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ABSTRACT: Complete reduction of the metal phase in cobalt-
containing catalysts is often difficult to reach and can be promoted by a
small amount of noble metals. Because these costly promoters are
introduced in a very low quantity, their speciation and their chemical
interaction with cobalt have seldom been studied in detail. We present
here a time-resolved in situ X-ray absorption spectroscopy investigation
of the speciation of ruthenium, used as a reduction promoter of cobalt,
throughout the preparation of Co/SiO, catalysts. In the cobalt(1l)
nitrate impregnation solution, ruthenium is detected as hydrated
Ru(OH), short-chain oligomers that are deposited on silica upon ‘ ‘ ‘
drying. Co;0, forms during calcination in air and catalyzes the Energy (eV)

elimination in the gas phase of 60% of Ru. The addition of a polyol,

sorbitol, in the impregnation solution stabilizes the whole of Ru on the catalyst. Upon calcination, Ru(IV) ions are inserted inside
Co;0, nanoparticles. Reduction of the oxidic phase takes place in two distinct steps, at approximately the same temperatures
regardless of the ruthenium content: first to Ru(IIl)-containing CoO nanoparticles (Ru ions modifying the intrinsic electronic
properties of the oxidic nanoparticles); then to bimetallic Co nanoparticles containing Ru(0) atoms, via an autocatalytic process.
Ru loadings as low as 0.2 wt % are sufficient to afford complete reduction of cobalt. Close association between Ru and Co from
the beginning of the synthesis is thus necessary for a maximum promoting effect.

XANES, Ru K edge

Ru(IV)/Cos0, Ru(lll)/CoO  Co-Ru
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Bl INTRODUCTION realistic conditions, selective and highly sensitive in situ
characterization techniques must be implemented.

A key catalytic reaction which can benefit from the use of
noble metals as reduction promoters is the Fischer—Tropsch
synthesis (FTS). This process allows transforming syngas, a
mixture of CO and H, produced from natural gas, coal, or
biomass, into clean hydrocarbons that are convenient
substitutes for diesel fuels produced by oil refining.>~"*
Industrial FTS applications have been based on iron or cobalt,
the latter being more active, more selective in medium-chain
alkanes, and less prone to deactivation. Cobalt nanoparticles are
supported on oxides such as silica, alumina, or titania, but
because of the chemical interactions between cobalt oxide and
support, complete cobalt reduction into catalytically active
metal nanoparticles can be difficult.

For this reason, small amounts of Pt, Re, Ir, or Ru are added
to the catalyst formulation to increase the fraction of reduced

Bimetallic nanoparticles exhibit specific properties in catalysis
that often derive from the synergy between the two metals.
Much work has been focused on nanoparticles based on a
combination of noble metals because of their chemical stability
and their easy reduction to the metallic state. Combinations of
two base metals, or of one base metal with one noble metal,
also lead to systems with enhanced catalytic activities or
selectivities, and to a benefit in terms of cost. The noble metal
can play specific roles toward the base metal, such as promoting
its reduction.'™* Because the type of association between the
two metals (alloy, core—shell structure, segregation) influences
the properties and reactivity of the nanoparticles, it is important
to follow the fate of the promoter throughout the synthesis, in
order to optimize its mode of introduction and, when possible,
to optimize its loading. This is a challenging task because noble
metals may be used in very small quantities and thus will not
respond to X-ray diffraction or other conventional structural
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cobalt and, as a consequence, the catalytic activity.">'*~"*° But

where the promoter is located in the catalyst is not always clear.
In the case of Ru, former research has led to contradicting
conclusions. Ru is sometimes assumed to be located
inside"*°*™>* or at the surface of* ** bimetallic Co—Ru
nanoparticles, although other studies postulate the existence
of individual monometallic Ru nanoparticles segregated on the
support,”*"**7%7 raising the question of their role not only in
cobalt reduction but also in catalysis. Another specificity of Ru
is its volatility in oxidative conditions, which may result in a loss
of the reduction promoter before it has fulfilled its
function.””*® Understanding the chemistry of Ru during the
synthesis of the catalysts is thus crucial if one wants to optimize
their preparation and the catalyst properties.

X-ray absorption spectroscopy, whether under in situ
conditions or not, has been agg)lied to the characterization of
supported FTS catalysts."*'>**73% Jacobs, Davis et al. have
successfully developed in situ Quick X-ray absorption spec-
troscopy (Quick-XAS) at the Co K edge as a way to assess the
aptitude of metal promoters to favor the reduction of cobalt
oxide to metallic nanoparticles.">'®*” A report on the stepwise
reduction of promoters Pt and Ag has also been published
recently.'” In the present paper, we will show that Quick-XAS
applied to Co—Ru/SiO, catalysts at the Ru K edge under in situ
conditions provides invaluable information on the fate of the
ruthenium promoter from the impregnated to the final, reduced
system. To the best of our knowledge, this is the first time that
the speciation of the promoter is followed throughout the
preparation of supported nanoparticles, both in controlled
atmosphere and in time-resolved conditions. We will aim at
explaining the chemical process of Ru volatilization, the
enhanced reducibility of Co—Ru/SiO, compared to Co/SiO,
systems, and the way chemical interactions are established
between Ru and Co. Lastly, by usin§ sorbitol as an organic
additive in the impregnation solution,”" we will also show that
it is possible to stabilize ruthenium while improving the
dispersion and spatial distribution of metallic nanoparticles over
the silica support.

B EXPERIMENTAL SECTION

Catalyst Preparation. Commercial silica (CARIACT Q-10,
75—150 pum, Sger = 300 m*/g, total pore volume = 1.33 cm?/g,
pore diameter = 7.3 nm) was used as support. Co—Ru/SiO,
catalysts were prepared by incipient wetness impregnation of
silica with an aqueous solution containing both cobalt(II)
nitrate hexahydrate and ruthenium(III) nitrosyl nitrate, without
or with addition of sorbitol HOCH,(CHOH),CH,OH. All
chemicals were supplied by Aldrich. Co and Ru contents were
fixed at 10 and 0.5 wt % respectively, corresponding to a Ru/
Co atomic ratio of 1/40. Catalysts are labeled as “CoRu/SiO,”
and “CoRu-sorb/SiO,” depending on the presence of sorbitol
in the impregnation solution. When applicable, the sorbitol/Co
molar ratio is 1/10. Impregnated samples were dried in air at
room temperature overnight and activated in an O,/He flow
(20% of O, in He, 38 cm® min™") up to 400 °C with a heating
ramp of 2 °C min™' from room temperature to 250 °C, and S
°C min~" from 250 °C to 400 °C. After purging and cooling to
room temperature under He, catalysts were reduced in a diluted
H, flow (5% H, in He, 32 cm® min™") up to 500 °C with a
heating ramp of 7 °C min~'. Ru/SiO, and Ru-sorb/SiO,
samples, prepared without cobalt and exhibiting RuO, and
Ru(0) nanoparticles after oxidative activation and reduction,
respectively, were also synthesized as references. In all thermal

1274

treatments, He was used as a dilutant instead of N, or Ar, in
order to minimize absorption of the X-rays by the gas
atmosphere.

Characterization. Ru K edge and Co K edge Quick X-ray
absorption spectra (XANES and EXAFS) were obtained in situ
in the transmission mode, during oxidative activation and
reduction of the catalysts, on SAMBA beamline at synchrotron
SOLEIL (Gif-sur-Yvette, France). The beamline is equipped
with two Quick-XAS monochromators. The Si (311) channel-
cut crystal was used for the Ru K edge measurements, whereas
the Si(111) channel-cut crystal was used at the Co K edge.39
The oscillation frequency was 1 Hz, taking 500 ms to obtain
one spectrum. A mass of 0.150 or 0.035 g of catalyst was
sampled for recording at the Ru and at the Co edges,
respectively. The catalyst was loaded as a powder into the XAS
reactive cell designed at SOLEIL,***! where it was maintained
between two metallic frits and exposed to a flow of gas while
heated, using the experimental parameters listed in the former
section. The volume between the frits was partly filled in with
small pieces of graphite sheets for experiments at the Co K
edge involving less catalyst powder. The energy was calibrated
to the first inflection point of a cobalt metal foil, or of a
thodium foil in the case of Ru. At the Ru K edge, EXAFS
signals were averaged over 400 spectra, in order to optimize the
signal-to-noise ratio (the edge jump being less than 0.1).

XAS analysis was performed using the Athena software.*”
After pre-edge and atomic background removal, XANES
spectra were normalized in the middle of the first EXAFS
oscillation. Multivariate-Curve Resolution by Alternative-Least
Squares (MCR-ALS) methodology, first proposed by Tauler in
1995, was used for the quantification of chemical phases
during reduction. The MCR-ALS method applied to X-ray
absorption spectroscopy was detailed in recent papers.**”*
The principle of the procedure is presented as Supporting
Information (SI, pp. S1—S2). The als2004 graphical interface
developed by the Tauler’s group® is freely available as a Matlab
toolbox. The sets of spectra recorded at the Co and Ru edges
could be explained using three components.

(k) EXAFS spectra were Fourier-transformed (without
phase correction) using a k’-weighting and a Kaiser-Bessel
window (in the k range of 4.4—13.5 A™" at the Ru K edge, and
3.0—11.5 A™" at the Co K edge, with dk = 1 in both cases). The
procedures for the analysis of spectra at the Co K edge have
been presented elsewhere.”® At the Ru K edge, the ATOMS
and FeFF6 packages were employed to generate ab initio phase
and amplitude functions for the Ru—O, Ru—Ru, and Ru—Co
atom pairs, using the Artemis interface.*® RuO, and reduced
Ru-sorb/SiO, sample (Ru(0) nanoparticles) were used for
testing the transferability of these pair functions for the
treatment of the catalyts. Structural parameters R (average
interatomic distance from the emitting atom), N (coordination
number), and ¢ (Debye—Waller factor) were determined by
multiple k-weight least-squares fitting procedures, to better
distribute the sensitivity of the evaluation of the goodness-of fit
parameter y* over the entire k range. The corresponding overall
r-factor reported for each sample derives from the nonlinear
least-squares minimization of y* for all k-weights (k', kK, k*); it
differs from the r-factors per data set also reported for each k-
weight in the output file. * and r-factor metrics are defined by
the IXS standards and criteria committee (http://ixs.iit.edu/
subcommittee_reports/sc/err-rep.pdf). For the sake of clarity
in results presentation, peak positions on Fourier transforms
will be referred to by the values read on axis x of the figures,
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Figure 1. (a) Ru K EXAFS k*-weighted Fourier transform moduli of the ruthenium precursor solution and dried samples CoRu/SiO, and CoRu-
sorb/SiO,; (b) Results of k* (k) EXAFS fitting in R-space of dried CoRu-sorb/SiO, (black: experimental; red: fit).

which differ by a few tenths of angstroms from the real
interatomic distance R, obtained from EXAFS fitting and listed
in the tables.

Diffuse reflectance infrared Fourier transform (DRIFT)
spectra were recorded with a resolution of 4 cm™" (128 scans
averaging) on a Bruker IFS66 V spectrometer equipped with an
MCT (mercury cadmium telluride) detector and a high-
temperature environmental chamber (Spectratech), during an
oxidative treatment similar to the activation performed on the
catalysts.

X-ray diffraction (XRD) patterns were recorded at room
temperature on a Siemens D5000 diffractometer using Cu Ko
radiation (A4 = 0.15418 nm). Scans were recorded in the 260
range between 20 and 70° using a step of 0.02° and a step time
of 5 s. The average size of Co;0, particles was evaluated
according to the Scherrer equation using the (311) peak
located at 26 = 36.9°.

H,-temperature-programmed reduction (TPR) profiles were
obtained by flowing a 5% H,/Ar gas mixture through the
catalysts while increasing the temperature at a linear rate, using
a Micromeritics Autochem system. The sample loading in the
quartz reactor was 0.1 mg. The gas flow velocity was 30 cm®
min~! with a temperature ramping rate of 7 °C min~?, similar
to the operating conditions of the reduction step in XAS
measurements.

Bright-field and high angle annular dark field (HAADF)
images were collected on a high-resolution transmission
electron microscope (HRTEM) Jeol JEM-2010 at an
accelerating voltage of 200 keV. Nanoparticle size was evaluated
after sampling of more than 500 nanoparticles.

The number of surface metal sites in the catalysts was
evaluated by propene chemisorption in a pulse reactor.*’ After
reduction in pure hydrogen at 400 °C for 5 h, the catalyst
sample (0.2 g) was cooled to SO °C and purged with He for
several hours. Pulses of propene (0.25 mL) were introduced
into a flow of He. The number of metal surface sites was
estimated from the amount of chemisorbed propene. It should
be noted that because no assumption was made about the
stoichiometry of propene chemisorption, this method provides
only relative information about the concentration of cobalt
metal sites in a series of similar catalysts.

Catalytic Measurements. Activity measurements were
carried out in a fixed-bed stainless-steel tubular reactor (d,,, = 8
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mm) operating at atmospheric pressure with a H,/CO molar
ratio of 2. The catalyst loading was typically 0.5 g. Before
reaction, the samples were reduced in situ in hydrogen flow at
400 °C for 5 h. CO contained 5% nitrogen, which was used as
an internal standard. Analysis of H,, CO, CO,, and CH, was
performed with a 13X molecular-sieve column, whereas
hydrocarbons (C,—C,,) were separated in 10% CP-SilS on a
Chromosorb WHP packed column. The selectivity of hydro-
carbons was calculated on carbon basis. The two catalysts
described in the present paper are compared to catalysts
prepared without Ru and described in ref 31.

B RESULTS AND DISCUSSION

Speciation of Ru upon Impregnation and Drying.
Figure la shows the three Fourier transforms (FT) calculated
from EXAFS signals (without phase correction) recorded at the
Ru K edge on the impregnation solution and on dried CoRu/
SiO, and CoRu-sorb/SiO,.

An intense peak assigned to second-nearest neighbors is
clearly visible at 2.77 A, which indicates that the speciation of
ruthenium has evolved in solution from its monomeric Ru(III)
nitrosyl form. Fitting in the R-space for CoRu-sorb/SiO,
(Figure 1b) suggests that Ru atoms are the main contributors
to this peak (results of the fits and discussion, fit in the R-space
for CoRu/Si0,, fits in the k-space, experimental EXAFS signals:
SI, pp S3—SS, Figure S1). Different condensed Ru species
originating from the oxidation and hydrolysis of ruthenium ions
in nitrate-containing aqueous solutions have been hypothesized
in the literature®*~>* and were tested for modeling. The Ru—Ru
distance is consistent with that found in Ru(IV)(OH),
oligomers (also called hydrated or hydrous “RuQO,-xH,0”),
described as existing inside zeolite cages.’’ The moderate
quality of the fit between 2 and 2.5 A on the FT prevents us
though from drawing more precise conclusions on the degree
of oligomerization of Ru(IV), or on condensation with cobalt
ions at this early stage.

Transformations and Speciation of Ru during
Oxidative Activation. In our previous reports on XAS at
the Co K edge, we have shown that upon oxidative activation,
hydrated cobalt(I) nitrate first dehydrates into anhydrous
Co(NO;),, then decomposes into Co;0, nanoparticles, in line
with XRD and with the literature.***!
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In the first stage of oxidative activation, XANES spectra
recorded at the Ru K edge do not change significantly
compared to the dried catalysts. However, above 130 °C, the
intensity of the edge jump starts decreasing for CoRu/SiO,,
revealing the elimination of Ru as a volatile species. In contrast,
no change of edge jump intensity is observed for CoRu-sorb/
SiO, (experimental XANES spectra are presented in the SI, p
S6, Figure S2). It must be noted that when Ru/SiO, and Ru-
sorb/SiO, are thermally treated in oxidative atmosphere (i.e., in
the absence of cobalt), the Ru content is not modified. The
presence of sorbitol on Ru-sorb/SiO, only shifts the formation
of RuO, to 240—270 °C, instead of 220—250 °C on Ru/SiO,.

The evolution of the Ru weight content, calculated from the
intensity of the Ru K edge jump, is reported in Figure 2 (white
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Figure 2. Left axis: evolution of the Ru weight content in CoRu/SiO,
(white circles) and CoRu-sorb/SiO, (black circles) during oxidative
activation, from in situ XANES measurements at Ru K edge. Right
axis: evolution of the formation of Co;0, in CoRu/SiO, (white
squares), from in situ XANES measurements at Co K edge.

and black circles). On the same figure is recalled a quantitative
analysis of cobalt nitrate conversion into Co;0,, extracted from

XANES data at the Co K edge for CoRu/SiO, (white squares)
and published formerly.*

These results suggest a correlation between the elimination
of Ru in the gas phase and the decomposition of cobalt nitrate
into Co;0,, in the temperature range 130—190 °C. According
to thermodynamics, the transformation of RuO, or mono-
metallic Ru into volatile RuO, in an oxidative atmosphere is not
favored below 800 °C.°>” However, it is known from
electrochemistry studies that unlike bulk RuO,, hydrated
“Ru0O,-«H,0”, which is one of the compounds proposed to
be present after drying and which has been reported to be
stable above 100 °C, can readily be oxidized into RuO, when
contacted with oxidizing catalysts, such as Ag(Il) or Ce-
(Iv).38%° Gaseous RuQ, itself exhibits a half-life of 5 h at 90
°C%" and could be metastable in these operating conditions.

Starting with hydrated molecular forms of Ru(IV), the
elimination of ruthenium as RuO, could thus be rationalized,
with two assumptions: Ru and Co are close enough after the
drying step; Co(III) ions from freshly formed Co;0, catalyze
the reaction between Ru(IV) and oxygen, present in the gas
atmosphere or released upon cobalt nitrate decomposition. The
elimination of Ru would stop at 190 °C either because
ruthenium has become entrapped inside oxidic nanoparticles
and is not accessible any more at the solid—gas interface, or
because water coordinated to Ru has been eliminated and
dehydrated phases cannot be oxidized into RuO,.>® The
elimination of Ru would not occur on CoRu-sorb/SiO,
because, in the presence of sorbitol, the cobalt precursor
decomposes into Co;0, only above 210 °C;*' that is, at a
temperature for which the transformation of hydrated “RuO,:
xH,0” into RuOy, is not favored any more. The loss of Ru in
the gas phase would thus be linked to the initial speciation of
Ru in solution.

Given the low quantity of sorbitol on the catalyst, it was not
possible to determine precisely under which form sorbitol was
present during the middle part of oxidative activation. A weak
absorption band, absent from spectra recorded for CoRu/SiO,,
was detected by DRIFT at 1660 cm™', in the region of
carbonyls, between 140 and 240 °C. The organic species
stabilizing metal ions (cobalt, possibly ruthenium given the 20
°C shift in temperature observed for the formation of RuO, on
Ru-sorb/SiO, compared with Ru/SiO,) might thus be oxidized
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Figure 3. (a) Ru K EXAFS k*-weighted Fourier transform moduli of samples Ru-sorb/SiO, (RuO,) and CoRu-sorb/SiO, after oxidative activation;
(b) Results of k* y(k) EXAFS fitting in R-space of CoRu-sorb/SiO, after oxidative activation (black: experimental; red: fit).
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derivatives with coordinating properties, as has been assumed
formerly (gluconic acid, or saccharic acid when sucrose is the
additive®*").

After completion of the oxidative treatment, EXAFS signals
recorded at the Ru K edge are identical on both catalysts. The
Fourier transform obtained for calcined CoRu-sorb/SiO, is
shown in Figure 3, along with that of RuO, nanoparticles
formed during oxidizing activation of Ru-sorb/SiO,. The rutile
structure of RuQ, is characterized by two peaks of next-nearest
neighbors above 2.5 A on the FT (Ru—Ru distances: R = 3.107
and 3.535 A%?), the second one being the more intense. In
contrast, a major peak, more intense than the peak of first
neighbors, is observed at a shorter distance for CoRu-sorb/
SiO,. We have tested the hypothesis of the insertion of Ru(IV)
ions into another crystalline oxidic phase, Co;O, This
hypothesis was first advanced by Iglesia et al.' and was based
on the fact that calcination in oxidizing conditions promotes
the interaction between the two metals; however, it has seldom
been taken up in the literature >>*>%>

The size of Ru(IV) ions (0.62 A)* s compatible with that of
Co(1II) ions (0.61 A),** whereas Ru(III) ions are slightly larger
(0.68 A).%* Indeed, substituting a Ru(IV) ion to a Co(1II) ion
in an octahedral cationic site results in a satisfactory fit of the
EXAFS data, in particular with a good coincidence between the
modeled and experimental imaginary parts for the three peaks
(Figure 3b, Table 1; SI, pp. S7—8, Figure S3). Results of the fit
are in agreement with the coordination numbers deduced from
the spinel structure (6 O atoms and two different shells of 6 Co

+

Table 1. Fitted Parameters at the Ru K Edge (E, = 22118
3 eV, S)> =0.92) and Co K edge (E, = 7717.0 + 0.5 eV, S,
0.73)

backscatterer N @ (A% x 10° R (A)
Ru K edge
calcined CoRu-sorb/SiO,
O 62 + 04 53 +0.7 2.02 £ 0.01
Co 59 + 0.5 7.3 + 0.6 2.95 + 0.01
Co 59 + 14 132 +£ 22 3.46 + 0.03
r-factor = 0.0022899, y* = 109, Nypg = 12, Ny, = 9
reduced CoRu-sorb/SiO,: intermediate species (MCR-ALS)
(0] 6.4 + 0.7 S3+12 2.09 £+ 0.01
Co 113 + 1.6 13.6 + 1.5 3.09 + 0.01
r-factor = 0.025466049, y* = 132, Nyy = 11, N, = 6
reduced CoRu-sorb/SiO,: final state
Co 82+ 13 62 + 1.6 2.55 £ 0.01
Ru 2.6 + 1.0 6.2 + 1.6 2.60 + 0.02
r-factor = 0.00106971, y* = 60, Ny = 7, Ny = §
Co K edge
Co foil
Co 12.0 63 + 03 249 + 0.01
r-factor = 0.000165738, y* = 150, Nyyq = 7, Ny, = 4
reduced CoRu/SiO,
Co 10.0 + 0.6 15.6 + 0.8 247 £ 0.01
r-factor = 0.000443332 y* = 144, Ny = 7, N, = 4
reduced CoRu-sorb/SiO,
(0] 1.8 £ 0.6 6.9 + 4.3 1.96 + 0.01
Co 54+ 0.7 91+ 11 248 + 0.01

r-factor = 0.000488010, y* = 39, Nyy = 7, N, = 6

r-factor: overall fit quality factor, y*: chi-square goodness-of-fit test,
Nj,¢¢ maximum number of independent points in the data, N,:
number of variables in the fit.
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atoms). Next-nearest neighbors are found at 2.95 and 3.46 A
(octahedral and tetrahedral cobalt, respectively), compared
with 2.87 and 3.35 A in the pure Co,0, spinel structure.”> The
substitution of Ru(IV) in a tetrahedral site occupied by Co(II)
is much less convincing, with the major peak of next-nearest
neighbors clearly shifted to larger distances (SL, p S7, Figure
S3). The validity of this interpretation has been confirmed by
an investigation at the Ru L, edge of Ru-sorb/SiO, and CoRu-
sorb/SiO, on beamline LUCIA at synchrotron SOLEIL, and
comparison with the literature®~"> (SI, pp $9—10, Figure S4).
The addition of Ru neighbors, as they would appear in
individual particles or clusters of RuO,, was tested but rather
decreased the quality of the fit.

In conclusion, on coimpregnated catalysts, the oxidative
decomposition of the Co and Ru precursors leads to Ru(IV)-
doped Co;0, nanoparticles, whose structure cannot be
distinguished by XRD or XAS at the Co K edge from that of
pure Co;0,, due to the broadening of the diffraction peaks and
to the low content in ruthenium (1 Ru atom for 40 Co). At low
temperatures, cobalt(III) ions formed upon decomposition of
cobalt(II) nitrate are supposed to catalyze the oxidation of
hydrated Ru(OH), into volatile RuO,, resulting in a loss of Ru.
Sorbitol, or one of its oxidized derivatives, may act as a
coordinating agent and stabilize metal cations out of the
temperature domain where RuO, forms.

Speciation of Ru during and after Reduction. Before
reduction, Ru(IV)-doped Co;0, nanoparticles exhibit a size
evaluated by XRD as 11.2 and 7.0 nm for CoRu/SiO, and
CoRu-sorb/SiO, respectively. These values are similar to those
measured for their counterparts prepared without Ru*® and
confirm that sorbitol contributes to decreasing the average
nanoparticle size.

Figure 4 shows the temperature-reduction profiles (TPR) of
the two catalysts. In line with the literature"***”*"7>7* and

195 394

2

CoRu/SiO2

369
190

ption (umol H_/(°C.g cat))

H2 consum

S CoRu-sorb/SiO,

400
T(°C)

600 800

Figure 4. Temperature-programmed reduction profiles of CoRu/SiO,
and CoRu-sorb/SiO,,.

regardless of the average particle size, reduction takes place in
two distinct steps, with maxima around 190 °C and above 360
°C. A quantitative analysis by a MCR-ALS procedure of
XANES-TPR data recorded at the Co K edge up to 500 °C
provides evidence of the characteristic contributions of cobalt
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Figure 5. Reduction of ruthenium monitored on CoRu-sorb/SiO, by in situ Ru K XANES-TPR measurements: (a) between 29 and 200 °C (from
black to purple); (b) between 200 and 500 °C (from gray to dark pink); c) speciation of the Ru phases as a function of temperature during reduction

determined by MCR-ALS analysis.

oxides*"”>7® and confirms the stepwise reduction of Co;0, first

to CoO, then to a reduced form of cobalt (SI, pp S11—14,
Figures S5—S10). In the 20—500 °C range, TPR and XANES-
TPR results are consistent, though some temperature shifts of
the reduction peaks were evidenced when comparing the two
techniques (SI, p. S13, Figure S8). They were attributed to
differences in the geometry of the two reactors, in terms of
diameter, height, and packing of the catalyst bed.

According to TPR (Figure 4), reduction is quasi-complete at
500 °C, and the small reduction peak at 700 °C (cobalt silicate)
observed for CoRu/SiO, is minor compared with the intense
high-temperature peaks observed in the absence of Ru (S, p
S13, Figure S7). Though Ru loading is 60% lower on CoRu/
SiO, before reduction starts, there is no major negative
consequence on cobalt reducibility.

The evolution of Ru speciation during reduction was
investigated on CoRu-sorb/SiO,. This sample was selected
for the sake of sensitivity, because it contained more Ru than
CoRu/SiO, after oxidative activation. XAS results obtained
after oxidative activation and TPR profiles being similar, we will
suppose that the evolution of Ru speciation follows the same
route for the two catalysts.

The set of Ru K edge XANES spectra recorded as a function
of temperature is presented in Figure $ and can be divided into
two series. Between 90 and 200 °C, the edge and first EXAFS
oscillation shift to lower energies, denoting a decrease in Ru
oxidation state and changes in its chemical environment. The
XANES spectrum does not change much around 200 °C.
Above 200 °C, the edge shifts again toward lower energies, and
the white line progressively becomes extinct, leading to a
spectrum similar to that of Ru(0).

Unlike the more complex processes taking place during
oxidative activation of the catalyst, XANES-TPR data at the Ru
K edge could be successfully interpreted on the basis of three
components only, extracted by MCR-ALS analysis: the initial
XAS spectrum of the oxidized catalyst (Ru(IV)-doped Co;0,),
the one of the final, reduced catalyst, and a third one revealing
the existence of an intermediate species (SI, p S15, Figure S11).
EXAFS fitting of this MCR-ALS component leads to tendencies
consistent with the chemistry of the system, with an
intermediate phase consisting of Ru ions located inside the
NaCl structure of CoO. The best fit suggests a first shell of 6.4
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+ 0.7 O neighbors and a second shell of 11.3 + 1.6 Co next-
nearest neighbors (to be compared with the theoretical values,
6 and 12 respectively) and a good coincidence for the
imaginary parts (Table 1; SI, p S1S, Figure S11). An estimation
of the concentration profiles for the three components is
presented as a function of temperature in Figure Sc. Initially,
the reduction of Ru parallels that of cobalt, from Ru(IV) inside
Co;0, nanoparticles to, presumably, Ru(Ill) inside CoO
nanoparticles (Ru(Il)-containing oxidic phases being extremely
rare’’). Metallic Ru is first detected around 150 °C, before
Ru(II)/CoO has been completely formed. It can be noted that
150 °C is also the temperature at which RuO, nanoparticles are
observed to reduce to Ru(0) on Ru-sorb/SiO,. The full
reduction of Ru to the metallic state takes place progressively,
from 150 to 500 °C.

The enhancement by Ru of Co;0, reducibility to CoO has
sometimes been reported"*' and is also observed here
(compare Figure 4 and Figure S7). Our results tend to
contradict a hypothesis proposed in the literature, according to
which Ru metallic nanoparticles, formed at the very beginning
of the reduction process, activate hydrogen and trigger the
reduction of Co;0, to Co0.””’

An alternative explanation based on the intrinsic properties
of the doped Co;0, nanoparticles may be found in the
electrochemistry literature. Co;0, is a semiconducting oxide,
whose electric conductivity has been shown to increase both
upon a temperature rise and upon doping with Ru(IV)
ions.*>®" Moreover, the upper layers of Ru-doped oxidic
nanoparticles are reported to be slightly enriched in
Ru.5"*8283 Both phenomena could concur in increasing the
reducibility of the oxide into Ru(Ill)/CoO, by facilitating the
electron transfer from adsorbed hydrogen to the conduction
band of the nanoparticles. We will comment below on the
influence of Ru on the second reduction step, from CoO to
metallic Co.

After completion of reduction, XAS spectra were recorded at
room temperature, still under H, atmosphere, first at the Co K
edge. It is recalled here that given the very low Ru/Co atomic
ratio (1/40), Ru is unlikely to be detected by XAS in the
vicinity of Co atoms. On CoRu/SiO,, cobalt is present as metal,
with Co—Co distances identical to those measured in the Co
foil (Table 1; SI, pp S16—17, Figures S12—S13). The number
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of nearest Co neighbors is lower than 12 though, in line with
the presence of nanoparticles in which the number of surface,
under-coordinated atoms is not negligible. The EXAFS signal
and FT of CoRu-sorb/SiO, require two contributions for a
better fit: one from Co atoms in metallic cobalt, with a low
coordination number, and one from O atoms. With respect to
the fact that reduction of Co proceeds no further after an
isothermal plateau at S00 °C (XANES), that it appears to be
complete on the TPR profiles, and that the Co—O distance
(1.96 A) would be short for cobalt oxidic or silicate species, we
will suppose that these O atoms are associated with a fraction of
very small Co nanoparticles in interaction with the oxygen
atoms of the silica surface. The existence of such small
nanoparticles (<2 nm) has been postulated on Co/y-Al,O4
catalysts when Pt was the promoter.”” It can be noted that the
Debye—Waller factor for the Co shell on CoRu/SiO, and
uncertainty on ¢ for the O shell on CoRu-sorb/SiO, are quite
large, implying a disorder or a variety in the supported cobalt
species.

The state of ruthenium in reduced CoRu-sorb/SiO, can be
deduced from the EXAFS data at the Ru K edge (Figure 6; fit in
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Figure 6. Ru K EXAFS k-weighted Fourier transform moduli (shifted
vertically) and EXAFS fittings for the first shell of neighbors of the
following: reduced Ru-sorb/SiO, and reduced CoRu-sorb/SiO,
(black: experimental, red: fit).

k-space and experimental EXAFS signals: SI, pp S18—19,
Figure S14; evolution of FT along the preparation of CoRu-
sorb/SiO,: SI, p S20, Figure S15). A comparison with metallic
Ru (reduced Ru-sorb/SiO,) clearly shows that the peak of
nearest neighbors is located at a significantly shorter distance
on CoRu-sorb/SiO,. Fits obtained by surrounding Ru by Co
atoms only were not favored because of large shifts of the
energy parameter (3 eV below the error bar mentioned in the
title of Table 1). Actually the best fit for the first shell, obtained
by varying the total number of neighbors and the Ru/Co
fraction of atoms involved as first neighbors (6> being supposed
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identical for both elements) includes about 8 Co atoms and 2
Ru atoms, with a Ru—Co distance intermediate between the
Co—Co and the Ru—Ru distances."* Independent fits for Ru
and Co neighbors led to higher uncertainties on N and 7, but
did not challenge the values of N and R. It can be noted that
unlike Co K edge fitting, no oxygen neighbor was required to
improve the fit.

It can thus be concluded that in majority, ruthenium
introduced by coimpregnation forms truly bimetallic nano-
particles with cobalt, remaining embedded as individual atoms
or small clusters after a two-step reduction process (Figure 7).
This is in line with earlier interpretation by Iglesia et al.' and
with experimental results obtained with rhenium and platinum
as reduction promoters.'®'®'® A recent report has rather
concluded on the existence of bimetallic Co-containing Ru
nanoparticles, on the basis of XAS recorded at the Ru K edge.**
In that case, catalysts were prepared by sequential impregnation
on a formerly calcined Co catalyst, which may explain the
differences in terms of interactions between Co and Ru.

One can suppose that during the second step of reduction,
Ru(III) is progressively reduced to Ru(0) atoms at the surface
of CoO nanoparticles, enabling hydrogen activation for the
further reduction of Ru(III)/CoO to the metallic state, in an
autocatalytic process. A few teams have suggested that Ru could
ultimately be stabilized under the surface of reduced Co
nanoparticles, rather than at their surface,”®”> and this may be
supported by the absence of O neighbors around Ru and high
number of metallic neighbors in the final reduced state.
Moreover, as shown below, catalytic tests did not exhibit any
significant differences in selectivity between nonpromoted and
Ru-promoted Co catalysts, which suggests similar nature of
active sites in both systems; it should be stressed though that
sintering and reconstruction of the smaller cobalt nanoparticles
under reaction cannot be ruled out.

Nevertheless, the presence of very small Ru nanoparticles
formed above 150 °C and segregated over silica cannot be
completely excluded, as it is in accordance the following: with
the temperature of formation of Ru(0) from RuO,; with the
possible presence of Ru neighbors in the reduced state; and
with the short Ru—Ru distance (usually reported as 2.66—2.68
A'?). Indeed, it is often proposed that the ease of reduction of
cobalt in the presence of ruthenium can be due to hydrogen
spillover from individual Ru nanoparticles toward cobalt
species.20’23’24’73’79’85 However, the addition of Ru neighbors,
as they would appear in individual particles of RuO, or metallic
Ry, to the fits of oxidized CoRu-sorb/SiO, and of the Ru-
containing intermediate species isolated by MCR-ALS,
respectively, has resulted in a decrease of the fit quality and
in irrelevant values of N or R. If present on the support, small
Ru nanoparticles seem to represent a minor fraction of
ruthenium species.

The size and spatial distribution of the metallic nanoparticles
on both catalysts were determined by transmission electron
microscopy after their re-exposure to air (SI, p S21, Figure
$16). In the absence of sorbitol in the preparation, particles
appear as agglomerates in some zones of the silica support,
whereas the distribution is more uniform due to the dispersing
effect of sorbitol. On CoRu-sorb/SiO,, the size of the
nanoparticles is lower than 5 nm; this upper value is close to
that obtained with sucrose as an organic additive.® In contrast,
on CoRu/SiO,, 25% of the nanoparticles are larger than 5 nm
and measure up to 12 nm. The combination of Ru and sorbitol
in the catalyst preparation thus ensures a high degree of
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Figure 7. Speciation of Ru from the impregnation solution to the reduced state of catalyst CoRu-sorb/SiO, (atomic ratio Ru/Co = 1/40). Red:

ruthenium; black: cobalt; gray: oxygen.

Table 2. Catalytic Performance in CO Hydrogenation of Cobalt-Based Catalysts Prepared with or without Ru and Sorbitol

selectivities (%
CO conversion )

catalyst (%) CH, G, C, C, Cs,
Co/SiO, 4.7 87 46 46 62 759
Co-sorb/SiO, 3.8 9.8 4.5 5.4 7.1 73.2
CoRu/SiO, 8.8 9.1 3.0 39 4.9 79.1
CoRu-sorb/SiO, 14.5 9.9 2.8 4.6 5.5 77.2

Reaction conditions: m.,, = 0.5 g P =1 bar, T = 190 °C, GHSV =

cobalt-time yield

adsorption of propene
(mol CO mol Co ~!s7!) x 10*

(umol g "

2.0 22.3
1.6 18.7
3.7 32.8
6.1 6S.1

1800 mL g .,~' h™', H,/CO = 2.

reduction of cobalt, higher cobalt dispersion and the formation
of bimetallic Co—Ru nanoparticles without elimination of the
noble metal as volatile oxide.

Catalytic Properties. Catalytic activities and products
selectivities are listed in Table 2. The catalytic activity of each
catalyst is seen to be about proportional to the concentration of
cobalt surface sites evaluated by propene chemisorption. When
sorbitol is added in the preparation of the catalyst in the
absence of ruthenium (Co-sorb/SiO,), the catalytic activity is
lower than on reference Co/SiO, despite a smaller size of
cobalt nanoparticles, due to a lower fraction of reduced metal.
Methane selectivity slightly increases, also in line with the
smaller size of nanoparticles. When ruthenium is present in the
catalysts, a significant increase of the CO hydrogenation rate is
observed, because cobalt is now completely reduced. The
cobalt-time yield of CoRu/SiO, is almost twice larger than the
one of Co/SiO, catalyst. The effect of ruthenium promotion is
even more pronounced when sorbitol is used in conjunction
with Ru. The reaction rate of CoRu-sorb/SiO, is about three
times larger and four times larger compared with Co/SiO, and
Co-sorb/SiO,, respectively. The conversion measured for
CoRu-sorb/SiO, is higher than for CoRu/SiO, because of
these two fully reduced catalysts, the former contains the
smaller nanoparticles, more evenly distributed on the support
surface. Another consequence of the decrease of the nano-
particles’ size is the slight increase of methane selectivity for
CoRu-sorb/SiO,, which parallels the observations made on the
catalysts prepared without ruthenium.

B CONCLUSION

Time-resolved Quick X-ray absorption spectroscopy experi-
ments, performed under in situ conditions throughout the
preparation of coimpregnated Co—Ru/SiO, systems, give
access to the speciation and evolution of ruthenium, used at
a low loading as a reduction promoter of supported cobalt
nanoparticles.

In the impregnation solution and in dried catalysts,
ruthenium is detected as hydrated Ru(OH), short-chain
oligomers. Upon formation of Co;0, during calcination,
ruthenium(IV) ions follow two diverging paths: elimination
in the gas flow as RuOy, resulting from the catalytic oxidation of
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Ru(OH), by Co;0,; migration into the octahedral sites of the
oxidic nanoparticles. Organic molecules added in the
impregnation solution, such as sorbitol, act as stabilizers toward
metal cations, retard cobalt nitrate decomposition up to
temperatures at which RuO, does not form and favor the
insertion of ruthenium ions inside Co;0,. Sorbitol is also found
to enhance the dispersion and spatial distribution of metal
nanoparticles all over the support surface.

Reduction of the mixed cobalt—ruthenium oxidic phase takes
place in two steps, at approximately the same temperatures with
any ruthenium content inside Co;0,, first to Ru(II)-
containing CoO nanoparticles, then to bimetallic Co nano-
particles containing Ru(0) atoms. The enhancement of
reducibility associated with Ru for the first reduction step
may be assigned to changes in the semiconducting properties of
Ru-doped Co;0, nanoparticles. Though the presence of very
small individual Ru metallic nanoparticles in a minor amount
cannot be ruled out, XAS results tend to favor an autocatalytic
mechanism for the second reduction step, in which Ru(III) ions
at the surface of CoO nanoparticles are primarily reduced to
metallic Ru. Ru(0) then activates hydrogen for the complete
reduction of the two metals and formation of the bimetallic
nanoparticles.

Comparison with the literature suggests that ruthenium
speciation on catalysts is highly preparation-dependent. We
show that its effectiveness as a promoter may even stem from
the initial speciation of the metal in solution. Our study
underlines the importance of associating ruthenium and cobalt
for the maximum synergetic effect from the early stages of the
bimetallic nanoparticles preparation, which is possible through
coimpregnation of the oxidic support and use of organic
additives. Cobalt reduction is promoted even at a low level of
ruthenium doping. Introducing organic additives such as
sorbitol in the impregnation solution is shown to be a cheap
and convenient way to prevent ruthenium loss in the gas phase,
which would be particularly crucial if a very low loading of
reduction promoter were used.
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