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Abstract

Cobalt-aluminum catalysts were prepared using either the precipitation of Co? in the presence of freshly prepared Zn-Al
hydrotalcite (the promoted sample) or the co-precipitation of Co?>* and AI3* (the unpromoted samples). The evolution of
the initial hydrotalcite-like structure was monitored during its calcination and the reductive treatment by means of XPS. It
was shown that at 480°C the reduction of the calcined samples results in the formation of Co® species, the further reduction
at 650°C results in an increase of the amount of the Co® species. The samples reduced at 650°C chemisorb readily carbon
monoxide at 77 K, while the sample reduced at 480°C does not chemisorb CO at 77 K. At elevated temperatures, all reduced
samples are found to be able to chemisorb CO. Terminal CO moieties as well as monodentate carbonates, formates and
carboxyl species were detected at the surface of the reduced samples at their exposure to the CO medium at the elevated
temperature. The intensity of the IR absorption bands of chemisorbed CO are found proportional to the surface fraction of the
Co? species, measured by XPS. The apparent red shift of the IR absorption bands is observed for CO adsorbed on the samples
reduced at 480°C. The obtained data correlate with the catalytic properties of the Co-Al samples in hydrogenation reactions.
The conclusion on the existence of a strong metal-support interaction in the samples under the study is made. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction the Co? particles of some sol-gel prepared Co-Al

catalysts appear to be inactive in the CO oxidation

Cobalt-alumina catalyst are well known to be highly
active in hydrogenation reactions, e.g. of CO to hydro-
carbons (the Fischer—-Tropsch synthesis, FTS). Stud-
ies on the properties of these catalysts in the FTS are
numerous [1-6].

Some studies report on a sufficient metal-support
interaction for the Co-Al catalysts. For example,
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[7] at the temperatures <300°C, while impregnated
Co/Al,O3 samples revealed high activity in this reac-
tion already at 150-200°C. The temperature increase
up to ca. 300°C leads to an increase of the catalyst
activity of the sol—gel catalyst up to the values, which
are characteristic for a conventional metallic cobalt.
In [8], the reaction of the Hp—D> exchange over an
Co-Al intermetallic compound, which is transformed
to Co%/Al,0;3 during its activation, was found to be
very slow at temperature <100°C, in spite of the
adsorption of hydrogen over the metallic cobalt is
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known to proceed dissociatively. The activity in the
deuterium exchange of the discussed Co-Al catalyst
increases dramatically at ca. 200°C.

In the papers [7,8], the authors ascribed the observed
difference in the catalytic properties to the existence
of a sufficient metal-support interaction between Co
and Al-containing oxide. At the moment, the actual
nature of the proposed influence of the support on the
catalytic properties of the Co® phase is not well studied
and recognized.

Recently, we showed an effect of the catalyst reduc-
tion temperature on the activity and selectivity of the
precipitated Co-Al catalyst in the CO hydrogenation
[9]. The catalysts reduced at 480°C were found much
less active and, simultaneously, much more selective
to the olefin formation.

Here, we present the X-ray photoelectron spec-
troscopy (XPS) study of the same model Co-Al
precipitated catalysts in respect to their evolution
during the activation, as well as the FTIR data on the
CO molecules adsorbed at temperatures from 77 to
527 K. The main focus of the study is the effect of
the reduction temperature on the state of the catalyst
and its active component and on the nature of the CO
adsorption.

2. Experimental

2.1. Preparation of the catalysts

Two series of samples were used as objects for
this study. Initial sample of Co-Al series (CA) with
Co/Al atomic ratio of 1 was prepared by coprecipita-
tion of Co?t and AIPT. Similar sample of Co-Zn-Al
series (PZA) with atomic ratio of Co:Zn:Al = 1:1:2
was prepared by precipitation of Co’*t cations in
the presence of a freshly coprecipitated Zn-Al sup-
port. All the precipitation procedures were performed
from stoichiometric 10 wt.% aqueous solutions of the
corresponding nitrates (‘pure for chemical analysis’
grade, Uralian plant of chemicals, Russia) at 60-70°C.
The 7.5wt.% water solution of NapCO3 or that of
NH4HCO3; were used as the precipitant. The precip-
itated catalysts were washed thoroughly by distilled
water and dried overnight by an IR lamp in air. The
detailed information on the way of the catalyst prepa-
ration and the results of the sample characterization

was reported elsewhere (see [9], samples CA-II and
P/ZA, correspondingly).

Below, we denote the uncalcined samples as CA-U
and PZA-U, the samples after their calcination in the
flowing Ar at 500°C for 2h as CA-C and PZA-C, the
calcined samples after their reduction in the flowing
hydrogen at 480°C for 2h — as CA-LT and PZA-LT,
and those sample after their reduction at 650°C for 2 h
— as CA-HT and PZA-HT.

2.2. Characterization techniques

The XPS measurements were performed using a VG
ESCALAB HP spectrometer with non-monochroma-
tized Al Ka radiation (hv = 1486.6eV). All spectra
were taken in constant analyzer energy (10eV) regime
with resolution of about 1eV. Before measurements
the spectrometer was calibrated against Au 4f7,> peak
with binding energy (BE) of 84.0eV and Cu 2p;3,,
peak with BE = 932.6eV. The shift caused by the
charging effect has been corrected using the internal
standard method, with C 1s peak at 284.8eV from
hydrocarbon contaminations being used as the refer-
ence. The samples were carefully mounted on a sam-
ple holder by means of a double-sided adhesive tape.
The sample loading was performed in argon flow in
order to avoid the contact of the sample with the air.

To extract the information about chemical states
of the elements to be in interest, narrow regions of
their core level spectra have been analyzed, original
XPS spectra being deconvoluted on separate com-
ponents. The latter procedure involved linear back-
ground subtraction and a curve-fitting using a mixed
Gaussian—Lorentzian function. The reproducibility of
the peak position was 0.1 eV. The quantitative anal-
ysis was based on the areas of the XPS peaks, which
was corrected on the atomic sensitivity factor of the
corresponding elements [10]. Note that the use of the
Al Ka radiation caused overlapping of the Co 2p3,»
spectral region with the Co L3M33Mys Auger line. As
consequence, absolute Co 2p3/; intensity is overesti-
mated by ca. 15% [11,12].

Before carrying the CO adsorption, the reduced
samples were preformed as pellets with the density
15-20mg/cm?. Then the plates were placed into a
quartz cell, treated in vacuum at 450°C for 30 min, re-
duced with hydrogen at 450°C for 30 min and, finally,
treated in vacuum once again at 450°C for 30 min.
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The in situ FTIR spectra of the adsorbed CO
molecules were recorded by means of a SHIMADZU-
8300 FTIR spectrometer with resolution of 4cm™!
and the scans number 50. The spectra of the studied
samples before the CO adsorption, as well as those
of the gaseous phase after the experiments were
subtracted from the total FTIR spectra.

3. Results

Both series (CA and PZA) of the samples have
been characterized by IR spectroscopy, while only CA
series of the samples have been used for XPS study.
Rejection from XPS study of the PZA samples is ex-
plained by volatility of zinc in high vacuum conditions
of the electron spectrometer. Enhanced background
pressure of Zn remains for a long time that is very
hazardous for further XPS experiments. Nevertheless,
XPS data for the CA samples can be propagated to the
PZA ones, since both series exhibit similar tendencies
in variation of their catalytic properties depending on
pre-treatment conditions in the CO hydrogenation.

The characterization of the samples by the STA,
TPR, FTIR spectroscopy, XRD, as well as their
catalytic properties in the CO hydrogenation were
reported earlier in [9] (samples CA-II and P/ZA).

3.1. X-Ray photoelectron spectroscopy

Elemental composition of surface and subsurface
layers (depth of XPS analysis makes up tens of
angstrom) of the initial Co-Al sample can be observed
from survey XPS spectrum shown in Fig. 1. Except
for the lines of the main elements: cobalt, aluminum
and oxygen, carbon is detected from this spectrum.

Table 1 presents atomic fractions (%) of C, Al, O,
Co and their atomic ratios determined from the inten-
sities of the corresponding core level XPS lines (C 1s,
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Fig. 1. XPS survey spectrum of the sample CA-U.

Al 2p, O 1s and Co 2p) corrected on atomic sensitiv-
ity factors (ASF) [10]. One can see that the content
of carbon is rather considerable and has a maximum
for the inital sample (26%) decreasing under sample
treatment (to 11.2% in the CA-HT one). As a rule,
impurities of carbon have a double origin. It can be
introduced both on stages of sample preparation and
as a result of hydrocarbon adsorption during the sam-
ple evacuation inside the electron spectrometer. The
C Is core level spectra shown in Fig. 2 confirm this
suggestion. Indeed, the spectrum of the original CA-U
sample exhibits two features with different intensities
(see Fig. 2).

The most intense line at 284.8eV (FWHM =
2.4eV) is associated with an elementary carbon inter-
calated into the bulk of catalysts and/or with hydro-
carbon residues adsorbed on the surface. The second
weak feature at 289.6eV is assigned to the carbon
atoms bonded with several oxygen atoms (e.g. car-
boxyl or carbonate groups). Full disappearance of the
latter signal is observed after heating the sample at
650°C (see Table 1).

The assignment of Al 2p and O 1s core level spectra
presented in Figs. 3A and 4A, respectively, are much

Table 1

X-ray photoelectron spectroscopy surface elemental concentrations (at.%) as well as the relative surface concentration of the elements
Sample C (0} Al Co Co/Al C/Al C¥/Al (Al + Co)/O
CA-U 26.0 52.8 7.4 13.5 1.85 3.51 0.41 0.40

CA-C 16.3 52.1 11.4 20.2 1.79 1.43 0.08 0.61

CA-LT 12.7 535 133 20.5 1.54 0.95 0.05 0.63

CA-HT 11.2 60.1 19.8 8.9 0.45 0.57 0.00 0.48

2 Only for CO32~ species.
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Fig. 2. XPS C 1s spectra of the studied samples: (1) CA-U, (2)
CA-C, (3) CA-LT, (4) CA-HT.

less evident. Indeed, these spectra are broad and fea-
tureless that makes it ambiguous to decompose them
on separate components. To tackle this problem and
to follow the evaluation of Al and O chemical states

during the catalyst activation we have prepared differ-
ence spectra (Figs. 3B and 4B).

One can see that in full agreement with quantita-
tive data (Table 1) only positive part is registered in
the Al 2p difference spectra indicating a constant in-
crease in surface concentration of Al. This gain of alu-
minum content is accompanied by the variation of Al
2p binding energies, which decrease at calcination and
increase when the catalyst is underwent by reduction.
This statement is based on the appearance of two ad-
ditional components at 74.0 (Fig. 3B, curve 2—-1) and
75.1eV (Fig. 3B, curves 3-2 and 4-3), respectively. It
should also be noted that the feature at 75.1 eV appear-
ing as result of hydrogen treatment does not change
the position with temperature, but increase its inten-
sity only. In spite of 1eV differences in binding ener-
gies, all the observed features can be assigned to A>T
cations bonded with oxygen [13,14], with BE varia-
tion being explained by the changes in aluminum co-
ordination and/or in defectiveness of the structure.

Similar picture is observed for the O 1s differ-
ence spectra (Fig. 4B). Calcination in air gives rise
to new feature at 530.4eV that is accompanied by
the removal of a feature at 532.5 eV. This behavior is
in good agreement with expected dehydration of the
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Fig. 3. (A) Al 2p region of the X-ray photoelectron spectra of the samples CA: (1) CA-U, (2) CA-C, (3) CA-LT, (4) CA-HT; (B) the

differential spectra.
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Fig. 4. (A) XPS O s spectra of the studied samples: (1) CA-U, (2) CA-C, (3) CA-LT, (4) CA-HT; (B) difference spectra.

surface of the initial sample. Indeed, according to lit-
erature data aluminum hydroxides are characterized
by O 1s binding energies of 531-532.5eV and oxy-
gen in spinel structure — 530.4eV [13-16]. Subse-
quent reduction of the catalyst causes development of
new component with BE = 531.9eV in addition of
the main line at 531.0eV. The possible explanation of
the observed spectra evolution will be discussed later.

The Co 2p core level spectrum is characterized by
two components appearing due to spin-orbital split-
ting — Co 2p3,2 and Co 2p1 2, and shake-up satellites.
On one hand, these features complicate the analysis
of the spectrum shape, but, on the other hand, provide
additional arguments to assign the Co 2p features ob-
served in this complex spectrum. Indeed, the intensity
ratio and BE separation of the satellite signals from
the Co 2p3,2/Co 2pj /2 photolines, as well as spin or-
bital splitting, are dependent on the chemical state of
cobalt. The high spin Co>* compounds such as CoO,
Co(OH), and CoAl»O4 exhibit strong satellite lines
which are located at about 5-6eV above the photo
line [15,18]. Contrary to that, very weak satellite, to
be shifted about 10-11¢eV to higher binding energies
from the main peak, is characteristic of the low spin
Co’t compounds (Co304, CoOOH) [18]. The spec-
trum of metallic cobalt does not contain shake-up
satellite structure at all. The exact values of the Co

2p3/2 binding energy and BE separation between
the components of Co 2p doublet can be found in
Table 2. These literature data have been used for
comprehensive analysis of the Co 2p spectra of our
samples presented in Fig. 5. To extract the values
mentioned above, we deconvoluted the Co 2p spectra
on separate component and prepared difference spec-
tra. The corresponding values are collected in Table 3.

One can see that the initial Co-Al sample is charac-
terized by a Co 2p3,; feature at 781.5eV (FWHM =
3.6eV) and a relatively intense shake-up satellite peak
at 786.2eV. Spin-orbital splitting between the Co
2p3,2 and Co 2pj,2 peaks is 15.9eV. These observa-
tions allow us to describe the chemical state of cobalt
as Co’* and to exclude practically the existence of
Co> ions.

The calcination of the initial sample broadens the
Co 2p3/2 spectrum with low binding energy side that
results in small shift of the doublet lines to 781.2eV
(Table 3). The corresponding difference spectrum
(Fig. 5B, curve 2-1) shows that the appearance of
additional component with BE = 780.9 eV with high
value of spin-orbital splitting (15.8 eV) is responsible
for such behavior of the spectra. It should be also
noted that the appearance of new Co 2p3,; feature is
not accompanied by the variation of relative intensity
of the satellite peak. All these facts allow us to assign
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Table 2
XPS data of cobalt-containing reference materials®:®
Co’ CoO CoAl,O4 Co(OH), Co304 Reference
BE Co Spin-orbit BE Co  Spin-orbit BE Co  Spin-orbit BE Co  Spin-orbit BE Co  Spin-orbit
2p3,2 coupling 2p3,2 coupling 2p3;2 coupling 2p3)2 coupling 2p3;2 coupling
780.7 780.1 15.0 [12]
771.7 779.7 780.3 780.7 779.6° [15]
778.0 780.3 781.1 779.5 [16)¢
778.1 15.1 780.1 15.5 781.7 15.5 780.9 16.0 780.5 15.0 [17]
781.0 15.9 782.0 15.3 779.6 15.2 [18]
771.7 781.7 779.8 [19]
7717.9 781.8 780.2 [20]
771.5 781.8 780.6 [21]

2 All values are presented in eV.

b All data are referenced to the C 1s = 284.8eV BE.

¢ For C0,03.

d These data are referenced to the Au 4f; 2 = 84.0eV BE.
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Fig. 5. (A) XPS Co 2p spectra of the studied samples: (1) CA-U, (2) CA-C, (3) CA-LT, (4) CA-HT; (B) difference spectra.

Table 3
The results of XPS Co 2p spectra decomposition: binding energies (eV), magnitudes of the spin-orbit splitting (eV), as well as the
calculated surface atomic ratio of Co® species to total cobalt content

Sample Co 2p3)2 (Co%) Spin-orbit coupling (Ca%) Co 2p3)2 (Co2t) Spin-orbit coupling (Co2t) Co'/Co
CA-U - - 781.5 15.9 0
CA-C - - 781.2 15.8 0
CA-LT 778.2 15.0 781.2 15.8 0.07

CA-HT 778.0 15.0 781.2 15.7 0.38
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it mostly to Co®* and, as consequence, to suggest the
formation of cobalt-containing oxide phase during the
calcination.

Reduction of the calcined sample by hydrogen gives
rise to one more Co 2p3,, feature at 778.1 £ 0.1eV
which is clearly seen both in difference spectrum and
after deconvolution of integral spectra. This feature
can be unambiguously assigned to metallic cobalt, its
concentration in the studied samples being enhanced
at raising the reduction temperature. These conclu-
sions are in good agreement with our earlier data
of X-ray diffraction (XRD) and transmission electron
microscopy (TEM), which detected the presence of
cobalt metallic particles with size about 50-100 A in
CA-LT and CA-HT samples [9]. The deconvolution
of the Co 2p spectra for the reduced samples allows
us to determine the relative amount of Co>t and Co’
species (see Table 3).

3.2. The interaction of CO with the
catalysts under the study

Fig. 6 presents the FTIR spectra of CO molecules
adsorbed over Zn-Co-Al samples PZA-C, PZA-LT and
PZA-HT at 77 K. The FTIR spectra of CO adsorbed
over zinc-free samples CA at 77 K are very similar to
those in Fig. 6.

The spectra of CO molecules adsorbed over the
calcined sample PZA-C contain bands at ca. 2156 and
2191 cm™!, which lie at higher frequencies than that
of gaseous CO (2143 cm™ 1) and, therefore, should
be attributed to CO-Me™" species. According to
the previous studies [22], the most intense band at
2154-2156cm™! should be attributed to CO-Co**
species. The higher frequency band has maximum
near 2191 cm~! at lowest coverage and shifts to near
2180cm~! at a higher coverage. Earlier, a band at
2190cm™! was reported for the CO molecules ad-
sorbed over Co304 [23,24]. On the other hand, the
similar absorption band at 2185-2195cm™! was as-
signed to the CO molecule bonded to the octahedrally
coordinated AI** cations of high Lewis acidity [22].
A week band at 2060 cm~! may be attributed to the
CO molecules adsorbed at Co? species forming due to
a partial reduction of the Co>" surface species during
their vacuum treatment, which preceded the mea-
surements in CO. The presence of the low-frequency
bands in the spectra of CO adsorbed over the Co
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Fig. 6. FTIR spectra of the CO adsorbed on the samples PZA: (A)
the calcined sample, PZA-C; (B) the reduced at 480°C sample,
PZA-LT; (C) the reduced at 650°C sample, PZA-HT; (1) T = 77K,
Pco =0.02Torr; (2) T =77K, Pco =0.08 Torr; (3) T =77K,
Pco =0.18Torr; (4) T = 77K, Pco = 10Torr; (5) T = 298K,
P = 10Torr; (6) the difference between spectra (4) and (2).

oxides was observed earlier (e.g. for CoO/MgO
[25,26] and for Co304 [24]).

The spectra of CO adsorbed at 77K over sample
PZA-HT (reduced at 650°C) do not contain the bands
with the wavenumber above 2100cm~!. This fact
indicates the absence of any CO-Co™" species at
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the surface of the sample. The bands at 1870, 1990,
and 2035cm~! may be attributed to the bridged
CO [27,28], terminal CO [2,27,29,30] and carbonyl
Co(CO)x (X > 1) [31] species, correspondingly. The
formation of multi-carbonyl species takes place only
at a relatively high coverage.

Of a special interest are the spectra of CO adsorbed
at 77 K over sample PZA-LT (reduced at 480°C). This

sample does not adsorb CO at 77 K, but a tiny quantity
of weakly (probably — physically) adsorbed species is
detected by FTIR (the band at 2150 cm ™! is symmetric
and very close to that of gaseous CO).

Fig. 7 presents the IR spectra of CO over the CA-LT
and CA-HT sample surfaces at elevated tempera-
tures and CO pressure of 10 Torr. Carbonyl, carboxyl,
carbonate and formate species are evidently formed
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during the adsorption. The analogous spectra for
PZA samples are shown in Fig. 8. The characteristic
wavenumbers and the band assignments are given in
Table 4.

At the elevated temperatures, no adsorption which
can be attributed to the CO-Co’*t species was de-
tected. The adsorption band at ca. 2160 cm™! vanishes
rapidly at raising the temperature. This is typical for

the CO species adsorbed on Co?t [24]. The band at
2214cm™~! appears at the temperatures above 100°C
and most likely should be assigned to the CO-AIP™T
species. Usually, the bands at 2190-2230cm™! are
registered for the CO-AI** species.

The carbonyl species (bands at 1980-2070cm™!)
are present in all studied samples. However, the cat-
alyst activation temperature affected the amount of
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Table 4

The characteristic wavenumbers (cm™!) and the assignments of the FTIR absorption bands of the CO molecules adsorbed on the samples

under the study

Assignment CA-HT CA-LT PZA-HT PZA-LT
Unidentate carbonate Ve—o 1080 1053 1080 1040
vsCOO 1390 1325 1391 1340
V,sCOO 1524 1462 1514 1493
Carboxylate vsCOO 1390 1390 1390 1390
v,sCO0 1595 1580 1590 1590
Formate vsCOO 1396 1360 1390 1373
1,sCO0 1625 1607 1626 1610
Bicarbonate 1230 Traces at ca. 1230
1433 Traces at ca. 1440
1649 Traces at ca. 1650
Carbonyl CO-Co° terminal “non-tilted” 2070 2056 2070 2065
CO-Co° terminal “tilted” 2025 1990 2035 1985
CO-Co** 2164 2160 - 2160
CO-A3* 2212 2214 - 2216

these species dramatically. For the CA-HT sample, the
CO—Co? absorption bands are at least three times more
intensive than those for the sample CA-LT. Moreover,
for the PZA samples the difference in the intensities
achieves the factor of 15. Analysis of the band shape
and its evolution at the temperature increase evidences
that mostly two types of the CO—Co® species are
present at the sample surface (the absorption bands at
ca. 20502070 and 1980-2040 cm™!). Following the
earlier studies [2,23,32], we attribute these to the ter-
minal CO species, which are adsorbed at the metallic

Co particles. Actually, according to the literature data
Co

bridged [Co g CO] species should absorb IR radiation at
lower energies range (1800—1900cm™"). Thus, both
bands (at 1980-2040 and 2050-2070cm™!) should
be attributed to the terminal carbonyl.

We failed to find the exact explanation for the
observed difference in the bands maxima positions,
despite the similar inhomogeneity of the carbonyl ab-
sortion band for CO adsorbed on Co® was observed
earlier in literature. Apparently, the absorption at
2050-2070cm ™! is related to the CO group, which
is perpendicular to the surface. The lower C—O band
strength for the other type of carbonyl species (absorp-
tion at ca. 1980-2040cm™!) could be an indication
to the secondary interaction of the CO species with
a neighboring cobalt atom (adatom), which should

cause the lateral tilt of the CO group. It should be
noted, that the existence of the lateral tilt of the ab-
sorbed CO may be accompanied by the significant
stabilization of CO adsorption by means of 4ag-, 5So-
and 1m-donation toward an metal adatom [33]. At
the same time, it results in significant lengthening of
the C-O bond (from 1.16 to 1.19 A for the 65° tilt
in the case of CO adsorbed on Fe [34]). Structural
works shows that CO is bound perpendicularly to
Fe(110) and strongly tilted relative to surface nor-
mal at Fe(100) (see, e.g. [35]). Basing on these data
we suppose, that the observed carbonyl species may
differ by their lateral tilt (ca. 2050-2070cm™! for
“non-tilted” or “perpendicular” CO species, and ca.
1980-2040cm~! for the “tilted” ones). Apparently,
the nature and specific features of “tilted” carbonyls
over cobalt surface needs further investigation by
physical methods.

At low temperatures, bicarbonates and monoden-
tate carbonates are detected in the region <1700 cm™!.
The temperature increase resulted in the rapid removal
of bicarbonates. The amount of the monodentate car-
bonate species increases monotonously with the tem-
perature in the studied temperature range. The con-
centrations of these species is higher in the samples
reduced at 650°C, than in those reduced at 480°C. The
bands at 1300—1400 cm™! could be partly attributed to
formate species located on A>T cations of the support,
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which form by interaction of CO with the AI-OH sur-
face groups. The weak band at ca. 1630 cm™!, which
is well resolved for the sample CA-LT is plausibly re-
lated to AI**-formates as well.

The temperature increase up to 100-150°C leads to
the appearance of the bands which we attribute to the
carboxyl (1390 cm~!) and formate (1360, 1396, 1607
and 1625cm™") groups. It is noteworthy that despite
the band at 1625 cm™! (1607 cm™! for the LT samples)
may be attributed to water formation, the similarity in
behavior of this band to that of the band at 1396 cm™!
(1360 cm™! for the LT samples) forces us to attribute
both bands to the formate species. Their concentration
increases with the temperature and seems to be of the
same order of magnitude for the LT and HT samples.

It follows from Figs. 7 and 8 and Table 4, that
the positions of the band maxima are coincident for
the two HT samples (CA-HT and PZA-HT) reduced
at 650°C. However, they are dramatically different
for the LT samples reduced at 480°C. An obvious
shift to the range of lower frequencies (as compared
to the HT samples) was observed for the bands re-
lated to carbonyl species (2070 and 2025cm™! for
the CA-HT sample to 2056 and 1990cm™"! for the
CA-LT sample), as well as for the formate species
(1625 and 1396 to 1607 and 1360 cm™') and the mon-
odentate carbonates (1080, 1390, 1524-1053, 1325
and 1462 cm™1). This shift will be further denoted as
a “red shift”. The positions of the absorption maxima
of the CO-Me™" species and of carboxyls are the
same for all four samples studied.

4. Discussion

4.1. The evolution of the Co-Al sample structure
according to XPS

The above reported XPS data are in a good
agreement with our earlier conclusion [9], that
the uncalcined catalyst appears to be Co-Al hy-
droxycarbonate with the hydrotalcite-like structure,
CoAl(OH),(CO3)y-nH20. One can notice from
Table 1, that the surface ratio of the Co concentration
to that of Al in the uncalcined sample is much higher,
than that for the bulk stoichiometry of this sample.
In other words, the segregation of cobalt from the
catalyst bulk to the surface takes place, resulting in

an enrichment of the surface brucite-like layer of
hydrotalcite structure by divalent cations (Co®™).

The calcination of the sample at 500°C in the ar-
gon flow causes the shift of Co 2p photoemission to
lower binding energies (ca. 781.2eV), a decrease of
the spin-orbital splitting value and a sharp decrease
of the CO32~ groups content (see the data for sample
CA-C). These observations are consistent with decom-
position of the initial hydrotalcite-like structure and
formation of a Coz'*‘A1204_y_z(OH)2y(CO32_)Z 0X-
ide. This is approved by appearance of new features in
the Al 2p and O 1s spectra at 74.0 and 530.4 eV, cor-
respondingly, (Figs. 3 and 4, curves 2—1), which are
specific for the CoAl,O4 spinel structure [15]. Note
that the disappearance of the O 1s signal at 532.6eV
is ascribed to the removal of crystal water from the
sample.

The reduction of the sample leads to the further re-
moval of the carbonate groups (samples CA-C and
CA-LT) and, finally, their total vanishing during the
reduction at 650°C (sample CA-HT). The intensity
variation of the feature at 289.6eV correlates well
with the IR spectroscopy and STA data of our earlier
study [9]: the partial removal of CO32~ groups of the
initial hydrotalcite structure was observed during the
sample calcination and its reduction at 480°C, while
the reduction at 650°C led to their total removal. The
monotonous decrease of the oxygen surface concen-
tration in the row CA-U > CA-C > CA-LT can be
explained by the removal of the hydroxyl and carbon-
ate groups from the catalyst structure. Thus, the XPS
data give an additional support for the earlier proposi-
tion about the anionic modification of the spinel-like
phase of the Co-Al oxide.

The increase of both the aluminum surface atomic
concentration and the Al/Co ratio are probably due
to the formation of alumina agglomerates during the
calcination of the studied samples (see Table 1). The
increased photoemission at 75.1eV, which is simul-
taneous with the reduction of cobalt to Co?, may be
ascribed to some APt species at the metal—support
interface. Indeed, the maxima in the difference Al 2p
spectra at 75.1-75.5 and at 531.9eV in O 1s ones
(Figs. 3 and 4; curves 3-2) are typical of amorphous
clusters of Al,O3 or thin alumina films located on sur-
face of metallic particle [8,36].

Table 5 presents (i) the surface concentration of
Co in respect to the total surface concentration of the
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Table 5

The summary of the data on the Co content in the samples under the study, as well as the data on the specific activity of the samples in

CO hydrogenation rection

CA-HT CA-LT PZA-HT PZA-LT
Ratio Co®/Co (%)
Bulk Co® (from O, titration at 450°C [9]) 63 34 108 76
“Accessible” Co® (from O titration at 200-250°C [9]) 51 19 65 61
Surface Co? (from XPS) 38 7 - -
The intensity of the band at 2050-2070 cm™', a.u./g cat 17 3 37 0.8
(an estimation for the amount of CO-Co species)
The rate of CO hydrogenation, 7' = 503K, P = 1bar, 1880 80 650 20

H,/CO =2 [9], wmol/g cat/h

cobalt species, as it was determined from the XP spec-
tra, (ii) the data on the bulk content of Co® determined
by the temperature programmed oxidation [9], (iii) the
concentration of the surface carbonyl species during
the CO adsorption studies, and (iv) the experimental
data on the sample activity in the CO hydrogenation
[9]. Note that according to the data of [9], the oxida-
tion of the Co particles proceeds in two steps: <250
and at 250-450°C. The latter oxidation was attributed
to some “non-accessible” Co® particles, i.e. those en-
capsulated into the Co-Al oxide support. The data of
Table 5 evidence, that the sample’s activity correlates
both with the surface concentration of the carbonyl
species and the surface concentration of Co”. How-
ever, the correlation of these values with the data on
the bulk concentration of Co? is much more poor. For
the samples CA-LT and PZA-LT, the bulk concentra-
tions of the Co” species are much higher than it fol-
lows from the data on the surface species. One can
note also, that the activity of the catalyst CA-LT in
the CO hydrogenation is still much less, than it could
be expected from the FTIR data. The relation of the
earlier reported catalytic properties to the data under
consideration will be discussed below.

The above mentioned mismatch of the presented
data to the data on the bulk titration by O, may be
explained by supposing, that the Co® particles are par-
tially covered by an aluminum oxide phase, which
diminishes the Co® surface but does not prevent the
whole Co particle from oxidation during the Oj titra-
tion procedure. Turning back to the speculation on the
Al 2p photoemission spectra, one can note that the lat-
ter supposition accords with the abnormally high Al
2p binding energy 75.1eV.

4.2. The red shifts of the IR absorption bands

4.2.1. The red shifts of the carbonyl species IR bands

The red shifts of the IR bands from the carbonyl
species on the surface of the CA-LT and PZA-LT
samples (Figs. 7 and 8) are equal to 5-15cm™! for
the “non-tilted” CO species and 25-40cm™! for the
“tilted” CO species. These shifts cannot be attributed
to any artifact. Thus, one should suppose that a weaker
C-O band is the sequence of the electron properties
of metallic particles, which comprise the LT sam-
ples. As it follows from the Blyholder model, the
CO chemisorption can, in the first approximation, be
described as a sum of two contributions: firstly, the
metallic particle accepts electron from the 5o bonding
molecular orbital of CO; secondly, the back-donation
of electron to the 27* antibonding molecular orbital
of CO [33,37]. Despite CO is considered tradition-
ally as a pronounced w-acceptor, the impact of the
o-donation is significant and the CO adsorption can
not be described by one of these two interactions alone
[38]. The So-donation should be increased, if the metal
has an effective positive charge. The impact of the
7 back-donation should become more significant, if
the effective charge is negative. One can discriminate
between these two plausible reasons via comparing
the values of IR band shifts for “non-tilted” terminal
and “tilted” terminal carbonyls. It is well known, that
the impact of the So-donation is more pronounced
for bridged species (due to a better overlap of the
5o orbital and the partially filled d(xy) band of Co),
while terminal CO acts mostly as a m-acceptor. It
could be supposed that the impact of the 5o-donation
is more expressed for “tilted” CO, rather than for
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the “non-tilted” species. It is evident from Figs. 7
and 8 and from Table 4 that the IR band position
of the “tilted” species is twice or three times more
shifted, than that of the non-tilted CO species. There-
fore, the red shift of the IR bands indicates a more
strong acceptance of the 5o electron of CO by the
metal, i.e. the positive charging of Co particles. Thus,
the Co particle should be ascribed as a Co parti-
cle with a more strong electron-acceptor capability or
as Co’*.

Similar assignment is not unusual and can be found
in literature. Earlier, Lapidus et al. [2], who have mea-
sured the IR spectra of the CO molecules adsorbed
on the surface of the impregnated Co/Al,O3 sam-
ples, assigned the absorption at 2050 cm™! to the CO
molecules adsorbed on the surface of the Co® parti-
cles with the “less marked electron-donor capability”
or the “Co?*+” particles. Kadinov et al. [39], attributed
the similar absorption for the Co/Al,O3 catalysts re-
duced at 723 K to the Co®T—CO species.

A distinguishing feature of the present data is that
the absorption band at 2056 cm™! is a dominant ab-
sorption band of the CO molecules adsorbed on the
CA-LT catalyst. The bands are obviously shifted to
the region of lower frequencies, when compared to the
HT samples.

The proposed above effective positive charging of
the metallic particle could be a sequence of the forma-
tion of a two-dimensional molecular-size clusters of an
aluminum oxide at the surface of the metallic Co par-
ticle, that was already discussed above. Then, taking
into account the small size of a cluster, one can expect
that its stoichiometry is AlpyO3y4y, where y is some
positive number. Then, the Aly,O3,4 cluster acts as
an electronegative ligand for the Co.? cluster form-
inga (Co,)*¥*(AlpyO3,4,)*Y~ complex. Note that the
experimental data force us to conclude, that the OH™
and/or CO3%~ groups should be present in the sup-
port for the stabilization of the above nano-scale ox-
ide cluster: the most important difference of the LT
samples from the HT ones is the anionic composition
of the oxide support (see [9]). Actually, at the pres-
ence of OH™ groups the formation of the (Co,)?¥~%
(A12x03x+y_wOHw)w_2y complex may be expected
to be more thermodynamically favorable, than at their
absence, since the OH™ — promoted spinel-like struc-
ture is more “flexible” to its distorting than the ideal
spinel structure.

In [32], the similar red shift of the carbonyl IR bands
was reported for a Na™-promoted silica-supported
nickel catalyst. The DRIFT spectra of the unpromoted
sample contained the bands at 2067 and 1920 cm™!
which are shifted to 2057 and 1780cm~! for the
sodium containing sample. The catalytic properties
of the Na-Co/Al;O3 and Na-Ni/SiO; catalysts in CO
hydrogenation were found there to be very close to
those for the LT samples under discussion. One should
mark a similarity of the effect of Na™ [32] and H
[9] on the performance of the Co and Ni catalysts in
the FTS. This may be an indication of an alkali metal
cation (or proton) promotion in a the stabilization of
the nano-scale Al-oxide cluster at the metallic sur-
face resulting in the formation of the above discussed
complex.

4.2.2. The red shifts of the IR bands of the

carbonate and formate species
The similar red shifts have been observed also

for the monodentate carbonates as well as for the
formate species which form on the catalyst surface
during the CO adsorption. This leads us to suggestion
that both of these species are adsorbed on the metal.
For the formate species, the simultaneous growth of
the absorption bands at ca. 1396 and 1625cm™! (or
1360 and 1607 cm~! for *-LT samples) is accompa-
nied by a diminishing the intensity of the band at
ca. 2050-2070cm~!. This indicates, probably, that
the formate species are a result of an interaction of
the terminal CO species with the water vapor at the
metal-oxide interface.

The stabilization of the monodentate carbonates at
the metal surface during the CO adsorption seems
to be somewhat amazing. However, the correlation
of their surface concentration with the concentration
of the CO—Co” species and the apparent red shift of
the corresponding absorption bands for *-LT sam-
ples forces us to insist upon this attribution. Note
that CO molecules do not disproportionate at tem-
perature as low as 500K. The CA-HT and PZA-HT
samples exhibited activity in the carbon filaments
formation only at temperatures above 550K, while
CA-LT and PZA-LT — only above 650-700 K [40].
The phenomenon may be explained in terms of the
suggestion about the formation of small AT ox-
ide clusters at the metallic surface. In this case,
the carbonate species may form at the expense
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of the interfacial oxygen atoms of the oxide
cluster.

The carboxyl moieties as well as the CO-Co** and
CO-APPT species are not sensitive to the sample re-
duction temperature. Therefore, these species seem to
be located on the surface of the oxide support, rather
than on the reduced metal.

4.3. The relation of the present data to earlier
data on the catalytic properties

The reported catalytic properties of some Co-Al cat-
alysts differ a lot from those of the “normal” Co? in at
least four reactions: Hp—D; exchange [8], CO oxida-
tion [7], CO hydrogenation [9,32] and ethylene hydro-
genation [8,41]. The Co-Al catalysts have been found
to be substantially inactive in all these reactions at the
temperatures <200-300°C. The experimental data of
the current paper could give a key for understanding
of the nature of these phenomena.

Actually, all the catalysts, which have “abnormal”
catalytic properties, were also reported to contain si-
multaneously a Co® phase and amorphous y-Al;O3
phase or Al-containing oxide. “Abnormal” Co-Al cat-
alyst studied in [7] was prepared by a technique, which
provided chemical interaction of Co and Al in the
presence of the OH™ groups, i.e. this sample proper-
ties can be expected to be close to those of the CA-LT
and PZA-LT samples. Other authors suggested that the
Co? particles were decorated by an Al,O3 oxide [8].
This suggestion was based on the experimental XPS
data. Thus, one may expect, that the phenomena ob-
served in the quoted papers and in the present study
are of the same nature.

4.3.1. Conversion of CO over SMSI Co-Al catalysts
A low activity of the “abnormal” (further denoted as
“SMSTI”) Co-Al catalysts in the CO oxidation and CO
hydrogenation correlates with the IR data which indi-
cate that no adsorption of CO occurs at the PZA-LT
sample at temperatures <25°C. The “SMSI” Co-Al
catalysts are not able to activate CO at low temper-
atures. Therefore, at low temperatures (77 K), the re-
sulting interaction of the CO molecule and the SMSI
Co’* is repulsive. At elevated temperatures, the CO
adsorption occurs, however, the shifted positions of
the CO vibration adsorption bands indicate a stronger
impact of the o-donation in the interaction of the CO

molecule and Co particle as the result of the effective
positive charging of the Co particle. The IR data in-
dicate an enhanced stabilization of the CO molecule
over SMSI Co? relatively to the “normal” Co?.

Another reason of the Co inertness is diminishing of
the metallic surface due to covering the metallic par-
ticle by nano-scale aluminum oxide clusters. Accord-
ing to our data, only 10—40% of the metallic surface
is available to the gas molecules.

Despite the above peculiarities of SMSI, Co may
result in its lower activity in relation to the CO conver-
sion reactions (CO hydrogenation and CO oxidation),
it hardly can explain the observed lack of its activ-
ity at the elevated temperatures by a factor >30 [7,9].
Thus, one should conclude, that the SMSI Co-Al cat-
alysts are not able to activate H, and O, molecules at
low temperatures. Actually, this supposition is in the
agreement with the data of [8], where an inertness of
the Co®-Al,03-Al° catalyst in the reaction of Hy—D,
exchange was shown. It is also consistent with the data
of [9], where the “SMSI” Co was shown to oxidize re-
sulting in formation of Co oxides only at the elevated
temperatures (>200-250°C).

The nature of Hy and O, interaction with SMSI
Co’7 is not clear and needs a further investigation
(including theoretical quantum chemical studies).

4.3.2. Conversion of CoHy over SMSI Co-Al catalysts
The data of [9,32] evidence that the SMSI Co-Al
catalysts promoted by either OH™ (i.e. HT), or Na™
have an extremely high selectivity towards olefins
(particularly — to ethylene) formation at CO hydro-
genation. This indicates unambiguously, that ethylene
does not re-adsorb on SMSI cobalt. The data of [8,41]
give further proves that SMSI cobalt is not able to ac-
tivate ethylene at temperatures <150-200°C. This is
consistent to the above made conclusions on the na-
ture of the CO interaction with SMSI Co®*. Actually,
the electron structure of ethylene is similar to that of
CO. However, ethylene is a pronounced m-acceptor.
Therefore, the effective positive charging of Co’*t
could make the interaction with CoH,4 be repulsive.

5. Conclusions

1. The XPS data on Co-Al catalyst are in the
agreement with the conclusions on the Co-Al
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hydrotalcite-like structure evolution during its cal-

cination and reduction made in [9]. The Co-Al

samples reduced at both 480 or 650°C contain the
metallic Co species.

. The following more or less amazing experimental

results were obtained:

2.1. The surface concentration of the Co® species
for the Co-Al sample reduced at 480°C (as it
is determined by XPS) is 2.5 times less than
the amount of “accessible” Co® determined by
the O, titration. The reduction at 650°C leads
to an increase of the Co® surface concentra-
tion, the data of both XPS and the O, titration
giving the same value of the Co® concentra-
tion increment.

2.2. After reduction of the Co-Al sample, a pho-
toemission at 75.2 eV (the Al 2p atomic level)
appears. This value is by 0.7eV higher than
the Al 2p BE for the AT cation of the Al,O3
oxide.

2.3. The Co-Zn-Al and Co-Al samples reduced at
480°C do not chemisorb CO at 77 K.

2.4. Carboxyls, monodentate carbonates, for-
mates, and terminal carbonyls are detected in
the all reduced samples during the CO treat-
ment at elevated temperatures. For the sam-
ples reduced at 480°C, the absorption bands,
ascribed to carbonyls, formates and mon-
odentate carbonates are found to be shifted
significantly to the lower frequencies.

be able to activate Hp, O,, and C,H4 molecules at
low and medium temperatures. The nature of in-
teraction of SMSI Co’* with these molecules, as
well as with CO, needs a further investigation.
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