PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
e standard Terms & Conditions and the Ethical guidelines still

‘gﬁﬁéﬁéﬁ# apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 35 Physical Chemistry Chemical Physics

Probing the Interaction of Rh, Co and Bimetallic Rh-Co Nanoparticles with
CeO, Support: Catalytic Materials for Alternative Energy Generation

E. Varga," P. Pusztai,” L. Ovari, A. Oszké,® A. Erd6helyi,” C. Papp,01 H.-P. Steinriick,®
Z. Kénya,™ J. Kiss,*"

“Department of Physical Chemistry and Materials Science, University of Szeged, H-6720
Szeged, Aradi v.t. 1
bDepartment of Applied and Environmental Chemistry, University of Szeged, H-6720 Szeged,
‘MTA-SZTE Reaction Kinetics and Surface Chemistry Research Group, H-6720 Szeged,
Rerrich B. t. 1., Hungary
Chair of Physical Chemistry II, University of Erlangen-Niirnberg, Egerlandstr.3, 91058

Erlangen, Germany



Physical Chemistry Chemical Physics

ABSTRACT:

The interaction of CeO,-supported Rh, Co and bimetallic Rh-Co nanoparticles, which are
active catalysts in hydrogen production via steam reforming of ethanol, a process related to
renewable energy generation, were studied by X-ray diffraction (XRD), high resolution
electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS) and low energy ion
scattering (LEIS). Furthermore, diffuse reflectance infrared spectroscopy (DRIFTS) of
adsorbed CO as a probe molecule was used to characterize the morphology of metal particles.
At small loadings (0.1%), Rh is in a much dispersed state on ceria, while at higher contents
(1-5%), Rh forms 2-8 nm particles. Between 473-673 K pronounced oxygen transfer from
ceria to Rh is observed and at 773 K significant agglomeration of Rh occurs. On reduced
ceria, XPS indicates a possible electron transfer from Rh to ceria. The formation of smaller
ceria crystallites upon loading with Co was concluded from XRD and HRTEM; for 10% Co,
the CeO, particle size decreased from 27.6 to 10.7 nm. Strong dissolution of Co into ceria and
a certain extent of encapsulation by ceria were deduced by XRD, XPS and LEIS. In the
bimetallic system, the presence of Rh enhances the reduction of cobalt and ceria. During
thermal treatments, reoxidation of Co occurs, and Rh agglomeration as well as oxygen

migration from ceria to Rh are hindered in the presence of cobalt.
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1. INTRODUCTION
Hydrogen is expected to play a key role in future energy technology as an efficient energy
carrier.”” Great efforts are currently made to produce hydrogen by heterogeneous catalytic
processes from renewable sources. This demand inspired studies on the dehydrogenation of
oxygenated hydrocarbons including alcohols. These materials, which are obtained by the
fermentation of agricultural wastes, can be important carbon-neutral renewable energy
sources, and also renewable raw materials for the chemical industry.4’7

Ceria-supported precious metal catalysts such as Rh, Pd, and Pt are widely used in many
important applications, including three-way automobile emission-control catalysis, fuel cells,
and also hydrogen production from ethanol. This is due to the peculiar redox properties and
oxygen storage capacity of ceria, as well as to synergetic effects between the ceria support
and metals.*"> Noble metals, especially Rh, have proven to be excellent catalysts for
dehydrogenation reactions,'*'° but their prices are prohibitively high. As an alternative, the
less expensive transition metal Co is a promising catalyst for the steam reforming of ethanol
(SRE). As a consequence of the Co-promoted C-C bond rupture in adsorbed ethanol, Co on
CeO; and on other supports achieves high ethanol conversion and selectivities of H, and COs,
even at relatively low temperatures (~723 K)."™" While recent studies suggested that Co™
sites are the active centers in SRE, and that Co’ sites are responsible for coke formation,zo’ 21
other authors argue that metallic cobalt plays the key role in SRE.*' The oxygen exchange
capacity of cerium oxide is associated with its ability to reversibly change the oxidation states
between Ce™* and Ce™. These observations led to the outstanding attention to the catalytic
properties of the Co/ceria system in ethanol transformation reactions, including SRE.'* "2

Very recently we have found that trace amounts of Rh promoter (0.1wt% - 0.17 mol%)
dramatically altered the reaction pathways of SRE on Co/ceria catalysts. In contrast to
Co/ceria, on thodium-containing Co/ceria catalysts no acetone was observed. The addition of
a small amount of Rh as a promoter, however, resulted in a significant increase in the
hydrogen selectivity.”” ** Bimetallic Rh-Co catalysts supported on MgO showed also high
activity in the partial oxidation of methane.>" *? Similar catalytic systems (Pt-Ni, Pd-Ni, Rh-
Ni) give high methane conversion in the oxidative steam reforming of CH,>*>° Rh containing
bimetallic catalysts show high efficiencies in dry*® and steam™ reforming of methane.

Recently, it was demonstrated that the catalytic performance of CeO, depends on the
particle size, due to the difference of the reducibility and therefore the number of acidic
sites.”’ Depending on the degree of ceria reduction, also unique reactivity profiles can be

observed on ceria-supported Rh catalysts. For example, while CO adsorbs non-dissociatively
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on Rh nanoparticles on fully oxidized ceria films, it dissociates on partially reduced films.**
Similarly, NO dissociation is enhanced when Rh particles are supported on reduced
CeOx(111).*® Several hypotheses have been put forward, including electron transfer from
ceria to Rh particles, structural variation in the Rh particles, or O spillover from Rh to
ceria.*> Low-temperature oxygen migration from ceria to Rh is also proposed in the ceria-
rhodium interaction.””*®

The growth of Co on CeO,(111) was briefly studied previously using XPS. Based on the
linear dependence of the Ce 3d/Co 2p intensity ratio vs. cobalt coverage, two dimensional
growth of Co was proposed up to 1 ML.?' Recent low energy ion scattering spectroscopy
(LEIS) and XPS studies showed, however, that the growth mode is rather three dimensional.*’
From the Co 2p peak shape, the resulting surface species were identified as Co” and Co™.
Furthermore, reduction of Ce was observed upon Co deposition, due to the reaction of Co
with Ce02.21’ 28.39 A significant part of cobalt (C02+) dissolved into the CeO,(111) film, as
was detected by LEIS.” On mesoporous ceria, metallic cobalt cannot be prepared using cobalt
salts as a precursor. Even after strong reduction with hydrogen, the majority of cobalt
remained in the oxidized Co** state.”* > ** 3 When a small amount (0.1%) of Rh was added
to the Co/ceria system, the reducibility was enhanced dramatically. This was concluded from
the reaction temperature of cobalt during temperature reduction experiments (TPR) and from
the lower binding energy of the Co 2p signal in XPS. In addition, the ceria support was also
29,30

reduced significantly. These effects can be explained by hydrogen spill over phenomenon.

Similar noble metal-induced effects were observed for alumina-supported cobalt Fischer-

40, 41 36, 42-44

Tropsch catalysts, and on other bimetallic cobalt-based systems.

It is frequently observed that the presence of a second metal can greatly influence the
intrinsic surface properties of a specific metal. It is emphasized that in contrast to bulk alloys,
nanosized bimetallic systems are extremely sensitive to the structure, morphology, and
valence state of the oxide support, on which the nanoparticles were prepared.*> *® "Ensemble"
or "ligand" effects are frequently invoked to explain the promoting effect of the second
metal.* Enhanced dispersion47 and increased sintering of Au nanoparticles on TiO,(110) were
observed in the presence of a second metal.*® It was also observed that the second metal (Rh,
Pt, Pd) significantly changed the morphology, topology and reactivity of the other metal (Au,

33 STM and LEIS experiments revealed that the metal may completely and

54,55

Mo) on oxides.
uniformly cover the second metal nanoparticles.
An important aim of this study is to understand the enhanced catalytic effects of the ceria-

supported Rh-Co bimetallic catalyst in SRE. For this purpose, we map the variety of possible
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interactions between rhodium and cobalt on ceria support. As ceria itself is an active support
in mono- and bimetallic catalysts, the metal-support interaction is also examined. X-ray
diffraction (XRD) and high resolution transmission electron microscopy (HRTEM) give
valuable data about the structure and morphology of nanoparticles. X-ray photoelectron
spectroscopy (XPS) is an excellent tool to describe the oxidation states of the elements and to
follow the charge transfer from metal to metal, and from the metal to the support and back in
mono and bimetallic catalysts.5 657 While XPS provides important data from the top surface
layers of a sample (down to a depth of a few nanometers), LEIS supplies information almost
exclusively about the outermost atomic layelr.5 83 These two methods, complemented with
energy-dispersive X-ray spectroscopy (EDX), provide a comprehensive characterization of
the surface and bulk composition of complex catalytic systems.

Herein, we first investigate Rh/ceria catalysts, then we focus on the Co/ceria systems and
finally turn to ceria supported Rh-Co bimetallic catalysts. As a dramatic influence on the
catalytic properties in the steam reforming of ethanol was observed even for very small
amounts of Rh promoter, the investigations concentrate mainly on (0.1wt% Rh + 2wt% Co)
/CeO; and on (0.1wt% Rh + 10wt% Co)/CeOxcatalysts. Moreover, in order to get closer to the

catalytic conditions, we applied the same pretreatment that was used in the catalytic reactions.

2. EXPERIMENTAL

The catalysts were prepared by impregnating the CeO, support (Alfa Aesar, 43 mz/g) with the
aqueous solution of Co(NOs), to yield nominal metal contents of 2 wt% (5.6 mol%) or 10
wt% (28.0 mol%).The impregnated powders were dried at 383 K, calcined at 973 K and
pressed to pellets. Rh containing samples (0.1 wt% = 0.17 mol%, 1 wt% = 1.7 mol%, 5 wt% =
8.5 mol%) were prepared by the same impregnation method from RhCl; x 3H,O (Johson
Matthey). Prior to impregnation, the ceria support was calcined at 973 K. The Rh-Co
bimetallic samples were prepared by sequential impregnation and calcination with Co, and
thereafter with Rh.”’ Before the measurements, fragments of catalyst pellets were oxidized at
673 K in flowing O, for 20 min and reduced at 773 K in flowing H, for 60 min. The hydrogen
was replaced by nitrogen within few seconds, and the sample was cooled down in inert
atmosphere. In our XPS measurements it was observed that on the ceria-supported samples
only minor amounts of adventitious carbon adsorb, and that at high Rh content a distinct CI 2p
peak is also present on the survey spectra originated from the RhCl; reagent. After

pretreatment all these contaminants were found to be removed (Fig. S1).
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The BET surface and pore volume measurements of the catalysts were carried out by a
Quantachrome NOVA 3000e instrument using N, adsorption at liquid nitrogen temperature
(Table 1). The surface areas and pore sizes are consistent with a mesoporous material. > ¥

For XPS studies, the powder samples were pressed into pellets with ca. 1 cm diameter
and a few tenth of mm thickness. Sample treatments were carried out in a high-pressure cell
(catalytic chamber) connected to the analysis chamber via a gate valve. The samples were pre-
treated in the same way as described above. After the pre-treatment, they were cooled down to
room temperature in flowing nitrogen. Then, the high-pressure cell was evacuated; the sample
was transferred to the analysis chamber in high vacuum (i.e., without contact to air), where
the XP spectra were recorded. As the next step, the sample was moved back into the catalytic
chamber, where it was heated under flowing N, up to 773 K in 100 K steps. XP spectra were
taken with a SPECS instrument equipped with a PHOIBOS 150 MCD 9 hemispherical
electron energy analyzer, using Al K, radiation (hv = 1486.6 eV). The X-ray gun was
operated at 210 W (14 kV, 15 mA). The analyzer was operated in the FAT mode, with the
pass energy set to 20 eV. The detection angle of electrons was 20° with respect to surface
normal. Typically five scans were summed to get a single spectrum. For data acquisition and
evaluation both manufacturer’s (SpecsLab2) and commercial (CasaXPS, Origin) software
were used. The binding energy scale was corrected by fixing the Ce 3d u’”’ peak (see below)
to 916.6 eV. The deconvolution of the high-resolution spectra was performed using the
Curved background type and the symmetric components were fitted with a common
Gaussian—Lorentzian (70:30) line shape. For Rh 3d and Co 2p signals, the peak shapes of
metallic Rh and Co, CoO and Co3;04 reference samples were applied.

A SPECS IQE 12/38 ion source was used for LEIS spectra. He" or Ne* ions of 800 eV
kinetic energy were applied at a low ion flux (0.2 uA/cmz), which was necessary to minimize
the sputtering of the surface. During acquisition the samples were flooded with electrons
possessing 1-2 eV energy to compensate the electrostatic charging. The incident angle was
55° (with respect to surface normal), ions ejected along the surface normal were detected. The
ion energies were measured by the same hemispherical energy analyzer as mentioned above.
Etching processes were performed with the same ion source with the use of 4 keV Ar" ions up
to 0.7 uA/cm2 ion flux.

DRIFT spectra were recorded with an Agilent CARY-670 FTS-135 FT-IR spectrometer
equipped with a diffuse reflectance attachment (Harrick) with BaF, windows. Typically 256

scans were registered at a spectral resolution of 2 cm™. All spectra were recorded at 293 K.
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The whole optical path was purged with CO,- and H,O-free air generated by a Whatman
purge gas generator.

The bulk concentration of the elements was determined by energy-dispersive X-ray
spectroscopy (EDX) using a RontecQuantax ) spectrometer built into a Hitachi S-4700
type II cold field emission scanning electron microscope. Spectra were taken at 20 kV
acceleration voltage and quantitatively analyzed by the factory standard software after
automatic background subtraction and peak fitting.

The morphology of ceria and metal-modified ceria was characterized by transmission
electron microscopy (FEI Tecnai G* 20 X-Twin; 200 kV operation voltage, x180000
magnification, 125 pm/pixel resolution). X-ray diffractometry (RigakuMiniFlexII; CuK,) and
electron diffraction were used to determine the crystallinity and the structure. The metal
particle size distribution was determined by image analysis of the HRTEM pictures using the
ImageJ software. At least five representative images of equal magnification, taken at different
spots of the TEM grid were first subjected to rolling ball background subtraction and contrast
enhancement, and then the diameter of the metal nanoparticles in the image was manually
measured against the calibrated TEM scale bar. Each diameter distribution histogram was

constructed from 200 individual nanoparticle diameter measurements.

3. RESULTS AND DISCUSSION

3. 1 Reducibility of ceria, Rh/ceria, Co/ceria, bimetallic/ceria catalysts and catalytic test
in the SRE
The reducibility of ceria and metal-modified ceria is very sensitive to the pretreatment of the
catalysts, the reduction procedure (calcination temperature, heating rate and the mode and
temperature profile of the temperature programmed reduction, TPR).> ® For details, we refer
to our previous work, where we summarized our TPR data obtained under the same
experimental conditions:** The pure CeO, support (calcined at 973 K) displays an asymmetric
low temperature feature with a rate maximum at 789 K (note that its intensity gradually
decreased as TPR runs were repeated, indicating a reduction in the surface region). In
addition, a pronounced high temperature peak was detected at 1090 K, attributed to the bulk
reduction of the ceria support.61 In agreement with literature data the reduction of Rh occurs
up to 500 K.°" In the present study, the peak maxima were observed at 403, 395 and 390 K for
0.1%, 1% and 5% Rh/ceria, respectively (not shown).

Upon adding 2% Co to CeO,, the high temperature feature at 1090 K due to bulk
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reduction of ceria shows a slight increase, and an additional well-resolved doublet appeared,
with peak maxima at 590 and 639 K. This characteristic reduction profile has been previously
reported for Co/Ce0,,” and is consistent with a stepwise reduction scheme, first from Co304
to CoO and thereafter from CoO to metallic Co. XPS results on 2% Co/CeO, (see below)
indicated that the reduction of Co is not complete up to 773 K. When the Co loading was
increased to 10%, the intensity of the low-temperature doublet increased and shifted to lower
temperatures (563 and 626 K), and the peak at around 756 K significantly intensified.*’
Adding Rh (0.1-5%) to 2% Co supported on CeO, remarkably altered the TPR profile. The
doublet moved to lower temperatures (479 and 574 K in the 0.1% Rh case), with the shift
being more pronounced for the lower temperature peak, i.e., for the reduction of Co30;4 to
C00.”

In this present work, the highest reduction temperature applied in the SRE experiment is
773 K. This temperature is sufficient only for the surface reduction of ceria (and not the bulk);
at the same time, the reduction of Rh is complete and only partial reduction of Co occurs.

The pretreated catalysts were tested in ethanol stream reforming (SRE). Figure 1
displays the conversion of ethanol and the hydrogen selectivity values obtained on 0.1%
Rh/CeO,, 2% Co/CeO,, 10% Co/CeO, and 0.1% Rh + 2% Co/CeO,, after 120 min reaction
time at 723 K. For comparison we demonstrated the values measured on CeO, support, too.
The highest values were obtained on the 0.1% Rh + 2% Co/CeOQ; catalyst. The Figure clearly

shows that the effect of 0.1% Rh is more significant than the increase in Co loading in terms

of both conversion and selectivity. Notably the Rh promoted Co catalyst exhibited constant
9

activity after 70 min reaction time.’
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Fig. 1 Ethanol conversion and hydrogen selectivity in the EtOH + H,O (1:3) reaction at 723 K

on Co- and Rh-containing ceria based catalysts. Data are plotted at 120 min reaction time.

3.2 Characterization by powder X-ray diffraction (XRD) and transmission electron
microscopy (HRTEM)

The XRD pattern of ceria, Rh/ceria and Co/ceria catalysts after calcination and
oxidation/reduction process are shown in Fig. 2. In order to avoid or at least minimize re-
oxidation, a glove box was used to transfer the samples from the preparation chamber to the
XRD apparatus. The observed reflections (28.5 for (111), 33.0 for (200), 47.5 for (220),
56.3 for (311) and 59.1 for (222) facets of nearly stoichiometric ceria) agree well with the
literature data of cubic CeOz.24’ 25.62.63 After pre-reduction at 773 K, the coordination number
of Ce** to O” is reduced from eight to seven and Ce’ ions are introduced into the crystal
lattice. The Ce®" ions have higher ionic radii than Ce** ions, and instead of the (111) lattice
plane in pristine ceria, planes with higher Miller indexes became dominant because the
formation of Ce®* ions increased the lattice spacing.“’ % This slight reduction can be detected
by XPS, too (see below). Taking into account the peak broadening by the apparatus, the
average size of the ceria crystallites was 27.6 nm, determined by Scherrers method for the

(111) reflection (Table 1).
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When the ceria was loaded with Rh, nearly no change could be observed in the ceria
diffraction pattern; only a new weak reflection appeared at 41.0°, which is identified as the
Rh(111) plane (Fig. 2B). At 0.1% and 1% Rh, reflection from Rh could not be detected due to
the small metal content and large dispersion. After zooming on into the diffractogram, the
reflection at 41.0° for the Rh(111) plane is clearly visible for a Rh content of 5%. In addition,
very small extra reflections are seen at 39.5 and 42.5". The former originates from the sample
holder, the latter is due to a ceria structure, which was identified to be different from the cubic
structure. The XRD line shapes of ceria remained unchanged in the presence of Rh (Fig. 2A).
For 5% Rh/ceria, where the XRD peak had sufficient intensity, we estimated the average
crystallite size to 6.0 nm, which is very close to the value determined by TEM (see below). It
is known from the literature that the particle size determination from TEM images is not an
easy task. Idriss et al.® reported that TEM did not show conclusive evidence for the presence
of metals on a CeO; support. From other work, it can be inferred that the surface area of ceria
influenced the size of Rh particles. At 1% Rh content on a low surface area material (14
mz/g), where coarse CeO, grains are observed, the size of Rh clusters falls in the 5-20 nm
range; on a high surface area CeO, support (275 mzlg), the size varied from 4 to 8 nm.*

In our case, the surface areas of the supported catalysts were 19.8-17 mz/g (Table 1),
depending on the Rh content (0.1%-5%). The Rh particle size varied between 2.4-6.5 nm on
1% Rh/ceria and on 5% Rh/ceria. In the latter case, a small portion of the particles was around
10 nm in size. The typical HRTEM images are shown in Fig. 3. For 0.1% Rh/ceria, the
particle size determination was ambiguous due to the very low content and high dispersion. It

is important to note that the Rh loading did not alter the ceria particle sizes (Table 1).

11
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Table 1. Some Physical Parameters of Bare Supports and Co and Rh Loaded Catalyst*

Total pore Average CeO; Co/Rh
Catalyst* S A(mzlg) Volume(cm3/g) pore radius | particle atomic
at p/po=0.99 (nm) size**(nm) ratio
CeO, 21.5 0.156 14.5 27.6 -
2% Co/CeO, 7.4 0.045 12.3 17.1 -
10% Co/CeO, 6.8 0.041 11.7 10.7 -
0.1% Rh/CeO, 19.8 0.148 14.2 27.6 -
0.1% Rh+ 7.6 0.050 13.3 17.0 34.9
2% Co/CeO,
1% Rh/CeO, 18.6 0.120 13 26.7 -
5% Rh/CeO, 17.0 0.109 12.5 26.5 -
0.1% Rh + 6.9 0.048 13.1 11.1 174.5
10% Co/CeO,
1% Rh + 7.8 0.050 12.8 24.1 3.5

2% Co/CeO,

"The samples were calcined at 973 K. = Determined from XRD after reduction.

12
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Fig. 3 TEM images of ceria and ceria supported Rh, Co and Rh-Co catalysts

The XRD patterns of Co-containing ceria (2% and 10%) are also presented in Fig. 2. On
oxidized Co-containing samples, apart from the ceria reflections very weak extra reflections
appeared, which are attributed to Co30;4 (31.5° for (220), 36.9" for (311) and 65 2" for (400)).
The average crystallite size of Co304 was calculated to be 22.5 nm from the (311) reflection.
In contrast to the oxidized catalysts, Co304, CoO and Co phases are very difficult to observe
on the reduced catalysts. In the literature, only a very weak reflection was reported at 44 for
metallic Co at a similar reduction temperature, even for 10% Co content in ceria.”® The lack
of Co** or Co reflections can be explained by a significant dissolution of Co into ceria. Our
previous XPS and LEIS work on a Co/CeO,(111) model catalyst demonstrated that above 750
K Co significantly penetrated into the ceria support.39 Notably, the ceria peak positions do not
change due to Co-loading; however, at the same time, the peaks significantly broadened,
particularly at 10% Co content (Fig. 2A). This behavior, in agreement with the HRTEM

images (Fig. 3C and D), indicates that the presence of Co induces a disruption process in the
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ceria phase. Calculations using Scherrers method for the (111) reflection of CeO, show that
the ceria crystallite size became smaller, 17.1 nm for 2% Co/ceria, and 10.7 nm for the 10%
Co/ceria catalyst (Table 1).While the high temperature hydrogen treatments (reduction) play
an important role in the disruption phenomenon, the oxidation step did not cause such a
dramatic effect: for the 10% Co/ceria catalyst, the ceria particle size decreased from 27.6 to
16.9 nm upon oxidation of the calcined Co-containing sample at 673 K. In agreement with a
literature observation,”> Co-oxides and metallic Co particles are difficult to distinguish in
HRTEM from the CeO, particles, due to the low contrast and the above mentioned significant
dissolution.

For the Rh-Co bimetallic cases, a similar broadening of the ceria reflections takes place,
though to a lesser extent than for Co/ceria samples (Fig. 2A). In the case of 1% Rh + 10%
Co/ceria, the ceria particle size was calculated to be 17.1 nm; the respective value without Rh
was 10.7 nm. This behavior indicates that this small amount of Rh may inhibit the Co-induced
disruption of ceria. A similar moderate change was observed for 1% Rh + 2% Co/ceria (Table

1). It is important to note that new reflections were not observed for the bimetallic system.

3.3 CO adsorption on Rh/ceria and Co-Rh/ceria, DRIFTS experiments

The morphology of Rh supported on CeO, was also investigated by FTIR, employing
adsorbed CO as a probe molecule, which is sensitive to the local surface structure (Fig. 4).
Adsorbed CO exhibits at least three different v(C=0) stretching frequencies belonging to
certain adsorption sites on oxide-supported Rh."> "% The band at 2070-2030 cm™ is due to
CO adsorbed linearly to Rh” (depending on CO the coverage). Bridge-bonded CO (Rh,—CO)
exhibits a band at ~1855 cm™ (not shown) and a pair of peaks at ~2100 and ~2020 cm™
corresponds to the asymmetric and symmetric stretching of Rh*(CO), (twin CO). These latter
IR signals were detected when the oxide is covered by atomically dispersed Rh or when the

167

crystallite size of Rh was very small.”” The linear mode develops on bigger particles.

14
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Fig. 4 DRIFT spectra after CO adsorption (at 300 K) followed by subsequent annealing at
higher temperatures on (A) 0.1% Rh/ceria, (B) 1% Rh/ceria, (C) 5% Rh/ceria, (D)
0.1%Rh+2% Col/ceria, (E) 0.1% Rh+10% Co/ceria and (F) 1% Rh+2% Co/ceria.

The samples were reduced at 773 K prior to CO adsorption. The adsorption of CO was
performed in a flow system using 10% CO in He at room temperature for 30 minutes.
Afterward, the reactor was flushed with He for 30 minutes and the sample was heated in He
flow with a heating rate of 20 K/min. Fig. 4A represents spectra obtained on 0.1% Rh/ceria.
At 300 K, two bands with almost equal intensity were observed at 2082 and 2017 cm'l, which
can be attributed to a dicarbonyl Rh species associated with Rh* ions."> ¢ ® A similar Rh
twin dicarbonyl feature was obtained on Rh/alumina catalyst at very low metal content with
high dispersity.67 Upon increasing the temperature to 373 K, the intensity between the twin
peaks, that is around 2050 cm™, increased, which is attributed to the development/increase of
the linear species. At the same time, the twin peaks shifted to lower wavenumbers and lost
intensity, in harmony with literature.””” ° These changes occur in connection with the

desorption of CO and the agglomeration of Rh particles. At 1% and 5% Rh content (Fig. 4B
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and 3C, respectively), the FTIR spectra contain the bands of the dicarbonyl species and the
linearly bonded CO mode at 2067 cm™ at 300 K, indicating the presence of larger Rh
crystallites already at this temperature. Upon annealing, the twin dicarbonyl form is
transformed into the linear mode, which has higher thermal stability. It desorbs above 673 K.
Next, we discuss the influence of co-adsorbed Co. On the 0.1% Rh + 2% Col/ceria
catalyst, similarly to the Co-free surface, the twin peaks of the Rh twin dicarbonyl species
were detected at 300 K. The v,(C=0) peak at 2090 cm’ was even sharper and less
asymmetric than in the Co-free case, indicating the almost complete absence of linearly
bonded CO. The DRIFT spectra were dominated by the twin feature also at higher
temperatures, with stepwise decreasing intensities (Fig. 4D). In other words, 2% Co stabilized
the small Rh particles when Rh was present in trace amounts. A different behavior was
detected for 10% Co content (Fig. 4E), where already at 300 K, besides the small fraction of
dicarbonyl species, a strong broad band appeared around 2050 cm™. Very probably, it is
composed of (at least) two peaks (~2067, ~2037 cm'l), which are tentatively assigned to CO
bound linearly to metallic Rh and Co, respectively. We note that in separate experiments on
Rh-free Co-containing samples a very weak band appeared at 2037 cm’ (not shown) that is
attributed to CO bonded to a metallic fraction of cobalt, since CO cannot adsorb on oxidized
Co at 300 K. The appearance of linearly bonded CO on Rh thus indicates that the higher Co
loading induces some agglomeration of Rh for 0.1% Rh + 10 % Co/ceria. For 1% Rh + 2%
Colceria (Fig. 4F), the two adsorption modes of CO, linearly bonded to Rh (2063 cm™) and
Co (2048 cm™) can be clearly distinguished. A different DRIFT feature was observed on the
MgO supported Co-Rh bimetallic system.”’ Only linearly bonded CO species was detected.
The position of the linear CO band on Rh-Co/MgO was located between those on Rh/MgO
and Co/MgO, and the linear CO band on Rh-Co/MgO was much broader than that of
Rh/MgO. This may suggest the formation of well-mixed Rh-Co alloy, which was also verified
by the Rh K- and Co K-edge EXAFS analysis.3 "7 1n our ceria supported bimetallic system
similar univoque conclusion could not be deduced from DRIFTS measurements. Although the
strong boardering in the linear CO range — especially in the case of 0.1% Rh + 10% Co/ceria

— may indicate a certain extent of alloy formation.

3.4 X-ray photoelectron spectroscopy
Fig. 5 shows the Rh 3d spectra of 0.1% Rh/ceria (A), 1% Rh/ceria (B) and of 5% Rh/ceria (C
and D) after oxidation and reduction followed by stepwise heating in inert gas. After

oxidation at 673 K, on all three samples the Rh 3ds, peak appeared at 309.2 eV and the Rh
16
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3d;, peak at 314.0 eV. After reduction at 773 K, the doublet markedly decreased in intensity
and shifted to lower binding energies; the Rh 3d3,; component at 307.1 eV indicates a metallic
state. The drastic intensity decrease may be attributed to the agglomeration (sintering) and
perhaps to some encapsulation of Rh particles by the ceria support. We note that the total
amount of Rh did not change, as shown by our EDX measurements. The agglomeration of Rh
is also evidenced by TEM images, which show an increase of the average size from 1.1 +0.45
nm before reduction to 3.9 + 1.45 nm after reduction on 1% Rh/ceria. A similar drastic
increase was obtained on 5% Rh/ceria, from 1.3 £ 0.3 to 4.7 £ 2.0 nm. The agglomeration is
frequently attributed to Ostwald ripening; in this scenario, the mass transport is realized by the
migration of individual atoms that are detached from the clusters. An alternative way would
be coalescence by cluster migration, which was demonstrated by STM for small clusters (~10
atoms) on Pd/TiO,(110) even at room temperature.”” Encapsulation of Rh is well-documented
on TiO,(110) above 700 K, as shown by XPS, LEIS and STM.” 7> Partial covering by ceria
was observed recently on Rh-CeO,/MgO system by DRIFTS method.”! Very recently, near
ambient pressure X-ray photoelectron spectroscopy (nap-XPS) demonstrated that the strong
metal support interaction effect (SMSI) found in the Ni-ceria system is associated with the
decoration and burial of metallic particles by the partially reduced support.76 We cannot
exclude that this process occurs in the Rh-ceria system; however, since CO adsorption is not
blocked after reduction (see DRIFTS results), encapsulation is probably very limited, if any,

below 773 K.
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Fig. 5 Rh 3d XPS after oxidation (673 K),reduction (773 K) and subsequent heating in
nitrogen atmosphere; (A) 0.1% Rh/ceria, (B) 1% Rh/ceria, (C) 5% Rh/ceria and (D)

deconvoluted spectra of (C).

After reduction, the samples were heated in nitrogen atmosphere in the catalysis chamber
from 300 to 773 K, and were held at that temperature for 2 min. Upon heating, we find a
broadening of the Rh 3d feature for all Rh loadings, indicating the appearance of a new
component at 308.8 eV (Fig. 5). The changes can be better analyzed for the higher Rh

loadings of 1% and 5% Rh (5B and 5C), respectively, and some additional representative data
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for lower metal content are included in Fig. S2. On the oxidized samples, the Rh 3ds,peak is
observed at 309.2 eV, after reduction it shifted to 307.1 eV. Upon heating, a shoulder
developed at 308.8 eV and reached maximum intensity at 573 K and then decreased again at
higher temperatures. At 773 K the main peak was situated at 307.1 eV and a shoulder
remained at 308.8 eV. In Fig. 5D, the spectra of the 5% Rh/ceria catalyst obtained at 473, 573
and 673 K (Fig. 5C) are deconvoluted, showing two well separated peaks at 307.3 and 308.8
eV.

Basically, we may consider two reasons for the upward shift of the Rh 3d peaks. One
explanation could be an electronic interaction between Rh and ceria, which was observed
between reduced titania and different metals including Rh.”*® The presence of a high number
of defects and oxygen vacancies in ceria or in titania could initiate an increased electron flow
between the metal and the support. Recently, TiO,(110) surfaces with Pt adatoms were
examined using a noncontact atomic force microscope (NC-AFM) and Kelvin probe force
microscope (KPFM). The observed work function decrease was attributed to an electric dipole
moment directed toward the vacuum, as a result of electron transfer from the adatom to the
TiO, substrate.®" ** Similar phenomena may occur for the Rh-ceria system, forming partially
positively charged Rh. The second possibility could be an oxygen transport from ceria to Rh,
causing the observed shift in the Rh 3d spectra. Earlier, oxygen migration was supported by

TPD and Auger spectroscopy for the Rh-ceria system83 84

, and recently an STM study gave
further evidence.® Moreover, Vayssilov et al.'”® showed the coexistence of two different
interaction mechanisms, a purely electronic effect involving electron transfer from Pt to CeO,
and a second channel, involving transport of activated oxygen from nanostructured ceria to Pt,
i.e. oxygen spillover. Both effects were experimentally detected using resonant photoelectron
spectroscopy. In our case, the oxygen migration from ceria to Rh is detectable above 373 K in
XPS (Fig. 5), and is most pronounced between 473-673 K. Interestingly, the oxygen spillover
is partially reversible, as indicated by the dominance of the metallic Rh peak at 773 K. The
easy formation of this Rh-O species and its stability-instability on ceria may be responsible
for the strongly enhanced catalytic activity of Rh in several catalytic reactions.

In an alternative explanation of our XPS data, we may also suppose the formation of
Rh-O-Ce and Rh-O-Rh bonds which were demonstrated by in sifu quick scanning X-ray
absorption fine structure (QXAFS) experiments earlier.’® Oxidation and reduction of Rh

species on Rh/CeQO,/Si0; catalyst were promoted by the presence of CeO, as indicated by the

comparison of the profiles of the temperature-programmed oxidation (TPO) and reduction
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(TPR) of Rh/Ce02/Si02.86 In situ QXAFS during the TPO and TPR indicated that the
formation of the Rh-O-Ce bond was followed by that of Rh-O-Rh during the TPO.

From Fig. 6A, it is evident that the source of the oxygen is the ceria itself. We note here
that the XP spectra of ceria is rather complex, it was analyzed after literature. A minor
reduction of Ce** to Ce®" is best detectable as the small intensity increase of the u’ (903.9 eV)
and v’ (885.3 eV) peaks and also the weaker u’ (899.3 eV) and v’ (880.2 V) components,
which are characteristic of Ce**.** #* 8% A5 Fig. 6A shows, the Ce®*/(Ce**+Ce™) ratio is
higher on Rh/ceria system than on reduced ceria (compare bottom and center spectrum).
Notably, the increase is smaller than expected. The reason is that above 373 K the diffusion of
bulk oxygen to the surface is very quick as it was observed in a separate experiment shown in
Fig. 6B. Therein, CeO, was first strongly reduced (Ce** signal indicated by a vertical arrow),
and subsequently stepwise heated in vacuum; at each temperature the sample was kept for 2
min. The figure shows that above 473 K the ceria surface significantly re-oxidized with

oxygen provided by the ceria bulk as reservoir.
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In Fig. 7 we display Co 2p3pspectra from the 2% Co/ceria and 10% Co/ceria samples.
After oxidation at 673 K, the characteristic signal from Co304 appeared at 779.7 eV. Upon
reduction at 773 K, the intensity of the Co peak decreased and only a small new peak
characteristic of metallic Co developed at 777.8 eV; this indicates that Co is difficult to
reduce at this temperature.zl’ 242829 The overall intensity decrease may be attributed to the
dissolution in ceria and encapsulation of cobalt clusters by the support. Agglomeration or
coalescence did not play a significant role, because the Co XP peaks gained intensity when
the sample temperature was increased in stepwise manner after evacuation in nitrogen
atmosphere (Fig. 7A and B). The other remarkable change during the heat treatment is the
disappearance of the metallic Co peak at 777.8 eV above 473 K, marking the significant
oxidation of cobalt to Co**. Although the Co 2ps3;, peak positions of CoO and Cos04 are
almost the same, the presence of CoO (Co”") is indicated by the characteristic satellite at
higher binding energies (compare top and bottom spectrum in Fig. 7B) and the spin-orbit
splitting of 16.0 eV. This high value is typical for paramagnetic Co™* compounds due to
multiplet splitting. After oxidation (Fig. 7B upper spectrum), the separation was only 15.2 eV
close to the values on diamagnetic Co compounds like Co™ complexes.%’ ! peak fittings of
some Co 2p spectra are depicted in Fig. S2. In the Co-ceria system, the decrease of Co XPS
signal upon hydrogen reduction is attributed to the encapsulation by ceria as was also found
for the Ni/ceria system.76 It is interesting that this process is reversible, which is concluded
from the fact that CoO is recovered above 473 K. In this sense, the Co/ceria system is close to
the Ni/ceria catalyst, where the hydrogen-induced burial (encapsulation) and dig out of Ni is a

, 76
reversible process.
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Fig. 7 Co 2p3, XP spectra obtained on 2% Co/ceria (A) and 10% Co/ceria catalysts (A) after

oxidation and reduction and subsequent heating under inert gas.

The spectra of the monometallic Rh-ceria or Co-ceria systems were significantly altered
in the presence of the second metal. Fig. 8 displays the Rh 3d and Co 2ps, spectra obtained
after oxidation/reduction and subsequent heat treatment at different temperatures for the 0.1%
Rh + 2% Colceria and 0.1% Rh + 10% Col/ceria catalysts. When comparing the Rh 3d signals
of the monometallic 0.1% Rh system (Fig. 5A) and the bimetallic Rh-Co systems (Fig. 8A
and B), the first important observation is the significantly higher intensity for the latter. This
behavior indicates that a larger fraction of Rh is accessible for XPS even after reduction, due
to a suppression of agglomeration or encapsulation in the presence of Co adatoms. Notably,
this was concluded from the DRIFTS measurement, too (Fig. 4A, Fig. 4D).The inhibited
agglomeration of Rh in the presence of Co is also clearly evident from the HRTEM images
for 1% Rh + 2% Col/ceria before and after reduction. The particles sizes did not alter after
reduction at 773 K. 1.5 * 0.5 nm was measured before reduction and 1.7 * 0.6 nm was
obtained after reduction. Very similar data was obtained for 1% Rh + 10% Co/ceria. For
comparison we mention again that the reduction of monometallic 1% Rh/ceria resulted in 2.4-
6.5 nm particle sizes. Fig. 3E and F represent HRTEM images of reduced bimetallic systems

showing the inhibiting effect of Co on Rh agglomeration.
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Fig. 8 Rh 3d XP spectra obtained on Rh-Co bimetallic catalysts; 0.1% Rh + 2% Co/ceria (A),
0.1% Rh + 10% Col/ceria (B), Co 2p3» XP spectra obtained on Rh-Co bimetallic catalysts;
0.1% Rh + 2% Co/ceria (C), 0.1% Rh + 10% Col/ceria (D)

Based on the XRD, TEM and DRIFTS results, we should distinguish between the 2 and
10% Co-containing catalysts in the interpretation of XPS results for the bimetallic Rh-Co
system. As presented above, 2 and 10% Co loading results in a drastic increase of the ceria
dispersion; this effect is much more pronounced at 10% Co loading (Fig. 2A and Fig. 3C and
D). Our DRIFTS results (Fig. 4D) demonstrated that 2% Co stabilizes a higher dispersion of
Rh, and 10% Co increases the formation of larger particles; nevertheless, the significant
intensity from twin-dicarbonyl species after CO adsorption indicates that nearly atomically
dispersed Rh is still present up to 473-523 K. We therefore conclude that Rh agglomeration is
probably hindered in the bimetallic system at low Co content of 2%, but slightly occurs at the
higher content of 10% Co.

Another significant observation is that for the bimetallic Rh-Co system, the Rh 3d peak at
~308.8 eV due to oxygen migration above 300 K is less pronounced than for the
monometallic system (compare Fig. 5. and Fig. 8A and B). This indicates that such kind of
oxygen transport occurs in the bimetallic system, but to a lesser extent than for the
monometallic case. It also seems that Co delays the oxygen migration from ceria to Rh.

Figures 7C and D display the Co 2p3p region after reduction and following heat
treatment. It is remarkable that mainly at 10% Co content the presence of Rh significantly
assisted the reduction of Co** to Co’, as was experienced in our previous work.” Upon
thermal treatment, the Co 2p3, moved to higher binding energy from 777.8 eV to 780.0 eV
indicating the re-oxidation of metallic Co. Above 473 K, the re-oxidation to mainly Co™* is
completed (Fig. 8A and B). As it can be seen in Fig. 6A, the ceria is in slightly reduced state
in the bimetallic system, too. It is very important to note that compared to the monometallic
Rh sample, the oxygen migration from ceria to Rh is less pronounced in the presence of Co
adatom. In the bimetallic system, the Co oxidation by ceria is faster than the oxygen migration
from ceria to Rh. Highly dispersed metallic Rh can facilitate the reduction of Co™* and the

formed metallic Co can be rapidly re-oxidized by the ceria.

3.5 Low-energy ion scattering (LEIS) experiments

As LEIS is widely used to determine the outermost surface composition92 we also tried to map
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the top layer of the Rh/ceria system. This method was successfully applied in our previous
studies even for porous materials (titania-supported Au and Rh).>* In spite of this fact,
unfortunately, this method sometimes is far from straightforward. In certain cases,
neutralization effects can be too strong. This enhanced neutralization was experienced for
Ce/Rh(lll)93 and to a certain extent on Ce/Cu(111), when Ne®™ was used.”® In our extended
LEIS experiments on Rh/ceria system Rh signal was not detected. We suppose that a strong
neutralization effect could be the reason for the lack of Rh signals in LEIS in the present
cases, although we have learnt from DRIFTS experiments using CO adsorption that certain
amount of Rh should exist on the surface. Rh LEIS signal was not detected even after

prolonged etching with 4 keV ions.

}250 cps
10% Co/CeO2
etched 5h

10% Co/CeO2
etched 1h

10% Co/CeO,
reduced
w/\\ » CoO

CeO2

T T T T
550 600 650 700 750 800
Kinetic energy (eV)

Fig. 9 LEIS spectra of reduced ceria, clean CoO standard, reduced 10% Co/ceria and etched
Col/ceria obtained with 800 eV He".

Next, we studied the surface composition of the Co/ceria system with LEIS technique
applying 800 eV He" ions (Fig. 9). For comparison, we display a LEIS spectrum of a clean
CoO standard. After reduction of 10% Co/ceria, the Co signal was very weak. The almost
complete lack of the Co signal can be explained mostly by the penetration or dissolution of

cobalt into the ceria and to a lesser extent by encapsulation by ceria. A similar conclusion was
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drawn from XRD and XPS experiments (see above). Our recent XPS and LEIS work on a
Co/CeO(111) model catalyst demonstrated that Co™ penetration into the ceria layer was
significant and that for metallic Co presumably agglomeration occurs.” It was verified that no
disturbing neutralization effects occur for the Co peaks in LEIS using He" or Ne" projectiles;
however, since strong matrix effects are found for the O peak with He", this peak was not
used for quantitative analysis.

If encapsulation or dissolution phenomena would be the main cause of the lack of Co
signal in Co/ceria catalysts, we should detect a Co signal after prolonged Ar" or Ne® ion
bombardment. As Fig. 9 demonstrates, Co indeed showed up, with its intensity increasing

with etching time.

4. SUMMARY AND CONCLUSIONS

We investigated CeO,-supported Rh, Co and bimetallic Rh-Co catalytic materials using XRD,
HRTEM, DRIFTS, XPS and LEIS. Our studies concentrated mainly on the reduced materials,

which successfully operate under real catalytic conditions.

1. At small Rh loading (0.1%), Rh is in very dispersed state on ceria, while at higher Rh
loadings (1-5%), Rh forms 2-8 nm particles. HRTEM and XPS showed significant
agglomeration at high temperature (773 K). DRIFTS using CO adsorption showed that the
encapsulation does not fully occur, and some atomically dispersed Rh may exist even after
high temperature reduction.

2. On reduced Rh/ceria, oxygen transfer from ceria to Rh and possibly also electron transfer
from Rh to ceria take place, according to XPS. Oxygen transport from ceria to Rh is well-
detectable between 473 and 673 K.

3. XRD and HRTEM revealed that loading with Co induces the formation of smaller ceria
crystallites; for 10% Co/ceria, the CeO, particle size decreased from 27.6 to 10.7 nm. Co is
almost completely oxidized to Co™.

4. Strong dissolution of Co into ceria and a certain extent of Co encapsulation by ceria were
experienced by XRD, XPS and LEIS.

5. The presence of Rh adatoms enhances the reduction of cobalt. During thermal treatment,

re-oxidation of Co takes place in the bimetallic system. The Rh agglomeration and oxygen
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migration from ceria to Rh are hindered by the presence of cobalt. Ceria is in a slightly

reduced state on Rh/ceria, Co/ceria and on the bimetallic materials.
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Legend of Tables:

Table 1. Some Physical Parameters of Bare Supports and Co and Rh Loaded Catalyst

Legend of Figures:

Fig. 1 Ethanol conversion and hydrogen selectivity in the EtOH + H,O (1:3) reaction at 723 K

on Co- and Rh-containing ceria based catalysts. Data are plotted at 120 min reaction time.

Fig. 2 XRD pattern of different ceria and ceria supported Rh, Co and Rh-Co catalysts

Fig. 3 TEM images of ceria and ceria supported Rh, Co and Rh-Co catalysts

Fig. 4 DRIFT spectra after CO adsorption (at 300 K) followed by subsequent annealing at
higher temperatures on (A) 0.1% Rh/ceria, (B) 1% Rh/ceria, (C) 5% Rh/ceria, (D) 0.1%
Rh+2% Colceria, (E) 0.1% Rh+10% Co/ceria and (F) 1% Rh+2% Co/ceria

Fig. 5 Rh 3d XPS after oxidation (673 K) and reduction (773 K) and subsequent heating in
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nitrogen atmosphere; (A) 0.1% Rh/ceria, (B) 1% Rh/ceria, (C) 5% Rh/ceria and (D)

deconvoluted spectra of (C)

Fig. 6 Ce 3d XP spectra obtained on reduced ceria and Rh, Rh-Co containing ceria (A)

Strongly reduced (at 773 K for 120 min) ceria heated in vacuum at different temperatures (B)

Fig. 7 Co 2ps3» XP spectra obtained on 2% Co/ceria (A) and 10% Co/ceria catalysts (A) after

oxidation and reduction and subsequent heating under inert gas

Fig. 8 Rh 3d XP spectra obtained on Rh-Co bimetallic catalysts; 0.1% Rh + 2% Co/ceria (A),
0.1% Rh + 10% Col/ceria (B), Co 2p3» XP spectra obtained on Rh-Co bimetallic catalysts;
0.1% Rh + 2% Col/ceria (C), 0.1% Rh + 10% Co/ceria (D)

Fig. 9 (A) LEIS spectra obtained with 800 eV Ne" projectiles taken of reduced ceria, clean
Rh(111), reduced 5% Rh/ceria and etched Rh/ceria. (B) LEIS spectra of reduced ceria, clean
CoO standard, reduced 10% Co/ceria and etched Co/ceria obtained with 800 eV He*

Figure S1. Survey spectra of 5% Rh/ceria in the as received state (A) and after reduction at

773 K for 1 h (B), as well as the same spectra of 0.1% Rh+10% Co/ceria (C,D), respectively

Figure S2. Deconvoluted Rh 3d spectra of 1% Rh/ceria (A) and Co 2p spectra of 10%

Col/ceria (B) after oxidation, reduction and heating in N, up to 673 or 773 K.
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