-ray diffractometry
(XRD) with CuKα radiation (Rigaku, Model RINT 2000).
The infrared (IR) spectra of the products were recorded
by the KBr disc technique (Shimadzu, Model FTIR-8500).
The Mössbauer spectra were recorded at room temperature
with a 57Co source diffused in metallic rhodium which was
oscillated in a constant acceleration mode. The Doppler
velocity scale was calibrated with thin absorbers of α-Fe
foil. The spectra were analyzed by a computer curve fitting
method assuming pure Lorentzian line shapes. The chemi-

cal compositions were determined both by inductively cou-
pled plasma (ICP) spectroscopy (Seiko Instruments, Model
SPS7000) and by colorimetry (HITACHI, Model U-1100)
using 2,2′-dipyridyl (29) after the samples were dissolved
in a HCl solution. The crystallite size and morphology of
the products were examined by transmission electron mi-
croscopy (TEM). The BET surface area was determined by
nitrogen adsorption (Shimadzu, Micromeritics Flow Sorb
II 2300). The thermal analysis was carried out by using
TG-MS (Mac Science, Model TG DTA 2000, and VG
Anatech, Model QUADRUPOLES 560) at a heating rate
of 20◦C min−1 in an N2 gas stream. The lattice constants
of the products were calculated by extrapolating the values
of a0 vs the Nelson–Riley function, cos2 θ /sin θ + cos2 θ /θ ,
to zero using the least-squares method (30). The average
crystallite size, D, was determined using Scherrer’s equa-
tion from the line broadening of the XRD peak for the
(311) plane of the spinel structure (31).

3. Catalytic Experiments

Catalytic reactions were carried out in a continuous-flow
fixed bed. A 1.0-g portion of the Ni(II) ferrite catalyst was
packed in a quartz tube with a diameter of 8 mm and a length
of 330 mm. The reaction tube was heated in an electric
furnace to allow reaction with gases. The temperature was
controlled within ± 0.3◦C using a regulator (Chino, Model
DB1150) equipped with a chromel–alumel thermocouple.
Methanation of CO2 was studied while a mixed gas of H2

and CO2 was passed at a constant flow rate of 25 cm3 min−1

through the ferrite at 300◦C. The mole ratio of H2 to CO2

was adjusted to 4. The gaseous effluent from the reaction
tube was determined by gas chromatography (Shimadzu,
Model GC-8A) equipped with Porapak Q or Molecular
Sieve 13X column and TCD detector. The amount of car-
bon deposited on the surface of the solid phase was de-
termined by an elemental analyzer (Perkin-Elmer, Model
2400 CHN).

The solid phase of the ferrite catalyst used for metha-
nation was identified by XRD with CuKα radiation. The
catalyst was quenched by quickly placing the reaction tube
in the refrigerant of ice. It was taken out of the reaction
tube in a nitrogen atmosphere, mounted on the glass plate,
and then covered by a polyethylene film in order to prevent
oxidation of the sample. The chemical composition of the
ferrite was determined by colorimetry using 2,2′-dipyridyl
for the mole ratio of Fe2+ and by ICP-AES for content of
the total Fe.

RESULTS AND DISCUSSION

1. Synthesis and Characterization of Ni(II)
Ferrite Catalysts

NF gave only peaks of the spinel-type structure (Fig. 1a).
No other peaks assigned to α-Fe2O3 or other compounds
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FIG. 1. XRD patterns of Ni(II) ferrites prepared by oxidation (a) and
by coprecipitation (b).

were observed. The XRD pattern of UNF also corrob-
orated that the UNF was a single phase with the spinel
structure (Fig. 1b). The line broadening observed in the
pattern (b) is due to the small crystallite size. The average
crystallite size was calculated to be 16 nm for the UNF
from the (311) plane.

Figure 2a shows a TEM photograph of NF obtained by
the heat treatment of the precipitate formed after the oxi-

FIG. 2. TEM photographs of Ni(II) ferrites prepared by oxidation (a) and by coprecipitation (b).

TABLE 1

Chemical Compositions, Lattice Constants (a0), and Average
Crystallite Sizes (D) of Ni(II) Ferrites Prepared by Oxidation (NF)
and Coprecipitation (UNF)

Sample Chemical composition a0 (nm) D (nm) SBET (m2 g−1)

NF Ni2+
0.39 Fe2+

0.59 Fe3+
2.02O4.01 0.8376 200 9

UNF Ni2+0.36 Fe2+
0.45 Fe3+

2.19O4.10 0.8372 16 73

dation of Fe(II) and Ni(II) hydroxide suspensions. The par-
ticles were nearly spherical and the crystallite size ranged
from 100 to 200 nm. It was difficult to prepare ultrafine par-
ticles with crystallite size less than 50 nm by this oxidation
method. The coprecipitation of Ni2+, Fe2+, and Fe3+ was
able to give ultrafine particles with size less than 50 nm.
After heat treatment, the coprecipitate was made up of
nearly spherical and ultrafine particles of size on the order
of 10 to 20 nm (Fig. 2b). This result was basically consistent
with the XRD studies.

Since the average crystallite size of UNF was about 1/9
of that of NF (UNF, 16 nm; NF, 150 nm), the surface area
of UNF should be 9 times as large as that of NF. The BET
surface areas (SBET) of NF and UNF were estimated to be
9 and 73 m2 g−1, respectively (Table 1). The SBET of UNF
was 8 times as large as that of NF, which is consistent with
their crystallite sizes.

The NF and UNF showed an 57Fe absorption Mössbauer
spectrum consisting of two sextets at room temperature
(Fig. 3). The profiles were characteristic of ferrite com-
pounds with crystal structure of the spinel type (32). These
two sextets were due to iron ions in tetrahedral (A) and
octahedral (B) sites. The Mössbauer spectrum of the UNF
was broad at room temperature (Fig. 3b). The broadened
peaks of the absorption are characteristic of ferromagnetic
ferrites with the small crystallite size. This broadening pre-
vented computer curve fitting of the spectrum.
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FIG. 3. Mössbauer spectra of Ni(II) ferrites prepared by oxidation
(a) and by coprecipitation (b).

The chemical composition of the NF was nearly the sto-
ichiometric composition of NixFe3−xO4 (Table 1, NF). The
Ni/Fe mole ratio of the NF (0.149) was nearly the same as
that of the starting solution for the preparation (0.15), indi-
cating that the whole mass of the coprecipitate was crystal-
lized to form the spinel-type compound. The chemical com-
position of the UNF was rather oxidized (Table 1, UNF).
The Ni/Fe mole ratio of the UNF (0.136) was smaller than
that of the starting solution for the coprecipitation. Not all
Ni2+ ions in the starting solution were incorporated into
the crystal structure of the spinel type. The a0 of the NF was
0.8376 nm, which was nearly equal to that of the Ni(II)
ferrite with 39% Ni2+ substitution (0.8376± 0.0001 nm)
(16–18). The a0 of the UNF (0.8372 nm) was much smaller
than that of the Ni(II) ferrite with 36% Ni2+ substitution
(0.8377± 0.0001 nm). The UNF was oxidized in comparison
with the stoichiometry. This resulted in the smaller lattice
constant.

In the IR spectra of the NF and UNF, absorption bands
characteristic of ferrites were observed at 570 and 360 cm−1

(Fig. 4). The former band is assigned to the vibration of the
oxygen ion along the tetrahedral bond, and the latter is due
to the motion of the oxygen ion in a direction almost per-
pendicular to the tetrahedral bond (33). The IR spectra did
not show any absorption bands at 800–1100 cm−1, indicating
the absence of by-products of iron oxide hydroxides such
as α-FeO(OH) or Ni(OH)2 (34). The absorption bands at
1630 and 3440 cm−1 in spectrum (b) can be assigned to the
stretching vibrations and the deformation of H2O (Fig. 4b).
These absorption bands also stem from the OH groups. This
result indicates that H2O and OH groups are included in the
UNF of the coprecipitate of Ni2+, Fe2+, and Fe3+.

Figure 5 shows the TG curve of the coprecipitate of Ni2+,
Fe2+, and Fe3+ before heat treatment. The weight of the
coprecipitate decreased in the N2 gas stream in the temper-

FIG. 4. IR spectra of Ni(II) ferrites prepared by oxidation (a) and by
coprecipitation (b).

ature range from 40 to 400◦C. The weight loss was 6.0 wt%.
The effluent gases of H2O and CO2 were detected by mass
spectrometry, which indicates that the release of these gases
from the coprecipitate give rise to the weight loss of the
coprecipitate. Most of the weight loss of 6.0 wt% corre-
sponded to the amount of H2O evolved (5.5 wt%) and the
rest to that of CO2 evolved (0.5 wt%). The water evolution
will be due to desorption of adsorbed water and/or dehy-
dration of OH group in the coprecipitate. Such a water is
considered as released by the heat treatment in the pro-
cess of the preparation. However, a part of this may remain
in the coprecipitate. So the adsorption bands assigned to
the H2O or OH groups are considered as observed in the
IR spectrum of the UNF. More detailed discussion on the
characterization of the coprecipitate and on the formation
of the ultrafine Ni(II) ferrite will be published elsewhere.

Thus, it can be concluded that ultrafine Ni(II) ferrite
(UNF) with a large surface area of 73 m2 g−1 has been syn-
thesized by aging a coprecipitate of Ni2+, Fe2+, and Fe3+,
followed by heat treatment at 300◦C.

FIG. 5. TG curve of coprecipitate of Ni2+, Fe2+, and Fe3+ while heat-
ing to 600◦C at 2.5◦C min−1 and passing an N2 gas at a flow rate of
50 cm3 min−1.
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TABLE 2

Conversion of CO2, Yield and Selectivity of Gaseous Products in
CO2 Methanation Using NF and UNF Catalysts after a 2-h runa

Yield (%) Selectivity (%)
Conversion of

Sample CO2 (%) CH4 CO CH4 CO

NF 30.9 25.1 5.3 81.3 17.0
UNF 38.7 37.3 1.1 96.4 2.8

a Reaction conditions: catalyst weight= 1.0 g, temperature= 300◦C,
mole ratio of reactant H2/CO2 gas= 4, flow rate of the reactant gas=
25 cm3 min−1.

2. Catalytic Results

CH4, C2H6, and/or CO was formed by passing the mixed
gas of H2 and CO2 through the ferrite catalysts at 300◦C.
The yield for each chemical species was defined by the mole
ratio of the species of interest to the sum of all carbonaceous
species in the effluent gases. The selectivity for each product
was defined by the mole ratio of the species of interest to
all carbonaceous products. The amount of C2H6 evolved
was about 1/100 of that of the main product, CH4, and was
negligible.

Table 2 shows conversion of CO2, and yields and selectiv-
ities for CH4 and CO over the ferrite catalysts for a 2-h run
of CO2 methanation. The CO2 conversion using UNF was
higher than that using NF. The yield of CH4 increased to
37% with UNF in comparison with 25% with NF. The CH4

yields for 2-h runs on UNF and NF linearly decreased to 12
and 2%, respectively, with an increase in flow rate of reac-
tant H2/CO2 mixed gas from 25 to 100 cm3 min−1. The CH4

yield on UNF was 1.5–6.0 times larger than that on UNF,
depending on the flow rate. On the other hand, the yield of
CO obtained on the UNF was about 1.1% and lower than
that obtained on the NF (17%), as shown in Table 2. Ac-
cordingly, selectivity for CH4 was improved with the UNF
catalyst, increasing from 81 to 96%. The Ni2+ substitution
in the NF and UNF was nearly the same: x= 0.39 and 0.36,
respectively. Hence, it can be considered that the ferrite
particle size controlled in nanoscale gave rise to the im-
provement of the methanation selectivity.

After a 2-h methanation run, the UNF showed the XRD
pattern assigned to the spinel-type compound (Fig. 6b). No
evidence of FeO, NiO, metallic iron, or nickel was observed
in the XRD pattern of the UNF. The elemental analysis
of the UNF after methanation for 2 h showed that car-
bon deposition did not take place on UNF. The phase of
the UNF catalyst during the methanation is considered to
consist of the single phase of the spinel-type structure. Its
lattice constant increased from 0.8372 to 0.8380 nm during
the methanation (Tables 1 and 3; UNF). This increase in
the lattice constant came from the change in the ionic ra-
dius associated with the reduction of Fe3+ to Fe2+ and/or
the cation repulsion arising from the presence of excess

FIG. 6. XRD patterns of the solid phases of NF (a) and UNF (b)
catalysts after 2 h of CO2 methanation at 300◦C.

iron ions in the interstices of the spinel-type structure. The
chemical composition of UNF was changed to the composi-
tion of the reduced form in comparison with the stoichiom-
etry (Table 3; UNF). These results suggest that the UNF
was transformed to oxygen-deficient ultrafine Ni(II) ferrite
(ODUNF) during the methanation. The oxygen deficiency,
δ value in NixFe3−xO4−δ, of the ODUNF was kept constant
in the course of the methanation after 15 min up to 2 h. This
indicates that catalytic conversion of CO2 to CH4 occurred
on the ODUNF catalyst. A similar phenomenon took place
in the NF (Fig. 6a and Tables 1 and 3; NF). The NF was also
transformed to the oxygen-deficient form. Its δ value was
much smaller than that of the UNF (Table 3).

Tamaura et al. pointed out that the oxygen-deficient fer-
rite had a high reduction potential because of its distorted
spinel structure in comparison with the stoichiometric com-
pound (1, 2). So it is very reactive with CO2 and can incorpo-
rate O2− ions from the CO2 into the oxygen sublattice. Kato
et al. reported the methanation of CO2 using the oxygen de-
ficient Ni(II) ferrite (ODNF) (16–18). The methanation of
CO2 on the ODNF is considered to involve three elemen-
tary reactions: (1) release of a lattice oxygen with hydrogen
to form an oxygen-sublattice point on the surface of the
ODNF, (2) incorporation of oxygen ions of CO2 into the
oxygen-sublattice points to form an adsorbed atomic car-
bon on the surface of the ODNF, and (3) hydrogenation of

TABLE 3

XRD Patterns, Lattice Constants (a0), Chemical Compositions,
δValues and BET Surface Area (SBET) of the Ni(II) Ferrite Catalysts
for a 2 h-run of the Methanationa

XRD a0 SBET

Sample pattern (nm) Chemical composition δ (m2 g−1)b

NF Spinel 0.8378 Ni2+0.39 Fe2+
0.84 Fe3+

1.77O3.89 0.11 9

UNF Spinel 0.8380 Ni2+
0.36 Fe2+

1.07 Fe3+
1.57O3.79 0.21 26

a Reaction conditions: temperature= 300◦C, mole ratio of reactant H2/
CO2 gas= 4, flow rate of the reactant gas= 25 cm3 min−1.

b BET surface areas of the catalysts for a 1-h run of the methanation.



           

320 TSUJI ET AL.

FIG. 7. Time variation of the specific activities of NF (circle) and UNF
(square) catalysts for CH4 (open) and CO (solid) formations at 300◦C.
Reaction condition: catalyst weight= 1.0 g, mole ratio of H2 to CO4= 4,
and a flow rate= 25 cm3 min−1.

the atomic carbon to form CH4. These elementary reactions
can be formulated as

H2 +O2−
lat + 2Fe3+

lat → H2O+Vo+ 2Fe2+
int [1]

CO2 + 2Vo+ 4Fe3+
int → Cads + 2O2−

lat + 4Fe3+
lat [2]

Cads + 2H2 → CH4, [3]

where O2−
lat and Fe3+

lat denote an oxygen ion and a trivalent
iron ion in the normal positions for the spinel structure,
respectively, Vo and Fe2+

int represent a sublattice point
of oxygen and a bivalent iron ion in the interstices of
the spinel structure, respectively, and Cads denotes an
adsorbed atomic carbon on the surface of the ODNF. The
methanation of CO2 occurring on the oxygen-deficient
ultrafine Ni(II) ferrite (ODUNF) will involve the same
elementary reactions. The elementary reaction (2) is
considered the rate-determining step on UNF because no
carbon deposition was detected on the solid phase during
the CO2 methanation.

After a 1-h methanation run, the SBET of UNF signifi-
cantly decreased from 73 to 26 m2 g−1, while that of NF
remained unchanged (9 m2 g−1) (Tables 1 and 3). After the
rapid decrease in the SBET of UNF, it did not greatly change
up to 10 h (SBET= 20 m2 g−1 for a 10-h run). These results
imply that the sintering of the UNF occurred rapidly in the
initial stage of the reaction, probably in heating to 300◦C,
and then did not appreciably proceed at a constant temper-
ature of 300◦C.

Specific activities (nmol m−2 s−1) of both catalysts for CH4

and CO formations were estimated using the SBET observed
after a 1-h methanation run and plotted as a function of re-
action time in Fig. 7. The activity of UNF for CH4 formation
was about one-half the activity of NF. This comes from the
fact that the surface density of active sites for methanation

on UNF was lower than that on NF, as follows: The oxygen
deficiency of UNF was 1.9 times as large as that of NF; how-
ever, the SBET of the UNF was 2.9 times larger than that of
NF, as shown in Table 3. Therefore, the surface density of
oxygen sublattice for UNF should be 65% of that of NF.
If oxygen sublattice points formed on the ferrite surface
by H2 reduction serve as active sites for methanation, as
shown by the elementary reactions, the specific activity of
UNF becomes about half the activity of NF. On the other
hand, the activity for CO formation significantly decreased
for UNF in comparison with NF. We reported that CO2 can
be readily decomposed to carbon and oxygens when the
oxygen deficiency of ferrite is high (1–10). However, with a
low oxygen deficiency, the reduction of CO2 to CO is domi-
nant. Since UNF has a much higher oxygen deficiency than
NF, the selectivity for CO2 decomposition to atomic carbon
will be improved on the UNF surface. This enhancement of
CO2 decomposition to carbon would lower the activity for
CO formation.

The activity for CH4 formation shown in Fig. 7 was re-
tained for a 10-h run on NF. However, the activity of UNF
for CH4 gradually decreased and reached 30 nmol m−2 s−1

after a 10-h run. In the XRD pattern of UNF after a 10-h
methanation, small and broad peaks assigned to metallic
Ni or Fe appeared along with strong spinel peaks, although
the NF after 10 h of methanation showed only the spinel
peaks. The ODUNF would be deactivated by the forma-
tion of metallic phase on the catalyst surface. Since the
ODUNF has a higher δ than that of ODNF, the spinel lattice
of ODUNF is more distorted and unstable in comparison
with ODNF. Thus, the transformation of oxygen-deficient
ferrite to metallic phase will more readily occur in ODUNF.
The ODUNF with metallic phase will be reactivated by re-
oxidation treatment.

Figure 8 shows a relationship between the flow rate of the
reactant gas (H2/CO2 mixed gas) and the specific activity of

FIG. 8. Relationship between the specific activity for CH4 formation
and the flow rate of reactant H2/CO2 mixed gas for a 2-h run of the metha-
nation at 300◦C. Circle marks are for NF and square for UNF.
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catalysts for CH4. The NF showed the activity twice as large
as the UNF in the flow rate of 25–50 cm3 min−1. The activity
of UNF was retained at a high flow rate of 100 cm3 min−1.
However, that of NF significantly decreased and the UNF
rather showed a higher activity than the NF at the high
flow rate. The ODNF with a lower δ than ODUNF may be
readily oxidized at a high flow rate of CO2 to decrease the
active sites of oxygen sublattice points.

CONCLUSIONS

Ultrafine Ni(II) ferrite (UNF) could be synthesized by
aging a coprecipitate of Ni2+, Fe2+, and Fe3+, followed by
heat treatment at 300◦C. The crystallite size of 10–20 nm was
an order of magnitude larger than that of the Ni(II) ferrite
(NF) synthesized by the conventional oxidation method.
The BET surface area of the UNF was initially 73 m2 g−1.
However, it rapidly decreased to 26 m2 g−1 by sintering dur-
ing CO2 methanation at 300◦C, being twice as large as that
of the NF. The yield of CH4 obtained on the UNF catalyst
was about 1.5–6.0 times as large as that obtained on the NF,
depending on the flow rate of reactant H2/CO2 mixed gas.
It was found that UNF showed a higher catalytic selectivity
than the NF for CO2 methanation. During the methanation,
both the NF and the UNF were transformed to the reduced
form (oxygen-deficient ferrite) in which the metallic phase
was not involved and the spinel structure was distorted
by the release of the lattice oxygen. The specific activity
(mol m−2 s−1) of UNF for CH4 formation was about half that
of NF, which could be explained assuming that oxygen sub-
lattice points on the catalyst surface formed by H2 reduction
serve as active sites for methanation. On the other hand, the
activity for CO formation significantly decreased on UNF,
which would be due to the change in the nature of active site.
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