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ABSTRACT: 

Supported transition metal materials have been identified as ideal candidates for decades 

to catalyze various reactions of interest in the fields of hydrocarbon refining, energy and 

environmental catalysis. As the resources in transition metals on earth are known to be limited, 

it appears to be of the utmost interest to improve the efficiency of the catalytic materials in 

achieving the best use of these transition metals, in other words the highest metal accessibility 

when supported on oxide carriers. The present study demonstrates that the deposition of 

oxotungstates (with a W surface density of 1.3 W/nm2) coupled with the selective deposition 

of Rh on the CeO2 surface (via successive strong electrostatic adsorptions of an anionic 

[RhCl6]3- precursor) significantly reduces Rh sintering after reduction at 600 °C under H2 

compared to a W-free CeO2 support. Oxotungstates are found to decrease the number of 

nucleation sites of CeO2 and, therefore, to act as spacers leading to the isolation of the 

nucleation sites. Oxotungstates may also act as a physical barrier preventing the sintering of the 

Rh metallic phase in the course of the reduction step at high temperature. Various morphologies 

of subnanometric Rh clusters exhibiting a limited atomicity (4 to 13 Rh atoms) were considered 

and most were found to be consistent with the very low coordination numbers of 4.0 ± 0.2 

determined experimentally by EXAFS. The coordination numbers and the H2 chemisorption 

data led the conclusion that the Rh subnanometric clusters must be at the maximum two to three 

Rh layers thick and not larger than 5 Rh atoms. The benzene hydrogenation turnover 

frequencies at 50 °C were found to be similar on both the subnanometric Rh clusters and the 

2.5 nm Rh nanoparticles (0.12 ± 0.3 s-1).  
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1. INTRODUCTION 

Supported transition metal materials have been identified as ideal candidates for decades 

to catalyze various reactions of interest in the fields of hydrocarbon refining, energy and 

environmental catalysis. As the resources in transition metals on earth are known to be limited, 

it appears to be of the utmost interest to improve the efficiency of the catalytic materials in 

achieving the best use of these transition metals, in other words the highest dispersion (metal 

accessibility) of the metals when supported on oxide carriers. Many studies have been devoted 

to the preparation of highly-dispersed supported metal catalysts1-3 resulting in the formation of 

nanoparticles of the smallest size in order to ensure the highest accessibility of the metal used. 

Recently, this goal led to the preparation of the so-called single atom catalysts,2, 4-12 for which 

it is assumed that the metals deposited are fully accessible for the catalytic reactions of interest 

because of being present as atomically dispersed, thus achieving the greatest rational use of 

these metals. Yet preparing supported atomically-dispersed transition metals is far from being 

trivial4, 8, 13, 14 and the deposition of transition metals on oxide carriers not only results in highly-

dispersed species but also most often in the formation of nanoparticles of various morphologies 

essentially as spherical or cuboctahedron three-dimensional (3D) clusters,1, 2, 15 whose sizes are 

in general rather difficult to precisely control. In several literature reports, the morphology of 

noble metal particles was also ascribed as rafts (2D structures)10, 11, 16-18 and it has been shown 

that such a peculiar morphology could result from the transformation of nanoparticles at higher 

reduction temperatures.19 For 3D nanoparticles, the accessibility of the metal atoms, in other 

words the ratio of the metal surface atoms to that of the total number of metal atoms in the 

sample (also defined as the metal dispersion20), increases as the size of the nanoparticles 

decreases. The dispersion of particularly costly transition metals, such as those from Platinum 

Group Metals, has been found of the utmost interest in the field of emission control21, 22 and 
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ceria-related materials have been shown to be instrumental to preserve their dispersion under 

rather severe operating conditions.23, 24 

Various methods have been used to deposit transition metals on oxide carriers. Among 

these methods, the deposition of transition metals by strong electrostatic adsorption (SEA)3 has 

been found to lead to highly-dispersed Pt on oxides.25 This method aims at favoring the 

interaction of the positively/negatively-charged metal complexes with oxide surfaces whose 

negative/positive charge can be tuned finely by setting the pH of the adsorption medium 

above/below the point of zero charge (PZC) of the corresponding oxides,26-28 respectively. 

Although SEA has been used commonly for the deposition of transition metals on various single 

oxides,3 the attempts to deposit selectively a particular metal on a more complex oxide, namely 

an oxide supported on another oxide with both of these oxides exhibiting significantly different 

PZCs, are scarce. Among these studies, Regalbuto and co-workers selectively deposited 

[MnO4]- anions on Co3O4 supported on TiO2.29 The intimate contact between the Mn and Co 

species was found to result in an increase in light olefins, C5+ selectivity and chain growth 

probability for the Fischer-Tropsch synthesis. Later, Regalbuto and co-workers also used the 

SEA process to provide insights into the deposition of Pt on amorphous silica-aluminas30 and 

into the proximity of hydrogenation and acid sites needed for the bifunctional transformation 

of n-heptane.31 By controlling the deposition of Pt either on the alumina binder or into the Y 

zeolite, Martens and co-workers showed that the closest proximity between the metal and acid 

sites of a catalyst appeared to be surprisingly detrimental for bifunctional reactions.32 A 

modification in the selectivity of the n-heptane hydrocracking reaction was also reported by 

Ben Moussa et al. depending on the location of the Pt0 nanoparticles either on beta zeolite or 

alumina, and on the intimacy of these latter oxide phases.33 More recently, Christopher and co-

workers demonstrated that the one-step selective deposition of a positively-charged Rh 

precursor ([(H2NCH2CH2NH2)3Rh]3+) near negatively-charged ReOx species supported on 
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Al2O3 led to highly-dispersed promisingly active Rh species for the hydroformylation of 

ethylene.34 

An earlier work showed that the deposition of about 1.2 wt% Rh via incipient wetness 

impregnation on tungstated ceria-zirconia supports did not occur selectively on one particular 

oxide.35 One reason for this could be that both oxides were positively charged at the pH of the 

Rh aqueous solution, which did not favor any preferential interaction of the positively-charged 

[Rh(H2O)6]3+ complex with only one oxide. In addition, it was found that the hydrogenating 

properties of the prepared samples decreased as the W density increased, because the Rh species 

interacting with the tungstate phase were found to be much less active compared to those 

interacting with ceria-zirconia.  

CeO2-related materials have been found to exhibit properties that allowed the 

preservation of highly-dispersed metal species, in particular for noble metals for which the 

greatest accessibility should be sought due to their elevated cost and limited availability. Apart 

from several studies in which high temperature treatments were demonstrated to be instrumental 

for the stabilization of atomically-dispersed metal species,4, 8 the deposition of Rh on CeO2-

related materials generally leads to the formation of Rh nanoparticles of about 2-4 nm36-39 for 

which the atom accessibility can be estimated to be less than about 55 %. Apart from the 

automotive emission control field in which noble metals, including Rh, supported on ceria-

related oxides have demonstrated their unique capability for decades,21-23 Rh-CeO2 has been 

shown rather recently to be a promising catalyst for ethanol reforming reactions.40-42 

The present study was aimed at preparing Rh clusters highly dispersed on a ceria support 

modified by tungstates in order to preserve these clusters from sintering after high-temperature 

reduction. As ceria and WO3 exhibit rather different PZCs,26, 27 the present study shows that the 

SEA method could be used to deposit Rh from the [RhCl6]3- complex selectively on the ceria 

phase, by setting the pH of the aqueous adsorption solution to a value intermediate to those of 
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the PZCs of CeO2 and WO3. Yet it was found that the presence of tungstates drastically limited 

the amount of Rh that could be deposited on the tungstated-ceria material by a single SEA 

process so that the selective adsorption process needed to be repeated successively to increase 

the Rh loading of the samples. This series of samples, together with reference samples obtain 

on the tungstate-free CeO2 pristine support, were thoroughly characterized by XRF, N2 

sorption, Raman, XAS, XPS, NOx-TPD, N2-FTIR, low-temperature H2 chemisorption, ETEM 

and eventually investigated in the benzene hydrogenation catalytic model reaction. Interestingly 

when the amount of Rh was increased by a factor of about five, namely from about 0.2 to about 

0.9 wt%, the size of the Rh clusters remained essentially constant and subnanometric, whereas 

the hydrogenating properties normalized per g of Rh in the sample were found to increase by a 

factor of about 2 as the Rh loading increased. Rh clusters of various morphologies are discussed 

to account for the apparently conflicting experimental data recorded on such peculiar samples.  

 

 

2. EXPERIMENTAL SECTION 

 

2.1. Materials 

The CeO2 support (HSA5, Solvay) was firstly calcined at 750 °C (2 °C/min) for 4 h. 

This resulted in a significant decrease in its specific surface area (from more than 200 m2/g in 

the non calcined state to about 70 m2/g after calcination at 750 °C) and the suppression of its 

microporosity. As in our earlier studies,35, 43 W was then deposited on ceria by incipient wetness 

impregnation with aqueous solutions of (NH4)6H2W12O40 (Aldrich) leading to various W 

loadings up 15.4 wt%, which corresponds at maximum to a W surface density35 of 7.8 

W/nm2
CeO2. After aging at RT for 6 h and drying at 100 °C overnight, the tungstated materials 

were calcined in air at 500 °C (2 °C/min) for 2 h in a muffle furnace. The prepared supports 
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will be denoted as W(W/nm2
CeO2)-CeO2 where W/nm2

CeO2 refers to as the W atomic surface 

density. Rh was introduced on W(1.3)−CeO2 via successive strong electrostatic adsorptions 

(SEAs). 12 g of W(1.3)-CeO2 were firstly contacted with 50 mL of a 15.5x10-3 mol/L aqueous 

solution of ammonium hexachlororhodate hydrate (Rh(Cl6)(NH4)3,H2O, STREM Chemicals). 

The pH of the resulting suspension was then set to 4 with the addition of HNO3 and/or NH4OH. 

The suspension was stirred vigorously for 2 h. The solid was centrifuged (9,000 rpm) and 

washed once with distilled water (50 mL) before being centrifuged once again. The solid was 

then dried overnight at 100 °C and calcined at 400 °C (2 °C/min) for 2 h. This calcination 

temperature was selected on the basis of the earlier work of Varga et al. in which it was shown 

that such a temperature was sufficient to decompose RhCl3 on CeO2.38 2 g of the calcined solid 

were kept apart, denoted as Rh/W(1.3)-SEA1 indicating that this sample was obtained after the 

first SEA experiment. The remaining Rh/W(1.3)-SEA1 solid (about 10 g) was contacted with 

the ammonium hexachlororhodate solution preserved after the first SEA experiment and 

submitted to the same protocol as that described previously for Rh/W(1.3)-SEA1. SEA 

experiments were thus carried out successively up to 5 times and the corresponding samples 

will be denoted as Rh/W(1.3)-SEAi (where i refers to as the number of successive SEA 

performed on the sample). Using this methodology, about 92 % of the Rh introduced initially 

in the solution was found to be deposited on the series of samples. 

Rh was also deposited on pure CeO2 (W(0.0)−CeO2) in the conditions of the SEA using 

Rh(Cl6)(NH4)3 (3 g of CeO2 contacted with 51.3 mL of a 5.4x10-3 mol/L aqueous solution of 

ammonium hexachlororhodate hydrate) and Rh(H2O)6(NO3)3 (Aldrich). These samples will be 

denoted as RhCl/W(0.0)−CeO2 and RhNO3/W(0.0)−CeO2. 
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2.2. Characterization 

Chemical analysis of the supported catalysts was performed by X-ray Fluorescence 

using a XEPHOS He III (AMETEK) spectrometer. 

N2-sorption measurements were carried out on a Belsorp max instrument (Bel Japan) at 

77 K. Prior to the sorption experiments, the samples were outgassed for 3 h at 300 °C. Specific 

surface area was determined using the BET equation in the range 0.1 > P/P0 > 0.4. 

Raman spectra of the samples were collected from a KAISER (RXN1) Optical system 

equipped with a charge-coupled detector (CCD) and a laser with λ = 785 nm (power, 5 mW; 

resolution, 4 cm−1; accumulation time, 10 s; 30 scans per spectrum). A microscope with an X50 

long working distance (W.D. = 8.0 mm) lens was used. 

Transmission X-ray absorption spectroscopy (XAS) of the Rh-K (23.220 keV) and W-

L3 (10.207 keV) edges of the in situ reduced Rh/W(1.3)-SEAi series and RhNO3/W(0.0)-CeO2 

were measured at Argonne national Laboratory’s (Argonne, IL) Advanced Photon Source 

(APS) on the Materials Research Collaborative Access Team’s (MRCAT) bending magnet 

beamline in sector 10-BM. Catalysts samples were pressed into an in situ cell and reduced at 

600 °C in 4% H2 prior to measurements at room temperature. Spectra of Rh and W foils were 

collected along with the samples for energy calibration. The data fitting was done with the 

software WinXAS 97, version 3.0. A Rh foil was used as a reference for both XANES and 

EXAFS fitting (N Rh-Rh = 12, R = 2.69 Å). WO3 and Na2WO4 (N W-O at 1.78 Å) were also 

used as W references. The Rh EXAFS were fit in R-space from ∆k = 2.8-11.4 Å-1 and ∆R = 1.3 

– 2.8 Å, and W EXAFS was fit from ∆k = 2.6-11.3 Å-1 and ∆R = 0.9 – 1.7 Å. 

XP spectra were collected on an Omicron Scienta (Argus) X-ray photoelectron 

spectrometer using a monochromated Al Kα (hν = 1486.6 eV) radiation source having a 300 W 

electron beam power. Charge compensation was carried out using an electron beam having an 

energy of 1 eV and an emission current of 10 mA. The emission of photoelectrons from the 
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sample was analyzed at a takeoff angle of 45° under ultrahigh vacuum conditions (1 × 10-8 Pa). 

XP spectra were collected at pass energy of 20 eV for C 1s, O 1s, W 4f, Ce 3d, Ce 4d, and Rh 

3d core XPS levels. After data collection, because of the known difficulties in referencing the 

binding energies to the C1s line,44 the binding energies were calibrated with respect to the 

binding energy of the O 1s peak at 529 eV.45, 46 All of the binding energies reported in this work 

were measured within an accuracy of ±0.2 eV. The peak areas were determined after subtraction 

of a Shirley background. The atomic ratio calculations were performed after normalization 

using Scofield factors.47 Spectrum processing was carried out using the Casa XPS software 

package and Origin 7.1 (Origin Lab Corporation). The Rh(wt%)/W(1.3)-SEAi series was 

analyzed after ex situ reduction at 600 °C for 2 h and careful exposure to ambient atmosphere 

at RT prior to introduction in the XPS device. Some of the samples (Rh/W(1.3)-SEA2, 

Rh/W(1.3)-SEA3, Rh/W(1.3)-SEA5 and RhCl/W(0.0)-CeO2) were also analyzed in their 

oxidized form (after ex situ calcination at 400 °C) and after in situ reduction by H2 at 600 °C in 

the pretreatment chamber of the XPS facility, which therefore avoided exposure of the samples 

to air prior to XPS analysis. 

The NOx-temperature-programmed desorption (NOx-TPD) experiments,35, 43, 48 were 

carried out on the W(W/nm2
CeO2)-CeO2 materials in a U-shape quartz reactor (13 mm i.d.). The 

samples were held on plugs of quartz wool, and the temperature was controlled by a Eurotherm 

2408 temperature controller using a K type thermocouple. Reactant gases, used as received, 

were fed from independent gas cylinders (Air Liquide) by means of mass flow controllers 

(Brooks 5850TR) with a total flow rate of 230 mLNTP/min. Prior to the NOx-TPD experiments, 

the samples (0.3 g) were calcined in situ in O2(20%)/He at 500 °C (3 °C/min) for 2 h with a 

flow rate of 100 mLNTP/min. Typically, the composition of the adsorption mixture consisted of 

400 ppm NOx and 8% O2 in He. The reactor outlet was continuously monitored by a 

chemiluminescence NOx analyzer (Thermo Environmental Instruments 42C-HT) that allowed 



 11

the simultaneous detection of both NO and NO2. The samples were exposed to the adsorption 

mixture at RT until the outlet NOx readout was equivalent to the inlet NOx. This latter parameter 

was set to ensure that saturation coverage was reached for all of the samples investigated under 

the present experimental conditions, as the time after which no change was observed in the gas 

phase NOx concentrations was strongly dependent on the W surface density of the samples. It 

has been clearly demonstrated that the nature of the adsorbed NOx species (ad-NOx) formed on 

such materials is affected to a significant extent by the presence of O2 in the NO-containing 

mixture.49 As the presence of parts per million levels of O2 cannot be excluded, NOx adsorption 

and desorption were thus carried out in the presence of a large excess of O2 (8%). Before the 

NOx-TPD experiments, the samples were flushed in O2(8%)/He (230 mLNTP/min) at RT to 

remove weakly chemisorbed species until the NO and NO2 concentrations detected at the outlet 

were negligible. NOx-TPD experiments were carried out from RT to 550 °C at a heating rate of 

3 °C/min under a mixture of 8% O2 in He. As has already been reported in refs.35, 43, 48, it should 

be noted that NOx chemisorption does not occur on WOx species. 

N2-FTIR spectra of adsorbed N2 on supported Rh samples were collected in 

transmission mode on a Bruker Vertex 70 FTIR spectrometer equipped with a liquid N2-cooled 

MCT detector and a data acquisition station. A total of 128 scans were averaged with a spectral 

resolution of 2 cm-1. The samples were pressed into self-supporting wafers of about 12 mg/cm2 

(∼25 mg for wafers of 1.6 cm diameter). The wafers were loaded in a moveable glass sample 

holder, equipped on top with an iron magnet, and inserted in a conventional quartz glass cell 

(CaF2 windows) connected to a vacuum system. The iron magnet allowed for the transfer of the 

catalyst sample from the oven-heated region to the infrared light beam. Before N2 adsorption, 

the catalysts were submitted to a dynamic (50 cm3/min) reducing pretreatment (5% H2 in Ar, 

Air Liquide, 99.999%) at 600 °C for 2 h at atmospheric pressure. The samples were then 

evacuated (7.5 × 10-7 Torr) at 600 °C for 1 h. Finally, the temperature was decreased to -173 
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°C under dynamic vacuum. The samples were then exposed to 10 Torr of N2 (Air Liquide, 

99.999%) further purified by passing through a liquid nitrogen trap. The spectrum at -173 °C 

of the pretreated sample was used as a reference and subtracted from the spectrum of the sample 

exposed to N2. 

Rhodium accessibility was evaluated via the irreversible H2 chemisorption method. 

These measurements were performed in a static mode using a conventional volumetric 

apparatus (Belsorp max, Bel Japan) and at −196 °C, as the spillover of hydrogen to the CeO2 

support has been shown to be minimized as the temperature of adsorption was lowered.23 

Typically, about 0.3 g of catalyst was used. Before the H2 chemisorption measurements, the 

catalyst was reduced in H2 (50 mL/min) at 600 °C for 2 h (3 °C/min heating rate) with 

subsequent evacuation at 600 °C for an additional 2 h. Then, the sample was cooled under 

vacuum to −196 °C. Two H2 adsorption isotherms were obtained. After the first isotherm, the 

catalyst was evacuated again for 2 h at −196 °C. The amounts of total and reversible H2 uptakes 

were then estimated by extrapolating the quasi-linear portions of the isotherm to zero pressure. 

The difference between these two values gave the amount of irreversible H2 uptake.  

Before benzene hydrogenation, the catalyst sample (0.050 g deposited on a plug of 

quartz wool inserted inside a U-type quartz reactor) was heated in flowing H2 (100 mLNTP/min) 

at atmospheric pressure with a heating rate of 3 °C/min up to 600 °C and held at this temperature 

for 2 h. After cooling to 50 °C under H2, the reaction was started. The partial pressure of benzene 

(C6D6, Aldrich) was 51.8 Torr (1 Torr = 133 Pa) and the total flow rate was 107 mLNTP/min 

with H2 as balance. The composition of the effluent was analyzed using an online gas 

chromatograph (Hewlett-Packard 5890, FID) equipped with a PONA 

(Paraffins−Olefins−Naphthenes−Aromatics; HP, 50 m long, 0.20 mm i.d., 0.5 μm film 

thickness) capillary column. 
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A FEI Titan ETEM G2 operating at 300 kV corrected from the spherical aberration of 

the objective lens (Cscorrector) was used to image RhCl/W(0.0)-CeO2 and Rh/W(1.3)-SEA5 

under H2 (5 to 18 mbar) and ultra-high vacuum (UHV) and/or at temperatures in the 500-1000 

°C range. The environmental mode is operated by direct gas injection onto the sample. The 

secondary vacuum in the other parts of the microscope column is ensured by differential 

pumping, while the pressure around the sample can be increased up to 20 mbar. A GATAN 

furnace-type heating holder in Tantalum was used for the environmental experiments. In this 

device, the TEM grid (Mo mesh supporting a thin carbon film) is installed into a small oven 

surrounded by a coil. A heating rate of 50 °C min−1 was used when changing the temperature 

during the experiments with intermediate dwelling steps for about 10 min every 100 °C up to 

600 °C.  

 

3. RESULTS  

3.1. Characterization of the oxide phases 

Table 1 shows that the W loadings varied from 0.0 to 15.4 wt% in the oxide samples 

(W(W/nm2
CeO2)-CeO2). After calcination at 750 °C, the BET surface area decreased slightly 

from 76 to 53 m2/g as the loading of W increased. This decrease in BET surface area was found 

to be essentially attributed to the addition of W as a rather heavy transition metal that did not 

provide additional surface but contributed to the increase in sample weight. The resulting W 

surface densities (δ) thus varied from 0.0 to 7.8 W/nm2
CeO2. 

  



 14

Table 1. Summary of the properties of the investigated materials 

Samples W (wt%) Rh (wt%) BET surface 

area (m2/g) 

δ 

(W/nm2
CeO2) 

H/Rh Rh dispersion 

estimated by 

EXAFS (%) 

W(0.0)-CeO2 0.0 - 76 0.0 - - 

W(1.3)-CeO2 3.0 - 74 1.3 - - 

W(2.9)-CeO2 6.2 - 65 2.9 - - 

W(4.1)-CeO2 8.9 - 63 4.1 - - 

W(4.9)-CeO2 10.2 - 60 4.9 - - 

W(5.5)-CeO2 11.4 - 59 5.5 - - 

W(6.5)-CeO2 13.4 - 56 6.5 - - 

W(7.8)-CeO2 15.4 - 53 7.8 - - 

Rh/W(1.3)-SEA1 3.0 0.23 n.d. 1.3 0.19 100 

Rh/W(1.3)-SEA2 3.0 0.40 n.d. 1.3 0.27 100 

Rh/W(1.3)-SEA3 3.0 0.56 n.d. 1.3 0.32 100 

Rh/W(1.3)-SEA4 3.0 0.71 n.d. 1.3 0.33 100 

Rh/W(1.3)-SEA5 3.0 0.88 n.d. 1.3 0.34 100 

RhCl/W(0.0)-CeO2 0.0 0.94 n.d. 0.0 0.46 n.d. 

RhNO3/W(0.0)-CeO2 0.0 0.68 n.d. 0.0 0.47 44 

 

 

3.1.1. Raman spectroscopy 

Figure S1 displays the Raman spectra of the calcined oxide supports. The most intense 

contribution (461 cm-1) is assigned to the F2g symmetric breathing vibrational mode of the 

oxygen anions around the Ce cations (Ce-O).50-52 The fact that this contribution did not shift 

with increasing W loadings (not shown) indicates that the size of the CeO2 crystallites remained 
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essentially constant among the series of investigated samples.53 This is supported by the quasi 

constant specific surface area per g of CeO2 (71 ± 6 m2/gCeO2) that can be calculated from the 

BET surface areas and the weight contents of W listed in Table 1. Additional contributions 

appeared on the introduction of W on CeO2. At the lowest loading of W (W(1.3)-CeO2), very 

weak contributions can be seen at 930 and 793 cm-1 (Figure S1) that can be attributed to the 

presence of oxotungstate species (isolated monotungstates).46 For higher W surface densities, 

these contributions shift to higher frequencies (979 and 803 cm-1), which indicates the presence 

of polytungstate species in a very well dispersed state46 and the respective contributions of 

W=O and W-O vibrations.54 The fact that the W=O band becomes broader as the W surface 

density increases indicates a higher degree of polymerization of the polytungstates.54 For W 

surface densities higher than or equal to 4.9 W/nm2
CeO2, an additional contribution is observed 

at 690 cm-1, which can be attributed to the presence of nano-crystalline WO3 particles.46, 54 

 

3.1.2. XAS 

After reduction at 600 °C, the W energy at the W-L3 edge of the XANES of the 

Rh/W(1.3)-CeO2-SEAi samples (10.2098 keV) was found to be similar edge energy to those of 

the WO3 (10.2093 keV) and Na2WO4 (10.2100 keV) references indicating that W is in the +6 

oxidation state. The intensity of the white line and the shape of the catalysts XANES was 

broader and smoother than that of Na2WO4 consistent with a distorted coordination geometry 

in the former (Figure S2a). The W-L3 edge EXAFS fits of the catalysts indicate there are 4.0 

W-O bonds with a bond distance (1.78 Å) similar to that of Na2WO4 (1.78 Å). In the catalysts, 

the coordination geometry is more disordered than in Na2WO4 as indicated by a larger ∆σ2 fit 

parameter, ca. 0.004 greater than for Na2WO4. The first shell W-O coordination fit of magnitude 

and imaginary part of the k2-weighted Fourier transform of the W EXAFS is shown in (Figure 

S2b). The XANES and the EXAFS data indicate that W should be present as isolated 
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tetrahedrally distorted oxotungstate species in line with the Raman investigations (section 

3.1.1.) and the XPS data (section 3.1.3.). Such a conclusion about the state of W on the W(1.3)-

CeO2 support is consistent with the earlier findings of Bigey et al.55 on a WO3-CeO2 material 

exhibiting a W surface density about twice as high as that of the present studied W(1.3)-CeO2 

support. 

 

3.1.3. XPS 

The binding energy of W 4f7/2 in Rh/W(1.3)-SEAi selected samples was found to be 

about 35 eV after calcination (Table 2), which can be attributed to the presence of W6+ species 

in agreement with the values reported on W/Ce0.62Zr0.38O2 materials and those listed in earlier 

literature reports.35 and references therein After reduction at 600 °C by H2, the W 4f7/2 binding energy 

was found to decrease by about 0.5 eV, thus showing that the oxidation state of W did not 

change to a significant extent and indicating that the reduction of tungstates was not achieved 

under the present experimental conditions in agreement with the XAS data (section 3.1.2.). This 

slight change in the W 4f7/2 binding energy may be attributed to an electron transfer from the 

reduced ceria support to the tungstate species. Under ultra-high vacuum conditions, which is 

typically the case of the XPS chamber, the Ce4+ ions of the ceria support were found to be 

reduced to Ce3+ ions (not shown) due to the desorption of O2. This phenomenon may also be at 

the origin of the slightly lower binding energy of the W 4f7/2 signal from the W6+ ions of 

tungstates supported on CeO2 (about 35 eV) compared with those expected from pure WO3 

(35.5 eV).56 
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Table 2. XPS data of selected WOx-promoted Rh/CeO2 Catalysts 

  W 4f7/2 B.E. (eV) Rh 3d5/2 B.E. (eV) Rh / (W + Ce) x 105 

Samples Rh (wt%) (a) (b) (c) (a) (b) (c) (a) (b) (c) (d) 

Rh/W(1.3)-SEA2    0.40 34.9 34.5   - 309.3 306.1   - 104   92   - 101 

Rh/W(1.3)-SEA3    0.56 34.9 34.5   - 309.3 306.1   - 125 133   - 124 

Rh/W(1.3)-SEA5    0.88 34.8   -   - 308.9   -   - 238   -   - 205 

RhCl/W(0.0)-CeO2    0.94   -   -   - 309.1 305.8 306.1 + 308.1 385 250 271   - 

(a) After ex situ calcination under air at 400 °C for 2 h and exposure to ambient atmosphere. 

(b) After in situ XPS reduction under H2 at 600 °C for 2 h following step (a). 

(c) After exposure to ambient atmosphere following the in situ XPS reduction in step (b). 

(d) After ex situ reduction under H2 at 600 °C for 2 h and exposure to ambient atmosphere. 

 

3.1.4. NOx-TPD 

As illustrated earlier on Ce0.62Zr0.38O2,35 the NOx-TPD profile of CeO2 also displayed a 

low-temperature (LT) and a high-temperature (HT) NOx desorption peaks at about 90 and  

350 °C (not shown). The intensity of these peaks decreased as the W surface density increased 

and the HT desorption peak was found to vanish for W surface densities higher than or equal 

to 4.9 W/nm2
CeO2. As was found on ZrO2

43, 48 and Ce0.62Zr0.38O2,35 the NOx uptake is found to 

decrease linearly as the W surface density increases up to about 4.9 W/nm2
CeO2 before 

stabilizing at higher W surface densities (Figure S3). From this observation it can be concluded 

that pseudo monolayer coverage of CeO2 by the tungstates is achieved at a W surface density 

of 4.9 W/nm2
CeO2 in agreement with the values found earlier by us on Ce0.62Zr0.38O2

35 and by 

Chen and co-workers on CeO2
57 and Ce0.50Zr0.50O2,45 and in agreement with the Raman data 

showing the onset detection of WO3 crystallites at such a W surface density (section 3.1.1.). 

Finally, the NOx surface density found on CeO2 (5.7 µmol NOx/m2 corresponding to 3.5 

NOx/nm2) appears to be close to those reported earlier for Ce0.62Zr0.38O2 (5.3±0.3 µmol 
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NOx/m2)35 and ZrO2 (6.0 µmol NOx/m2).43, 48 It can be noted that the present results are 

consistent with those reported recently by Iwasaki et al.58 These latter authors also reported a 

decrease in the amount of NOx stored on ceria as the amount of W deposited increased. The 

slightly greater NOx surface density reported by Iwasaki et al. for CeO2 (4.8 NOx/nm2)58 

compared to that obtained in the present study (3.5 NOx/nm2) may be attributed to differences 

in the conditions under which CeO2 was contacted with the NOx species. 

 

3.1.5. Anionic and cationic adsorption capacities  

The anionic and cationic adsorption capacities of the W(W/nm2
CeO2)/CeO2 materials 

were probed by contacting 1 g of these solids with 100 mL of an aqueous solution of KCl  

(10-2 mol/L) at a pH of 4 for 1 h. The suspensions were then centrifuged and the solids were 

dried at 100 °C overnight before being analyzed by X-ray fluorescence. Despite Bertus and 

Carcel reported on a PZC of WO3 close to 4,59 many studies agreed that the PZC of tungsten 

trioxide must be below 2.26, 27, 60-62 Apart from few studies in which the PZC of CeO2 has been 

reported to be as low as 3-4,27 the PZC of ceria is generally reported to be above 6.26, 27, 63-65 At 

a pH of 4, which appears to be intermediate between the PZC of WO3 (< 2) and that of CeO2 

(> 6),26, 27 the tungstates must be negatively-charged, whereas ceria must be positively-charged 

(Figure 1a). The K+ and Cl- ions should therefore interact preferentially with tungstates and 

ceria, respectively. This is verified in Figure 1b for which pure ceria displays only Cl- ions after 

exposure to the KCl solution, whereas K+ ions are observed on the W-promoted ceria samples 

only. It is of interest to note that the amount of Cl- ions decreased drastically on the introduction 

of small quantities of W, becoming hardly detectable for W surface densities higher than 1.3 

W/nm2, and that the amount of K+ ions increased in parallel before stabilizing for W surface 

densities higher than 4-5 W/nm2 (Erreur ! Source du renvoi introuvable.). This led us to 

select W(1.3)-CeO2 as a supporting material to achieve the selective deposition of Rh on 
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accessible CeO2 via SEA of [RhCl6]3- anions (Figure 1a). In agreement with the lack of anionic 

adsorption capacity of W(2.9)-CeO2 (Figure 1b), it was verified that Rh could not be deposited 

on this latter support under the SEA conditions used in the present work (pH 4). 

 

 

Figure 1. (a) Schematic representation of the selective interaction of the anionic Rh precursor 

([RhCl6]3-) with the W(1.3)-CeO2 support in the course of the 1st SEA step via electrostatic 

attraction between ceria surfaces and the charged precursor in solution at a pH of 4. The charge 

state shown in the figure represents a net charge of WOx and CeO2 surface after 

protonation/deprotonation at a pH of 4. (b) Anionic (Cl-, orange) and cationic (K+, blue) 

adsorption capacities of W(W/nm2
CeO2)-CeO2. 

 

3.2. Characterization of the Rh phases 

The deposition of Rh on the W(1.3)-CeO2 support was performed by successive SEA 

experiments of [RhCl6]3- anions at a pH of 4, for which accessible CeO2 must be charged 

positively, whereas tungstates must be charged negatively. Such a procedure should therefore 

allow for the selective electrostatic interaction of the [RhCl6]3- complex with the positively-

charged CeO2 surface (Figure 1a). From the data listed in Table 1, it can be seen that the 

amount of Rh deposited on the W(1.3)-CeO2 support increases up to 0.88 wt% as the number 
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of successive SEA experiments increases. The amounts of Rh deposited for RhCl/W(0.0)-CeO2 

and RhNO3/W(0.0)-CeO2 were estimated to be 0.94 and 0.68 wt%, respectively. 

 

3.2.1. Hydrogen chemisorption 

The H/Rh ratios obtained for the various Rh samples after reduction and evacuation at 

600 °C are listed in Table 1. It was found that this ratio remained low and increased from 0.19 

to 0.34 as the number of successive SEA processes increased. Yet the H/Rh ratio was found to 

remain essentially constant (0.33 ± 0.01) after the third SEA step. H/Rh ratios of the Rh samples 

prepared on the W-free support (W(0.0)-CeO2) were found to be independent of the Rh 

precursor, as RhCl/W(0.0)-CeO2 and RhNO3/W(0.0)-CeO2 exhibited H/Rh ratios of 0.46 and 0.47 

(Table 1), respectively. These latter H/Rh ratios were thus found to be higher than those of the 

Rh samples prepared on W(1.3)-CeO2. 

 

3.2.2. XAS 

As illustrated for Rh/W(1.3)-SEA5 in Figure 2a, the XANES spectra recorded on the 

Rh/W(1.3)-SEAi samples at the Rh-K edge after H2 reduction at 600 °C (Figure S4a) indicate 

that Rh was present in a metallic state. The XANES energy of the catalysts and Rh foil is 23.220 

keV. The magnitude of the k2-weighted Fourier transform of the EXAFS is shown in (Figure 

2b) and indicates that the Rh nano-particles are small. As listed in Table 3, the Rh-Rh 

coordination numbers (CN) in the Rh/W(1.3)-SEAi series, deduced from fitting the k2-weighted 

EXAFS spectra were found to be extremely low (ca. 4) and to remain essentially constant 

through the series. In contrast, the sample prepared from a W-free CeO2 support 

(RhNO3(0.68)/W(0.0)-CeO2, Table 3 and (Figure 2b)) showed a higher coordination number 

(7.3), albeit still low. In agreement with the observed low coordination numbers, a small 

contraction of the Rh-Rh bond distance by about 0.04 ± 0.01 Å was found for the studied 
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samples compared to that found for the Rh foil (2.69 Å). From these EXAFS coordination 

numbers, the size of the Rh particles was estimated and is also listed in Table 3. The associated 

Rh dispersion (defined as the fraction of surface Rh atoms to the total number of Rh atoms) was 

thus estimated to be 100 % (Table 1) suggesting full dispersion of the Rh atoms in the 

Rh/W(1.3)-SEAi series. Whereas the Rh dispersion of RhNO3/W(0.0)-CeO2 estimated by 

EXAFS (44 %) agreed remarkably with that determined by H2 chemisorption (H/Rh = 0.47), 

this was definitely not the case in the Rh/W(1.3)-SEAi series for which Rh dispersions 

determined by H2 chemisorption were found to be much lower than those deduced from EXAFS 

(Table 1).  

 

 

Figure 2. (a) Rh K-edge XANES spectra recorded from 23.18 to 23.27 keV of Rh foil (black), 

Rh/W(1.3)-SEA5 (red) and RhNO3/W(0.0)-CeO2 (blue). (b) The magnitude of the k2-weighted 

Fourier transform of Rh K-edge EXAFS spectra (∆k = 2.8-11.4 Å-1 and ∆R = 1.3-2.8 Å) of Rh 

foil (black), Rh/W(1.3)-SEA5 (red) and RhNO3/W(0.0)-CeO2 (blue). The spectra of the 

supported Rh samples were recorded at room temperature after reduction in flowing H2 at 600 

°C. 

 

Table 3. Rh k-edge EXAFS fits of WOx-promoted Rh/CeO2 Catalysts 

Samples CN R (Å) ∆σ2 (x 103) Ε0 (eV) Size (nm) 

0

1

23,180 23,200 23,220 23,240 23,260

N
or

m
al

iz
ed

 A
bs

or
pt

io
n

Photon Energy (keV)

(a)

23.20 23.22 23.24 23.26
0,00

0,02

0,04

0,06

0 1 2 3 4

M
ag

ni
tu

de
 F

T
 [

k2 *
C

hi
(k

)]

R [Å]

(b)0.06

0.04

0.02

0.0



 22

Rh/W(1.3)-SEA1   3.8 2.65 5.0 0.9 0.8 

Rh/W(1.3)-SEA2   3.7 2.64 5.0 -0.6 0.8 

Rh/W(1.3)-SEA3   4.2 2.65 5.0 -0.2 0.9 

Rh/W(1.3)-SEA4   3.9 2.65 5.0 0.5 0.9 

Rh/W(1.3)-SEA5   4.0 2.66 5.0 0.9 0.9 

RhNO3/W(0.0)-CeO2   7.3 2.67 4.0 -0.8 2.5 

Rh foil 12.0 2.69 0.0 -0.7 - 

CN, the average Rh-Rh coordination number; R, the distance between Rh scattering 

atoms and their 1st neighboring Rh atoms; ∆σ2, the Debye-Weller factor measuring the disorder, 

E0, the correction on the edge position. 

 

 

3.2.3. XPS 

The Rh/W(1.3)-SEAi samples were firstly reduced at 600 °C under H2 and exposed to 

air before introduction in the XPS facility. Figure 3 shows the theoretical (�) and XPS (�) 

Rh/(W + Ce) atomic ratios determined on the Rh/W(1.3)-SEAi series. The XPS ratios were 

found to be higher than the theoretical ones. This is not unexpected as in the case of well-

dispersed metal particles, the proportion of Rh atoms analyzed by XPS is known to be greater 

than the proportion of Ce atoms analyzed from support particles whose sizes are significantly 

larger (ca. 11 nm from the specific surface area of CeO2) than those of the Rh particles.23 The 

XPS Rh/(W + Ce) ratios were found to be remarkably proportional to the Rh weight loadings, 

which suggests that Rh was present in a highly dispersed state in this series of samples in 

agreement with the XAS results (section 3.2.2.). The oxidation state of W and Rh was 

investigated for selected samples (Rh/W(1.3)-SEA2, Rh/W(1.3)-SEA3, Rh/W(1.3-SEA5 and 

RhCl/W(0.0)-CeO2) which were analyzed in their oxidized form (after ex situ calcination at 400 
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°C), after reduction by H2 at 600 °C in the pretreatment chamber of the XPS facility (no 

exposure to air after the in situ reduction step) and after further exposure to air of some of the 

in situ reduced samples. The binding energy of Rh 3d5/2 was found to be about 309 eV after 

calcination (Table 2, (a), Figure S5a), attesting for the presence of Rh3+ species in agreement 

with the values reported on W/Ce0.62Zr0.38O2 materials35 and those listed in earlier literature 

reports.66 After in situ reduction at 600 °C by H2, the Rh 3d5/2 binding energy was found to 

decrease to about 306 eV (Table 2, (b), Figure S5b) thus showing that the Rh3+ ions were 

reduced to Rh0 metal atoms.35 After exposure to air of the in situ reduced RhCl/W(0.0)-CeO2 

sample, an additional contribution appeared at about 308 eV suggesting partial reoxidation of 

the Rh atoms (Table 2, (c), Figure S5c). The Rh/(W + Ce) ratios of the oxidized and in situ 

reduced Rh/W(1.3)-SEA2 and Rh/W(1.3)-SEA3 samples (Table 2 (a,b)) were found to be 

consistent with those obtained with ex situ reduction (Table 2 (d) and Figure 3). In contrast the 

Rh/(W + Ce) ratio of the RhCl/W(0.0)-CeO2 in its oxidized form appeared to be much greater 

than that in its situ reduced form (Table 2 (a,b)). This suggests that Rh sintering occurred during 

the reduction step on the W-free sample (RhCl/W(0.0)-CeO2), whereas this sintering 

phenomenon did not occur on the samples prepared on the tungstated support (Rh/W(1.3)-

SEAi). 

 

 

Figure 3. XPS Rh/(W + Ce) atomic ratios as a function of the Rh loading of the Rh/W(1.3)-

SEAi series, theoretical (�), after ex situ H2 reduction (�) and after in situ H2 reduction (�). 
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3.2.4. N2-FTIR 

Although less sensitive than CO and more technically demanding (elevated pressure or 

low temperature required),67 N2 was preferred to CO to characterize the Rh atoms of the 

Rh/W(1.3)-SEAi series, since N2 does not alter the integrity of the Rh particles upon adsorption 

and its stretching vibration is not dipole-dipole coupling-dependent as is the case with CO.68 

The negative and positive contributions observed at 2120 and 2090 cm-1, respectively, have 

been attributed to a shift of the contribution at 2120 cm-1 (assigned to f centers in reduced 

ceria69) to lower wavenumbers with a further decrease in the temperature of the self-supporting 

wafer upon the introduction of the N2 atmosphere (Figure S6a).70 Whereas the band at 2335-

2340 cm-1 (not shown) is assigned to the interaction of N2 with the hydroxyl groups of the 

supporting oxide, those at 2200, 2215 and 2250 cm-1 (Figure S6a) are assigned to the vibration 

of N2 chemisorbed onto Rh sites.70 The two most intense bands at 2200 and 2215 cm-1 are 

assigned to the vibration of N2 molecules chemisorbed on metallic rhodium (Rh0) atoms, while 

that at 2250 cm-1 of much weaker intensity is attributed to N2 bonded to electron-deficient Rh 

atoms (Rhδ+).70, 71 It can be seen that the intensity of the N2 contributions assigned to the 

chemisorption of N2 on Rh0 atoms increases to a larger extent than that of N2 bonded to Rhδ+ 

sites suggesting that Rh atoms are essentially present as Rh0 sites as the Rh content increases. 

The N2-Rh0 contributions of the Rh/W(1.3)-SEAi series (2200 and 2215 cm-1) appears at about 

10 cm-1 lower wavenumbers than those recorded previously on Rh/SiO2 samples (2210 and 

2225 cm-1), for which no electronic transfer is known to occur between the Rh particles and the 

SiO2 support.71 The fact that the N2-Rh0 contributions of the Rh/W(1.3)-SEAi series appears at 

lower wavenumbers than that of Rh/SiO2 may be attributed to increased electron density of the 

Rh particles because of an electronic transfer from the reduced ceria support leading to a higher 
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electron back donation in the 2Π* anti-bonding N2 orbital. Figure S6b shows the comparison 

of RhCl/W(1.3)-CeO2 with Rh/W(1.3)-SEA3 recorded within the same series of experiments. It 

can be seen that the resolution of the contributions at about 2000 and  

2010 cm-1 appeared higher on RhCl/W(1.3)-CeO2 compared to Rh/W(1.3)-SEA3, thus 

suggesting that the morphology of the Rh particles must be different on these samples. 

 

 

3.2.5. Benzene hydrogenation catalytic results 

The benzene hydrogenation rates, normalized per g of Rh in the samples, and associated 

turnover frequencies (TOF72 defined as the number of benzene molecules converted per time 

and per Rh surface atom by considering the H/Rh data derived from H2 chemisorption 

experiments) measured on the various samples are shown in Figure 4. Regarding firstly the 

Rh/W(1.3)-SEAi series, it can be seen that the benzene hydrogenation rate increases as the Rh 

content increases before stabilizing for Rh contents greater than or equal to 0.56 wt%, in other 

words after three successive SEA synthesis steps. The benzene hydrogenation rates of the W-

free samples, namely RhNO3/W(0.0)-CeO2 and RhCl/W(0.0)-CeO2, not only were found to be 

similar for both samples but also greater than those measured on the Rh/W(1.3)-SEAi series. 

These differences in benzene hydrogenation rates disappear when the TOF are considered as 

all of these catalysts exhibit a benzene hydrogenation TOF of 0.12 ± 0.03 s-1. This value is in 

good agreement with that reported earlier for Rh/WOx-Ce0.68Zr0.32O2 samples at low tungstate 

coverages.35 
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Figure 4. C6D6 hydrogenation rates (circles) and C6D6 hydrogenation TOF (triangles) as a 

function of the Rh content in the Rh/W(1.3)-SEAi series (0.23-0.88 wt% Rh) (full symbols), 

and RhNO3/W(0.0)-CeO2 (0.68 wt% Rh) and RhCl/W(0.0)-CeO2 (0.94 wt% Rh) (open symbols). 

 

 

4. DISCUSSION 

4.1. Formation and atomicity of the Rh2O3 clusters prepared by successive SEA of 

[RhCl6]3- on W(1.3)-CeO2 

The synthesis of the samples of interest lies in the selective deposition of Rh on the 

accessible surface of CeO2 of a tungstated-ceria support. To achieve this goal, the method based 

on the strong electrostatic adsorption (SEA) of a negatively-charged Rh precursor with the 

CeO2 surface was selected. This method is based on the points of zero charge (PZCs) of the 

oxides of interest, namely CeO2 (PZC > 6) and WO3 (PZC < 2).26, 27 For a single oxide, setting 

the pH of the aqueous medium to a value lower than that of the PZC of the oxide will result in 

the protonation of the OH groups of this oxide eventually creating positively-charged 

adsorption sites able to interact with anionic species. In contrast, when the pH of the adsorption 

medium is set to a value greater than that of the PZC of the oxide, the deprotonation of the OH 

groups of the oxide will result in the creation of negatively-charged adsorption sites able to 

interact with cationic species. In the case of materials made of two oxides, the same surface 
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charging will apply when the pH of the adsorption medium is set below and above the lower 

and the higher PZC of the constitutive oxides, respectively. In contrast, setting the pH of the 

adsorption medium to a value intermediate to those of the PZCs of the oxides will create 

positively- and negatively-charged adsorption sites on the oxides exhibiting the greater and 

lower PZC, respectively. In that case, the choice of an appropriate metal complex, either anionic 

or cationic, will allow its selective deposition on one of these oxides. Contacting the W(1.3)-

CeO2 material with an adsorption medium at a pH of 4 containing the negatively-charged 

hexachlororhodate complex ([RhCl6]3-) should thus result in its selective interaction with the 

positively-charged adsorption sites of CeO2 (PZC > 6). In contrast, this Rh complex should not 

interact with the negatively-charged sites created on the tungstates (PZC < 2) because of 

repulsive interaction of the negatively-charged sites and the anionic precursor of Rh  

(Figure 1a). 

The coverage of CeO2 by the tungstates in the W(1.3)-CeO2 material was estimated to 

be about 35 % from the data recorded by the NOx-TPD method (Figure S3). This technique 

provides a reliable estimation of the coverage of CeO2 by the tungstates, as monolayer coverage 

was deduced to be about 4.9 W/nm2 in agreement with earlier reports,45, 57 which supports the 

appropriateness of the synthesis method used to prepare the tungstated materials. The NOx-TPD 

characterization technique appears to be limited, however, in predicting the tungstate coverage 

that should be used for the selective deposition of a metal complex in an aqueous medium as 

the CeO2 adsorption sites in solution may be differently influenced by the tungstates compared 

to those involved in the adsorption of NOx from a gaseous medium. A more reliable descriptor 

of the influence of increasing quantities of tungstates supported on CeO2 on the adsorption 

properties of the underlying support shall be assessed by the determination of the cationic and 

anionic adsorption capacities of the tungstated materials in a liquid medium at a pH of 4 (Figure 

1b). These data show that the anionic adsorption capacity of ceria decreases drastically on the 
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introduction of small quantities of W as the W(1.3)-CeO2 sample exhibit about 12 % of the 

anionic adsorption capacity of pure CeO2 and that the anionic adsorption capacity appears to be 

vanishing for W(2.9)-CeO2. These data led us to select the W(1.3)-CeO2 material as a 

supporting oxide for the selective adsorption of Rh on the accessible CeO2 surface via the SEA 

process. As shown in Table 1, the amount of Rh deposited on the W(1.3)-CeO2 support 

increases as the number of successive SEA increases. The amount of Rh deposited after the first 

SEA process was found to be 0.23 wt% Rh (Table 1, Rh/W(1.3)-SEA1). It must be highlighted 

that full deposition of Rh (0.94 wt% Rh, 0.72 Rh at/nm2) was achieved when contacting CeO2 

with an ammonium hexachlororhodate hydrate solution (Rh(0.94)/W(0.0)-CeO2 sample). In 

agreement with the anionic adsorption capacity of W(1.3)-CeO2 (Figure 1b), this clearly 

indicates that tungstates decreased drastically the number of adsorption sites of CeO2 able to 

interact electrostatically with the hexachlororhodate complex, as the Rh deposited onto the 

sample submitted to the first SEA process amounted to 0.23 wt% only. Such a deposition of Rh 

in the course of the first SEA process can be estimated to be about 0.18 Rh at/nm2, which is 

found to compare reasonably well with the 0.12 Cl at/nm2 deposited on the W(1.3)-CeO2 

support in the anionic adsorption capacity experiment (Figure 1b). It must also be recalled that 

the obvious differences in negative charge and size of the hexacholorhodate complex compared 

with those of chlorides are thought to be at the origin of additional complexity in the comparison 

of the interaction of the [RhCl6]3- and Cl- anions with the positively-charged CeO2 surface of 

W(1.3)-CeO2. Four successive strong electrostatic adsorptions were then carried out starting 

from Rh/W(1.3)-SEA1 with intermediate calcination steps at 400 °C and this resulted in an 

increase in the amount of Rh deposited on W(1.3)-CeO2 after each SEA process up to 0.88 wt% 

after the fifth SEA experiment (Table 1). It must be highlighted here that the use of successive 

SEA processes in order to increase the metal loading on a support has only been reported once 

to the best of the authors knowledge. In this particular work, Job et al. were able to increase the 
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amount of Pt deposited on a carbon xerogel support by repeating the SEA deposition process 

up to three times with intermediate reduction of the Pt precursor between the successive SEA 

processes.73 As far as we know, intermediate calcination between successive SEA processes, 

as done in the present study, has not previously been reported and potentially brings about 

additional complexity as Rh2O3 clusters must be formed during this step as indicated by a Rh 

3d5/2 binding energy of about 309 eV74 (Table 2), whereas that of RhCl3 is expected at about 

310 eV.19, 75, 76 The PZC of Rh2O3 has been reported to be about 9.77 As the pH of the adsorption 

medium was set to 4 in the successive SEA steps, the formed Rh2O3 clusters should also be 

positively-charged, as is the case of CeO2, and therefore be able to interact electrostatically with 

the Rh anionic complex. Of particular interest is that the amount of Rh deposited in the 

successive SEA experiments, namely from the second to the fifth one, was found to remain 

essentially constant (0.16 ± 0.1 wt%) in this series (Table 1). This suggests firstly that the Rh 

anionic complex should only be interacting with the Rh2O3-like clusters to a minimal extent. 

This essentially constant Rh deposition also indicates that about 30 % ((0.23-0.16)/0.23) of the 

cationic adsorption sites of CeO2 of the W(1.3)-CeO2 oxide were no longer accessible to the 

interaction with the Rh anionic complex after calcination very likely because of being in close 

interaction with Rh2O3 clusters, the presence of which is supported by a Rh 3d5/2 binding energy 

of about 309 eV (Table 2) in the calcined samples (section 3.1.3.). This result differs 

substantially from that reported by Job et al. as these authors concluded to the complete 

regeneration of the adsorption sites of a carbon material after a reduction step.73 In contrast, the 

present study shows that only 70 % (0.16/0.23) of the cationic adsorption sites of CeO2 are 

found to be regenerated by the calcination step as schematically represented in Figure 5. The 

Rh anionic complex should therefore interact with the fraction of cationic adsorption sites of 

CeO2 regenerated by the calcination steps preceding subsequent SEA steps. It can also be 

deduced from these data that the Rh2O3 clusters formed after calcination for the material issued 
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from the first SEA experiment (Rh(0.23)/W(1.3)-SEA1) should exhibit an average atomicity, 

referred to as the average number of Rh atoms per Rh2O3 cluster, of about 3.5 Rh atoms (surface 

density of Rh atoms / surface density of “lost” adsorption sites = 0.23/0.065). Similarly, an 

atomicity of 6.1, 8.4, 10.8 and 13.3 Rh atoms in Rh2O3 clusters can be estimated on 

Rh(0.40)/W(1.3)-SEA2, Rh(0.56)/W(1.3)-SEA3, Rh(0.71)/W(1.3)-SEA4 and Rh(0.88)/W(1.3)-

SEA5, respectively, after calcination. These data also suggest that the number of Rh2O3 clusters 

should remain essentially constant over the Rh/W(1.3)-SEAi series of samples, whereas the Rh 

atomicity of the Rh2O3 nanoparticles increases as the amount of Rh in these samples increases. 

The present method consisting in performing successive SEA experiments of the Rh anionic 

complex with the positively-charged CeO2 surface of a W(1.3)-CeO2 support, with intermediate 

calcination between each SEA experiment, can therefore be described as a nucleation-growth 

process of the Rh2O3 clusters (Figure 5). The surface density of the nucleation sites of the 

Rh2O3 clusters can be straightforwardly quantified from the amount of the [RhCl6]3- adsorption 

sites that were not regenerated by calcination after the first SEA step per unit surface area of 

CeO2 in the W(1.3)-CeO2 pristine support. This density, estimated to be about 0.05 nucleation 

site /nm2
CeO2 (0.065 / 100 / 102.91 x 6.02 x 1023 / (76 x 1018)), appears to be about 3.5 times 

lower than that of the Rh surface density (0.18 Rh/nm2
CeO2) after the first SEA step in agreement 

with the deduced atomicity of the Rh2O3 clusters on Rh/W(1.3)-SEA1. 

Computational studies concluded to a relatively strong interaction of the RhOx clusters 

with the CeO2 (111) surface,78-80 in line with HRTEM observations,79 leading to the formation 

of two-dimensional (2D) clusters/films. The formation of such 2D clusters would be at the 

origin of their pronounced resistance to sintering under oxidizing conditions79 in agreement 

with the earlier statements of Van Delft and Nieuwenhuys for oxide layers on reducible 

supports.81 
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Figure 5. Schematic representation of the successive SEA steps and the associated nucleation-

growth of Rh2O3 films over the W(1.3)-CeO2 supporting oxide to produce the Rh/W(1.3)-SAEi 

materials in their calcined state. 

 

 

4.2. Can strong metal-support interaction (SMSI) be at the origin of the evolution 

of the Rh weight-normalized benzene hydrogenation rates over the Rh/W(1.3)-SAEi 

series? 

It must be emphasized that the benzene hydrogenation rates (normalized per g of Rh) 

were found to increase as the number of successive SEA increases (Figure 4), in other words 

as the Rh content in the SEA samples increases. This clearly indicates that the increase in the 

benzene hydrogenation rate cannot be attributed to an increase in the density of Rh clusters of 

equivalent average size, as the latter hypothesis should have resulted in an essentially constant 

benzene reaction rate normalized per g of Rh over this series of samples. One may argue that 

this increase in normalized benzene hydrogenation rate over the Rh/W(1.3)-SEAi series could 
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be attributed to a lowering of strong metal-support interaction (SMSI) effect of CeO2 with an 

increase in the Rh particle size as the Rh content increases, even if such an increase in the Rh 

particle size appears unlikely from the XAS (section 3.2.2.) and XPS (section 3.2.3.) data. 

Tauster originally highlighted that SMSI resulted in the suppression of the hydrogen adsorption 

capacity of group VIII metals supported on TiO2 after high reduction temperature.82 SMSI was 

essentially attributed to a geometric effect with the coverage of the metal particles by TiOx 

species from the support.83 SMSI has been claimed to occur with Ni,84 Pd,85 and Rh86 supported 

on CeO2 after reduction by H2 at relatively moderated temperatures. Barrault et al. reported on 

an almost complete loss of H2 chemisorption and benzene hydrogenation activity on 

Ni(7.5%)/CeO2 after reduction at 400 °C, whereas this was not found to be the case after 

reduction at 250 °C.84 The existence of such a SMSI effect was latter discarded after reduction 

at moderate temperatures for CeO2-supported Rh catalysts.37, 87-90 No decoration of the Rh 

particles by CeOx moieties could be observed up to reduction temperatures as high as 500 °C 

and the metal support interaction was rather attributed to an epitaxial relationship between the 

Rh particles and the CeO2 support.37, 87, 88 After reduction at 500 °C, the much stronger reduction 

in the chemisorption capacity of the sample prepared with a high surface ceria support 

(Rh/CeO2 (HS)), compared to that of the sample prepared with a low surface support (Rh/CeO2 

(LS)), was attributed to the sintering of CeO2 (HS) and the burial of Rh into the sintered 

support.87 The metal particle decoration phenomenon was demonstrated to occur after reduction 

at 700 °C for Rh/CeO2
36 and 900 °C for Pt/CeO2,91 whereas such a SMSI effect was shown to 

be absent up to reduction temperatures as high as 550 °C in the latter study. In addition to this, 

the benzene TOF (C6D6 HYD TOF, Figure 4, triangles) calculated on the basis of the 

normalized benzene hydrogenation rates (Figure 4) and the H/Rh data (Table 1) were found to 

remain essentially constant (0.12 ± 0.03 s-1) over RhCl/W(0.0)-CeO2, RhNO3/W(0.0)-CeO2 and 

the Rh/W(1.3)-SEAi series. The latter TOF is found to be in excellent agreement with the TOF 
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value that could be extrapolated to 0.15 s-1 at a temperature of 50 °C from the data of Bernal et 

al. (0.16 mmol (C6H12) g-1 (Rh) s-1 at 30 °C, H/Rh = 0.27) over a Rh(2.4 wt%)/CeO2 (LS) 

reduced at 500 °C,37 for which no SMSI is anticipated,37, 87, 88 and by considering an activation 

energy of the benzene hydrogenation reaction of 37 kJ/mol.92 The drastic decrease in the TOF 

(0.03 s-1) extrapolated from the data of Bernal et al. over a Rh(2.9 wt%)/CeO2 (HS) may be 

more likely attributed to the burial of Rh in the sintered support (decrease in the specific surface 

area by a factor of 2 after reduction at 500 °C).88 Moreover, the TOF recorded in the present 

study is found to agree with those reported earlier for Rh supported non-reducible oxides (0.22 

s-1).92, 93 Considering (i) the calcination step to 700 °C of the pristine CeO2 support prior W and 

Rh deposition (section 2.1.), which should thus prevent further sintering of the support during 

the reduction step at 600 °C, (ii) the lower reduction temperature used in the present work 

compared to that for which the SMSI phenomenon has been shown to occur for Rh supported 

on CeO2-related samples in earlier studies (700 °C),36, 94 (iii) the fact the SMSI effect was 

claimed to be less pronounced with a chloride Rh precursor,95 which is the case in the present 

study where (NH4)3Rh(Cl6) was used in the SEA processes, (iv) the essentially constant TOF 

for all of the samples evaluated in the present work, in good agreement with earlier data for 

which no SMSI could be anticipated87, 92, 93 and (v) the close agreement between the H/Rh ratio 

(0.47) and the Rh dispersion estimated by EXAFS (44 %) for RhNO3/W(0.0)-CeO2 (Table 1), 

which further supports the reliability of the chemisorption method used in the present work, the 

occurrence of a SMSI effect to account for the observed increase in the normalized benzene 

hydrogenation rates as the Rh content increases over the Rh/W(1.3)-SEAi series (Figure 4) can 

be ruled out. 

The increase in benzene hydrogenation rate normalized per g of Rh (Figure 4), together 

with the increase in the H/M ratio (Table 1), as the Rh content increases may be more likely 

attributed to Rh metallic clusters of very low atomicity, as indicated by the extremely low 
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coordination numbers determined by EXAFS (Table 3, CN = 4.0 ± 0.2) found for the Rh 

clusters produced by the particular successive SEA processes. 

 

 

4.3. Atomicity of the Rh clusters after high temperature reduction 

As the Rh/(W+Ce) XPS ratios of the calcined samples were found to be fairly consistent 

with those of the reduced samples and to be proportional to the amount of Rh deposited in the 

course of the SEA processes (Table 2 and Figure 3), it can be argued that the size of the Rh 

metal clusters should not have resulted from pronounced sintering after reduction under H2 at 

600 °C and should have remained in a highly dispersed state over the W(1.3)-CeO2 support. In 

contrast, the Rh/(W+Ce) XPS ratio of the calcined RhCl/W(0.0)-CeO2 sample was found to 

decrease to a significant extent after reduction at 600 °C (Table 2), thus suggesting that Rh 

sintered to a much greater extent during the reduction step on the W-free CeO2 support. The 

conclusion that the presence of tungstates drastically limited the sintering of Rh during the 

reduction step is further supported by the much lower coordination numbers (CN = 4.0 ± 0.2) 

and associated Rh particle size deduced from the XAS experiments over the Rh/W(1.3)-SAEi 

series compared to the W-free RhNO3/W(0.0)-CeO2 sample (CN = 7.3, Table 3).  

The absence of second Rh shell in the EXAFS spectra (Figure 2b) in the Rh/W(1.3)-

SEAi series also supports the presence of Rh clusters of very low atomicity in agreement with 

the very low average CN found for this series of samples (Table 3). In contrast, the absence of 

any oxygen contribution at low distance is more puzzling as the formed Rh clusters should be 

lying onto the CeO2 surface. It must be recalled that the XAS measurements were carried out 

at RT after reduction at 600 °C under flowing H2 (section 2.2.). Under such in situ experimental 

conditions, CeO2 must be deeply reduced and its surface highly deficient in terms of O 

species.22, 23  
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Considering all of the above, the atomicity of the Rh2O3 clusters deduced from the 

chemical analyses of the samples prepared by the successive SAE processes (section 4.1.) in 

their calcined state was considered as a basis for the proposal of the Rh metal model clusters 

(section 4.4.). In these models, the atomicity of the Rh metal clusters was set by rounding those 

deduced for the RhOx clusters, namely 3.5, 6.1, 8.4, 10.8 and 13.3 for the Rh/W(1.3)-SEAi 

series (section 4.1.), to the closer integer, i.e. 4, 6, 8, 11 and 13 Rh atoms per metal cluster, 

which will be referred to as to Rh4, Rh6, Rh8, Rh11 and Rh13, respectively. 

The existence of clusters of very low atomicity has been claimed in earlier studies 

performed on Pt/Al2O3,17, 19 Pt/FeOx,10 Rh/SiO2,96 Rh/Al2O3
16, 18, 97 and Rh/CeO2.78, 98 Most of 

these studies share the common feature of using metal loadings well below 1 wt% as is the case 

in the present study. When the Rh loading was greater, Jeong et al. had to perform a high-

temperature hydrothermal treatment to achieve high Rh dispersion on CeO2.98 In these studies, 

the atomicity of the corresponding metal clusters was claimed to be 11,19 12-20,17 < 10,10 for Pt 

samples, and 8,16 6-1097 and < 1098 for Rh samples on the basis of HRTEM10, 16, 17 and/or 

EXAFS measurements for which very low average coordination numbers were reported such 

as 3.8,10 3.819 and 3.7,97 in agreement with those found in the present study (Table 3). 

 

 

 

 

4.4. Proposal of model Rh clusters 

Figure 6 describes the Rh clusters that were considered according to the atomicity listed 

in section 4.3. Model 3D_1 is based on a hexagonal assembly of the Rh atom on a three-

dimensional (3D) symmetry on a (111) CeO2 surface with the highest possible Rh stacking, to 

mimic what can be found in common metal particles. Models 3D_2 and 3D_3 are also based of 
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three-dimensional clusters but limited to two layers of Rh atoms either assembled along (111) 

or (100) surfaces and limited to two rows of Rh atoms (Figure 6a), respectively. Model 3D_2 

would be consistent with the Rh7 cluster lying on a (111) Al2O3 surface proposed by van ’t Blik 

et al. to account for the very low average coordination number of 3.7 found on a Rh(0.57 

wt%)/Al2O3 sample by these authors.97 The last 3D model (3D_4), is based on the theoretical 

study of Song et al.78 These authors calculated the most stable structures of Rh clusters with 

atomicities ranging from 1 to 10 Rh atoms on a clean CeO2(111) surface. In this model, Rh11 

(Figure 6a, i) and Rh13 (Figure 6a, ii and iii) clusters were proposed on the basis of the Rh10 

cluster reported by Song et al. 78 to which 1 and 3 Rh atoms were added, respectively. 

As the presence of Rh rafts was also claimed in earlier studies,10, 16-19 2D model clusters 

were also considered (Figure 6b). These models can be described as one layer-thick clusters 

based on (111) (Models 2D_1 and 2D_2) and (100) (Model 2D_3) symmetries. Model 2D_2 

was considered based on the computational study of Piotrowski et al. in which it was claimed 

that Rh4 was present as 2D arrays with a zigzag orientation on (111) CeO2 surface,99 whereas 

Model 2D_3 is related to the work of Vaarkamp et al. who reported on Pt11(100) rafts on Al2O3 

to account for the average coordination number of 3.8 after H2 reduction at 450 °C.19  
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Figure 6. (a) 3D and (b) 2D Rh clusters (top view) proposed to be formed during the successive 

SEA processes. The Rh atoms added after each SEA process appear in grey, whereas those 

initially present in the preceding SEA step appear in light blue. 

 

 

4.4.1. Comparison of the coordination numbers determined experimentally by 

EXAFS with those of the proposed Rh clusters, and adequacy of the proposed Rh clusters 

with the geometric constraints induced by the presence of oxotungstates on CeO2 

The calculated average coordination numbers (CN) of the Rh4, Rh6, Rh8, Rh11 and Rh13 

clusters of the various models shown in Figure 6 are compared to those determined 

experimentally by EXAFS in Table 4. A first approach to estimate the reliability of the 

proposed model clusters consists in the calculation of the model deviation parameter (Table 4) 

referred to as the deviation of the average CN predicted by the corresponding model compared 

to the average CN determined experimentally by EXAFS. This deviation is expressed as the 

sum of the square difference between the average CN predicted by the corresponding clusters 

(Figure 6) and the average CN determined experimentally by EXAFS for each Rh/W(1.3)-

SEAi sample. Model 2D_3 shows the greatest deviation from the average CN determined 

experimentally by EXAFS, whereas the deviations of other models were found to be rather 

comparable, with Models 3D_2 and 3D_4 showing the lowest deviations. It must be recalled 

that the deposition of Rh in the present study was carried out on a tungstated-ceria support, 

which was found to exhibit mainly oxotungtate species by Raman (Figure S1), XP (Table 2) 

and X-ray Absorption (Figure S2) spectroscopies with a W surface density of 1.3 W/nm2
CeO2 

(Table 1). The presence of tungstates brings about additional geometric constraints on the size 

of the Rh clusters. Figure 7 shows (111)100-102 and (100)102 CeO2 surfaces nanostructured with 

oxotungtate species bonded to two atoms of the top oxygen surface layers and exhibiting a W 



 38

surface density of 1.3 W/nm2
CeO2. In these tungstated-CeO2 surfaces, the area occupied by one 

isolated oxotungstate species was set to 0.16 nm2, as reported earlier by Boyse and Ko.103 

Among the proposed model clusters, Figure 7a,c shows that Rh13 clusters of Models 3D_1, 

3D_2, 3D_4 (cluster ii) and 3D_3 can be accommodated on the homogeneously tungstated 

surfaces from a steric point of view. Given that the (111) surface has been reported to be the 

most stable surface for CeO2,104 model 3D_3 may be ruled out. Regarding the 2D models on 

CeO2(111) and CeO2(100), Figure 7b,c shows that the Rh13 clusters of Models 2D_1 and 2D_3 

probably occupy too much space to be accommodated on the tungstated-ceria surfaces, whereas 

the accommodation of Rh13 of Model 2D_2 seems to be possible. 
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Table 4. Comparison of the average coordination numbers (CN) of the proposed model Rh clusters shown 

in Figure 6 (CN3D_i and CN2D_i) with those determined experimentally by EXAFS listed in Table 3 

(CNEXAFS). 

 CN                                CN deduced from the models 

Samples EXAFS 3D_1 3D_2 3D_3 3D_4 2D_1 2D_2 2D_3 

Rh/W(1.3)-SEA1    3.8   3.0   3.0   2.0 3.0   2.5   2.5    2.0 

Rh/W(1.3)-SEA2    3.7   3.3   3.3   3.0 4.0   3.0   3.0    2.3 

Rh/W(1.3)-SEA3    4.2   4.0   4.0   4.0 4.0   3.5   3.3    2.5 

Rh/W(1.3)-SEA4    3.9   4.7   4.4   4.4 4.7b   3.8   3.5    2.7 

Rh/W(1.3)-SEA5    4.0   5.2   4.6   4.2 4.9c   4.0   3.5    2.8 

Model deviationa     2.9   1.5   4.1 2.1±0.1d   2.7   3.4  11.0 

CN at infinite 

number of atoms 
   12.0   5.3   5.3   9.0   6.0   4.0    4.0 

a the model deviation expresses the deviation of the CN predicted by the corresponding model compared to 

the CN determined experimentally by EXAFS. This deviation is expressed as the sum of the square 

difference between the CN predicted by the corresponding models (Figure 6) and the CN determined 

experimentally by EXAFS for each Rh/W(1.3)-SEAi sample. A model deviation of 0 indicates full 

agreement between CN determined experimentally by EXAFS and predicted by the corresponding model 

clusters. 

b It must be noted that a Rh cluster with an atomicity of 11 Rh atoms has not been computed by  

Song et al.78 and that cluster i shown in Model 3D_4 is proposed on the basis of the cluster with an atomicity 

of 10 reported by Song et al. to which 1 Rh atom was added. 

c Rh clusters with an atomicity of 13 have not been computed by Song et al.78 either, and the clusters ii and 

iii shown in Model 3D_4 are proposed on the basis of the cluster with an atomicity of 10 reported by Song 

et al. to which 3 Rh atoms were added. The CN value listed in the Table for the 3D_4 model was estimated 
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from cluster ii (Figure 6a, Model 3D_4), whereas the choice of an alternative cluster with the same 

atomicity, i.e. 13 Rh atoms (Figure 6a, Model 3D_4, cluster iii) would have resulted in a CN of 4.8. 

d Average model deviation by considering the use of cluster ii and cluster iii in Figure 6a (Model 3D_4) 

and the corresponding CNs. 

 

 

 

Figure 7. Schematic representation (top view) of Rh clusters on (a,b) (111) and (c) (100) 

tungstated-CeO2 surfaces (W surface density of 1.3 W/nm2).  O2-,� WO4
2-, � Rh 1st layer, 

� Rh 2nd layer, � Rh 3rd layer. The rectangle and the square shown in (a,b) and (c) exhibit 

areas of 7.6 and 2.1 nm2 for the (111) and (100) CeO2 surfaces, respectively. 
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4.4.2. Reliability of the characterization of the Rh clusters by hydrogen 

chemisorption 

The apparent discrepancy between the very low average CN (Table 3, indicative of very 

small Rh clusters) and the low H/Rh data (Table 1, indicative of large Rh particles) may indicate 

that the characterization of the Rh clusters of very low atomicity by the H2 chemisorption 

technique does not provide a reliable description of the cluster sizes for the Rh/W(1.3)-SEAi 

series, whereas a good agreement was found between H2 chemisorption and EXAFS data for 

the larger Rh particles formed on the RhNO3/W(0.0)-CeO2 sample (Table 1). The H/Rh 

experimental data may, nevertheless, be used together with the proposed atomicity of the Rh 

clusters to estimate the number of Rh atoms titrated by hydrogen in the Rh/W(1.3)-SEAi series 

(NRh H/Rh, Table 5). These values are compared to the number of Rh atoms located in the 2nd 

and 3rd layers of the proposed clusters of Models 3D_1, 3D_2 and 3D_4 (Table 5), which are 

the 3D models determined as the most pertinent according to predicted average CN values and 

steric accommodation on the tungstated surfaces. Since the Rh atoms in the 1st layer of the 

proposed clusters are thought to be in close interaction with CeO2, these Rh atoms were 

assumed to be less susceptible to chemisorb hydrogen and thus excluded as potential hydrogen 

chemisorption sites. Table 5 shows that Model 3D_4 exhibits the highest deviation among the 

selected model clusters, which is essentially attributable to the poor correlation between the Rh 

atoms titrated by hydrogen and that identified for the Rh8 cluster related to the Rh/W(1.3)-SEA3 

sample. Yet it must be recalled that geometry optimization of the Rh8 cluster was performed on 

a clean CeO2 (111) surface by Song et al.,78 which differs substantially from the tungstated-

CeO2 surface studied in the present work. In contrast, the clusters proposed in Models 3D_1 

and 3D_2 show a rather good agreement between the number of Rh atoms titrated by hydrogen 

and those present in the 2nd and 3rd layers of the proposed clusters (Table 5). It can be also 

noted that the correlation would be even better for the Rh/W(1.3)-SEA2 sample in Models 3D_1 
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and 3D_2 by considering that the Rh6 clusters would result from an equimolecular mixture of 

Rh5 and Rh7 clusters. In that eventuality, the average number of Rh atom present in the 2nd and 

3rd layers (1.5) with that titrated by hydrogen (1.6) would be in excellent agreement (Table 5). 

Note also that considering this equimolecular mixture of Rh5 and Rh7 clusters for Rh/W(1.3)-

SEA2 would result in a predicted average CN (3.6) in closer agreement to that found 

experimentally by EXAFS (3.7, Table 4) compared to that listed in Table 4 for Rh6 clusters 

(3.3), and ultimately to slightly lower deviations than those listed in Table 4 for both of these 

models. Although Model 2D_2 was found to be compatible with the tungstated CeO2 (111) 

surface from a geometric viewpoint (Figure 7b) and showed only slightly higher deviation 

regarding the average CN compared to the 3D models of interest (Table 4), any correlation 

with the number of Rh titrated by hydrogen for this one layer-thick model clusters appears to 

be challenging as the Rh atoms in these 2D_2 model are found to be essentially equivalent 

(Figure 6b) and hydrogen atoms were computed to be coordinated to threefold adsorption sites 

on a Rh (111) surface.105 Moreover, Rh clusters with a 3D-like morphology has been computed 

to be favored over the 2D morphology on a clean CeO2 (111) surface.78 Considering all of the 

above, it can be concluded that Models 3D_1 and 3D_2 appear as the most likely. In these 

models, the Rh subnanometric clusters must be at maximum two to three Rh layers thick and 

not larger than 5 Rh atoms. The influence of the presence of oxotungstates on CeO2 on the 

morphology of the formed Rh clusters would certainly be of the greatest interest from a 

computational perspective and would probably also deserve to be a specific study in itself. 
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Table 5. Comparison of the number of Rh atoms in the 2nd and 3rd layers (NRh 3D_i) of the Rh clusters 

shown in Figure 6a (CN3D_i) with those (NRh H/Rh) calculated from the proposed atomicity of the Rh clusters 

and the experimental H/Rh data listed in Table 1. 

   Number of Rh atoms  

   
Titrated 

by H2 

in the 2nd and 3rd layers of the Rh 

proposed model clusters 

Samples Rh clusters H/Rh NRh H/Rh NRh 3D_1 NRh 3D_2 NRh 3D_4 

Rh/W(1.3)-SEA1 Rh4 0.19    0.8 1.0 1.0 1.0 

Rh/W(1.3)-SEA2 Rh6 0.27    1.6 1.0/1.5b 1.0/1.5b 2.0 

Rh/W(1.3)-SEA3 Rh8 0.32    2.6 2.0 2.0 1.0 

Rh/W(1.3)-SEA4 Rh11 0.33    3.6 4.0 3.0 3.0c 

Rh/W(1.3)-SEA5 Rh13 0.34    4.4 5.0 4.0 4.0/3.0d 

Model deviationa     1.2/0.9 1.3/1.0 3.2/5.0e 

a the model deviation expresses the deviation of the number Rh atoms present in the 2nd and 3rd layers of 

the clusters proposed in the corresponding models (Figure 6a) compared to the number Rh atoms calculated 

from the proposed atomicity of the Rh clusters and the experimental H/Rh data listed in  

Table 1. This deviation is expressed as the sum of the square difference between the number Rh atoms 

present in the 2nd and 3rd layers of the clusters proposed in corresponding models and the number Rh atoms 

calculated from the proposed atomicity of the Rh clusters and the experimental H/Rh for each Rh/W(1.3)-

SEAi sample. A model deviation of 0 indicates full agreement between the number of Rh atoms in the 2nd 

and 3rd layers of the proposed model clusters and those titrated by hydrogen. 

b The value of 1.5 reported in the Table for the Rh6 cluster would result from an average value of Rh5 (

) and Rh7 ( ) clusters in equimolar quantities where � and �represent Rh atoms in the 1st and 

the 2nd layer of the clusters, respectively. 
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c It must be noted that a Rh cluster with an atomicity of 11 Rh atoms has not been computed by  

Song et al.78 and that cluster i shown in Model 3D_4 is proposed on the basis of the cluster with an atomicity 

of 10 reported by Song et al. to which 1 Rh atom was added. 

d Rh clusters with an atomicity of 13 Rh atoms have not been computed by Song et al.78 either, and the 

clusters ii and iii shown in Model 3D_4 are proposed on the basis of the cluster with an atomicity of 10 

reported by Song et al. to which 3 Rh atoms were added. The number of Rh atoms listed in the Table for 

NRh 3D_4 were estimated from cluster ii/iii (Figure 6a, Model 3D_4). 

e Model deviation by considering the use of cluster ii/iii in Figure 6a (Model 3D_4). 

 

 

4.4.3. Adequacy of the Rh clusters with N2-FTIR spectra 

N2-FTIR shows that the intensity of the contribution at 2200 cm-1 (assigned to the 

vibration of N2 molecules chemisorbed on metallic rhodium (Rh0)70) was found to increase as 

the number of successive SEA processes increased and seems to stabilize for Rh loadings higher 

than or equal to 0.56 wt% (Rh/W(1.3)-SEA3, Figure S6). This trend is coherent with the trends 

observed regarding the H/Rh (Table 1) and normalized benzene hydrogenation rates  

(Figure 4, full circles). As N2 was suggested to adsorb on low-coordinated Rh sites,106 this 

study reveals that such sites were present in the Rh/W(1.3)-SEAi series as well as on the 2.5 nm 

particles exhibited by the RhCl/W(0.0)-CeO2 sample. A quantitative analysis on the intensity 

of this contribution on the lowly-loaded samples (from 0.23 to 0.56 wt% Rh, Rh/W(1.3)-CeO2-

SEA1 to Rh/W(1.3)-CeO2-SEA3, Figure S6) remains challenging as it was computed that the 

intensity of the N2-FTIR contribution was strongly dependent on the coordination of the Rh 

sites onto which N2 adsorption occurred.106 From a more qualitative point of view, the increase 

in resolution between the contributions at about 2200 and 2210 cm-1 for the most highly-loaded 

sample (Rh/W(1.3)-SEA5, Figure S6a) may be straightforwardly interpreted as the 
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development of 3D-structures comparable to those found in the 2.5 nm particles present in 

RhCl/W(0.0)-CeO2 (Figure S6b). As this increase in resolution between the two absorption 

peaks occurred exclusively for Rh/W(1.3)-SEA5 (Figure S6a), and that Models 3D_1 and 3D_2 

did not show obvious differences in terms of morphology between the Rh clusters with 11 and 

13 Rh atoms (namely Rh11 and Rh13 clusters of Models 3D_1 and 3D_2 in Figure 6a), this may 

indicate a change in the morphology of Rh13 compared to Rh11 with a change from Rh11 of 

Model 3D_2 to Rh13 of Model 3D_1. 

 

 

4.5. TEM imaging of the Rh clusters 

Although it is very challenging to image Rh particles on CeO2
88, 107 due to a lack of 

contrast between the supported metal particles and the oxide support, several attempts were 

performed on the most highly-loaded Rh sample (Rh/W(1.3)-SEA5, 0.88 wt% Rh) after ex situ 

reduction at 600 °C under H2. However, after exposure to ambient air, it was not possible to 

detect the Rh particles, possibly due to reoxidation97 and formation of 2D Rh oxides.78 To 

overcome this limitation, Environmental TEM (ETEM) experiments were performed in which 

the samples were reduced in situ under low H2 pressure at elevated temperatures. Rh particles 

(Figure 8b) could only be observed on one area of RhCl/W(0.0)-CeO2 (Figure 8a) after 

reduction at 600 °C under 5 mbar of H2 within about 8 h of investigation. These particles were 

found to be slightly smaller (about 1.5 nm) than those expected from H2 chemisorption data 

(2.5 nm). Under identical conditions, no Rh particles could be seen on Rh/W(1.3)-SEA5. Few 

Rh clusters were, however, observed when the pressure of hydrogen was increased to 18 mbar 

at 600 °C (Figure 8c) and 650 °C (Figure 8d). These Rh clusters appeared to be subnanometric 

and seemed to confirm that the tungstated-CeO2 support helped preserve smaller Rh clusters 

compared to the W-free CeO2 support. The chemical composition of the region circled in white 
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in Figure 8d probed by Energy Dispersive X-ray Spectroscopy (EDS) analysis (0.74 ± 0.45 

wt% Rh and 4.14 ± 0.45 wt% W) was found to be in reasonable agreement with that analyzed 

by XRF (0.88 wt% Rh and 3.00 wt% W). 

 

 

Figure 8. TEM images of (a) of RhCl/W(0.0)-CeO2 recorded at 600 °C and under 5 mbar of H2 

((b) inset of (a)) and Rh/W(1.3)-CeO2 recorded under (c) 600 °C 18 mbar of H2 and (d) ultra-

high vacuum at RT after being exposed to 18 mbar of H2 at 650 °C in the ETEM facility. Some 

of the Rh particles are spotted with white arrows in (b) and (c) and the white circle in (c) displays 

the area for EDS analysis.  

50 nm 10 nm

10 nm 5 nm

(a) (b) 

(d) (c) 
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5. CONCLUSION 

The present study demonstrates that the deposition of oxotungstates (with a W surface 

density of 1.3 W/nm2) coupled with the selective deposition of Rh on the CeO2 surface (via 

successive strong electrostatic adsorptions of an anionic [RhCl6]3- precursor) significantly 

reduces Rh sintering after reduction at 600 °C under H2 compared to a W-free CeO2 support. 

The formation of the Rh oxidized clusters on the tungstated-ceria support was found to be 

occurring via a nucleation-growth process with a constant number of nucleation sites. 

Oxotungstates are found to decrease drastically the number of nucleation sites of CeO2 and, 

therefore, to act as spacers leading to the isolation of the nucleation sites. Oxotungstates may 

also act as a physical barrier preventing the sintering of the Rh metallic phase in the course of 

the reduction step at high temperature. Various morphologies of subnanometric Rh clusters 

exhibiting a limited atomicity (4 to 13 Rh atoms) were considered and most were found to be 

consistent with the very low coordination numbers of 4.0 ± 0.2 determined experimentally by 

EXAFS. The proposed atomicities were also found to be coherent with those reported in earlier 

literature studies in which similarly low coordination numbers were obtained. Whereas 

hydrogen chemisorption appeared to be reliable to quantify the surface Rh atoms of 2.5 nm Rh 

particles supported on CeO2, this was not found to be the case for the characterization of the 

subnanometric clusters supported on the tungstated-ceria oxide. The Rh atoms titrated by 

hydrogen ranged from 19 to 34 %, while 100 % dispersion of the Rh metallic phase was 

suggested to be achieved for the subnanometric Rh clusters based on Rh average coordination 

numbers extracted from EXAFS data. Hydrogen chemisorption could, nevertheless, be used for 

the comparison of the subnanometric Rh clusters. The coordination numbers and the H2 

chemisorption data led the conclusion that the Rh subnanometric clusters must be at the 

maximum two to three Rh layers thick and not larger than 5 Rh atoms. The influence of the 

presence of oxotungstates on CeO2 on the morphology of the formed subnanometric Rh clusters 
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would certainly be of the greatest interest from a computational perspective. Finally, the Rh 

weight-normalized benzene hydrogenation rates appeared to be lower on the subnanometric Rh 

clusters compared to the 2.5 nm Rh nanoparticles in agreement with the lower number of Rh 

atoms titrated by hydrogen on the former clusters. In contrast, the benzene hydrogenation 

turnover frequencies at 50 °C were found to be similar on the subnanometric Rh clusters and 

the 2.5 nm Rh nanoparticles (0.12 ± 0.3 s-1), and in good agreement with earlier literature data 

reported on Rh supported on ceria-related oxides. The potential interest in these subnanometric 

Rh clusters for other catalytic reactions is currently being investigated. 
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Figure S9. Raman spectra of the calcined W(W/nm2
CeO2)-CeO2 materials. 
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Figure S10. (a) W L3-edge XANES spectra recorded from 10.18 to 10.23 keV of Na2WO4 

(black) and Rh/W(1.3)-SEA5 (red). (b) Fit (black lines) of the first shell W-O coordination of 

the magnitude (solid line) and imaginary parts (dotted line) of the k2-weighted Fourier 

transform (∆k = 2.6-11.3 Å-1 and ∆R = 0.9-1.7 Å) of the W L3-edge EXAFS spectra (red lines). 

The spectrum of Rh/W(1.3)-SEA5 was recorded at room temperature after reduction in flowing 

H2 at 600 °C. 
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Figure S11. XP spectra in the W 4f region after (a) ex-situ calcination under air at 400 °C for 2 h and exposure 

to ambient atmosphere and (b) in-situ XPS reduction under H2 at 600 °C for 2 h, and in the Rh 3d region after 

(c) ex-situ calcination under air at 400 °C for 2 h and exposure to ambient atmosphere, (d) ex-situ reduction 

under H2 at 600 °C for 2 h and exposure to ambient atmosphere and (e) in-situ XPS reduction under H2 at  

600 °C for 2 h 
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Figure S12. NOx uptake as a function of the W surface density deduced from the NOx-TPD 

profiles recorded on W(W/nm2)-CeO2 materials (0 ≤ W/nm2 ≤ 6.5) after exposure of 0.3 g of 

sample to 400 ppm NOx and 8% O2 in He (230 mLNTP/min flow rate) at RT for about 4 h. 
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Figure S13. k2-weighted chi of the Rh K-edge EXAFS from 2.8-10.3 Å-1 of (a) Rh/W(1.3)-

SEA1 (grey), Rh/W(1.3)-SEA2 (green) and RhNO3/W(0.0)-CeO2 (blue), and (b) Rh/W(1.3)-

SEA3 (orange), Rh/W(1.3)-SEA4 (purple), Rh/W(1.3)-SEA5 (red) and RhNO3/W(0.0)-CeO2 

(blue). (c) The magnitude of the k2-weighted Fourier transform of Rh K-edge EXAFS spectra 

(∆k = 2.5-11.0 Å-1 and ∆R = 1.3-2.8 Å) of Rh/W(1.3)-SEA2 (green), Rh/W(1.3)-SEA3 (orange), 

Rh/W(1.3)-SEA4 (purple), Rh/W(1.3)-SEA5 (red) and RhNO3/W(0.0)-CeO2 (blue). The spectra 

of the supported Rh samples were recorded at room temperature after reduction in flowing H2 

at 600 °C. 
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Figure S6. N2-FTIR difference spectra of (a) the Rh/W(1.3)-SEAi series and (b) Rh/W(1.3)-

SEA3 and RhCl/W(0.0)-CeO2 after reduction at 600 °C for 2 h followed by evacuation (7.5 x 

10-7 Torr) at 600 °C for 1 h and exposure to 10 Torr N2 at -173 °C. 
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