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The effects of the addition of manganese to a series of-Fi@ported cobalt Fischeiropsch (FT) catalysts
prepared by different methods were studied by a combination of X-ray diffraction (XRD), temperature-
programmed reduction (TPR), transmission electron microscopy (TEM), and in situ X-ray absorption fine
structure (XAFS) spectroscopy at the Co and Mn K-edges. After calcination, the catalysts were generally
composed of large GO, clusters in the range 835 nm and a Mn@type phase, which existed either
dispersed on the Tigsurface or covering the GO, particles. Manganese was also found to coexist with the
C0;04 in the form of Ca-xMn,O, solutions, as revealed by XRD and XAFS. Characterization of the catalysts
after H, reduction at 350C by XAFS and TEM showed mostly the formation of very smalP @articles
(around 2-6 nm), indicating that the cobalt phase tends to redisperse during the reduction process from
Co;04to CA. The presence of manganese was found to hamper the cobalt reducibility, with this effect being
more severe when GgMn,O, solutions were initially present in the catalyst precursors. Moreover, the presence
of manganese generally led to the formation of larger cobalt agglomera8slé nm) upon reduction,
probably as a consequence of the decrease in cobalt reducibility. The XAFS results revealed that all reduced
catalysts contained manganese entirely in &Mstate, and two well-distinguished compounds could be
identified: (1) a highly dispersed IWnO,-type phase located at the Ti®urface and (2) a less dispersed
MnO phase being in the proximity of the cobalt particles. Furthermore, the MnO was also found to exist
partially mixed with a CoO phase in the form of rock-salt MiCo,O-type solid solutions. The existence of

the later solutions was further confirmed by scanning transmission electron microscopy with electron energy
loss spectroscopy (STEM-EELS) for a Mn-rich sample. Finally, the cobalt active site composition in the
catalysts after reduction at 300 and 3®Dwas linked to the catalytic performances obtained under reaction
conditions of 220°C, 1 bar, and HCO = 2. The catalysts with larger Cparticles ¢ >5 nm) and lower

Co reduction extents displayed a higher intrinsic hydrogenation activity and a longer catalyst lifetime.
Interestingly, the MnO and Mn«CoO species effectively promoted these largef garticles by increasing

the G+ selectivity and decreasing the ¢production, while they did not significantly influence the selectivity

of the catalysts containing very small Cparticles.

Introduction site distributions and their FT catalytic performances. In the

An increasing demand for clean fuels and chemicals is early 1980s, it was reported that CO hydrogenation at 1 bar on

expected to lead to an important shift from crude oil to natural Co/Al20s catalysts IS structgre-sensnﬁs;nce It was possmle_
gas as feedstock for chemical industries. This will certainly © correlate (1) an increasing turnover rate with a decreasing

involve the use of FischerTropsch (FT) technology, in which _Coo dispersion and_ 2 the_var_iations in_ selectivity with changt_es
high molecular weight hydrocarbons are synthesized by catalytic in the rate of chain termination relative to the rate of chain
hydrogenation of CO using Co-based catalyétSubsequent ~ Propagation. Nonetheless, the possibility that unreduced cobalt
hydrocracking of the waxes leads to clean middle distillates such present at the catalyst surface would account for the changes in
as diesel fuels, chemicals, naphtha, and lubricants. The increase@ctivity and selectivity could not be ruled out. In other wérk,
efficiencies in the FT process, the ability to build large-scale it was reported that cobalt reduction extent plays an important
plants to capture economies of scale, and the high crude oilrole in CO hydrogenation over ADs-supported cobalt catalysts,
price have made gas-to-liquid (GTL) technology attractive and since higher turnover frequencies were observed for catalysts
competitive to the current crude oil refinery industries. with a lower reduction extent.

It is well-known that the FT catalytic properties of supported
cobalt catalysts are known to be largely dependent on both the
cobalt reduction extent and size of the®@uystallites formed
upon catalyst activation. For this reason, many studies have
aimed to establish clear relationships between the cobalt active

Iglesia and co-workers have claimed that the FT synthesis is
a structural-insensitive reaction for supported cobalt catalysts
with dispersions between 0.45 to 9.5%, corresponding to particle
sizes of 230 and 10 nm, respectivélyithin this dispersion
range, the reactivity of surface Co atoms in the FT synthesis is

*To whom correspondence should be addressed. E-mail: NOtinfluenced by the size or chemical identity of the metal oxide
b.m.weckhuysen@chem.uu.nl. support, and hence, it is expected that a catalyst would yield
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activities as a function of the number of available®Gites. TABLE 1: Overview of the Catalysts Prepared with the
However, structural changes of the cobalt particles during the ggge\slp‘?gld'”g Sanr|1|ple g?‘de' the \'>"ve}|a| Loﬁd'r':/?s’ anSo_I the .

FT synthesis may result in a variation of the number of available f3¢ V=0 rystalline Phase as Well as the Mean Size o
T . . . e Supported Crystallites

sites?10The structural changes during FT operation may include

the transformation of metallic cobalt, to cobalt oxides and/or . wt% wt% - XRD phase and
cobalt carbides, and the sintering or segregation of the particles sample code preparation methoGc* MnG mean size
Another possible cause of deactivation may be the loss of active! ~Co IWI Co 111 35 nm CeD,
phase as a result of the occurrence of strong-metal support'_co'\’In IWFCo+IWIMn 11.0 1.4 33 nm CeD,

! ; gt - + . .
interactions (SMSIs). SMSIs have been shown to occur in-TiO L'_I\/ICnOCo :_Y\SPMSO Wi Co 98?0 13 1185?]%%%:

supported Co catalysts at high temperatures, at which &y H—CoMn HDP Co+ IWIMn 7.8 2.6 13nm CgO,

be reduced to TiQ which can migrate onto the surface of the Hcop—CoMn HDP (Co+ Mn) 7.7 7.0 17 nm CpMnodOq
Cd particles, causing a blockage of the active sites and thus a a As calculated by XRF.

decrease of CO adsorptidh!2 Similar SMSI effects are also

expected to occur when an excess of oxide promoter iS vpp) temperature-programmed reduction (TPR), X-ray ab-
employed, for example, in the case of transition metal oxides. g4ntion fine structure (XAFS) spectroscopy, and transmission
These promoters may exhibit a similar mobility toward the g|actron microscopy (TEM). In addition, the particle sizes
cobalt surface leading to the poisoning and deactivation of small 5 copalt reduction extents achieved after reduction have been

supported particles. correlated with the FT catalytic results in order to establish
The use of manganese as a promoter for Co-based FTstructure-performance relationships.

catalysts has only been reported a few times in the open
literature. For instance, some papers deal with its potential to ; ;
shift the product distribution in the FT reaction by increasing Experimental Section
the olefin selectivity and decreasing the undesired @tdduc- 1. Catalyst Preparation. Two groups of TiQ-supported
tion.1314 Other works have reported that MnO acts as a CO catalysts were synthesized using, respectively, the homogeneous
shift converter promoter and thus to catalyze the water-gas shiftdeposition precipitation (HDP) and the incipient wetness
reaction (i.e., the transformation from C® H,O to H, + impregnation (IWI) methods. The syntheses were performed
C0O,).1>16 The occurrence of this reaction can influence the using aqueous precursor solutions of Co@¥BH,O (Acros
reaction kinetics in the FT reaction and may be interesting when Organics, p.a.) and Mn(Ngl-4H,O (Merck, p.a.) and Degussa
arich CO syngas composition is used (e.g., the syngas obtainedP25 TiQ, (surface area of 45 #y and pore volume of 0.27
from high temperature coal gasificatioff)The use of manga-  cm®g) as the support material. In the HDP synthesis, ;TiO
nese for Co-based FT catalysts can also be found in the patenpowder was suspended in aqueous solutions containing the metal
literaturel® However, the exact role of manganese and its nitrates and the pH was increased by urea decomposition at 90
influence on the cobalt active site composition remain largely °C for 18 h under continuous stirring. The materials were
unclear. subsequently washed in demineralized water, dried at°C10

To get a better understanding of the physicochemical andin air, and sieved to 0.220.5 mm before the following
catalytic properties of Co/Mn/Ti©catalysts, and more specif-  Preparation step. For the IWI method, a presieved; Tiaterial
ically the role played by manganese a full in situ characterization (0-22-0.5 mm) was used. In all cases, calcinations were carried
of the oxidation state and the local order around the active out in a flow of air at 400°C for 4 h (ramp 5°C/min).
species of these materials in the calcined state and the reduced A first Co/TiO, catalyst coded HCo was prepared in one
state is required. X-ray absorption spectroscopy (XAS) provides HDP step to load the cobalt followed by calcination. A portion
insight into the electronic structure and the local order around of the previous dried Co/Ti© precursor was loaded with
a selected type of atom and is a particularly well-suited method manganese in a second IWI step and calcined to give the
for the study of the active phase of bimetallic catalysts. Indeed, H—CoMn catalyst. A third catalyst was prepared from a mixture
XAS that does not rely on long-range order allows for an of Co and Mn nitrate solutions in a single HDP step followed
extensive characterization of the geometrical structures and bondby calcination to obtain the catalyst coded He@ioMn. Using
distances in materials that lack detectable long range. Anotherthe IWI method, a first Co/Ti@ catalyst coded +Co was
advantage of this technique is that it is element specific and prepared in a IWI step followed by drying and calcination. A
thus can allow for the local order around Co and Mn to be portion of this oxidized Co/Ti@ precursor was subsequently
investigated independently. For these reasons, these techniqueladed with manganese and calcined again, leading to the
have already been extensively applied to characterize severakatalyst coded+CoMn. A last catalyst codedHMnCo was
types of FT catalyst systems with various promoting transition prepared following the same procedure as the previous catalyst
metals such as Re, Ru, and Pt and various supports such adut inverting the order of impregnation. All of the prepared
Al503, Si0;, NbQ,, and TiQ and important information such  catalysts together with their sample codes, preparation method,
as the metal oxidation states, the metal nanocrystallite sizes,and metal loadings are summarized in Table 1.
and the role of the promoter could be successfully unraveled. 2. Catalyst Characterization. The cobalt and manganese

In this work, we present a detailed characterization study of loadings of all calcined samples were determined by X-ray
a series of Mn-promoted Co/TiFT catalysts, synthesized by  fluorescence (XRF) analysis using a Spectro X-lab 2000
various methods with the aim of obtaining different manganese spectrometer. From these results, the total weight % of Co and
locations at the catalyst surface. This has certainly provided aMnO in all of the catalysts was calculated.
broader perspective on the role of manganese on the chemical The oxidized catalysts were analyzed by powder X-ray
state of cobalt. The influence of the synthesis method and thediffraction (XRD) using an ENRAF-NONIUS XRD system
use of Mn as a promoter on the physicochemical state andequipped with a curved position-sensitive INEL detector and
reducibility of the cobalt particles have been evaluated using a applying a Co K, radiation sourcel(= 1.788 97 A). The mean
variety of characterization techniques, namely, X-ray diffraction Co;04 crystallite sizes were determined using the line broaden-
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ing of the reflections localized at 42.9, 70.1, and 7/applying Co size (nm)= Sn%3n?, with n being the diameter of each
the Scherrer equation (Table 1). measured Co particle in nanometers.

X-ray absorption fine structure (XAFS) spectroscopy at the ~ The bulk reducibility of the catalysts was investigated by
Co and Mn K-edges was used to investigate the local environ- temperature-programmed reduction (TPR) using a Thermo
ment and electronic properties of the Co and Mn atoms in the electron TPDRO 1100 instrument. The calcined materials were
catalysts before, during, and after reduction treatments. Theloaded in a tubular quartz reactor and flushed with Ar at 120
XAFS measurements were carried out in situ under a dynamic °C for 1 h. Subsequently, the reactor was cooled to RT and the
atmosphere in an in-house reactor cell operating at 1!%ar. gas flow was adjusted to 5%;fAr. The temperature was then
Appropriate amounts of a specific sample were finely crushed raised from RT to 700C at a rate of 10C/min, and the content
and pressed at 2 bar into 0.7 £pellets. All of the samples  of Hzin the gas outlet was monitored with a thermoconductivity
were measured in a He flow at room temperature (RT) before detector throughout the reduction.
reduction. Consecutively, the temperature was raised with a The spatial distribution of Co, Mn, and Ti atoms in the Heop
ramp of 5°C/h to the reduction temperature and held until the CoMn reduced/passivated catalyst was investigated by scanning
end of the measurements. The catalysts were reduced at 30@ransmission electron microscopy with electron energy loss
and 350°C for 2 h with 200 mL/min of 50% KHe flow. After spectroscopy (STEM-EELS). The Ti, Mn, and Cestedges
2 h of reduction, the catalysts were measured under the finaland the O K-edge were monitored by using a 100 keV STEM
reduction conditions. instrument (VG HB 501) equipped with a field emission source

Extended X-ray absorption fine structure (EXAFS) spectra and a parallel_ Gatan 666 EELS spectrometer. The instrument
were measured at the beginning and at the end of each reductiofV@s in operation in Orsay and produced EELS spectra with a
treatment, while X-ray absorption near-edge (XANES) spectra 0-5 eV energy resolution and sub-nanometer spatial resolution
were recorded continuously throughout the reduction. XAFS Within a typical acquisition time of less thal s per pixel, as
data were collected on the DUBBLE beamline (BM26A) at the described in more detail by Stephan et’alhe sample was
European Synchrotron Radiation Facility (ESRF, Grenoble, f!rst sonicated in ethanol and Fhen dropped on a holey carbon
France), operating under beam conditions of 6 GeV, 200 mA, film supported on a copper grid.
and 2 x Y3 filling mode and using a Si(111) double-crystal 3. Catalyst Testing. The behavior of the catalysts in the
monochromator. XAFS signals were measured in fluorescenceFischer-Tropsch reaction was investigated under isothermal
mode at the Co K-edge (7716 eV) and Mn K-edge (6539 eV). plug-flow conditions. Typically, the oxidized catalyst particles

C0z04 MNnO,, Mn;0s, and MnO powders (Aldrich, 99.999%) (0.2—0.5 mm) were diluted at 20% in SiC particles (83
were used as reference materials. mm) and loaded into a glass reactor (5 cm diameter). The

samples were activated at a 20 mL/min flow of & 300 and
350°C for 2 h and subsequently cooled to 220 at a rate of
10°C/min in a He flow. The conditions were then adjusted for
the FT reaction at 1 bar, 22, and a syngas flow of 12 mL/
min (Ho/CO ratio of 2). Gas hourly space velocities of 3010
h~1 were used in all experiments, leading to CO conversions in
the range 26%. The hydrocarbon product composition was
analyzed on-line every 60 min and monitored during the first
60 h of reaction using a Varian CP-3800 gas chromatograph
equipped with a fused silica column of 50 m length and a flame
ionization detector (FID). The catalytic performances were
evaluated after 60 h of reaction by comparing Co time yields
(1075 mol of CO (g Coy?! s™1), turnover frequencies (TOE
102 s1), and selectivity expressed in percentages of CO
converted to Chland Gy fraction of products.

Data reduction of the experimental X-ray absorption spectra
was performed with the program EXBROGKA pre-edge
background subtraction and normalization was carried out by
fitting a linear polynomial to the pre-edge region and a cubic
spline at the post-edge region of the absorption spectrum. A
smooth atomic background was then obtained. EXAFS refine-
ments were performed with the EXCURV98 packagPhase
shifts and backscattering factors were calculated ab initio using
Hedin—Lundqyvist potentials. Refinements were carried out using
k! and k¥ weighting in the ranges 3-512 and 3.5-9 A~ for
the Co and Mn K-edges, respectively. The effects of anharmo-
nicity due to the presence of very small Co metallic particles
were corrected with the cumulant expansion feature imple-
mented in EXCURV98 using the coefficient of linear expansion
of cobalt metal (14.6x 1076 m/°C) at the Co K-edge. The
AFAC parameters (amplitude reduction factor) calibrated from i )
the fit of the Co and Mn metal foils were respectively fixed at ReSults and Discussion

0.65 and 0.80 for the Co and Mn K-edges, respectively. 1. Characterization of the Catalysts in the Calcined State.

In the reduced catalysts, the general morphology of the 1.1. X-ray Diffraction. The XRD patterns of the oxidized
material, the Co particle distributions, as well as the average catalysts are shown in Figure 1. In addition to the reflections
Co particle sizes were investigated by transmission electron originating from the anatase and rutile BiQphases, the
microscopy (TEM) using a Tecnai 20 FEG TEM microscope diffraction peaks corresponding to a spinel;Ogp phase are
operating at 200 kV equipped with an energy-dispersive X-ray detected at 2 = 36.4, 42.9, 52.3, 70.1, and 77,4ndicating
(EDX) analyzer. The calcined catalysts were initially dried in a the formation of CgO, crystallites in all catalysts. These
flow of air at 120°C for 30 min. Subsequently, the flows were reflections are much weaker in+Co and H-CoMn, suggesting
adjusted to 50% bkiHe and the temperature was raised to 350 a less crystalline character of the {0a phase and/or the
°C at a rate of C/min. After 2 h of reduction at 350C, the presence of some amorphous Co phase in these catalysts. In
temperature was decreased to &) and a passivation was the Hcop-CoMn catalyst, the positions of these reflections are
carried out in a 5% Cg@He flow for 30 min. Reduced/passivated slightly shifted toward smaller@angles, indicating an enlarge-
samples were ground and ultrasonically dispersed in ethanol.ment of the CgO, unit cell. As will be discussed later, this
A drop of suspension was then air-dried on a holey carbon film, increase of the cell parameter is due to the incorporation 6fMn
and bright field micrographs were collected. The average ions into the CgO,4 structure leading to the formation of
diameter of the Co particles was estimated by measuring200 Co;-xMnxO, solid solutions. An estimation of the average
300 single particles contained ir-30 TEM images for each  stoichiometry of the HcopCoMn catalyst corresponding to the
of the catalysts and applying the following formula: average reflections shift using the Vegard plot reported for the
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Figure 1. XRD patterns of TiQ P25 (a) and the+Co (b), —-CoMn  SPectra at the Co K-edge for & (@) and the H Co (b), H-CoMn
(), I-MnCo (d), H-Co (), H-CoMn (f), and Hcop-CoMn (g) (c), and Hcop-CoMn (d) catalysts after calcination.
catalysts after calcination.

average environment of the Co atoms and these have been

C0o3-xMnyO, solid solutiond? gave CgiMng¢Os The mean shown to exist mostly as large €y clusters.
Co30, particle sizes resultant from XRD calculations were Indeed, the Co environment obtained with EXAFS corre-
somewhat smaller in the catalysts prepared by HBDP3-17 sponds to a spinel arrangement of atoms in@owith Co?*
nm) than in the IWI catalysts{31—33 nm), with the exception ~ and CG&" ions located, respectively, ifiy and O, coordina-
of the -MnCo catalyst, in which values of 18 nm were obtained tion,242°giving an average environment around the Co atoms
(Table 1). of 5.3 0 at 1.91 A and 4 and 8 Co at 2.85 and 3.36 A. The

1.2. X-ray Absorption Spectroscofdy2.1. Co K-Edge. Table  longer interatomic distances found for+#€oMn and Hcop-
2 summarizes the results of the EXAFS refinements for the first CoMn combined with the slight shift of the @04 reflections
three coordination shells (E@® and Ce-Co). Except H-CoMn in the XRD patterns are certainly pointing toward the formation
and Hcop-CoMn, which show slightly longer bond distances, of Cos—xMn,Oy-type solid solutions by substitution of €oby
all of the catalysts present similar results. The first oxygen shell Mn®* in the C@O4 structure. These solid solutions can indeed
coordination number ranges from 4.2 in HeePoMn to 5.5 in be prepared in a broad range of compositions and readily form
I—Co, whereas all of the samples exhibit the same-Oo under conditions of high temperature and oxygen environ-
distance of 1.91 A, except the-HCoMn and Hcop-CoMn ment26.27 Due to the greater atomic radius of Kn(1.37 A)
catalysts which feature slightly longer bond distances of 1.92 with respect to C¥ (1.25 A)28 substitution of C&" by Mn3*
and 1.93 A, respectively. The second and third Co shells arein the O, sites results in a cell expansion, increasing steadily
also very similar in all of the catalysts with 3:3.4 Co atoms  with increasing Mn content in the @04 structure??-2%30This
at 2.85 A and #10 Co atoms at 3.36 A. Once again-BoMn phenomenon is also reflected in the Fourier transforms for the
and Hcop-CoMn present longer distances of 2.86 and 2.87 A HDP catalysts, as illustrated in Figure 2, which shows a decrease
for the first Co shell and 3.38 and 3.40 A for the second Co of the fourth Ce-Co shell intensity as the Mn loading increases.
shell, respectively. In agreement with the XRD results, the This indicates the presence of a higher level of disorder in the
EXAFS results indicate that in all catalysts except €bMn structure of these catalysts that is very likely induced by the
and Hcop-CoMn cobalt belongs almost entirely to a {0q incorporation of MA* ions into the CgO, lattice. Furthermore,
phase. Additionally, a minor amount of cobalt may also be this effect is more pronounced in Hco@oMn, since a higher
present as cobalt titanate species (e.g., CgTi@hich are likely amount of Mn is mixed with the G®, phase.
formed upon calcination treatments at high temperatifres. 1.2.2. Mn K-Edge. The oxidation state of manganese was
Nonetheless, the presence of these compounds cannot bénvestigated in the first derivative of the XANES spectra, which
detected by XAFS, since this technique only measures thewere compared with those of suitable reference matetials.

TABLE 2: Results of the EXAFS Analysis at the Co and Mn K-Edges for the Calcined Co/TiQ and Co/Mn/TiO, Catalysts and
for Co304 and MnO, Reference Materials (n.a.= Not Applicable)

R(A) R(A) R(A) R(A)
sample Co—O Natoms 22(A) Co—Co N atoms 22(A)  Mn—O Natoms 22(A) Mn—Mn Natoms 22 (A)
C0, 1.92 530 0.005 2.85 4.0Co 0.005 n.a. n.a. n.a. n.a. n.a. n.a.
3.36 8.0 Co 0.008
I—Co 1.91 550 0.009 2.84 3.9Co 0.005 n.a. n.a. n.a. n.a. n.a. n.a.
3.35 8.0 Co 0.012
|I—CoMn 1.91 470 0.003 2.85 3.5Co 0.006 1.88 570 0.002 2.87 25Mn 0.001
3.35 7.0Co 0.011 3.43 26Mn 0.003
I—MnCo 1.91 520 0.003 2.85 3.8Co 0.005 1.88 6.00 0.011 2.87 2.2Mn 0.001
3.36 7.3Co 0.010 3.45 3.6 Mn 0.030
H—-Co 1.91 540 0.004 2.853.36 3.3C08.3Co 0.0030.013 n.a. n.a. n.a. n.a. n.a. n.a.
H—CoMn 1.92 510 0.004 2.86 5.2Co 0.009 1.91 570 0.007 2.87 42Mn 0.010
3.38 6.9 Co 0.012 3.39 1.8Mn 0.009
Hcop—CoMn 1.93 420 0.003 2.87 4.1Co 0.013 1.91 420 0.007 2.89 4.7Mn 0.013
3.40 9.9 Co 0.018 3.43 12.4 Mn 0.034
3.73 8.8Mn 0.023
MnO; n.a. n.a. n.a. n.a. n.a. n.a. 1.88 6.00 2.88 4.2 Mn

3.38 6.4 Mn
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Figure 3. First derivative of the XANES spectra of the-CoMn, Energy (eV)
I=MnCo, H-Co, and Hcop-CoMn catalysts after calcination and of  Figure 4. Normalized XANES spectra at the Co K-edge of thelo
the MnQ; and MnOs reference materials. catalyst measured at different temperatures during the reduction. For

Spectra for the oxidized catalysts and for the Mr@d MnOs reference proposes, it also includes the spectra of metallic Co and CoO.

materials are displayed in Figure 3. All catalysts contain a main incorporation, the increase of the M© bond distance on the
component of M, as deduced from the peak at 6559 eV also other hand correlates to the fraction of Mn atoms incorporated
present for MnQ@. The high similarity between the spectra for in these solid solutions. Thus, the M@ distances measured
MnO, and =CoMn suggests that this catalyst contains mainly in the HDP catalysts are an average between those of,MnO
Mn** species, most probably in the form of MpQn the other (1.88 A) and those of Go,Mn,O, (1.92-1.96 A)3° Hence,
catalysts, a Mfi” component is also detected in the spectra, as the formation of Ce-,Mn,O, solid solutions occurs not only
indicated by the peak at 6550 eV corresponding to,®4n in Hcop—CoMn but also in H-CoMn, as revealed by EXAFS
Therefore, these results show that in all catalysts after calcinationgiving in both catalysts MaO distances of 1.91 A. Taking into
the manganese exists mainly in a ¥Mrstate and with some  account the higher Mn loading contained in HedpoMn
admixture of Mi#*, which is present in larger amounts in  compared to HCoMn and, in turn, the same MrO distances
H—CoMn and Hcop-CoMn. Additionally, a small M#" measured with EXAFS (1.91 A), this catalyst is expected to
component is also detected for theNinCo sample, suggesting  contain also a fair fraction of manganese in the form of MnO
that Mr?* species may also exist dispersed at the;E@face. 2. Redox Behavior of Calcined CatalystsThe change in
This is also suggested by the little structure observed in the cobalt oxidation state occurring throughout reduction of the
spectrum, being indicative of a low range ordered manganesecatalysts has been monitored by XANES at the Co K-edge.
structure. XANES spectra collected continuously during the temperature
The results of the EXAFS refinement for the catalysts and increase have been used as fingerprints to identify the cobalt oxi-
for the a-MnO, material are summarized in Table 2. All of the dation state at the different stages of reduction. As an example,
catalysts except HCoMn and Hcop-CoMn present the same  Figure 4 shows the XANES spectra collected at RT, 240, 310,
interatomic distances with a first shell of 5:8 O at 1.88 A and 350°C during reduction of the+Co catalyst. The figure
and second and third MfaMn shells at distances 0f2.88 and also includes the spectra of Co foil and CoO for comparison.

~3.38-3.45 A, respectively. HCoMn and Hcop-CoMn Dramatic changes both in terms of white line intensity, oscil-
feature a slightly larger MnO bond distance of 1.91 A, similar  lation shape, and edge position are occurring as a function of the
to the results obtained at the Co K-edge. In He@wMn, temperature. Observation of the shape of the spectra suggests

however, the O coordination of 4.2 shows a marked drop that the reduction of G®, into Co metal takes place in several
compared to all other catalysts. Therefore, in agreement with steps with a marked intermediate stage at Z40Detailed com-
the XANES analysis, EXAFS confirms that most of the Mn parison of the spectrum measured at 2@0with that of CoO
atoms in FCoMn and FMnCo belong to aa-MnO,-type that features the same shape and edge position (7721 eV) shows
phase. However, this manganese phase is amorphous and/athat this intermediate stage corresponds to a CoO phase. CoO
possesses a strong nanocrystalline character, since the XRDs then fully reduced into Cdn a second stage at350°C, as
patterns did not show any corresponding visible reflections. This indicated by the large decrease in intensity of the white line in
is also confirmed by the relatively flat shape of the XANES the spectra. The reduction behavior was found to be similar in
derivative indicative of a highly dispersed phase, as well as by all of the catalysts investigated, although a full reduction from
the very low intensity of the second and third peaks in the CoO to C8 metal was not always achieved as a result of using
Fourier transforms (not showAjIn contrast, the clearly longer  the HDP preparation method or manganese as a promoter.
Mn—O bond distances of 1.91 A found in the HDP catalysts  Figure 5 presents the TPR profiles of the six catalysts, illustra-
strongly suggest the presence of other phases in addition totrating the cobalt reducibility as a function of the preparation
o-MnOs. Indeed, EXAFS at both the Co and Mn K-edges method and chemical composition. Due to the presence of man-
reveals for H-CoMn and Hcop-CoMn a marked elongation  ganese in the catalysts, the reduction profiles may contain vari-
of the bond distances around both Co and Mn atoms. Theseable contributions from different compounds, and for this reason,
results combined with the XRD results clearly point toward the quantification of the areas was not taken into account. Hence,
formation of solid solutions of the spinel type £gMn,O4 in the data were merely used to evaluate the cobalt reducibility in
both catalysts. the different catalysts, while quantifications were further carried
While the increase in the CeO bond distance correlates out by XANES analysig! Figure 5 shows two main peaks in
directly to the increase of the cell volume upon manganese all reduction profiles, which are ascribed to the reduction steps
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Figure 5. Temperature-programmed reduction profiles for th€b,
|—CoMn, I-MnCo, H—Co, H—CoMn, and Hcop-CoMn catalysts.
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Figure 6. Normalized XANES spectra at the Co K-edge of theClo
(a), I-CoMn (b), —MnCo (c), H-Co (d), H-CoMn (e), and Hcop
CoMn (k) catalysts afte2 h reduction at 350C; and of the +Co (f),
I—CoMn (g), -MnCo (h), H-Co (i), and H-CoMn (j) after 2 h

from Co304 to CoO and from CoO to metallic cobalt. In the oquction at 30GC.

IWI catalysts, both reduction steps take place at around 280
and 425°C and are not largely influenced by the presence of XANES spectra obtained for all catalysts affeh of reduction
manganese. Nevertheless, for thegCloMn catalysts, both peak  at 300 and 350C are shown in Figure 6. Cobalt oxide is fully
maxima are shifted to 305 and 483G, suggesting a slight de-  reduced to Co metal at 35C in [-Co, I-CoMn, and +MnCo
crease of the cobalt reducibility. The TPR profiles for the€b catalysts, as observed by the XANES spectral shape and the
and H-CoMn catalysts also exhibit typical reduction steps, al- edge position featuring a Cooxidation state. HCo and
though the second step is broader and contains two peak maximal—CoMn catalysts reduced at 38C, however, still contain
at~350 and~465°C, most likely due to a different interaction also a small fraction of Cg, as evidenced by a weak white
of the cobalt particles with the TiO Moreover, the peak at  line present at 7725 eV. Finally, the spectrum of He§oMn
465 °C is somewhat more pronounced for-BoMn than for reduced at 350C corresponds to a pure Eostate. Hence, in
H—Co, again suggesting lower cobalt reducibility caused by agreement with the TPR results, the HedpoMn catalyst is
manganese. Thus, the HDP catalysts display lower cobalt reduc-by far the most resistant against reduction, as it contains a
ibility than the IWI catalysts, probably due to the presence of Cosz-xMnO4 phase with low cobalt reducibility. On the other
smaller cobalt oxide particles. A very different TPR profile was hand, reduction at 300C led to various mixtures of Caand
obtained for Hcop-CoMn, showing the btconsumption peaks  CoO in the catalysts. Reduction extents were quantified by
at 370 and 550C. This clearly indicates a much lower cobalt means of a linear combination of the XANES spectra of pure
reducibility compared to all other catalysts. This effect is caused CoO and CB references, and the percentages of o each
by manganese incorporated in thezOp structure and is in catalyst are summarized in Table 3. All IWI catalysts resulted
agreement with other work in which TPR experiments with in 100% of Cd with the exception of+CoMn reduced at 300
mixed Co-Mn spinels led to similar reduction profilé3. °C, for which 48% C8 was found. Lower reduction degrees
As a consequence of this multistage process, reduction ofwere obtained for HCo and H-CoMn with values of 95 and
the catalysts led to different cobalt reduction degrees largely 90% Cd& at 350 °C and 40 and below 5% at 300C,
influenced by the properties of the catalyst precursors. The respectively.

TABLE 3: EXAFS Results at the Co K-Edge for the Co/TiO, and Co/Mn/TiO, Catalysts in Situ Reduced in H/He Flow at 300
and 350°C for 2 h (The Data for a Co Metal and CoO Materials Are Included for Comparison; n.a. = Not Applicable)

N atoms$ R(A) N atoms R(A)
sample code reduction temfi) % Cd (C phase) distance 22 (A) (CoO phase)  distance 22 (A)
Co metal n.a. 100 12 Co 2.51 n.a. n.a. n.a. n.a.
CoO n.a. 0 n.a. n.a. n.a. 6.00 2.13 n.a.
12 Co 3.02
1-Co 300 92 9.4 Co 2.51 0.020 n.a. n.a. n.a.
350 100 9.3Co 2.51 0.022 n.a. n.a. n.a.
|I-CoMn 300 48 6.8 Co 2.50 0.023 4,70 2.13 0.033
9.9 Co 3.04 0.036
350 100 10.2 Co 2.52 0.027 n.a. n.a. n.a.
I-MnCo 300 97 11.2Co 2.53 0.029 n.a. n.a. n.a.
350 100 9.6 Co 2.52 0.021 n.a. n.a. n.a.
H—-Co 300 40 2.3Co 2.49 0.008 390 2.12 0.042
10.2 Co 3.02 0.032
350 95 9.4 Co 2.52 0.023 n.a. n.a. n.a.
H—CoMn 300 >5 1.7Co 2.527 0.014 380 2.22 0.023
10.2 Co 3.09 0.026
350 90 11.4Co 2.52 0.027 n.a. n.a. n.a.
Hcop—CoMn 350 <5 1.0Co 2.485 0.014 380 2.18 0.028
15.0 Co 3.11 0.033

a Extent of Co reduction calculated by a linear combination of the XANES spectra of pure Co metal and CoO.
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54 TABLE 4: Results of the EXAFS Analysis at the Mn

K-Edge for the Catalysts Reduced at 300 and 350C and for
H-CoM MnO and Ti,MnO4 Reference Materials (n.a.= Not
_~oMn Applicable)
red.temp R(A) N 202 R(A) N 202
H-Co sample (°C)  Mn—-0 atoms (&) Mn—Mn atoms (A)

IN
1

=
34
“;’ MnO n.a. 220 60 na. 3.14 12Mn n.a.
3 I-CoMn Tio;MnO, na. 202 400 na 372 40Mn na
£, I-Co I—CoMn 300 2.09 480 0.022 303 1.3Mn 0.005
o o 350 204 4.00 0.022 291 04Mn 0.001
z o-Le CoCo Co foi I—MnCo 300 2.08 500 0030 305 1.5Mn 0.032
£, 350 2.06 440 0.027 3.00 0.7Mn 0.009
CorCo H—CoMn 300 207 520 0.007 298 43Mn 0.026
350 207 510 0027 3.04 23Mn 0.025
ol Co0 CoO H-CoMncop 350 2.15 560 0.025 3.07 11.9Mn 0.033
-— 1 in contrast to the reference E€material with 12. +CoMn
0 1 2 3 4 56 7 8 9 10M1 reduced at 300C gives 6.8 Co neighbor atoms due to the low
R(A) reduction degree (48%).
Figure 7. k3-weighted Fourier transforms of the experimental EXAFS Two additional Ce-O and Coe-Co shells were obtained for
spectra at the Co K-edge for CoO and Co foil and for theCo, the catalysts with low reduction extents. These shells belong to
H—CoMn, and Hcop-CoMn catalysts after reduction at 36C. the fraction of unreduced CoO and have coordination numbers

] o between 3.8 and 4.7 and 9.9 and 10.2, respectively. In agreement

On the basis of these results, it is concluded that manganesgyith crystallographic data, the EXAFS fit of the CoO cubic
hampers the cobalt bulk reducibility, with this effect being strycturés gives Co atoms 6-fold coordinated by oxygen atoms
further accentuated by the existence of-@dn interactions, with Co—O and Ce-Co distances of 2.13 and 3.02 A,
as in the case of the HceCoMn and H-CoMn catalysts.  regpectively (Table 3). It is remarkable to notice that the-Co
Furthermore, the HDP catalysts generally led to lower cobalt 5nq co-Co distances obtained for the<CoMn and Hcop-
reducibility, probably due to a stronger €support interac-  coMn catalysts are significantly longer (2:48.20 and 3.09
tion 3¢ 3.11 A) than those in the CoO reference material. This

3. Physicochemical Characterization of Reduced Catalysts.  elongation indicates the occurrence of a cell expansion of the
3.1. EXAFS at the Co K-Edg&o gain insight into the local  CoO phase that is very likely due to the formation of MCo,0
environment and electronic structure of the Co atoms in the solid solutions, as will be discussed in detail later with the results
reduced catalysts, EXAFS spectra at the Co K-edge were at the Mn K-edge. Indeed, due to the greater ionic radius of
collected. Measurements after in situ reduction treatments atMn2* jons compared to G, Mn;—,CoO compounds feature
300 and 350C show spectra characteristic of either Co metal, 3 larger cell paramet& and longer interatomic distances
CoO, or mixtures of both compounds. This can be observed atcompared to the CoO reference material. Therefore, these results
first glance in the Fourier transforms (Figure 7), showing reflect an intimate mixing of MnO with CoO in the HDP
different shapes for each catalyst, with peaks corresponding tocatalysts.
a combination of Co metal and CoO materials, which are also  As was already pointed out, the Co reduction degree
presented in Figure 7. Indeed, the Fourier transforms reflect influences the coordination number of the-6@o shell at 2.5+
different Co reduction extents with the shells of Co metal 252 A decreasing from a maximum of 12 in a fully reduced
dominating in the highly reduced catalysts, for exampteCo bulk C® material to zero in pure CoO. Thus, for a fully reduced
reduced at 300C, while the two Ce-O and Ce-Co shells of  catalyst, the decrease of the number of Co neighboring atoms
CoO increase in intensity with lower cobalt reduction extents. s due to a geometric artifact caused by the nanosized character

The EXAFS results summarized in Table 3 confirm the of the metallic particles. Although coordination numbers are
preliminary observation, since all reduced catalysts could be determined with a relatively low accuracy with EXAFS 10
fitted with a combination of the structural parameters of Co 20%), they can still be used to roughly estimate particle sizes
metal and CoO. As a result, the structure of all reduced catalystsin the catalysts. The accuracy of this technique is nonetheless
consists of various shells with similar interatomic distances to enhanced in the case of particles smaller thas 8m. Among
those found in Cband CoO materials, and with coordination the catalysts studied, the XANES results revealed that-to|
numbers closely related to the relative fractions of CoO and I-CoMn, and +MnCo catalysts contain 100% Eafter
Cd present in the catalysts. All catalysts feature a-Co shell reduction at 350C (Table 3) and, therefore, their coordination
with distances of around 2.52.53 A and with coordination numbers may be directly used to calculate th& @uticle sizes.
numbers ranging from 1.0 to 11.2. This shell belongs to the However, since the reduction degrees irr€o and H-CoMn
metallic phase with either face-centered cubic (fcc) or hexagonal respectively were 95 and 90%, the coordination numbers had
close-packed (hcp) structure that features on average a first shelto be corrected to take into account the CoO fraction. Finally,
of 12 Co atoms at 2.52 A. This was determined by the EXAFS the low reduction extent of HcepCoMn (<5% Cd) did not
fit of the Co foil and is in agreement with the crystallographic allow this calculation method to be applied.
data?* Therefore, the low CeCo coordination numbers in the The results of the Cloparticle sizes in the catalysts reduced
catalysts reflect the occurrence of numerous surface atoms thaat 350°C are presented in Table 5. The Quarticles turned
characterize nanosized Tparticles as well as the presence of out to be in the range-36 nm, with the exception of the
a Co oxidic phase next to the Co metal phase in the incompletelyH—CoMn catalyst, which likely contains larger particles ac-
reduced catalysts. In fact, the number of Co neighboring atoms cording to the high coordination number. The existence of such
forming this shell drastically decreases as a function of the small particles suggests that a redispersion of the cobalt phase
reduction degree and/or the Quarticle size. For instance, the occurs during reduction, leading to a dramatic decrease in the
|—Co catalyst reduced at 33C gives 10.3 Co neighbor atoms  particle sizes.
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TABLE 5: Overview of the Cobalt Particle Size Calculation
Obtained by EXAFS and TEM Techniques in the Catalyst
Reduced at 350°C (n.a. = Not Applicable)

sample code EXAFS Co sizénm) TEM Co sizé& (nm)
I—Co 25 4.3
|I—CoMn 3.7 4.9
I—MnCo 2.7 4.8
H—Co 3.2 35
H—CoMn >10 5.6
Hcop—CoMn n.a. 10.5

a Co particle sizes calculated using the number of Co neighbor atoms
given by the Co metal shell and according to the formula size éam)
((m*2) = 1)*2.51, wherem is the average number of Co shells
surrounding each Co atom in a fcc structure. The Co coordination
numbers have also been corrected for the extent of Co reduction before
the calculation® Average Co size calculated from the formignm)
= yn¥yn? with N being the average Co diameter size anthe
diameter of each measured Co particle in nanometers.
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Figure 9. k3-weighted Fourier transforms of the experimental EXAFS

spectra at the Mn K-edge for the-CoMn, I-MnCo, H—CoMn, and

3.2. XAFS at the Mn K-Edgérigure 8 presents the first
derivative of the XANES spectra obtained for all catalysts after
reduction at 300 and 350C, along with a MnO reference
material. It can be observed that all spectra exhibit a maximum
of the first derivative at 6547 eV, indicating the existence of a
pure Mrf™ oxidation state in all reduced catalysts. However,
the spectrum of the MnO material contains much more structure
while the maximum of its first derivative is divided into two
peaks. This difference in general shape of the spectra betwee

the catalysts and bulk MnO clearly points out the amorphous

and dispersed character of the manganese phase, which has
2+ oxidation state but a different local structure.

The local environment around manganese (i.e., number and
distances of neighboring atoms) was determined by EXAFS.
The Fourier transforms for all of the reduced catalysts are
presented in Figure 9. The Mn phases exhibit a very short-range
order, since only a main peak at 2.2 A corresponding to a
Mn—0O coordination shell and a very weak second-Muin
shell that can be observed at arduhA are in most cases very
weak. As the XANES analysis already showed, this is a clear
indication of a high level of disorder pointing to the existence

Hcop—CoMn catalysts after reduction at 350 and 3@

(a) (b)

Figure 10. Crystallographic structure of MnO with Mhin O, sites
(a) and TIMnO, with Mn?* in T4 sites (b). The figures illustrate several
unit cells for both structures including the Mi©® distances.

distances for the MrO and Mn—Mn shells vary significantly

of highly dispersed manganese species. The exception is thdrom one catalyst to another. The coordination numbers of the

Hcop—CoMn catalyst, which features two intense peaks due
the presence of a more bulk-type Mn phase.

The coordination parameters obtained bykispace analysis
of the EXAFS data are summarized in Table 4, along with the
crystallographic data of MnO andMnO,4 material$* included
for comparison. The coordination numbers and interatomic

6547.94 eV
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Figure 8. First derivative of the normalized XANES at the Mn K-edge
for I-=CoMn (a), FMnCo (b), and H-CoMn (c) reduced at 300C,
|—CoMn (d), =MnCo (e), H-CoMn (f), and Hcop-CoMn (g) reduced
at 350°C, and a reference MnO material (h).

Mn—0O shell range between 5.6 and 4.1, whereas the-®in
distances vary from 2.15 to 2.04 A. Comparison of these values
with those corresponding to the MnO andMIinO, compounds
indicates that manganese possesses an average oxygen coordina-
tion consisting of a combination of 4-fold and 6-fold coordina-
tion, indicating the formation of mixtures of both types of
structures. MnO and TMnO,4 compounds contain Mt ions,

the first in octahedral@,) and the second in tetrahedrdl)
coordination, respectiveRp, which is in good agreement with
the XANES results that revealed a Rtnoxidation state in all

of the samples. Both manganese crystallographic structures
present in the reduced catalysts are illustrated in Figure 10. The
relative fractions of MnO and IMnO, present in the catalysts
can be, moreover, evaluated by the MD coordination
numbers, which range from a minimum of 4.0 for a pure
Ti,MnO4 compound to a maximum of 6.0 for pure MnO. Due
to the relatively lower X-ray scattering power of3¥iand the
highly disordered state of the Mn ions, the contribution of Ti
to the Fourier transform was not considered in our fitting
process. We also note that the Mmi distances in TIMnO4

are 3.57 A2 which are much longer than the distances reported
for these catalysts. Hence, the second-Win shell is merely
attributed to the MnO species and decreases in intensity when
more TpMnO, is present in the catalysts. The MMn
coordination numbers are therefore indicative of the fraction of
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(b)

Figure 11. Gray-scale EELS Ti L-edge (a), Co L-edge (b), and Mn L-edge (c) chemical maps of the-Bon catalyst after reduction and
passivation.

Morales et al.

manganese in the form of MnO. On the basis of these and Mn—Mn bonds in the catalyst relative to those in the bulk

observations, the amounts of MNO andMinO, in the catalysts
reduced at 300 and 35 could be estimated.

The lowest coordination number for the M@ shell is
displayed by the+CoMn catalyst reduced at 35€. In this
catalyst, Mn features almost pure 4-fold oxygen coordination
(4.1), with distances of 2.04 A and a very weak #Nn shell
at 2.91 A with only 0.4 Mn neighboring atoms. As already
discussed in a previous stuél/these data reveal that Mn
belongs almost entirely to a JMnO4-type phase. This phase
is expected to exist in a highly dispersed state over the TiO
support, as suggested by the weak-Mvin peak and by the
relatively flat profile of its XANES spectrum. Similar results
were obtained for the+MnCo sample reduced at 35,

MnO material. A simulation of thex value in Mn-,CoO
corresponding to the bond distances found in HeGpMn (2.15
and 3.07 A) gives for this catalyst a stoichiometry close to
Mng 25C0p.750.

In H—CoMn reduced at 358C, the Mn—0O average distance
of 2.07 A and the number of Mn neighboring atoms of 2.3
indicates that the Mn is partly present asMinO, and MnO/
Mn;—xCoO mixtures. The same catalyst reduced at 3Q0
contains more MnO/Mn «CoO phases, as deduced from the
higher Mn—Mn coordination number of 4.3. However, the
Mn—0O distance remains the same (2.07 A) regardless of the
reduction temperature, suggesting that the amount of }{dn,0O
is increased or the amount of Co incorporated in the solid

although the values suggest that the amount of titanate is slightly 5 tion is higher, as a result of the lower Co reduction extent

lower. This indicates that a variable amount obMnOy is

present in all of the reduced catalysts, being in larger amounts

after reduction at 350C, as indicated by the lower MrO and
Mn—Mn coordination numbers and the slightly shorter-Mn
bonds. In +CoMn reduced at 30€C, the Mn—0 distances of
2.09 A and the Ma-Mn coordination number of 0.9 point
towards the presence of more MnO and les$MfiO, than after
reduction at 350C. In general, the amounts of MnO in all the
IWI catalysts appear to be small, since the Mn exists mostly in
the form of TpMnOs,.

In contrast, in the HcopCoMn catalyst, Mn features nearly
a 6-fold coordination with longer interatomic distances (2.15
A) than all of the other catalysts. Additionally, a second-Mn

achieved at 300C.

The overall results clearly indicate that MNO and MiCo,O
solid solutions are present in all catalysts to some extent, being
less abundant in the IWI catalysts. Nevertheless, the very short
Mn—Mn distances (ranging between 2.98 and 3.05 A) displayed
by the IWI catalysts suggest that a large relative amount of
cobalt might be mixed with the MnO in the form of MrCoO
solutions with a very high value of. These findings reflect
the high level of dispersion of the manganese, which exists
highly segregated over the catalyst surface in the form of various
phases. An exact quantification of these phases, however, has
not been attempted, since they are expected to distribute

Mn shell with 11.6 atoms at 3.07 A has been obtained. Although N€térogeneously on the catalyst surface. The existence of all
these data are very similar to the structural parameters of bulk & Possible manganese species identified by XAFS has been

MnO material, the MR-O and Mn—-Mn bond distances (2.15
and 3.07 A) are significantly shorter than those in the MnO

evidenced in a previous work using the STEM-EELS tech-
nique3238Therein, we reported the migration and redispersion

reference material (2.20 and 3.14 A). These results combined®f the manganese oxide phase upon reduction, which could be

with the XAFS results at the Co K-edge that showed the
presence of a pure €b oxidation state and the occurrence of
longer Co-O and Ce-Co bonds than in pure CoO strongly
suggest the existence of a MrR@OoO solid solution. Indeed, it

is well-known in the literatur® that since MnO and CoO have
similar cubic rock-salt structures, they readily form rock-salt
solid solutions of the type MnxCoO over a full range of
compositions (0< x < 1). Since Cé" is smaller than M#",

the progressive substitution of &oions in the MnO structure

nicely observed in the colored chemical maps obtained with
STEM-EELS at the different stages of the activation process.

3.3. STEM-EELS Analysis of the Reduced HeGpMn
Catalyst.Figure 11 shows the Co, Mn, and Ti EELS chemical
maps for the HcopCoMn catalyst after Breduction at 350
°C. The images exhibit luminosity proportional to the number
of given atoms encountered by the electron beam in each subarea
and, thus, provide valuable information on the Co, Mn, and Ti
elemental distributions in the scanned areas. As the images

is accompanied by a linear decrease of the cell parameter fromclearly reveal, the cobalt and manganese are certainly associated

4.446 to 4.263 A, wher increases in Mp_,CoO from 0 to 1.
This would perfectly account for the shortening of the ™MD

in the form of a mixed compound, confirming the formation of
Mn1-,CoO solid solutions after the reduction treatment. In this
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Figure 12. TEM images of the+Co (A and B), HFCoMn (C), and +MnCo (D) catalysts after reduction at 350 in Hx/He flow and passivation
in CO; at 150°C.

example, a large Co/Mn oxide cluster with a peculiar shape 1-CoMn, and =MnCo catalysts resulted in values of 4.3, 4.9,
can be seen embedded on the F&Dpport. and 4.8 nm, respectively (Table 5). Therefore, the presence of
3.4. TEM Analysis of Reduced Catalysiie effect of the manganese led to the formation of slightly larger cobalt particles.
reduction on the cobalt particle size distribution and morphology = The TEM results for the HDP catalysts are presented in Figure
was studied in the TEM micrographs. The cobalt particles were 13. For the H-Co catalyst (Figures 13A and 13B), very small
clearly distinguishable from the Tiby the different particle particles of around 1:55 nm can be visualized homogeneously
sizes, being of around-210 and 36-60 nm, respectively. We  covering the TiQ surface. The situation resembles that-eCo,
note that, as a result of the passivation treatments, the surfacelthough the cobalt particles are even smaller and more often
of the cobalt particles was reoxidized, and thus, particles smallerfound in the form of thin layers, leading to a rough catalyst
than 5 nm are composed merely of CoO, while larger particles surface. The existence of some amounts of cobalt titanate in
may contain a metallic Cocore and CoO at the outer layer. this group of catalysts was already suggested by XAFS that
Figure 12 presents some TEM images obtained for the IWI revealed lower cobalt reducibility compared to the IWI catalysts.
catalysts. Very small particles can be nicely seen covering the The fraction of the nonreducible cobalt phase is thought to be
TiO, particles and leading to an irregular LiGurface. The present in intimate contact with the TiOpresumably in the

cobalt is clearly visualized at the edges of the Jfarticles, form of cobalt titanates, which are known to be hardly
and occasionally on top or underneath the Jig@en by a darker reducible?® On the other hand, Figures 13C and 13D show that,
contrast. Figures 12A and 12B show the situation for th€d in the H-CoMn and Hcop-CoMn catalysts, manganese clearly

catalyst, in which nearly hemispherical particles of around-8.5 influences the cobalt particle size. These images display larger
nm can be seen covering the TiGurface. In the absence of cobalt clusters in the range-85 nm, in addition to smaller
manganese, the cobalt particles appear to have a well-definedbarticles of around-36 nm. For example, several cobalt clusters
shape and are supported on Ti@thout an apparent interaction.  are indicated by arrows in Figure 13C. These clusters appear
Additionally, cobalt is also found in some spots as a highly to be composed of smaller particles embedded together.
dispersed thin layer¢3 nm), as well as forming larger clusters Remarkably, small particles are observed for €oMn but to

of around 6-8 nm, although to a lesser extent. FerGoMn a lower extent than for HCo. Finally, for the Hcop-CoMn

and —=MnCao, the cobalt distribution slightly differs from-iICo, catalyst, small cobalt particles were hardly found, while
as observed in Figures 12C and 12D. These catalysts contaimumerous clusters were detected. As an example, Figure 13D
very small particles £3—6 nm), as well as some larger shows animage in which a large Ti@article is observed and
agglomerates 46—10 nm). Furthermore, the TiOsurface three cobalt clusters of about-2@0 nm are clearly distinguish-
appears to be less regular most likely as a result of the able at the TiQsurface, giving a darker contrast. Additionally,
manganese species highly spread out on the catalyst surfaceother very small black dots are observed on top of the,TiO
An estimation of the mean Co particle sizes for theCb, particle, indicating the presence of also some small particles.
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Figure 13. TEM images for the HCo (A and B), H-CoMn (C), and Hcop-MnCo (D) catalysts after reduction at 35C in Hy/He flow and
passivation in C@at 150°C.

The mean Co particle sizes obtained for8o, H-CoMn, at 350 °C suffers from a less pronounced deactivation and
and Hcop-CoMn were 3.5, 5.6, and 10.5 nm, respectively, displays the highest activity among all of the catalysts.
reflecting a dramatic influence of manganese on the cobalt The overall catalytic results are summarized in Table 6. The
particle distribution in the HDP catalysts. This marked influence catalytic performances correspond to a pseudostationary be-

results from the intimate CeMn association that takes place havior obtained after 60 h of FT reaction. For the IWI catalysts,
in the catalyst before reduction. Table 5 summarizes the EXAFS the highest activities were obtained after reduction at 300

and TEM results of the cobalt particle sizes, which turned out with similar Co time yields of about (2.312.34) x 10°5 mol
to be in good agreement. of CO (g Co)! s L. However, the activities are lower after re-
4. Fischer—Tropsch Catalysis.The evolution of the activity duction at 350°C, with values of 1.64, 1.31, and 2.12 for the
for all of the catalysts during the first 60 h of FT reaction is |—Co, I-CoMn, and +MnCo catalysts, respectively. This
presented in Figure 14. The IWI catalysts suffer from a rapid negative effect observed for the IWI catalysts after reduction
deactivation during the first 30 h of reaction, as indicated by at 350 °C is likely related to the presence of small cobalt
the initial drop in activity, after which the Co time yields particles, which are prone to deactivate during reaction as a
stabilize in a pseudo-steady state (Figure 14b). It is worthwhile result of the occurrence of SMSI effects with the Fi€up-
to note that the freshly reduced catalysts are composed of mainlyport112 SMS| effects are expected to occur at high tempera-
Cd, leading to high CH selectivity, whereas during COfH tures, leading to a partial blockage of the smalP @articles
treatments the selectivity tosC increases in line with the  and consequently to a decrease in activity. This phenomenon
catalyst deactivation. Therefore, this shift in selectivity is would also account for the initial drop in activity during the
ascribed to structural changes of the cobalt surface, which isfirst stage of reaction, since the small particles might deactivate
most likely carburized during the first stage of reaction, thus as a result of a reoxidation or site blockage by i@ addition,
facilitating the chain growth reaction. Interestingly, thedo the activity of =CoMn is lower than +Co due the presence
catalyst deactivates more rapidly and during longer times than of manganese, which might also block some of the small cobalt
I—CoMn and FMnCo, independently of the reduction tem- particles. On the basis of the EXAFS results, this effect may
perature. The group of the HDP catalysts also suffers a markedb€ ascribed to the formation of solid solutions of M{C0.0
deactivation although only during the fi5 h of reaction (Figure ~ at the surface of cobalt. A similar manganese effect on the
14b), after which they maintain steady Co time yields. The activity of SBA-15-supported cobalt catalysts has been reported
exception is the HCo catalyst reduced at 3580C, which by Martinez et al3” in which they used a similar range of cobalt
initially displays the highest Co time yields (above Q.05 dispersions (1921%) as in our +CoMn catalyst.
mol of CO (g Co)!s™1) and subsequently deactivates through- ~ The IWI catalysts are significantly more selective towards
out 60 h of reaction. In contrast, theHtCoMn catalyst reduced  the formation of higher hydrocarbons after reduction at 300
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TABLE 6: Overview of the Catalytic Performances of the

CO/T|02
and 350

and Co/Mn/TiO, Catalysts after Reduction at 300
°C (The Table Includes the Extent of Co Reduction

as Measured with XANES)

selectivity
red.temp % CP % % o

activity

Cotime

catalyst (°C)  reduction CH,; Cs. value$ vyield® TOF
I—-Co 350 100 21 48 069 164 4.28
|—CoMn 350 100 21 45 066 131 393
I—MnCo 350 100 20 47 067 212 6.18
H-Co 350 95 32 28 054 208 445
H—CoMn 350 90 25 34 058 257 874
Hcop—CoMn 350 ~5 17 47 0.67 0.80 5.20
I—Co 300 100 17 54 072 231 6.04
|—CoMn 300 48 18 51 0.69 234 7.02
I—MnCo 300 97 18 51 0.69 232 6.68
H—-Co 300 40 23 43 065 132 281
H—CoMn 300 ~5 18 50 0.68 181 6.15

aAs calculated from the slope betweery @d G in the ASF
distribution plot, according to the equation I@g¢/n = log(In 20)) + n
log a, whereW, is the weight fraction of the products withcarbon

number.?

Co time vyield: 10° mol of CO (g Co)* s™*. ¢ Turnover

frequency: 103 s
(50-54% G+, 17—18% CHy) than at 350°C (45-48% Gy,

20—-21% CH,). A possible explanation for this selectivity
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found for I-CoMn and FMnCo, since the +Co catalyst
reduced at 300C is the most selective towards the;Graction

of products and displays the highest chain growth probability
(0.72).

For the HDP catalysts, an opposite reduction temperature
activity dependency is found, as shown in Table 6. The highest
Co time yields are obtained after reduction at 3% with
values of 2.08 and 2.5% 107> mol of CO (g Co)! s for
H—Co and H-CoMn, respectively. Reduction at 30TC,
however, leads to a decrease in activity to values of 1.32 and
1.81 x 1075 mol of CO (g CoJ)?! s for the same catalysts.
Hcop—CoMn displays the lowest activity (Co time yield of
0.80), reflecting its low cobalt reduction extent. This catalyst
did not display any activity after reduction at 300 due to the
absence of Co metal. Hence, the activity of this group of
catalysts is clearly influenced by the cobalt reduction extent,
with the activity being proportional to the percentage of.Co
Since the cobalt reduction extent of these catalysts is very low
at 300°C, the formed cobalt particles are expected to remain
larger, thereby leading to lower activities. On the other hand,
the H-CoMn catalyst displays in all cases higher Co time yields
than H-Co, regardless of its larger cobalt particle size and lower
reducibility. Remarkably, the TOF numbers after reduction at
350°C are twice as high in HCoMn (8.74x 1073 s™1) than
in H—Co (4.75x 1078 s71). This suggests that cobalt particles
larger than 5 nm containing a manganese promoter have a higher
intrinsic activity in the FT reaction than small particles as those
contained in H-Co. Furthermore, these small particles are more
rapidly deactivated during the first stage of reaction.

The selectivity of the HDP catalysts is also largely influenced
by the reduction temperature and the presence of manganese.
The highest @: selectivity is obtained for HCoMn and H-Co
reduced at 300C, with values of 50 and 43%, respectively.
After reduction at 350°C, the catalysts display lowersC
selectivities of 34 and 28%, respectively. Therefore, a cobalt
reduction extentselectivity dependency is found, since lower
reduction extents always result in a higher Gelectivity. This
indicates that a more oxidic cobalt surface composition favors
the production of longer hydrocarbon chains in the FT reaction
by decreasing the hydrogenation rate leading tq foFmnation.
Finally, it is remarkable to notice that the presence of manganese
in H—CoMn and Hcop-CoMn leads in all cases to an increase
of the chain growth probability and to a decrease of the, CH
production, compared to the Mn-free catalyst. These results
clearly show that a manganese promotion has been achieved in
the HDP catalysts, leading to important improvements of the
FT catalytic performances.

Finally, it is worthwhile to comment on the high GH
selectivity found for the HDP catalysts after reduction at 350
°C compared to the IWI catalysts. As reported in the literature,
the existence of unreduced cobalt species (e.g., titanates or
CoQy) is known to catalyze the WGS reaction, thus increasing
the effective H/CO ratio at the surface of the cataly$t3®
Hence, a first explanation for the higher ¢id the increase of
the WGS activity leading to higher hydrogenation rates and,
consequently, to a higher GHdelectivity. The presence of these
unreduced phases has been suggested by the XANES analysis.
Nevertheless, since the FT experiments were carried out at
pressures of 1 bar and low CO conversion8%), the WGS
activity may be negligible. Therefore, another possible explana-

decrease may be the formation of smaller unreduced cobalttion is that the small cobalt particles provide active sites for
particles and/or titanate compounds, as previously suggested irthe formation of CH and not for the polymerization reaction.
the literature’”38 On the other hand, no significant differences The existence of very small cobalt particles has been demon-
in product selectivity due to the presence of manganese arestrated by TEM and EXAFS.
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Figure 15. Schematic representation of the composition-e€bMn and FMnCo (a), HCoMn (b) and Hcop CoMn (c) catalysts before and
after the reduction treatments.

Overview of the Molecular Structures and Their reduction at 350C than at 300C, suggesting that Tighas in
Relationship with Fischer—Tropsch Activity this case a negative influence on the activity. Even though
In situ XAFS results at the Co and Mn K-edges in combina- EXAFS showed a 100% bulk reduction at 33D, the surface

tion with TEM analysis have provided valuable information on ©f the particles may be covered by TiGpecies, causing the
the physicochemical properties of the active sites in the catalystsblockage of some active sites and, therefore, a decrease in
after activation treatments. The preparation method and reduc-activity.
tion temperature strongly influenced the chemistry of the cobalt ~ Finally, the use of manganese in the IWI catalysts did not
particles and their FT catalytic behavior. We now present an significantly benefit the FT catalytic performances. As revealed
overview of the structural results obtained for the two different by XAFS, the manganese exists mainly in the form of a
groups of Co/TiQ and Co/Mn/TiQ catalysts including a more ~ Ti2MnOg-type phase highly dispersed over the Ti€urface.
thorough discussion on structurperformance relationships. An ~ Therefore, this phase is not expected to play a significant role
overview of the different cobalt and manganese phases presentn the FT reaction and can be regarded as a spectator species.
in both groups of Co/Mn/TiI@FT catalysts before and after A small fraction of the manganese was also located at the cobalt
reduction is illustrated in Figure 15. surface in the form of Mp,CoO. Taking into account that

1. Catalysts Prepared by the Incipient Wetness Prepara-  these catalysts contain very small cobalt particles, the results
tion. A first group of Co/Mn/TiQ catalysts was prepared by suggest that manganese does not effectively promote cobalt
the IWI method. These materials after calcination were com- particles in the range-25 nm. On the contrary, a decrease in
posed of CgO, clusters of around 2635 nm and a Mn@phase the activity was occasionally obtained most likely due to the
dispersed over Ti@without a marked interaction with GO4. blocking of some active sites by the manganese oxide species.
The cobalt phase was fully reduced to°@b350°C in all cases, 2. Catalysts Prepared by Homogeneous Deposition Precipi-
ruling out a significant manganese influence on the cobalt tation. A second group of Co/Mn/Tigxatalysts was synthesized
reducibility. Remarkably, reduction led to the formation of small by the HDP method and by a combination of the IWI and HDP
cobalt particles in the range-® nm. These particles are orders methods. After calcination, the catalysts were composed of
of magnitude smaller than the initial €0, clusters, indicating C0304 clusters of around 1915 nm and a Mn@phase in inti-
the occurrence of a redispersion of the cobalt phase presumablymate contact with the GO, phase. The cobalt/manganese asso-
due to the rupture of the GO, clusters into smaller aggregates. ~ciation resulted in the formation of @gMn,Ox-type solid solu-
In this respect, the Ti@support seems to play a crucial role in  tions, strongly affecting the reduction behavior of these catalysts.
stabilizing small metal particles. Thus, a driving force leading Due to the presence of manganese, reduction frogDgtm
to the formation of small Coparticles may be the occurrence Cd” was somewhat hampered, with this effect being more severe
of Co—TiO, interactions during the reduction process o£Qp in the case of high manganese loadings mixed with the cobalt
to Cd. On the other hand, the presence of manganese did notphase. On the other hand, the HDP catalysts were found to not
influence the cobalt dispersion to a great extent. be completely reducible, resulting in lower cobalt reduction

As a result of the high cobalt dispersion achieved in these extents than the IWI catalysts. The remaining unreduced cobalt
catalysts, a drawback is encountered, since the smélpaxi- is thus thought to exist in a dispersed form in intimate contact
cles are not very stable in the FT and consequently display awith the TiO; surface (e.g., as titanate or Cp§pecies).
lower activity than larger particles. According to the literature, The Co particle sizes obtained after reduction were largely
Cd° particles in the range-6200 nm exhibit a similar intrinsic influenced by the presence of manganese. While reduction of a
activity for the CO hydrogenation, whereas particles below 6 Co/TiO;, catalyst resulted in the formation of very small®o
nm display a lower activity?4! Although the reason for this  particles (~2—4 nm), reduction of Co/Mn/Ti@catalysts also
phenomenon has not been completely elucidated, different ex-led to the formation of larger agglomerates3-15 nm). Hence,
planations have been proposed, such as a reoxidation of smallmanganese appears to act as a glue, keeping the cobalt particles
Cd particles by the KO steam or a surface carbide formation. in a less segregated state as a result of the decrease in the cobalt
Another plausible cause is the occurrence of SMSI effects, occa-reducibility. Therefore, it is considered that manganese when
sionally reported for Ti@supported catalysts. The occurrence mixed with the cobalt particles may play a role in protecting
of SMSI may result in a blockage of small €particles by the cobalt phase against an excessive spreading over [FiO
migration of TiQ, overlayers onto the cobalt surface, leading this respect, an initial CoMn interaction seems to be required
to a decrease in activify..? in order to obtain this effect.

Our results reveal that the IWI catalysts contain cobalt The size of the cobalt particles was found to strongly
particles smaller than 6 nm and their FT activity is lower after influence the FT performances of these catalysts. Remarkably,
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