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Abstract—A study is performed of cobalt/MgAl,O, catalysts promoted with glucose at Co/C molar ratios of
16.5, 3.2, and 1.6 via sequential deposition and codeposition. Magnetometry and IR spectroscopy of
adsorbed CO show that raising the content of carbon in the catalyst contributes to the reduction of cobalt,
regardless of how Co is introduced. Infrared spectroscopy reveals the main adsorption sites are cobalt cations
and metallic Co. A strong contribution from adsorption sites characteristic of large Co particles is observed

in systems synthesized via codeposition. Adsorption sites attributed to Co?" and Co®" are structurally more

homogeneous than ones attributed to metallic Co.
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INTRODUCTION

Along with iron-containing catalysts, cobalt cata-
lysts supported on oxide supports (spinels in particu-
lar) are conventionally used in CO hydrogenation or
Fischer—Tropsch synthesis (FTS). These catalysts are
characterized by high activity, negligible rates of the
water—gas shift reaction, and fairly strong resistance to
deactivation [1, 2]. Cobalt-containing catalysts sup-
ported on highly porous inert supports are used in the
selective production of C,—C, alkenes, Cs, hydrocar-
bons, and liquid paraffins in CO hydrogenation
(FTS), where metallic cobalt acts as an active site [1—
3]. Itis known that FT'S catalysts must meet such basic
requirements as the optimum size of cobalt particles,
developed specific surface areas, and high reducibility
[1, 4].

There are numerous ways of increasing the disper-
sion of cobalt. For example, a metal oxide (precursor)
can be deposited on highly porous supports with large
specific surface areas using highly soluble salts of
cobalt nitrates to provide a high content of precursor
in the catalyst [4, 5]. It is known that the codeposition
of cobalt nitrates with chelating agents also reduces the
size of metallic cobalt particles considerably [6—8]. In
the [Co(H,0)4(NO;),] complex, the H,O ligand is
replaced with an organic ligand that forms a variety of
chelating Co ions of the [Co(ligand)(H,0),_,]** form
via a complexation reaction to increase the dispersion
of Co [6]. Chinese scientists have studied the effect the
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coordination of a Co(II)—glycine complex has on the
properties of Co/SiO, catalyst [7]. It was reported that
glycine, which is an effective chelating agent, improves
the dispersion of cobalt and activity in FTS at a gly-
cine/Co?* molar ratio of 3 in the Co(3gly)/SiO, com-
plex, regardless of how the catalyst is synthesized.
However, the Co(3gly)/SiO, complex synthesized via
the reaction between glycine and cobalt hydroxide is
characterized by homogeneous cobalt nanoparticles
that are smaller and more stable than those synthe-
sized according to a procedure in which glycine is
mixed with a cobalt nitrate solution and silica gel is
impregnated with the resulting solution [7, 8].

The effect precoating silica with carbon has on
controlling the structure and characteristics of cobalt
FTS catalysts was studied in [9]. It was found that
coating SiO, with carbon stabilized fine cobalt oxide
with the partial reduction to metallic cobalt upon heat
treatment in an inert atmosphere. The size of cobalt
oxide nanoparticles fell from 10—15 nm in conven-
tional Co/SiO, catalyst synthesized without carbon
precoating to 5—6 nm. Air calcination of samples syn-
thesized with carbon precoating resulted only in a par-
tial increase to 7—8 nm in the size of cobalt oxide
nanoparticles and a uniform particle size distribution.
Cobalt catalysts with high carbon contents exhibited
strong catalytic characteristics. Encapsulating cobalt
nanoparticles with carbon is considered to be the main
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cause of the low activity of catalysts with a thin carbon
layer. The subsequent removal of the carbon layer
improved the catalysts’ activity [10, 11].

The surface properties of a catalyst (its adsorption
capacity in particular) have a strong effect on the
reducibility of its active phase and thus on its catalytic
activity in CO hydrogenation.

In this work, we explored the effect layer-by-layer
promotion of a cobalt-containing catalyst supported
on a magnesium—aluminum spinel with glucose as a
carbon source has on its adsorption properties. Data
from in situ magnetometry and IR spectroscopy of the
effect adsorbed CO has on the adsorption and reduc-
tion of these carbon-promoted catalysts are com-
pared.

EXPERIMENTAL
Catalyst Synthesis

The support of Co-containing catalysts promoted
with glucose C4H,O¢ (referred to as GL in denoting
the samples) was stoichiometric magnesium—alumi-
num spinel MgAl,O, (SASOL Germany GmbH) of
the Puralox MG 30 Spinel brand (referred to as S in
denoting the samples) with S, = 23 m?/g. We used a
fraction with a particle size of <0.08 mm [12].

The supports were impregnated with a
Co(NO;);5H,0 aqueous solution. The quantitative
content of glucose in the impregnating solution was
determined from the formation of x molecular layers
of glucose (x =0, 1, 5, and 10) in the catalyst’s compo-
sition. Calculations were made with allowance for the
spherical shape of a glucose particle with average size
d,, = 0.7 nm and specific surface area Sy, = 23 m?/g of
the spinel. The surface area of 1 mol of glucose was
determined and the amount of glucose required for the
formation of a given number of monolayers on the cat-
alyst surface was calculated.

Two sets of catalysts were synthesized that differed
in how glucose C¢H,O4 was introduced into the cata-
lyst (sequential deposition and codeposition).

The support for the first set of catalysts was pre-
pared by preliminarily impregnating magnesium—alu-
minum spinel with an aqueous glucose solution of a
given concentration. The mixture was dried for 4—5 h
inside a rotary evaporator, and the dried samples were
placed in a quartz reactor to ensure the decomposition
of glucose to carbon. Calcination was done for 3 h at
450°C in a nitrogen atmosphere (gas flow rate of
10 mL/s) inside a muffle furnace using a temperature
controller in the temperature-programmed mode
(heating rate, 7 K/min). The supports prepared in this
way were impregnated with a Co(NO;),-6H,0 solu-
tion to ensure a Co content of 3 wt % and then dried
and calcined under the above conditions. The catalysts
of the first set were designated Co/(1)GLS,
Co/(5)GLS, and Co/(10)GLS.
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For the second set of catalysts, an MgAl,O, support
was initially impregnated with a mixture of Co(NO;);
-6H,0 and C¢H,,0, aqueous solutions of a given con-
centration and then dried in a rotary evaporator and
calcined as described above. The catalysts of the sec-
ond set were designated (ColGL)/S, (Co5GL)/S, and
(Col0GL)/S, respectively.

Calculations showed the cobalt-to-carbon Co/C
molar ratio was 16.5 for the Co/(1)GLS and
(ColGL)/S samples, 3.2 for the Co/(5)GLS and
(Co5GL)/S samples, and 1.6 for the Co/(10)GLS and
(Col10GL)/S samples.

The samples were thoroughly ground to a powdery
state in an agate mortar to select fractions with grain
sizes of <0.08 mm.

Infrared Spectroscopy Studies

Diffuse reflectance infrared Fourier transform
spectra were recorded on an EQUINOX 55/S FTIR
spectrometer (Bruker). The powdered fraction of the
test sample was placed in a quartz tube with a CaF,
window and calcined at a temperature of 400°C (1 hin
airand 2 h in a vacuum of at least 5 X 107> Torr). Gas-
eous CO was purified by passing it through a trap with
liquid nitrogen and prolonged holding over a calcined
zeolite. The difference spectra of adsorbed CO were
obtained by subtracting the background spectrum
from the experimental spectrum of a sample contain-
ing adsorbed CO with subsequent baseline correction
using the OPUS 6.0 software (Bruker). Noise was sub-
tracted digitally to improve the quality of the spectra.

In Situ Magnetometric Measurements

Magnetometry includes temperature-programmed
reduction in hydrogen with simultaneous registration
of magnetization (in situ) and magnetic granulometry
(field dependences). Samples were studied on an orig-
inal vibrating magnetometer (laboratory setup) in the
in situ mode to measure the magnetization of ferro-
magnetic components formed during a chemical reac-
tion [13]. Cobalt exhibits strong magnetic torque that
determines the magnetization of samples. Magnetiza-
tion (J) changes during processes with temporal varia-
tion in temperature, so we can observe the dynamics of
reduction over time (dJ/dT), where the temperature
depends linearly on time.

Catalysts weighing 10—20 mg were reduced in an
H, stream while heating to a temperature of 600°C at
a rate of 10 K/min in the measuring cell of a vibrating
magnetometer. The cell was a quartz flow microreac-
tor with a volume of 0.3 cm? that could be used to
study topochemical transformations in situ [13]. A test
sample was fixed rigidly between two porous quartz
membranes, and the change in magnetization was
recorded continuously while heating at a frequency of
1 Hz. Before each test, the magnetometer was cali-
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brated against a special purity grade Co sample used as
a standard. Upon reaching a given temperature, the
catalyst was held in an isothermal mode until magne-
tization acquired a constant value testifying to the
completion of reduction. After reduction, the samples
were cooled in a stream of H, reducing gas at a rate of
10 K/min.

RESULTS AND DISCUSSION

In situ magnetometry was used to determine the
sizes of metallic Co particles after reduction in H,, the
active site in CO hydrogenation, and the effect carbon
had on the reducibility of cobalt. These data were used
to calculate the particle sizes of the Co;0, precursor.
Magnetometry can be used to characterize the totality
of processes that occur on the surface of a catalyst and
in its bulk.

Granulometry was used to determine the magnetic
characteristics of the systems. Magnetization J as a
function of H (magnetic field magnitude) was mea-
sured for the reduced catalysts, and coercive force H,
and residual magnetization J, were determined. Mag-
netic field magnitude H was varied in the range of
*8 kOe. Saturation magnetization was determined via
extrapolation to a zero field. We calculated the con-
centration of Co in a reduced sample by assuming the
saturation magnetization of bulk Co was 165 emu/g.
Magnetic granulometry was conducted as described in
[13]. The test sample was subjected to mild prelimi-
nary oxidation, and the coercive force was measured
again. The coercive force exhibited an extreme depen-
dence on the size of Co particles [14], with the maxi-
mum H_ value corresponding to d = 20 nm. The effec-
tive particle size of the metal fell upon oxidation, so
two cases of change in H, should be considered. A rise
in H, corresponds to the right branch of the H (d)
dependence, while a drop in H, with a reduction in d
corresponds to the left branch of the H (d) depen-
dence (Fig. 1).

When d < 20 nm, Co particles can be considered
single-domain particles [14] for which y = 2J.//,,
where J; is residual magnetization, J; is saturation
magnetization, and v is the fraction of nonsuperpara-
magnetic particles in the system [15]. We can obtain
two y(7) values by measuring H, at two temperatures:
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Fig. 1. Model dependence of coercive force on particle size
(d, nm) [16].

and the particle size distribution can be found, assum-
ing the particle size distribution is lognormal [16]:
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The specific surface areas of Co and oxide Co;0, were
calculated using the formula

S, = 6M/pd,

where M is the corresponding weight (g/g of catalyst);
p is the density of Co and Co;0,, respectively; and d is
the average particle size of Co and Co;0,. We calcu-
lated the average particle sizes, specific surface areas,
and specific volumes by assuming the Co and Co;0,
particles were spherical.

F(V;p,0) =

Table 1 lists the concentrations of metallic Co and
average size of Co particles in test samples, deter-
mined from magnetic measurements, and the calcu-
lated specific surface areas and volumes of Co and
Co;0,. We can see from these data that the tendency
toward a reduction in the particle size of both cobalt
oxide and metallic cobalt was maintained upon an
increase in the concentration of carbon. At the same
time, their specific surface area grew with sequential
deposition, so it is logical to expect an increase in the
adsorption capacity of the catalysts. In contrast, the
specific surface area was reduced with codeposition.

The structural and electronic states of cations and
atoms of cobalt on a sample’s surface was determined
via IR spectroscopy using adsorbed CO as the probe
molecule. Unfortunately, the samples darkened con-
siderably after reduction in hydrogen, hindering the
use of IR spectroscopy, so we compared the state of a
catalyst’s surface before and after vacuum heat treat-
ment. The surface and near-surface layer of a catalyst
are partially reduced during vacuum heat treatment.
We believe the laws governing the change in the state
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Table 1. Content, average particle sizes (4, nm), and calculated specific surface areas (.5, m?/g) and specific volumes

(V, cm3/g) of Co and Co304

Catalyst Co, wt % dc, Sco Veo X 103 Veo0, % 103 dcoo, Sco,0,
Co/S 2.3 8.4 1.8 2.6 5.1 10.5 2.9
Co/(1)GLS 1.6 15 0.7 1.8 3.6 19 1.1
Co/(5)GLS 1.2 7.6 1.1 1.3 2.7 9.5 1.7
Co/(10)GLS 3 >20 _ 3.4 6.7 >25 _
(ColGL)/S 2 7.4 1.8 2.2 4.4 9 2.9
(Co5GL)/S 0.6 6.3 0.64 0.7 1.3 8 1
(Col0GL)/S 0.4 >20 _ 0.4 0.9 >25 _

of cobalt during deep reduction in a hydrogen atmo-
sphere and the partial reduction of the near-surface
layer under conditions of a vacuum heat treatment are
similar, and vacuum heat treatment is the initial stage
of reduction of cobalt in the bulk.

Figure 2 shows the difference IR spectra of CO
adsorbed at room temperature and CO pressures of 5,
20, and 50 Torr on a Co/S catalyst and catalysts syn-
thesized via the sequential deposition of carbon and
cobalt on spinels. We can see from Fig. 2a that the
spectra of carbon monoxide adsorbed on the surface of
a Co/S sample at room temperature were formed by
the superposition of several absorption bands. The
group of overlapping absorption bands at 2135, 2152—
2153, and 2166 cm™' can be attributed to carbonyl
complexes on Co?* cations in different coordination
environments [17], while the absorption bands at
2180—2181 cm™! were attributed to complexes with
Co3* cations [18—21]. According to [18], the absorp-
tion band at 2152 cm™! also corresponds to CO com-
plexes with Co?* cations, the coordination spheres of
which include oxygen vacancies. The intense asym-
metric absorption band at 2070 cm™! can be attributed
to CO complexes with Co®* cations (& < 1) [18—21].
The asymmetry of this absorption band suggests it cor-
responds to an unresolved superpositioning with
absorption bands at lower frequencies. Absorption in
the region of 1983—1995 cm™' was attributed to car-
bonyl complexes with Co® atoms [17].

The spectrum of CO adsorbed on the Co/(1)GLS
sample (Fig. 3b) was also formed by a superpositioning
of three groups of absorption bands. Note that the
contribution from absorption bands corresponding to
complexes with Co*" (2165—2168, 2151—2155, 2134—
2137 cm™!) was considerably larger. In terms of inten-
sity, it exceeds the superpositioning of the absorption
bands at 2070 and 2058 cm™! attributed to complexes
of CO with Co%'. Absorption bands at 1980—1982,
2002—2008, and 2032—2037 cm™! are observed in the
low-frequency region of the spectrum. As noted
above, the absorption band at 1980 cm~' can be
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attributed to CO complexes with Co° atoms. It is
assumed [21] this frequency corresponds to complexes
with cobalt atoms on the surfaces of large particles,
while the absorption band of higher frequency at
2002—2008 cm ™! can be attributed to CO adsorption
on isolated cobalt atoms. The data in Table 1 show the
size of particles of metallic cobalt in the samples
reduced in hydrogen was 8.4 and 15 nm for Co/S and
Co/(1)GLS, respectively.

The nature of the absorption bands at 2032—
2037 cm™! can be debated. We believe the emergence
of this absorption band is associated with carbon in the
composition of the catalyst and could correspond to
CO adsorption on Co®" in the composition of cobalt
carbide.

The contribution from high-frequency bands in the
region of 2100—2170 cm™! was reduced considerably
when the concentration of carbon was raised to a con-
tent corresponding to Co/C = 3.2 (Co/(5)GLS sam-
ple, Fig. 2¢), and the bands at 2168—2172 and 2134—
2137 cm™! disappeared from the spectrum. The
observed superpositioning came mostly from absorp-
tion bands at 2141 and 2154—2156 cm™! with a small
contribution from the absorption band at 2112 cm™ .
The superpositioning of the absorption bands at
2044—2047 and 2071 cm™! corresponding to CO com-
plexes with Co®" cations came to dominate in the
spectrum. In the low-frequency part of the spectrum,
this intense complex absorption band was superim-
posed on absorption bands at frequencies of 2014—
2016 cm™! corresponding to CO complexes with iso-
lated Co atoms, absorption bands at 1982—1987 cm™!,
and new absorption bands at 1933—1945, 1920, 1872,
and 1826 cm™!. Similar bands were observed by the
authors of [17, 22, 23] upon prelonged holding of
Co;0, in a CO atmosphere. They correspond to CO
complexes with cobalt atoms localized on metallic
cobalt particles or clusters with metal structure.

Upon reduction in hydrogen, the size of Co parti-
cles in this sample fell to 7.6 nm, relative to that of the
Co/(1)GLS sample (15 nm) (Table 1).
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Fig. 2. Difference IR spectra of CO adsorbed at room temperature on (a) the Co/MA, (b) Co/(1)GLS, (c) Co/(5)GLS, and
(d) Co/(10)GLS catalysts; CO pressure: (/) 5, (2) 20, and (3) 50 Torr.

The optical characteristics of the sample deterio-
rated substantially when the concentration of carbon
was raised to Co/C = 1.6 (Co/(10)GLS sample, Fig.
2d). Tests showed the surface of the sample was appar-
ently carbonized, so information about the low-inten-
sity components of the spectrum was lost after filtering
out noise. We can see the ratio of the contributions
from CO complexes with Co?* (the absorption band at
2152 cm™") and Co®* (the absorption band at 2055—
2061 cm™!) is comparable to the one for the
Co/(5)GLS sample. However, the contribution from
complexes with Co® atoms on the surfaces of metallic
cobalt particles grew considerably (the absorption
band at 1965—1970 cm™'). There was also a contribu-
tion from the absorption band at 2030 cm™! of CO
complexes with isolated cobalt atoms. Magnetometry
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(Table 1) revealed the size of Co particles grew to
>20 nm after reduction in hydrogen.

Compared to the Co/S sample, introducing carbon
into a catalyst in a concentration equivalent to one
precursor monolayer (Co/C = 16.5) via codeposition
with cobalt (Fig. 3a, sample (ColGL)/S) also raised
the contribution from CO complexes with Co?" rela-
tive to those of complexes with Co®*. In contrast to the
Co/(1)GLS sample, however, no contribution is
observed from the absorption bands at 2165 and
2172 cm™!. The maximum of the absorption bands of
CO complexes with Co®" is observed for the absorp-
tion band at 2050—2053 cm ™!, below the maximum for
the analogous absorption bands of the Co/(1)GLS
sample synthesized via sequential deposition. Note
too that superpositioning of the absorption bands at
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catalysts. CO pressure: (/) 5, (2) 20, and (3) 50 Torr.

2058 and 2070 cm™! is observed for the Co/(1)GLS
sample with the absorption band at 2070 cm™! pre-
dominating at high CO pressures, while the absorption
band at 2070 cm ™! is missing from this spectrum. The
spectrum thus does not contain high-frequency com-
ponents of CO complexes with either Co?* or Co®*. In
the low-frequency part of the spectrum, the number of
bands is higher than for an analogous sample synthe-
sized via sequential deposition. The superpositioning
of absorption bands at 1995, 1979—1981, and 1960—
1961 cm™! is observed. The band at 1995 cm™! can be
attributed to CO complexes with isolated Co atoms; all
other bands listed above are attributed to interaction
between atoms on metal particles and clusters with the
structure of metal particles. Like the spectrum of CO
adsorbed on the Co/(5)GLS sample synthesized via
sequential deposition, the contribution from absorp-
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tion bands at 1934, 1912, 1870, and 1826 cm™! is sub-
stantial; i.e., the adsorption sites attributed to Co?*
and Co®" are structurally more homogeneous than
those attributed to Co? atoms.

In the spectrum of CO adsorbed on (Co5GL)/S
(Fig. 3b), the contribution from the absorption
bands of complexes with Co*" cations (the superpo-
sitioning of bands at 2156, 2139-2140, and
2105cm™!) is much lower than those for the
(ColGL)/S sample and the analogous Co/(1)GLS
synthesized via the sequential introduction of glu-
cose and cobalt. The absorption bands at 2050—2055
and 2063 cm™! of CO complexes with Co®* predom-
inate in the spectrum. The contribution from CO
complexes with Co’ is also substantial.

When the concentration of carbon was raised to
Co/C = 1.6 (sample (Col0GL)/S), the spectrum of
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adsorbed CO (Fig. 3c) was comparable to the spec-
trum of CO adsorbed on the (Co5GL)/S sample, but
the contribution from the absorption bands at
1984 cm™! and lower frequencies grew in the region
below 2000 cm™!.

CONCLUSIONS

Data obtained in two ways were compared. It was
shown that introducing carbon into the catalyst’s
composition in an amount equivalent to one precursor
monolayer (Co/C = 16.5) results in a much larger
contribution to the spectrum from complexes with
Co?" cations, relative to those from complexes with
Co®* cations. How the carbon is introduced does not
matter. The reduction of cobalt is therefore negligible
with this small amount of carbon. The absorption
bands at 2002—2008 cm™! in the spectrum of the
Co/(1)GLS sample also indicates a considerable
number of isolated cobalt atoms, while the spectrum
of the (ColGL)/S sample synthesized via codeposi-
tion exhibits mostly the absorption bands characteris-
tic of complexes with cobalt atoms contained in clus-
ters with a metal structure.

Regardless of the means of synthesis, raising the
concentration of carbon to a content equivalent to five
precursor monolayers (Co/C = 3.2) substantially
reduced the contribution from complexes with Co?"
cations and increased those from complexes with Co™
cations and metallic cobalt. Cobalt was thus reduced
more readily in these systems than in ones containing
no carbon and those that contained carbon in the con-
centration of one precursor monolayer.

Note that the contribution from complexes with
Co' in the composition of clusters and the metal phase
for the (Co5GL)/S sample was larger than the one for
the Co/(5)GLS system. It is possible that cobalt had
stronger reducibility in the system synthesized via co-
introduction with carbon.

The contribution from complexes with metallic
cobalt grew at a concentration of carbon equivalent to
ten precursor monolayers (Co/C = 1.6), indicating
even stronger reducibility of cobalt. However, the con-
tribution from absorption bands in the region of 2010—
2030 cm™!, which corresponds to CO complexes with
isolated cobalt atoms, fell in the Co/10GLS system. It
is likely that cobalt segregated into large particles in
this system.

The relatively low intensity of the absorption bands
of CO complexes with Co’" cations can be attributed
to the reduction of Co;0, to CoO in near-surface lay-
ers forming CO, under the conditions of vacuum heat
treatment [23—25].

According to data obtained by both in situ magne-
tometry and IR spectroscopy of adsorbed CO, an
increase in the carbon content contributed to the
reduction of cobalt, regardless of how the Co was
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introduced. However, the data in Table 1 suggest the
reduction of the catalysts synthesized via sequential
promotion with carbon was more efficient due to
adsorption.

The main sites of CO adsorption were cobalt cat-
ions and metallic Co. A substantial contribution from
adsorption sites characteristic of large particles of
metallic Co was observed in systems synthesized via
codeposition. The adsorption sites attributed to Co?*
and Co®" were typically more homogeneous, while
those attributed to Co® were heterogeneous. Our mag-
netometry data largely confirmed the results from IR
spectroscopy. However, it should be remembered that
the data obtained via IR spectroscopy correspond to
the initial stage of reduction under mild conditions of
vacuum heat treatment and represent processes that
occur exclusively on the surfaces and in the near-sur-
face layers of the catalysts, while magnetometry data
can represent processes that occur in the bulk of the
system as well.
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