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CO, decomposition to carbon at 300°C was studied using
Hj-reduced Ni(Ii)-bearing ferrite. The oxygen-deficient Ni(II)-
bearing ferrite (ODNF: Ni, yoFe; ;/0,_5) was formed by H;-reduc-
tion of NigwFe; 50, (NF) at 300°C. The ODNF was character-
ized by X-ray diffractometry and Mdssbauer spectroscopy
before and after CO, decomposition. The oxygen deficiency
(&) of ODNEF increased with an increase in an H,-reduction
time. It decreased after CO; decomposition. The reactivity of
ODNEF for CO, decomposition increased with a higher 6 value.
The lattice constant of the ODNF was larger than that of the
stoichiometric NF, which decreased, approaching the stoichio-
metric value after CO, decomposition. Missbauer spectra sug-
gest that excess iron ions in interstices of octahedral sites mi-
grate to tetrahedral sites in a spinel structure of the ferrite by
incorporating oxygens from CO, during CO, decomposition.
© 1995 Academic Press, Inc.

INTRODUCTION

Spinel ferrite, M, Fe;_,O,, generally exhibits nonstoichi-
ometry due to excess oxygen (1-5). The lattice constant
of the ferrite unit celf decreases with an increase in oxygen,
indicating the presence of vacant cation sites (1, 3). Re-
cently, the present authors and co-workers reported that
oxygen-deficient or cation-excess ferrite (ODF) is formed
as a metastable phase during the H; reduction of spinel
ferrite at 300°C (6-10). The ODF can be represented by
the chemical formula M, Fe;_,O4.; (M = Fe, Zn, and Mn):
the oxygen deficiency & expresses the degree of reduction.
The lattice constant increases with an increase in the oxy-
gen deficiency &, which will be due to changes in cation
dimension and repulsion associated with reduction of Fe*
to Fe*' in the ferrite. The maximum value of § in the
M, Fey Q4.5 system is strongly dependent on the kind of
divalent metal M: § = 0.06 for Zn(I1)-bearing ferrite and
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0.15 for Mn(I1)-bearing ferrite. The ODF is reduced di-
rectly to the compenent metals or the wiistite phase by a
further H, reduction at 300°C, depending on the kind of
{errite (6-13).

The ODFs are highly reactive to CO;, causing the de-
composition of CO; to carbon and oxygen at 300°C (6-11).
We have studied the decomposition of CO, over oxygen-
deficient magnetite in the temperature range 150-300°C
and found that the adsorption can be expressed by the
Langumuir dissociative isotherm for three fragments: car-
bon and two oxygens (11). The carbon is deposited on the
material surface and the oxygens are incorporated into
the crystal lattice of the ferrite. The chemical form of the
deposited carbon varies depending on the carbon density
(C-density) on the material surface (14-16). At a low C-
density, active atomic carbon is formed, which is easily
converted to CH, by H; at 300°C. The atomic carbon is
transformed to polymerized carbon at a high C-density
which is less reactive to methanation.

In more recent research, Ni(Il}-bearing ferrite reduced
with H, at 300°C is found to show a much higher reactivity
toward CO, decomposition in comparison with other diva-
lent-metal ferrites (M = Fe, Zn, Mn, and Co) reduced with
H, under similar conditions (17, 18). In the present paper,
XRD and Méssbauer studies on oxygen-deficient Ni(II)-
bearing ferrite (ODNF) with a high reactivity for CO,
decomposition were performed.

EXPERIMENTAL

1. Preparation and Characterization of Ni(Il}-Bearing
Ferrite

Ni(Il)-bearing ferrite (NF; Nij39Fe;04) was synthe-
sized by the wet method according to the procedure re-
ported previously (19-21). The product was identified by
X-ray diffractometry with CuKa radiation (Rigaku model
RINT-2000 diffractometer). The Mossbauer spectra were
recorded at room temperature with a Co source diffused
in metallic rhodium which was oscillated in a constant
acceleration mode. The Doppler velocity scale was cali-
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brated with thin absorbers of «-Fe foil. The spectra were
analyzed by a computer curve fitting method assuming

pure Lorentzian line shapes. The chemical compositions

were determined both by inductivity coupled plasma (ICP)
spectroscopy (Seiko Instruments, model SPS7000) and by
colorimetry (HITACHI, model U-1100) using 2,2’ -dipyri-
dyl (22) after dissolving the samples in an HCI solution.
The lattice constants were calculated by the extrapolation
(@ — 90°) of the linear Nelson—Riley function, cos® 8/sin
¢ + cos? 6/6, vs the lattice constant plot using the least-
squares method (standard deviation ¢ < 0.00002) (23),
From transmaission electron microscopy (TEM), the crys-
tallite size of the prepared NF was estimated to range from
50 to 200 nm. The BET surface area was 9.5 m? g,

2. CO, Decomposition with Hy-Rediced Ni({l)-Bearing
Ferrite in a Batch System

CO, decomposition with Hy-reduced NF was performed
in a batch mode as follows. A 1.0 g portion of the prepared
NF was placed in the quartz tube of a reaction cell (8 mm
i.d. K 300 mm length). H, gas was passed through the
reaction cell (an H, flow rate = 18 cm® min™!) at 300°C
for 30 or 60 min. After evacuating the reaction cell, 10 cm?
of CO, gas was injected into the closed reaction cell. The
pressure was measured with a pressure gauge, and the
inner gas species were determined by gas chromatography
(Shimadzu GC-8A). The sample before and after CO,
decomposition was quenched by quickly placing the reac-
tion cell into a refrigerant of ice—NaCl while passing nitro-
gen gas through and was identified by X-ray diffractometry
and Mossbauer spectroscopy while protected from air oxi-
dation. The carbon content of the samples was determined
using an elemental analyzer (Perkin-Elmer, model 2400
CHN]).

RESULTS AND DISCUSSION
1. COy-Decomposition with Hy-Reduced NF

Figure 1 shows the time variations of the partial pres-
sures of CO, and CO in the reaction cell during CO; de-
composition. The injected CO, gas was decomposed to
carbon with H-reduced NF and the partial pressure of
CO; gradually decreased. Very small amounts of CO were
evolved during CO; decomposition. No other gases except
for CO, and CO were detected in the reaction cell. The
internal pressure decreased corresponding to the decrease
in the partial pressure of CO,. A black fine powder of
carbon remained after dissolving the samples in an HCl
solution after CO, decomposition. Concerning the mass
balance of carbon, the amount of the diminution of CO,
volume in the gas phase was nearly equivalent to the car-
bon content of the samples after CQ, decomposition as
estimated from elemental analysis (90% of the diminished
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FIG. 1. Time variations of partial pressures of CQO and CO during
CO, decomposition with Hy-reduced Ni(II)-bearing ferrite {NF). Open
symbols are for CO; and solid symbols for CO. Circles are for the NF
H, reduced for 3(¢ min and squares for 60 min.

CO;). These results indicate that CO, gas was decomposed
to carbon. The CO, decomposition attained 20 and 39%
of the amount of injected CO, by volume in the NFs H,-
reduced for 30 and 60 min, respectively. The reactivity of
the Hy-reduced NF for CO, decomposition increased with
an increase in reduction time. For the NF reduced for 30
min, the partial pressures of CO, and CO became constant
after 40 min of the reaction time. The CO, decomposition
reaction attains equilibrium in approximately 60 min. For
the NF reduced for 60 min, equilibrium was not attained
in 60 min.

2. XRD Study on Hy-Reduced NF in CO,
Decomposition

The XRD pattern corroborated that the prepared NF
was a single-phase spinel structure (Fig. 2a). No peaks
indicating the products NiQ, Ni{OH}),, @-Fe;0;, and iron
oxide hydroxides such as a-FeO(OH) could be observed.
The chemical compositions of the prepared NF and ODNF
were determined as follows. Assuming that the sample is
a single phase of a spinel compound which consists of Ni'l,
Fel', Fe!"", and 0?7, x, y, z, and &8 in the chemical formula
Ni;'Fel'Fe"O, ;were determined from the four equations

x+ty+z=3 [1]
x/(y +2) = M (2]
yi(y + z) = Mpeqy [3]

2x + 2y + 3z = 2(4 — §) (electric charge balance).  [4]
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FIG. 2. XRD patterns of Ni(Il)-bearing ferrites as prepared (a), Ha
reduced for 30 min (b), and after CO; decompasition at 300°C (c).

My; and M. represent mole ratios of Ni(II)/Fe,y. and
Fe(ll)/Fe, . in the samples, which were determined by
ICP spectroscopy and colorimetry with 2,2"-dipyridyl, re-
spectively. The chemical composition of NF as prepared
was estimated to be Nig soFe; 4,040, which was nearly stoi-
chiometric (Table 1; sample a). The lattice constant, 0.8375
nm, was nearly equal to that of the stoichiometric Ni(II)-
bearing ferrite, 0.8376 nm (20),

TABLE 1
Change in Chemical Composition and Lattice Constant of
Ni(iI)-Bearing Ferrite during H,-Reduction and CO, De-
composition

H,
reduction Oxygen Lattice
time deficiency  constant
Sample (min) Chemical composition (8} {nm)}
a 0 Nig xFellssFellisOu —0.02 0.8375
b 30 NigsFellgsFelll0s 54 0.16 0.8378
b* 30 N1039F66‘67Fe{[§40397 0.03 0.8377
< 60 NioagFG{!g]Fﬁ%%@Olm 0.19 0.8381 ’
o* 60 — — 0.8379
Error +0.004 +(.00002

Note, b* and ¢* are the samples after 60 min of CO; decomposition.

The spinel-type structure was retained in the Hy-reduced
NFs. A typical XRD pattern of the NF reduced for 30 min
(sample b) is given in Fig. 2b. No peaks assigned to «-Fe
and metallic Ni were observed. The lattice constant of H,-
reduced NF increased with an increase in the H,-reduction
time (Table 1). The lattice constants of Hy-reduced NFs
were larger than the stoichiometric value, This result indi-
cates that the NF was transformed into oxygen-deficient
NF (ODNF). The increase in the lattice constant results
from changes in cation dimension and repulsion associated
with reduction of Fe*' to Fe?* in the crystal lattice of the
ferrite. From the chemical analysis, the oxygen deficiencies
were estimated to be § = .16 and 0.19 in NigaoFe,6,Cy-s
for NFs reduced for 30 (sample b) and 60 min (sample c),
respectively (Table 1). It increased with the H,-reduction
time. The & value of ODNF was the highest among those
of other ODFs such as magnetite and Zn(1I)- and Mn(IT}-
bearing ferrites prepared under the similar condition of
H; reduction. The CO,-decomposition reactivity shown in
Fig. 1 increased with an increase in the & value of ODNF.

The XRD patterns after CO, decomposition for 60 min
revealed only spinel peaks (Fig. 2¢). The oxygen deficiency
of the sample b decreased from 0.16 to 0.03 after 60 min
of CO, decomposition (Table 1). The oxygens of CO, were
incorporated into the crystal lattice of ODNF and the metal
oxide was restored to the chemical composition prior to
H, reduction. The lattice constants of samples b and ¢ after
CO, decomposition decreased, approaching that of the
stoichiometric NF. The decrease in the lattice constant of
ODNF came {rom the fact that the larger cation dimension
and repulsion in ODNF are dissolved by the incorporation
of oxygens from CO,.

3. Méssbauer Study of Hy-Reduced NF in CO,
Decomposition

In the Méssbauer spectrum of the NF (sample a), only
the magnetically split pattern appeared {Fig. 3), which is
characteristic of the ferrites (24). The spectrum could be
decomposed to two sextets indicated by a and b. The Mdss-
bauer parameters are listed in Table 2. For magnetite
Fe;O,, sextet a is due to the contribution of Fe** ions
in the tetrahedral (A) sites, and sextet b is due to the
contribution of paired Fe?* and Fe3* in the octahedral (B)
sites, forming Fe*** in the spinel-type structure (25). The
isomer shifts of the sextets a and b for magnetite are 0.28
and 0.67 mm s~7, respectively (26). The isomer shifts of a
and b observed for the NF were close to those for

* magnetite. The area ratio of sextet a to sextet b (/1)

of the NF was larger than that of magnetite ([,/f, =
0.5), indicating that Ni** ions occupy the B sites by
replacing Fe?* ions in B sites of magnetite; it is well
known that Ni** ions are preferentially located at the
B site (27). If one assumes that the Ni{Il)-bearing ferrite
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FIG.3. Mossbauer spectra of Ni(Il)-bearing ferrites as prepared (a),
H, reduced for 30 min (b), and after CO; decomposition at 300°C (c).

is a “reverse spinel,” the area ratio of sextet a and b
(I./1y) for the as-prepared material would be expected
to be 0.62 ([Fei o] a[Ni350Fe: 61]s04). The observed value,
however, was 0.96. On this assumption, the mixed valence
of Fe, ¢ in the B site is estimated to be 2.62, which is higher

than that for magnetite, 2.5. However, the observed isomer
sift of sextet b (0.66 mm/s) was nearly equal to that for
magnetite (0.67 mm/s). These results imply that there is
Fe®', which is not in the mixed valence state, in the B site
and this Fe* in the B site contributes to the sextet a. The
formation of such Fe*' in B sites is reported in ferrite solid
solutions such as Fe;04-y-Fe,05. For the Fe,O4-y-Fe 04
system, sextet a is due to the contribution of Fe’* in both
the A and B sites, and sextet b is due to the contribution
of paired Fe?* and Fe** in the B sites, forming Fe?>* (28).
Assuming that the Fe®* is present in the B site of the as-
prepared Ni(1I)-bearing ferrite, contributing to the sextet
a, the cation distribution could be estimated from the ob-
served I /1, of 0.96 to be [Feihola[NifhoFedhsFe 33]s0..
The mixed valence of Fe,s; in the B site is 2.54, which is
almost the same as that of magnetite. This assumption is
supported by the fact that the observed isomer sift of sextet
b was nearly equal to that for magnetite.

The Mdassbauer spectrum of the ODNF prepared by 30
min of H; reduction (sample b} was similar to that of the
NF (Fig. 3b). The absorption peaks indicating the «-Fe
phase were not observed. The ODNF after CO; decompo-
sition also gave only the magnetically split pattern decom-
posed to two sextets (Fig. 3c). The [,/I, of ODNF (sample
b} before CO, decomposition was significantly larger than
that of the NF (sample a), indicating that the arrangement
of iron ions among A and B sites in NF was changed by
H, reduction. The decrease in I,/I, would arise from the
fact that some of the iron ions in A sites migrate to B sites
in the spinel-type structure. It is considered that the excess
iron ions formed by H; reduction occupy the interstices of
B sites in ODNF at 300°C as mentioned later, The £,/1; of
ODNF increased after CQ, decomposition approaching
that of the NF. The arrangement of iron ions will be re-
stored to that prior to H; reduction by incorporating oxy-
gen from CQO;.

The magnetic hyperfine field did not change throughout
the H; reduction and subsequent CO, decomposition, indi-
cating the magnetic environment of iron ions in the A and
B sites of ODNF is not so different from that of the NF.

TABLE 2
Change in Mossbauer Parameters of Ni(II)-Bearing Ferrite by H, Reduction and CO, Decomposition
Quadrupele Magnetic
Isomer shift splitting hyperfine
(mm s} (mm s~ field (10° A m™!)
Material Lt Site A Site B Site A Site B Site A Site B
As prepared 0.963 0.29 0.66 —0.02 0.08 -39.7 -36.9
30 min reduction 0.748 0.28 0.65 —0.01 0.08 -38.9 -373
After CO; decomposition (.903 0.28 0.66 —0.02 0.10 —38.9 -37.2
Error *0.02 +0.01 +0.01 *0.4
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Neither the isomer shift nor quadrupole splitting were
changed by H, reduction and by CO, decomposition.

From these results, the cation migration in the NF during
H; reduction and subsequent CQ; decomposition is consid-
ered to proceed as follows. (1) The lattice oxygens on the
surface of NF are removed by H, and the Fe** ion is
reduced to Fe?* on the surface. (ii) The excess cations
formed by the H, reduction on the surface migrate 10
the inside of the solid phase. The Fe?" ion is known to
preferentially occupy the B site (27): magnetite is a inverse
spinel. The excess Fe?* ion will be situated in interstices
of B sites in the bulk inside due to its B site preference.
(iti) The excess cations migrate from the inside to the
surface during the CQO, decomposition. (iv) On the surface,
the Fe?' ion is oxidized to Fe** to release the electron to
CO,. The excess cations and O? ions from CO, make the
spinel structure on the surface. The arrangement of the
cations in the spinel-type structure is restored to that prior
to H; reduction. These processes can be written by the
equations

Fe** + 1/20% + 1/2H, — Felig) + 1/2H,0 (5]
Felis + 1/4C0, — Fe¥* + 1/20% + 1/4C. [6]

Fe’* and Felfm, represent the ferric ion in the normal
lattice position and the ferrous ion in the interstitial posi-
tion of the B site. O, indicates the lattice oxygen ion. Ni**
ions in the ferrite may migrate during H, reduction and
CO, decomposition. Excess Ni** ion formed by the H,
reduction of NF will probably occupy the interstices of B
sites due to its B site preference. However, the Ni** migra-
tion has not been examined because Ni** could not be
detected by the Mossbauer analysis in the present work.

CONCLUSIONS

The oxygen-deficient Ni(II)-bearing ferrite was formed
by H, reduction at 300°C. The lattice constant of QDNF
was larger than that of the stoichiometric Ni{Il)-bearing
ferrite. The increase in the lattice constant will come from
changes in the cation dimension and repulsion associated
with the reduction of Fe** to Fe?* in the crystal lattice of
the ferrite. The oxygen deficiency of ODNF increased with
an increase in the H, reduction time. The maximum value
was found to be § = (.19 at the reduction time = 60 min
under the present experimental condition. The § value of
ODNF was the highest among those of other ODFs such
as magnetite and Zn(IT)- and Mn{II)-bearing ferrites pre-
pared under the similar condition of H; reduction. The
reactivity of ODNF for decomposition of CO; to carbon
at 300°C increased with a higher § value. The oxygen defi-
ciency and lattice constant of ODNF decreased after CO,
decomposition, being restored to the stoichiometric values,

From the Mdssbauer spectra, it was found that the area
ratio of sextet a to b of ODNF drastically decreased in
comparison to that of the NF. This would be due to the
migration of the iron ions from A sites to B sites in the
spinel-type structure. It is considered that excess iron ions
formed by H, reduction are situated in the interstices of
the B sites. The [/, of ODNF increased after CO, decom-
position, approaching that of the NF. This suggests that
excess iron ions in the interstices of the B sites migrate to
A sites in the spinel structure of ODNF by incorporating
the oxygens from CO,. The arrangement of iron ions is
considered to be restored to that of stoichiometric NF
during CO, decomposition.
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