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A B S T R A C T

For increasing the noble metal efficiency and developing more robust emission control catalysts, an accurate 
understanding of their structural dynamics during operation is essential. This study systematically investigates 
the manifold interactions of Rh with various catalyst components in alumina/ceria-zirconia based washcoats by 
advanced in situ/operando characterization. Pronounced structural changes, which drastically affect the catalyst 
performance, were observed during short fuel-cut steps. Operando X-ray absorption spectroscopy and electron 
microscopy investigations revealed the formation of mobile metallic Rh particles under stoichiometric/rich re
action conditions. In contrast, Rh oxidation, volatilization and diffusion into the alumina surface/subsurface 
occurred above 950 ◦C during O2-rich steps. While the first phenomenon contributed to the redistribution of Rh 
on both supports, the partial relocation of Rh in low-loaded washcoats under lean reaction conditions was 
exclusively observed to occur from CeO2-ZrO2 to γ-Al2O3. Overall, the intimate interaction between the washcoat 
components prevented the loss of the noble metal due to volatilization.

1. Introduction

The loss of activity and selectivity is one of the major concerns during 
the utilization of heterogeneous catalysts. While the catalyst poisoning is 
an extrinsic process mostly affected by external factors, thermal deac
tivation can be prevented or minimized by a careful adjustment of the 
catalyst composition and synthesis method. Herein, the catalyst struc
tural stability is determined by the evolution of both the carrier material 
and active species. A strong interaction between the support and active 
species has been shown to stabilize noble metal-based catalysts against 
severe sintering [1–3]. Pt and Pd nanoparticles supported on CeO2 
disperse and form strongly anchored single sites in oxygen-rich atmo
spheres at high temperatures [3–6]. Advanced characterization and 
density functional theory calculations have shown that Pt is present as 
substituted Pt2 + species on the (110) surface or adsorbed on the (211) 
surface of CeO2 while Pd forms substituted Pd2+ single sites on the (111) 
and (110) facets of CeO2 [6,7]. Highly dispersed species were reported 
to also form in Rh/CeO2-based systems under similar conditions [8–10]. 

Even single crystals of Ce2/3-xRh2O4 (x~0.11–0.14) and CeRh2O5 were 
synthesized and characterized by Mizoguchi et al. [11]. Nevertheless, 
above 800 ◦C the depletion of such Rh single sites and partial segrega
tion was observed by Kibis et al. [12] for Rh/CeO2 catalysts, in line with 
the previously reported thermodynamic data for the Ce-Rh-O system at 
high temperatures [13]. However, if a CeO2-ZrO2 solid solution is used 
as a support, Machida et al. [14] observed the encapsulation of Rh 
particles upon exposure to dynamic fuel-lean/fuel-rich conditions at 
1000 ◦C, which leads to catalyst deactivation. Besides the interaction 
with CeO2, Rh has been reported to diffuse into the subsurface or bulk of 
Al2O3 above 600 ◦C [15]. This process was associated to the decrease in 
the reducibility of Rh species and diminishment of the catalyst oxidation 
activity, while the NO reduction to N2 seems to be less affected [16,17]. 
Depending on the temperature range, different noble metal species were 
claimed to form in a pre-reduced Rh-based catalyst supported on 
alumina, including surface rhodium oxides at low temperatures and a 
mixed Rh(AlO2)y oxide above 750 ◦C [18]. Though, the formation of a 
spinel or the dissolution of Rh species in an O2-rich atmosphere into the 
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alumina lattice is challenged by Beck et al. [19], who found Rh species 
with a similar structure as orthorhombic Rh2O3 up to 900 ◦C while a 
change in structure was observed with further increase in temperature. 
Rh2O3 nanoparticles were as well reported in previous studies to form 
during ageing in air for a low surface area α-Al2O3 sample [20]. In a 
more recent study of Li et al. [21] the formation of rhodium aluminate 
(RhAlOx) above 950 ◦C was indicated by extensive electron microscopy 
investigations, and Rh atoms were suggest to occupy sublattice sites of 
alumina (220) planes. The same study reports the reduction of these 
species around 800 ◦C with recovery of the catalyst activity.

Significantly more complex interactions involving the noble metal 
sites arise when emission control catalysts are formulated with their 
application-relevant compositions. Considering the broad temperature 
window of such applications, substantial changes have been imple
mented in the catalyst composition over the last decades to prevent 
deactivation. For instance, various dopants like La, Pr, Nd or Zr were 
shown to improve the thermal stability and postpone the phase trans
formations for the γ-Al2O3 support [22–24]. Similarly, the incorporation 
of rare earth elements and especially of Zr is employed to increase the 
thermal stability and oxygen storage capacity of CeO2 [25–27]. 
Frequently, alumina- and ceria-based supports are mixed for wash
coating of structured emission control catalysts, which allows to exploit 
both the high surface area and good thermal stability of alumina as well 
as the high oxygen mobility of CeO2-ZrO2 solid solution [28–31]. Due to 
the limited number of studies on such systems, the intricate interplay 
between the noble metal and various washcoat components is still an 
open question. For Pt-based washcoats, the noble metal anchoring as 
single sites or the formation of clusters on CeO2-ZrO2 were observed to 
occur in Pt/CeO2-ZrO2-Al2O3 systems [32]. This interaction was also 
found to inhibit the sintering of Pt in three-way catalysts (TWCs) [31, 
33]. Ceria presence affects also the distribution of Pd and the amount of 
PdO on the surface of a Pd/CeO2/Al2O3 catalyst [34]. This effect was 
shown to improve the catalytic performance of a Pd/CeO2-ZrO2-Al2O3 
TWCs, and also to help retain the small size of PdOx species [35]. As 
previously mentioned, in contrast to Pt and Pd, Rh is known to interact 
strongly with both alumina and ceria but in different temperature ranges 
[36]. For a Rh/CeZrLaNd catalyst mixed with a Al2O3 binder to form the 
washcoat, the ageing under rich conditions at 1000 ◦C was suggested to 
result in Rh relocation from the CeZrLaNd support towards the boundary 
with Al2O3, which seems to prevent catalyst deactivation by complete 
encapsulation of Rh particles during lean/rich cycling [14]. The move
ment of Rh between CeO2-ZrO2 and Al2O3 and vice versa was also re
ported after hydrothermal ageing of mechanically mixed washcoats at 
1000 ◦C for 10 h under humid air flow [37]. Under these conditions, the 
formation of RhAlOx species has been previously correlated to the TWC 
deactivation [17,21]. All in all, a broad spectrum of ageing effects has 
been identified, mostly derived from post-mortem characterization of 
differently tested or aged emission control catalysts. These include noble 
metal sintering, migration, encapsulation, support surface/subsurface 
incorporation and solid-state reactions. Despite this complex outcome 
seems to be dictated by the multifaceted interactions, a comprehensive 
evaluation of catalyst structural changes directly at high temperatures 
under harsh and dynamic operating conditions is still lacking. Herein, 
the use of operando characterization methods that enable the identifi
cation of such structural variations for realistic catalyst composition 
containing very low noble metal loadings is essential.

In this context, our study aims to elucidate the fate of the noble metal 
in Rh/γ-Al₂O₃+CeO₂-ZrO₂ and Rh/CeO₂-ZrO₂+γ-Al₂O₃ three-way cata
lyst washcoats by tracking its structural evolution under realistic oper
ating conditions and comparing these changes with those induced by 
long-term ageing. For this purpose, thorough in situ/operando charac
terization was combined with systematic catalyst ageing and activity 
tests. In addition to hydrothermal ageing of mixed/unmixed/spatially 
separated Rh/γ-Al2O3 and Rh/CeO2-ZrO2 catalysts, the evolution of Rh 
species under fuel-cut ageing conditions was evaluated by operando X- 
ray absorption spectroscopy (XAS). Such short interruptions of fuel 

injection (fuel-cut), which cause combined thermal and chemical stress 
on the catalyst, are typically applied to reduce the fuel consumption and 
corresponding CO2 emissions in gasoline engines. Additional informa
tion on the entire catalytic system was obtained via electron microscopy, 
X-ray diffraction (XRD), elemental analysis and temperature pro
grammed reduction/reoxidation studies. Finally, the holistic under
standing of the noble metal-support interplay was refined by density 
functional theory (DFT) calculations.

2. Experimental section

2.1. Catalyst preparation

Catalyst powders: Commercial γ-alumina with a specific surface area 
(SSA) of 140 m2/g and pore volume of 0.5 ml/g and commercial 
lanthanum-doped ceria-zirconia mixed oxide with 10 wt% La2O3, 24 wt 
% CeO2 and 66 wt% ZrO2 and a SSA of 80 m2/g and pore volume of 
0.7 ml/g were used as carrier materials. In a first step, the supports were 
calcined at 700 ◦C for 5 h prior to the addition of the noble metal pre
cursor by incipient wetness impregnation. An aqueous rhodium (III) 
nitrate solution (10 wt% Rh in HNO3, Acros Organics) was added 
dropwise to the γ-Al2O3 and CeZrLaO2 supports to obtain a final noble 
metal loading of 1 wt%. The resulting samples were dried at 70 ◦C for 1 h 
and calcined at 500 ◦C for 5 h in static air. In the following, the obtained 
catalysts are referred to as Rh/Al2O3 and Rh/CeZrLa.

Washcoats: the calcined γ-Al2O3 and CeZrLa supports were manually 
mixed (MM) with the 1 wt% Rh/CeZrLa or with 1 wt% Rh/γ-Al2O3 
catalysts, respectively, in a wt% ratio of 1: 1. The obtained samples are 
denoted MM:Rh/Al2O3-CeZrLa and MM:Rh/CeZrLa-Al2O3 in the 
following. A second set of washcoats was prepared by ball milling the 
respective powder mixtures 5 times for 1 min with 300 rpm in a ZrO2 
crucible with ZrO2 balls. These samples are referred to as BM:Rh/Al2O3- 
CeZrLa and BM:Rh/CeZrLa-Al2O3, respectively.

Hydrothermal ageing (HA): The as prepared catalyst powders and 
washcoats were hydrothermally treated in 10% O2, 5% H2O / N2 at 1050 
◦C for 12 h with a total gas flow of 2 L/min. The corresponding samples 
are denoted HA-“sample acronym”. To evaluate the noble metal 
migration, in a second ageing procedure the Rh/CeZrLa and Rh/Al2O3 
catalysts were spatially separated from the pure Al2O3 or CeZrLa sup
ports, respectively. The γ-Al2O3 and CeZrLa supports were placed 
downstream the Rh/CeZrLa and Rh/Al2O3 catalysts, separated by quartz 
wool. In this case, hydrothermal ageing was applied at 950 ◦C and 1050 
◦C for 12 h each and additionally at 1050 ◦C for 24 h in a total gas flow of 
1 L/min containing 10% O2, 5% H2O/ N2. These samples are denoted 
“sample acronym” – 950 ◦C (1050 ◦C)/12 h (24 h).

2.2. Catalytic activity tests

The catalytic activity was evaluated using 200 mg of the granulated 
(125–250 µm) fresh or aged washcoat powder mixed with 800 mg of 
granulated (125–250 µm) quartz in a plug flow reactor with an inner 
diameter of 0.8 cm and an outer diameter of 1.0 cm. The temperature 
was regulated using a thermocouple positioned approximately 0.2 cm 
upstream of the catalyst bed, whereas a second thermocouple was 
placed at the same distance downstream of the catalyst bed to record the 
temperature variations induced by the catalytic reaction. Maintaining 
the same amount of noble metal in the reactor, additional tests were 
conducted for the pure catalysts using 100 mg of granulated samples 
mixed with 900 mg of granulated quartz. Light-off/light-out tests were 
performed for the fresh samples by heating the catalyst bed in a stoi
chiometric gas feed (λ = 0.998) containing 3000 ppm CO, 1000 ppm NO, 
1000 ppm C3H6, 5400 ppm O2, 10 % H2O and N2. Three consecutive 
light-off/light-out cycles were conducted up to 500 ◦C, 800 ◦C and 950 
◦C with 10 ◦C/min ramp rate at a noble metal weight hourly space ve
locity of 60,000 L⋅gRh

− 1⋅h− 1. Analogously, the catalytic activity of the 
hydrothermally aged catalysts was evaluated during three consecutive 
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light-off/light-out cycles up to a maximum temperature of 800 ◦C. The 
gas concentration in the product flow was monitored online by a Fourier 
transformed infrared spectrometer (MultiGas™ 2030 FTIR Gas Analy
ser, MKS Instruments) and a mass spectrometer (Pfeiffer Vacuum 
OmniStar GSD-320).

2.3. Catalyst characterization

Inductively coupled plasma optical emission spectroscopy (ICP-OES): The 
elemental composition of the prepared samples was determined by ICP- 
OES on an iCAP 7600 DUO Thermofisher Scientific system at the Insti
tute for Applied Materials Physics (IAM-AWP) of KIT. For this purpose, 
the samples were digested in the pressure digestion system DAB-2. The 
measurements were repeated three times for accuracy.

Electron microscopy: The noble metal particle size distribution was 
studied by high-angle annular dark-field (HAADF) scanning trans
mission electron microscopy (STEM) at the Laboratory for Electron 
Microscopy (LEM) of KIT. A FEI OSIRIS ChemiSTEM Microscope with 
200 kV acceleration tension was used, which was equipped with a 
Bruker Quantax system (XFlash detector) for energy-dispersive X-ray 
spectroscopy (EDXS) measurements. For the analysis of the catalysts, the 
sample suspension in deionized water was deposited onto carbon coated 
Cu grids.

X-ray diffraction (XRD) – Measurements were done for all samples 
using a Bruker Advance D8 diffractometer with Cu Kα (λ = 0.154 nm) 
radiation and a VÅNTEC-1 detector with Cu Kβ filter. The scanning range 
was from 10 ◦ to 120 ◦ with a step size of 0.016 ◦ and a dwell time of 3 s.

Temperature programmed reduction/reoxidation (H2-TPR/TPO) tests 
were conducted on an AutoChem II Chemisorption Analyzer (Micro
meritics) using a thermal conductivity detector (TCD) to monitor the 
variations in the gas composition (i.e. H2 consumption). H2-TPR ex
periments were performed in 10% H2/Ar between room temperature 
and 950 ◦C while applying a temperature ramp of 10◦C/min and a gas 
flow of 50 ml/min. After sample reoxidation in 10% O2/Ar for 10 min at 
500 ◦C, another H2-TPR test was conducted with the same parameters. 
In the case of HA-Rh/γ-Al2O3, a mild thermal treatment in 10% O2/Ar at 
500 ◦C was additionally conducted prior to the H2-TPR to remove the 
adsorbed species, i.e. H2O.

X-ray absorption spectroscopy (XAS): Ex situ XAS data were acquired 
at the Rh K-edge (23,220 eV) at the BM23 Beamline of the European 
Synchrotron Radiation Facility (ESRF). In situ/operando XAS measure
ments were conducted at the ROCK and SAMBA beamlines of the SOLEIL 
synchrotron. For these measurements 5 mg catalyst/washcoat powders 
(125–250 µm sieved fraction) were placed in a plug-flow quartz capil
lary reactor with an inner diameter of 1.46 mm and an outer diameter of 
1.5 mm. The temperature of the reactor was regulated using a thermo
couple positioned approximately 0.1 cm upstream of the catalyst bed. 
Analogous to the laboratory tests, several light-off/light-out cycles were 
conducted with a ramp rate of 10 K/min in a close to stoichiometric gas 
feed (λ = 0.998) containing 3000 ppm CO, 1000 ppm NO, 1000 
ppm C3H6, 5400 ppm O2, approx. 2% H2O in He (details cf. scheme S1). 
The highest temperatures applied were 500 ◦C and 1000 ◦C for the first 
two consecutive light-off/light-out cycles, respectively. For simulating 
the fuel-cut conditions, the gas feed was switched six times at 1000 ◦C 
during the second activity cycle between the stoichiometric reaction 
mixture and oxidizing conditions (10% O2, approx. 2% H2O in He) with 
a holding time of 15 min for each step. After the final switch the catalyst 
was cooled down to room temperature in the reaction mixture. In a third 
cycle the catalyst was heated to 1000 ◦C in stoichiometric atmosphere 
and the fuel-cut procedure was applied once again. In this case, the 
catalyst bed was cooled down to room temperature under oxidizing 
conditions. Finally, a fourth light-off/light-out cycle was conducted that 
included heating to 800 ◦C and cooling to room temperature under 
stoichiometric reaction conditions. The gas concentrations at the reactor 
outlet were monitored online by a Fourier transformed infrared spec
trometer (MultiGas™ 2030 FTIR Gas Analyser, MKS Instruments) and a 

mass spectrometer (Pfeiffer Vacuum OmniStar GSD-320). Before and 
after each light-off/light-out cycle, EXAFS measurements were con
ducted at room temperature to analyse the state of the catalyst after the 
different reaction conditions.

Data processing was carried out with the Athena software of the 
Demeter software package (version 0.9.26) and the Fastosh software of 
the SAMBA beamline (version v1.0.6) [38,39]. For the wavelet trans
form EXAFS analysis (WT-EXAFS), the k2-weighted EXAFS data in the 
1–14 Å− 1 range were used. Wavelet transform analysis was conducted 
with the MorletE software [40,41] with η = 5, σ = 2, kmin = 2.5, kmax 
= 14, rmin = 1 and rmax = 6. Linear combination analysis (LCA) was 
performed for the normalized in situ/operando XANES data in the − 20 eV 
to 30 eV energy range around E0 using Rh bulk oxides and foil as ref
erences. R-factors < 0.005 and reduced χ² < 0.05 were obtained for all 
data sets, with the CeZrLa supported samples showing the largest values.

Density functional theory (DFT) calculations were performed using the 
Vienna ab initio simulation package (VASP) [42,43] in connection with 
the Atomic Simulation Environment (ASE) [44]. The projector 
augmented wave (PAW) [45,46] method and the Bayesian Error Esti
mation Functional with van der Waals correlations (BEEF-vdW) [47]
exchange-correlation functional were employed. The plane wave cutoff 
energy was 400 eV in all calculations. Bulk Rh, Rh2O3 and RhO2 were 
optimized with a 8 × 8×8 Monkhorst-Pack k-point sampling [48]. A 
correlation was determined between the Bader charge and Rh oxidation 
state in the bulk references, which was used to estimate the oxidation 
state of individual adsorbed or substituted RhOx species on different 
support oxides (Fig. S14). Surfaces (CeO2(111) and the crystalline Digne 
model [49] of dehydrated γ-Al2O3(110)) have been optimized using 4 
layers thick 2 × 2 large unit cells, with the two top layers (with and 
without adsorbed single RhOx species) being allowed to relax, while the 
bottom two layers have been kept fixed at the bulk positions. Monoclinic 
θ-Al2O3 (100) surface was modeled using 6 layers thick 3 × 2 large unit 
cell, with each layer being allowed to relax. Monoclinic ZrO2(101) 
surface was modeled using 3 layers thick 2 × 2 large unit cells, with the 
two top layers being allowed to relax, while the bottom layers have been 
kept fixed at the bulk position. Geometries were optimized until the 
forces were less than 0.01 eV/Å. For the surface models we have used 
4 × 4×1 Monkhorst-Pack k-point sampling.

3. Results and discussion

3.1. Structure and catalytic behaviour of the fresh catalysts and 
washcoats

To identify structural changes induced by catalyst aging, the initial 
states of the noble metal and supports were evaluated first. The XRD 
patterns collected for the as prepared catalysts (Fig. 1a) displayed only 
the characteristic patterns of the used support materials CeO2-ZrO2- 
La2O3 and γ-Al2O3, revealing the presence of highly dispersed noble 
metal species in both samples. Similar XRD patterns were obtained for 
the ball milled and manually mixed Rh/Al2O3-CeZrLa and Rh/CeZrLa- 
Al2O3 washcoats, indicating that the preparation method did not alter 
the initial structure of the support materials and catalysts (Fig. 1a and 
S1). Indeed, the corresponding XAS measurements at the Rh K-edge 
(Fig. 1b) for the catalyst powders and washcoats identified Rh3+ and 
Rh4+ as the main species in the alumina and ceria-zirconia supported 
samples, respectively, after the preparation. The presence of different 
oxidation states for Rh on the alumina and ceria-zirconia supports was 
indicated by the profile of the Rh K-edge white line and post-edge region 
of the XANES spectra, which could be correlated back to the presence of 
RhO2-like species in the case of Rh/CeZrLa-Al2O3 while Rh2O3-like 
species seem to be dominant on the alumina support. Nonetheless, due 
to the well-known interaction of Rh with both CeO2 and Al2O3, [8,50,51]
the small variations in the XANES region in comparison to the spectra 
obtained for the reference oxides suggest a slight distortion of the 
rhodium local environment. The high dispersion of Rh species on both 
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supports was also indicated by the corresponding FT-EXAFS data 
(Fig. S2), which showed contributions only in the first coordination shell 
around Rh atoms. However, despite it cannot be completely ruled out, 
the incorporation of Rh as substituted Rh3+ species in the CeO2-ZrO2 
lattice or the exclusive formation of single sites could not be identified in 
the freshly prepared samples. A similar phase composition was found for 
the washcoats prepared by manual mixing (Figs. S1 and S2).

According to the HAADF-STEM (Fig. 2) and EDXS investigations 
(Fig. S3), Rh was present as highly dispersed entities with sub- 
nanometer size in the sample supported on CeZrLa (evaluation of size 
distribution not possible due to the high dispersion), and as small 
nanoparticles with a mean size of ~ 0.9 nm in the Rh/Al2O3 catalyst. 
The highly dispersed state of Rh on CeZrLa confirms the strong inter
action with the support, in line with previous studies on comparable 
ceria-supported catalysts [12,52,53]. The formation of small Rh2O3 
nanoparticles in the alumina-supported catalysts during calcination at 
relatively low temperatures was as well reported in the literature for 
similar systems [15,17]. In agreement with the XAS data shown in 
Figs. 1b and S2, the location of Rh on the initial support material after 
the preparation of the CeZrLa-Al2O3 washcoats was confirmed also by 
electron microscopy measurements (cf. Fig. S3). Due to the higher sur
face area of the alumina support (141 m2/g vs. 80 m2/g of CeZrLa) and 
lower molar mass (molar ratio Al2O3: ZrO2: CeO2: La2O3 = 4.9: 2.6: 0.7: 
0.1), the manual mixing of the two materials in a 1:1 weight ratio 
resulted in the formation of CeZrLa-rich regions on the alumina surface. 
Additionally, whereas highly dispersed Rh2O3 particles were present on 
the Al2O3 support in the BM:Rh/Al2O3-CeZrLa washcoat, Rh seems to be 
solely located on the CeZrLa-rich areas in the BM:Rh/CeZrLa-Al2O3 
sample.

The comparison of the catalytic performance for CO, NO and C3H6 
conversion under stoichiometric conditions during three consecutive 
light-offs to 500 ◦C, 800 ◦C and 950 ◦C is presented in Fig. 3 for the Rh/ 

Al2O3, Rh/CeZrLa and the respective BM washcoats. More precisely, the 
temperatures for 10% (T10), 50% (T50) and 90% (T90) conversion are 
used to assess catalyst efficiency. The as prepared Rh/Al2O3 catalyst 
exhibits a narrow temperature window (250–280 ◦C) for the complete 
oxidation of CO during the first light-off to 500 ◦C (Fig. 3a), which shifts 
towards lower temperatures during the second activity cycle. In this 
case, the reaction already sets off at ~175 ◦C (10% conversion) and 
reaches 90% conversion at ~218 ◦C. During the third light-off/light-out 
cycle, the activity improvement is less pronounced, with only ~10 ◦C 
decrease in the T50 temperature. The Rh/CeZrLa catalyst (Fig. 3b), on 
the other hand, was able to convert CO already around 165 ◦C (T10) 
during the first light-off/light-out cycle, which is almost 100 ◦C lower as 
measured for the Rh/Al2O3 catalyst. This behavior is most probably due 
to the contribution of the noble metal-ceria perimeter sites that help at 
overcoming the CO self-inhibition effect [54–57]. In this regard, the 
incorporation of Rh ions into the CeO2 lattice was reported to occur at 
low noble metal loadings, which leads to the distortion of CeO2 lattice 
and is beneficial after catalyst pre-reduction for the low-temperature CO 
oxidation activity under lean reaction conditions [8]. A similar behavior 
of Rh single sites was reported by Garcia-Vargas et al. during CO 
oxidation in excess of oxygen [50]. In our study, a broadening of the 
temperature window was observed when Rh was located on the CeZrLa 
support, as in this case 90% CO conversion was only reached at 237 ◦C. 
Besides using stoichiometric reaction conditions, this trend could be also 
caused by the significantly higher gas flows applied during our tests in 
comparison to previous investigations.

During the second light-off, the difference between the reaction 
onset and complete conversion is as well pronounced for the CeO2-ZrO2 
supported sample. 10% of CO is already converted at 162 ◦C but 90% 
conversion is only reached at 242 ◦C. Nonetheless, after the catalyst 
exposure to higher temperatures during the second light-off/light-out 
cycle to 800 ◦C, the temperature window for CO oxidation becomes 

Fig. 1. a) XRD patterns of the Rh/Al2O3, Rh/CeZrLa, BM:Rh/Al2O3-CeZrLa and BM:Rh/CeZrLa-Al2O3 catalysts and washcoats; b) corresponding XANES data ob
tained at the Rh K-edge for the as prepared samples.
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narrower, albeit at the expense of the low temperature conversion: T10 
shifted to 176 ◦C, while 90% CO conversion was measured around 234 
◦C.

Due to the initial location of Rh on the alumina support, the BM:Rh/ 
Al2O3-CeZrLa washcoat (Fig. 3c) exhibits a similar catalytic behavior as 
that observed for the Rh/Al2O3 catalyst, including a narrow temperature 
window and the improvement of the activity during consecutive cata
lytic cycles. Analogous, comparable CO oxidation activity was measured 
for the BM:Rh/CeZrLa-Al2O3 washcoat as for the Rh/CeZrLa catalyst, 
with a broad temperature window for CO conversion during all three 
light-off/light-out cycles while showing only minimal variations in the 
T10 and T90 temperatures (1st light-off: 176–240 ◦C; 2nd light-off: 
177–237 ◦C; 3rd light-off: 178–232 ◦C).

Although for the oxidation of CO a significant difference in activity 
could be observed depending on the support type, the location of Rh on 
ceria or alumina does not seem to have a substantial impact on the NO 
reduction. All four samples featured similar conversion temperatures 
with minimal variations. Moreover, a comparable improvement in the 
catalyst activity was measured for both groups of samples over consec
utive activity cycles. While the T50 temperature for NO reduction was 
measured around 320 ◦C during the first light-off, 50% of NO is con
verted already at 260 ◦C during the third light-off over Rh/Al2O3- as well 
as over Rh/CeZrLa-based catalysts. This behavior could be caused by the 
different mechanism of the NO reduction reaction, i.e. not involving the 
noble metal-support perimeter sites, but also due to the in situ structural 
evolution of Rh species reaching a similar state. Under the testing con
ditions applied in this study, comparable activity was measured also 
during the oxidation of C3H6 for the four samples investigated, with a 
slight improvement in propylene conversion after the first light-off/ 
light-out cycle. However, if Rh is located on Al2O3 a more pronounced 
shift towards lower temperatures was observed than for the Rh/CeZrLa- 
based samples. In fact, despite the same trends being noticed 

irrespective of the initial support material, the Rh/Al2O3 catalyst as well 
as the Rh/Al2O3-based washcoat showed a better catalytic performance 
for the simultaneous conversion of CO, NO and C3H6 during the third 
catalytic cycle.

3.2. Dynamics in Rh state during catalytic cycles and fuel-cut ageing

To better understand the nature of the noble metal species and also 
how the noble metal-support interaction influences the catalyst evolu
tion under reaction conditions, operando XAS measurements were con
ducted during several catalytic cycles and different ageing procedures 
(Scheme S1). As reported in the previous section, after the catalyst 
preparation Rh was present as small Rh2O3 nanoparticles on the alumina 
surface and as highly dispersed Rh4+ single atoms/clusters on the 
CeZrLa support (Fig. 1b). Fig. 4 reports the changes in the noble metal 
oxidation state derived by LCA of the operando Rh K-edge XANES data 
together with the corresponding CO, NO and C3H6 conversion profiles. 
During heating up to 500 ◦C in reaction mixture, the reduction of Rh 
species was observed to different extents for both catalysts. In line with 
the results of the laboratory tests, an earlier CO oxidation onset and 
complete conversion over a broader temperature window was measured 
during the operando XAS experiments for the Rh/CeZrLa-based sample 
(Fig. 4b). At the same time, only a slight reduction of Rh was noticed 
below 200 ◦C in this sample. In contrast, for the Rh/Al2O3 catalyst 
considerable CO conversion was measured only after the partial reduc
tion of the noble metal species (about 30% reduced Rh, Fig. 4a). As 
mentioned previously, the observed difference is most likely caused by 
the role of the Rh-CeZrLa interface, which is known to actively 
contribute to oxidation reactions for various noble metal-based catalysts 
[54,55,57–59].

In contrast, the conversion of C3H6 and NO is reliant on the formation 
of metallic Rh species irrespective of the noble metal carrier. Sustained 

Fig. 2. HAADF-STEM images of a) Rh/ γ-Al2O3, b) Rh/CeZrLa, c) BM:Rh/γ-Al2O3+CeZrLa, d) BM:Rh/CeZrLa+γ-Al2O3 samples. Particle size distribution is shown for 
Rh/γ-Al2O3 catalyst, as obtained by evaluating 600 nanoparticles.
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by the overall oxygen depletion due to CO and C3H6 oxidation, about 
50% of Rh was in metallic state at 500 ◦C in the Rh/CeZrLa catalyst 
while almost complete reduction of Rh was found for the alumina- 
supported sample (90%). Also, in this case, the oxygen storage capac
ity of CeZrLa support combined with a stronger noble metal-support 
interaction in this temperature range most probably prevented a more 
substantial reduction of Rh species. During the reaction light-out, partial 
reoxidation was measured for the noble metal on the alumina support 
while almost complete reoxidation of Rh was found in the Rh/CeZrLa 
catalyst. These trends were maintained during the next light-offs to 
higher temperatures: complete reduction of Rh was observed for the Rh/ 
Al2O3 catalyst above 600 ◦C while for the Rh/CeZrLa the metallic state 
was reached only above 900 ◦C. This different behavior is in line with 
previous studies on the interaction between Rh and alumina versus Rh 
and ceria-based supports depending on the temperature range and gas 
atmosphere: under O2-rich conditions, Rh shows a stronger interaction 
with ceria at low temperatures while segregation and formation of 

separate RhOx and CeO2 phases occur at high temperature [12,53,60]. 
In contrast, the interaction of Rh with alumina was more pronounced at 
high temperatures in lean gas atmospheres [15], whereas the noble 
metal – support interplay seems to be prevented at low temperatures 
probably due to the OH groups present on the alumina surface. Hence, 
the more facile reduction of Rh on alumina under stoichiometric reac
tion conditions could be caused by the weaker noble metal-support 
interaction in the as prepared catalyst (i.e. calcination at 500 ◦C) in 
comparison to that exhibited by the less hygroscopic CeZrLa support.

After reaching 1000 ◦C during the subsequent activity light-off, the 
fuel-cut ageing conditions were simulated by periodic variations in the 
gas mixture between the stoichiometric reaction mixture and oxygen- 
rich atmosphere (each 15 min). In the presence of the O2-rich atmo
sphere, complete reoxidation of Rh was noticed for the alumina- 
supported samples whereas less than 50% of Rh was reoxidized on the 
CeZrLa support (results of LCA of the Rh K-edge XANES data in Fig. 5a 
and b). Additionally, for Rh/Al2O3 the noble metal reduction extent 

Fig. 3. Overview on the T10, T50 and T90 temperatures measured for a) Rh/Al2O3; b) Rh/CeZrLa; c) BM:Rh/γ-Al2O3+CeZrLa; d) BM:Rh/CeZrLa+γ-Al2O3 during CO, 
NO and C3H6 conversion for three consecutive light-offs to 500 ◦C, 800 ◦C and 950 ◦C in a gas mixture containing 3000 ppm CO, 1000 ppm NO, 1000 ppm C3H6, 
5400 ppm O2 and 10% H2O in N2 (λ=0.998).
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Fig. 4. Fraction of reduced (Rh0, red circles) and oxidized (Rh3+/Rh4+, black squares – details in Fig. S2 c and d) species based on the LCA of the XANES data 
collected during the first light-off (a) Rh/Al2O3 and b) Rh/CeZrLa) and light-out (c) Rh/Al2O3 and d) Rh/CeZrLa) cycle to 500 ◦C with a heating rate of 10 ◦C/min. 
The corresponding conversion profiles of CO, NO and C3H6 are displayed in e) for the Rh/Al2O3 and f) for the Rh/CeZrLa catalysts. Gas mixture: 3000 ppm CO, 
1000 ppm NO, 1000 ppm C3H6, 5400 ppm O2 and 10% H2O in N2 (λ=0.998).
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diminishes over consecutive cycles while the oxidation level remains at 
100%. On the contrary, the magnitude of Rh oxidation decreased in the 
Rh/CeZrLa catalyst during the fuel-cut procedure. Moreover, a steep 
noble metal oxidation step was noticed for the alumina-supported cat
alysts while the reduction of Rh species seems to be a slower process. For 
the CeZrLa catalyst, both redox steps are slow, indicating a different 
structural evolution at high temperature as well as a dissimilarity in the 
final steady state. These peculiarities of the noble metal behavior seem 
to clearly depend on the catalyst support. Accordingly, Rh species on 
alumina can be described as oxidized and highly stable entities that are 
difficult to reduce whereas the limited interaction of the noble metal 
with the CeZrLa support appears to lead to the formation of large 
metallic Rh particles that are slowly responding to the change in gas 
atmosphere. In line with these assumptions, the diffusion of Rh into the 
alumina surface/bulk with the formation of RhAlOx-like species has 
been previously claimed by different research groups [15–17,21] while 
the sintering of rhodium oxide/metallic nanoparticles on ceria has been 
as well reported in several studies above 800 ◦C [12].

A similar profile of Rh reoxidation and reduction during the fuel-cut 
procedure as observed for the Rh/Al2O3 catalyst was also recorded for 
the BM:Rh/Al2O3-CeZrLa washcoat (Fig. 5c). Interestingly, even for the 
BM:Rh/CeZrLa-Al2O3 washcoat, the redox response of Rh species was 
analogous to that shown by the Rh/Al2O3 catalyst (Fig. 5d). Only a 
slightly faster reduction of the noble metal was observed for the BM:Rh/ 
CeZrLa-Al2O3 washcoat. These differences indicate a distinct state of the 
noble metal in all Al2O3-containing samples in comparison to that pre
sent in the unmixed Rh/CeZrLa catalyst. This behavior could be trig
gered by the larger size of Rh particles on the CeZrLa support in 
comparison to those formed in the alumina-based materials at high 
temperatures. By assuming a higher mobility of the noble metal species 

with increasing temperature, the presence of RhOx on the ceria-zirconia 
surface over a broader temperature window (light-off, Fig. 4) is expected 
to lead to an earlier sintering due to the lower melting point of rhodium 
oxides in comparison to the metallic Rh. On the other side, the lower 
surface area of CeZrLa promotes the growth of the noble metal particles 
as well irrespective of Rh oxidation state. In contrast, the spatial sepa
ration of the Rh/CeZrLa spots (Figs. 2c and S3) achieved during the ball 
milling with the Al2O3 support seems to prevent the strong sintering of 
Rh particles, maintaining their high redox activity, as previously 
demonstrated by Gashnikova et al. for analogous Pd-CeO2/Al2O3 sys
tems [6].

After the first fuel-cut ageing (1st FCA) procedure at 1000 ◦C, all 
samples were cooled in reaction mixture to room temperature. This step 
was followed by a second fuel-cut cycle (2nd FCA) and cooling in an 
oxygen-rich atmosphere (Scheme S1). The change of the gas atmosphere 
during the cooling step was done to accurately evaluate the state of Rh at 
the end of the O2-rich step as well as the effect of temperature variation 
during catalyst ageing [61,62]. The comparison of the evolution of the 
noble metal state during the two fuel-cut ageing steps at 1000 ◦C is 
shown in Fig. S4. Both catalysts display a slightly more facile reduction 
of Rh species during the 2nd FCA procedure whereas the reoxidation 
step was less affected. Additionally, higher NO emissions were measured 
for the BM:Rh/Al2O3-CeZrLa washcoat during the 2nd FCA, which in
dicates an evolution in the catalyst state.

Accordingly, the XAS measurements conducted at room temperature 
at the end of the two experimental protocols revealed different noble 
metal states: Rh remained mostly in a reduced state after the 1st fuel-cut 
procedure and light-out under stoichiometric gas mixture whereas an 
oxidized state was identified for all samples cooled under hydrothermal 
conditions (2nd FCA, Figs. S4 and S5). This is pointed out by the results 

Fig. 5. FCA procedure at 1000◦C for 1% Rh/Al2O3 (a), 1% Rh/CeZrLa (b), BM: Rh/Al2O3-CeZrLa washcoat (c) and BM: Rh/CeZrLa-Al2O3 washcoat (d). Six switches 
between reaction mixture and hydrothermal atmosphere with a duration of 15 min each were conducted.
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of the LCA analysis of the XANES spectra and the FT-EXAFS data re
ported in Fig. 6 for the fresh and differently aged catalysts and wash
coats. As a result of the 1st fuel-cut ageing at 1000 ◦C and cooling in 
reaction mixture, about 78% of Rh was present as metallic species in the 
Rh/Al2O3 catalyst whereas only metallic Rh nanoparticles were found in 
the Rh/CeZrLa catalyst at the end of the procedure. In fact, these states 
were generated at high temperatures upon the final switch to the reac
tion mixture and no further variation was observed during cooling. Only 
a slight reoxidation of the noble metal was noticed in Rh/Al2O3 around 
300 ◦C (about 3%), which represents the temperature of reaction 
extinction. The evolution of the noble metal state during cooling after 
the 1st and 2nd FCA and the following light-offs is illustrated for Rh/ 
Al2O3-CeZrLa washcoat in Fig. S5. After light-out in reaction mixture 
about 85% metallic Rh was found in this sample whereas 90% Rh0 was 
present in the complementary Rh/CeZrLa-Al2O3 washcoat. The forma
tion of noble metal nanoparticles was confirmed by the FT-EXAFS data 
collected at room temperature for all samples by the appearance of the 
Rh-Rh coordination sphere around 2.36 Å (Fig. 6).

In contrast, the prominent presence of the Rh-O coordination sphere 
around 1.56 Å for all samples after the 2nd fuel-cut step and cooling 
down in oxygen-rich atmosphere could be linked to the formation of 
oxidized Rh species during this ageing protocol. As shown for the Rh/ 
Al2O3-CeZrLa washcoat in Fig. S5c, Rh oxidation occurs at 1000 ◦C and 
is maintained during cooling. However, solely for the Rh/CeZrLa cata
lyst, the Rh-Rh coordination sphere was still clearly visible in the FT- 
EXAFS spectra (Fig. 6c), also suggesting the presence of slightly larger 
nanoparticles in this catalyst that are only partially oxidized during 
cooling in oxygen, in line with the HAADF-STEM and EDXS data 

reported in Figure S6. In fact, the presence of partially reduced Rh 
particles in this sample at the end of the 2nd FCA procedure was also 
confirmed by the results of the fitting of the experimental EXAFS data (k 
range: 3–12 Å-1, R range: 1.2–3.2 Å) in R space (k weighting=3), which 
are reported in Table S7. In comparison, by mixing the CeZrLa–based 
catalyst with Al2O3 in the Rh/CeZrLa+γ-Al2O3 washcoat, the strong 
sintering of the noble metal particles seems to be prevented, as revealed 
by the lower intensity of the second coordination sphere after the 2nd 
FCA step (Fig. 6d). Hence, the evolution of Rh species during the light- 
outs/cooling steps was markedly different in both washcoats in com
parison to Rh/CeZrLa, which is consistent with their different redox 
response during the fuel-cut cycles at 1000 ◦C (Fig. 5).

The catalytic activity data collected during the operando XAS mea
surements indicates only small effects of the 1st FCA procedure on the 
CO, NO and C3H6 conversion curves of the unmixed catalysts (Fig. 7a, b 
and e). A similar tendency was observed for the Rh/γ-Al2O3+CeZrLa and 
Rh/CeZrLa+γ-Al2O3 washcoats (Fig. 7e). Nonetheless, while an increase 
in the T50 was detected for the Rh/CeZrLa-based samples, a slight 
improvement in activity was noticed for the Rh/γ-Al2O3 based catalysts. 
For the unmixed Rh/CeZrLa sample, mostly the CO oxidation reaction is 
affected (ΔT = 27 ◦C), whereas the C3H6 (ΔT = 32 ◦C) and NO (ΔT = 25 
◦C) conversions are shifted towards higher temperatures over the Rh/ 
CeZrLa+γ-Al2O3 washcoat. For the alumina-supported catalysts, almost 
an opposite trend was noticed, with comparable variations in the NO 
and C3H6 conversions but occurring at lower temperatures. Besides the 
reduction of the noble metal during the light-off (Fig. 4), the observed 
structural variations further indicate the presence of additional catalyst 
restructuring phenomena, which are dependent on the Rh-Al2O3 and Rh- 

Fig 6. k2-weighted FT-EXAFS data collected at 25 ◦C in He for Rh/γ-Al2O3 (a), BM:Rh/γ-Al2O3+CeZrLa (b), Rh/CeZrLa (c) and BM:Rh/CeZrLa+ γ-Al2O3 (d) after 
different stages of the operando XAS protocol (data not corrected for phase shift); HAADF-STEM images of BM:Rh/Al2O3-CeZrLa (e) and BM:Rh/CeZrLa-Al2O3 (f) 
washcoats at the end of the operando XAS measurements involving the 1st and 2nd FCA, and a light-off/light-out cycle to 800 ◦C.
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CeZrLa interactions. In this regard, the operando XAS investigations re
ported above illustrate a distinct redox response during the FCA steps 
(Fig. 5) as well as a different noble metal particle size in the two unmixed 
catalysts (Fig. 6). Herein, the more pronounced sintering of Rh particles 
(higher intensity of the Rh-Rh contribution in the FT-EXAFS spectra after 

the 1st FCA, Fig. 6b) combined with a diminishment in the number of 
noble metal-support perimeter sites could explain the decrease in the CO 
oxidation activity for Rh/CeZrLa. For the BM:Rh/CeZrLa+γ-Al2O3 
washcoat, the initial spatial confinement of Rh seems to help maintain a 
higher noble metal dispersion during the rather short FCA procedure at 

Fig. 7. Light-off activity data recorded during the operando XAS measurements for the BM:Rh/γ-Al2O3+CeZrLa (a, b) and BM:Rh/CeZrLa+ γ-Al2O3 (c, d) after the 1st 
and 2nd FCA procedures, respectively. Overview on the T50 variations upon ageing for the unmixed catalysts and washcoats (e): ΔT represents the difference between 
the T50 recorded for the fresh catalysts and that measured after different catalyst ageing steps.
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1000 ◦C (slightly lower intensity of the Rh-Rh feature, Fig. 6d), which is 
in line with the smaller variation of the CO oxidation activity. On the 
whole, the formation of noble metal nanoparticles in reduced state after 
the 1st FCA seems to be beneficial for the alumina-supported catalyst 
and BM:Rh/γ-Al2O3+CeZrLa washcoat.

In contrast, the exposure to an oxygen-rich atmosphere during the 
cooling step from 1000 ◦C to 50 ◦C resulted in a pronounced catalyst 
deactivation for all samples investigated in this study. During the 
following light-off/light-out cycle, especially the alumina-based samples 
showed a shift of the CO oxidation light-off of about +181 ◦C or +134 ◦C 
for Rh/γ-Al2O3 and BM:Rh/γ-Al2O3+CeZrLa, respectively. Additionally, 
the CO conversion profile over the BM:Rh/γ-Al2O3+CeZrLa sample 
seems to be affected by the concurrent propylene steam reforming re
action between 400 – 500 ◦C due to the slightly rich reaction conditions 
(λ = 0.998). An increase of the T50 temperature for both NO and C3H6 
conversions of +188 ◦C was also measured for the BM:Rh/ 
γ-Al2O3+CeZrLa washcoat. At the same time, only a slightly lower 
deactivation extent was displayed by the BM:Rh/CeZrLa-γ-Al2O3 
washcoat, with an increase of the conversion temperature of approxi
mately +129 ◦C, +156 ◦C and +153 ◦C for CO, NO and C3H6, respec
tively. The impact of the CeZrLa support on the catalyst stability is more 
visible in the performance of the unmixed Rh/CeZrLa sample after the 
2nd FCA. In comparison to the fresh catalyst state, the T50 temperature 
varied in this case only by +70–110 ◦C (ΔT) during the conversion of 
CO, NO and C3H6, which is still a larger difference than that observed 
after the 1st FCA.

To decode the evolution of the noble metal state during the two 
ageing procedures in the catalyst washcoats, HAADF-STEM images and 
EDXS maps were collected for the BM:Rh/γ-Al2O3+CeZrLa and BM:Rh/ 
CeZrLa-γ-Al2O3 samples at the end of the operando XAS experiments 
(Fig. S6). For both washcoats, the good distribution of the CeZrLa islands 
on the alumina support obtained by ball milling was maintained during 
the fuel-cut ageing procedures. On the other hand, Rh nanoparticles 
with a mean size below 5 nm were observed all over the two CeO2-Al2O3 
mixed supports, despite the rather short ageing protocol. The fingerprint 
of their initial location was indicated only by the higher number of Rh 
nanoparticles present on Al2O3 in the fuel-cut aged BM:Rh/ 
γ-Al2O3+CeZrLa sample. This development of the catalyst structure 
could be explained by the enhanced mobility of Rh species at high 
temperatures once the noble metal-support interaction is diminished. 
Especially, during the catalyst exposure to stoichiometric or slightly rich 
gas mixtures, the sintering of the metallic Rh particles is anticipated 
(state after FCA-1 procedure, Fig. 6) via movement and coalescence [10, 
63]. During this episode, the migration of Rh from one support to 
another is expected to occur. This behavior of Rh under reducing con
ditions was recently indicated also by the study of Machida et al. [14, 
64]. Nonetheless, possibly due to the different preparation of the cata
lyst washcoats (high excess of Rh/CeZrLaNd vs. γ-Al2O3) and ageing 
procedure (switches between stoichiometric/lean/fuel-rich gas mixtures 
at 1000 ◦C [64]), the encapsulation of Rh by CeZrLa support was not 
observed during our study. For mechanically mixed CeZrLa and Al2O3 
based washcoats, the migration of Rh was suggested by Tomida et al. 
[37] to occur in both directions during 10 h hydrothermal ageing. At the 
same time, the formation of a separate RhOx phase and pronounced 
sintering has been reported to take place on ceria under O2-rich condi
tions [12,14], whereas Rh was shown to strongly interact with the 
alumina support at such high temperatures [21]. In spite of this, the 
homogeneous distribution and relatively small size of Rh nanoparticles 
at the end of the two FCA procedures do not align with an exclusive 
surface migration and growth mechanism of Rh particles.

According to the operando XAS results, in both washcoats Rh was 
completely oxidized in lean atmosphere and its reduction becomes more 
difficult during the consecutive fuel-cut cycles at 1000 ◦C. Furthermore, 
while on the pure CeZrLa support the formation of larger noble metal 
nanoparticles was indicated by the limited redox response during the 
FCA steps (Fig. 5b) and the operando FT-EXAFS characterization 

(Fig. 6b), a completely different behavior was noticed for the noble 
metal species in the two washcoats (Fig. 5c and d). As illustrated in Fig. 6
c and d, in this case the formation of metallic nanoparticles or partial 
reduction of Rh takes place during cooling down in reaction mixture 
(after FCA-1) and also during the last step of the experimental procedure 
(light-off between RT-800 ◦C after FCA-2). Considering the rather small 
size of the resulting noble metal nanoparticles at the end of the FCA-2 
procedure combined with their fairly homogeneous distribution over 
the two metal oxide supports, the relocation and structural evolution of 
Rh during the fuel-cut cycles at 1000 ◦C most probably involves also the 
vapor phase migration during the oxygen exposure steps, which was 
previously shown to occur at such high temperatures [65].

3.3. Structural evolution and related effects of long-term hydrothermal 
ageing for Rh-γ-Al2O3 and Rh-CeZrLa-based washcoats

To estimate the influence of the vapor phase migration of Rh species 
from the ceria support to alumina under oxygen-rich conditions, the two 
BM washcoats were aged under hydrothermal ageing conditions at 
temperatures of 950 ◦C and 1050 ◦C for 12 h. These higher temperatures 
were selected considering the additional increase in the temperature of 
the catalyst bed that can occur during lambda variations due to the re
action exothermicity when switching to oxygen-rich conditions [66,67]. 
In the first step, hydrothermal ageing was applied at 1050 ◦C to the as 
prepared BM washcoats as well as to two analogous washcoats obtained 
by manual mixing of the catalyst powders and supports with a spatula 
(denoted MM, results reported in Fig. S19). The resulting tight (BM) or 
loose (MM) contact between the alumina and ceria counterparts allowed 
to further assess the contribution of the vapor phase migration beside 
the surface mobility of Rh species during catalyst deactivation. Finally, 
this comparison captures the influence of different washcoat prepara
tion methodologies, which might lead to varying interparticle distances 
among the catalyst components.

Fig. 8a reports the CO, NO and C3H6 conversion measured for the 
hydrothermally aged BM washcoats during consecutive light-off/light- 
out cycles to 800 ◦C. Very similar trends were recognized for the BM 
Rh/γ-Al2O3+CeZrLa and Rh/CeZrLa+γ-Al2O3 washcoats, with pro
nounced deactivation measured during the first light-off, irrespective of 
the initial location of Rh species. For both samples the reduction of NO 
occurred between 430 ◦C and 510 ◦C whereas C3H6 oxidation was 
observed between 380 ◦C and 490 ◦C. An analogous decrease in activity 
was observed for the manually mixed washcoats during the first light-off 
after hydrothermal ageing (Figure S19a). In line with the results re
ported above, the active catalyst state was regained after the first light- 
off/light-out cycle to 800 ◦C. As illustrated in Fig. S6 for the Rh/ 
γ-Al2O3+CeZrLa washcoat, the reactivation is due to the reduction of Rh 
species above 300 ◦C. However, in contrast to the facile reduction of Rh 
in the fresh Rh/γ-Al2O3 catalyst (Fig. 4), the high stability gained due to 
the strong interaction with alumina led only to a partial reduction (50%) 
even at 800 ◦C. Nevertheless, this structural change resulted in a pro
nounced enhancement of the low-temperature activity. No further var
iations were noticed in the CO, NO and C3H6 conversions between the 
2nd and 3rd light-off/light-out cycle, and comparable activity profiles 
were measured for the BM and MM washcoats.

Taking into account the important role of the oxygen storage ca
pacity (OSC) in the TWC functionality [68–70] but also the direct in
fluence of the noble metal state on the oxygen reactivity [71], the impact 
of the hydrothermal ageing on the total OSC was evaluated during 
H2-TPR experiments up to 950 ◦C in 10% H2/Ar. Since the reduction of 
the noble metal species is expected to lead to the catalyst reactivation 
(Figs. S5 and 8), the first H2-TPR test (1st TPR) was followed by catalyst 
reoxidation under mild reaction conditions (10% O2/He up to 500 ◦C) 
and an additional H2-TPR test (2nd TPR). To obtain a rough estimation 
of the total OSC for the HA and regenerated samples, this protocol was 
applied for both washcoats and also for the unmixed catalysts as refer
ences. The results reported in Fig. S20a indicate a significantly different 

S.-L. Heck et al.                                                                                                                                                                                                                                 Applied Catalysis B: Environment and Energy 395 (2026) 126851 

11 



behavior for the two HA-Rh/γ-Al2O3 and HA-Rh/CeZrLa catalysts. For 
the CeZrLa supported sample, the reduction of Rh particles occured 
below 200◦C, and was followed by the reduction of the CeZrLa support 
at higher temperatures [72]. The two peaks appearing at lower tem
peratures have been previously assigned by Fornasiero et al. [73] to the 
reduction of Rh2O3 particles with a non-uniform size. These features 
were not visible for the HA-Rh/γ-Al2O3, which displayed the onset for 
the reduction of Rh species above 200 ◦C. Furthermore, this process was 
not completed even at the highest temperature of the H2-TPR experi
ment. For the HA-Rh/γ-Al2O3+CeZrLa and HA-Rh/CeZrLa+γ-Al2O3 
washcoats, an almost identical reduction profile was recognized. Only a 
slightly higher total H2-consumption was measured for the washcoat 
with Rh initially located on the CeZrLa support (11.64 ml/gcat vs 
10.06 ml/gcat, Table S6). First of all, the low temperature reduction peak 
that appeared for the unmixed HA-Rh/CeZrLa catalyst was not present 
anymore. Only the H2-consumption peak around 170 ◦C was followed by 
the CeZrLa reduction peak at ~260 ◦C. The disappearance of the first 
peak and the small shift of the second one relative to the HA-Rh/CeZrLa 
catalyst indicate a structural change and further stabilization of Rh 
species. At the same time, the reduction of CeZrLa at slightly lower 
temperatures could be caused by the formation of small CeZrLa patches 
on the alumina support during the ball milling, which prevented a more 
severe sintering of CeZrLa particles. This trend is in line with previous 
studies on the redox behaviour of similar CeO2-ZrO2/Al2O3 supports 
[74].

After the mild reoxidation of the samples at 500 ◦C, the results of the 
2nd H2-TPR experiment suggest at least the partial recovery of Rh spe
cies in all samples. For the HA-Rh/γ-Al2O3 catalyst, weak reduction 
peaks are visible around 76 ◦C and 230 ◦C (Figs. S19 b and d). 

Significantly less pronounced as observed during the 1st TPR experi
ment, H2-consumption was still noticed for this catalyst above 350 ◦C, 
which could hint to the simultaneous presence of highly stable Rh spe
cies. This state is in line with the evolution of the Rh redox response 
during the fuel-cut ageing (Fig. 5) and indicates that 950 ◦C might not be 
sufficiently high for the complete recovery of Rh species under transient 
H2-TPR conditions (1st run). For the unmixed HA-Rh/CeZrLa catalyst, 
the reduction of Rh below 100 ◦C occurred almost simultaneously with 
the reduction of CeZrLa. Only a slight H2-consumption step was noticed 
above 250 ◦C, which could be caused by the reduction of bulk CeZrLa. 
This trend is explained by the presence of highly dispersed and redox 
active Rh species in the fresh Rh/CeZrLa-bases samples in comparison to 
the sintered Rh particles formed at high temperature during the fuel-cut 
aging. Hence, a similar behavior was displayed by the two washcoats; 
although a broader H2-consumption peak was measured for HA-Rh/ 
γ-Al2O3+CeZrLa and HA-Rh/CeZrLa+ γ-Al2O3 washcoats in comparison 
to the unmixed catalyst (several components in the deconvoluted H2- 
TPR data, Fig. S21) the earlier reduction of CeZrLa is probably promoted 
by the rather homogeneous distribution of Rh particles that was induced 
during the HA procedure (Figs. 6e and f) and also during the 1st TPR 
step.

On the other hand, this pronounced change in the redox response of 
CeZrLa has been previously reported to occur as a consequence of ageing 
or redox treatments at high temperatures. Despite the decrease of the 
specific surface area (in this study from 80 m2/g to 43 m2/g for the HA- 
Rh/CeZrLa catalyst), the variation of the lattice parameters or the for
mation of the CeZrO4 κ-phase were formerly correlated with this 
increased oxygen mobility [73,75–78]. The overall H2 consumption 
reported in Table S6 is higher for the HA-Rh/CeZrLa catalyst during the 

Fig. 8. Overview on the T10, T50 and T90 measured for the hydrothermally aged BM: Rh/γ-Al2O3+CeZrLa and BM: Rh/CeZrLa+γ-Al2O3 washcoats during CO, NO and 
C3H6 conversion in three consecutive light-offs to 800 ◦C in a gas mixture containing 3000 ppm CO, 1000 ppm NO, 1000 C3H6, 5400 ppm O2 and 10% H2O in N2 
under stoichiometric conditions (a); Rh K-edge XANES (b) and EXAFS (c) data obtained for hydrothermally aged BM Rh/γ-Al2O3+CeZrLa and Rh/CeZrLa+γ- 
Al2O3 washcoats.
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1st H2-TPR test (31.8 ml/gcat) in comparison with that measured for the 
washcoats (10.1 ml/gcat for HA-Rh/γ-Al2O3+CeZrLa and 11.6 ml/gcat 
for HA-Rh/CeZrLa+γ-Al2O3) but decreases significantly during the 2nd 
TPR experiment (9.0 ml/ gcat). This trend is probably due to the sin
tering of both NM particles and carrier material, with the later known to 
be accelerated under reducing conditions due to the formation of oxygen 
vacancies [79]. For the two washcoats, almost the same H2-consumption 
was measured, which is also the highest among all samples during the 
2nd TPR (11.1 ml/gcat for HA-Rh/γ-Al2O3+CeZrLa and 10.1 ml/gcat for 
HA-Rh/CeZrLa+γ-Al2O3). Also, in this case, the stabilization of CeZrLa 
in the washcoats probably prevents a severe sintering and explains the 
rather minor difference between the H2-consumption measured during 
the two TPR experiments.

All in all, the resemblance in the redox response and catalytic activity 
of the different washcoats as well as their similar reactivation behavior 
suggest a comparable state of the noble metal species in these samples. 
To confirm this assumption, additional material characterization was 
conducted. The XRD patterns obtained for the hydrothermally aged 
washcoats display the phase transformation of γ-Al2O3 to θ-Al2O3 for all 
samples (Fig. S8a). XRD patterns corresponding to CeZrLa were as well 
identified but no characteristic reflections of oxidized or metallic Rh 
species were observed. The corresponding XANES (Fig. 8b) and FT- 
EXAFS spectra (Fig. S8b) at Rh K-edge indicate that Rh is present in 
all samples in an oxidized state. Moreover, the higher intensity of the 
white line in comparison with that of rhodium oxide references, points 
out a different local structure and coordination geometry. Besides the 
main Rh-O coordination shell in the FT-EXAFS, features previously 
assigned to the Rh-O-Rh and Rh-O-Al shells are visible around 3.45 Å 
and 2.87 Å, respectively [80]. Additionally, the k-space EXAFS spectra 
(Fig. 8c) of the aged washcoats show a high similarity with that obtained 
for the hydrothermally aged Rh/Al2O3 catalyst while a different profile 
was recorded for the Rh/CeZrLa sample after ageing. Distinct features at 
k = 5.2 Å− 1, k = 7.5 Å− 1 and k = 10 Å− 1 suggest the same local struc
ture for Rh in the four washcoats, which indicates the possible formation 
of a RhAlOx composite [80]. In contrast, the formation of partially 
reduced Rh nanoparticles is pointed out by the XANES profile and the 
appearance of the Rh-Rh shell around 2.4 Å in the FT-EXAFS spectra of 
the pure Rh/CeZrLa catalyst after hydrothermal ageing at 1050 ◦C 
(Fig. S8b).

Considering the limitations of the FT-EXAFS analysis in dis
tinguishing overlapping shells of different atoms, the wavelet transform 
(WT) [81] of the extended X-ray absorption fine structure was used to 
conclude on the local environment of Rh atoms before and after the 
different ageing procedures. This method is particularly powerful in 
differentiating neighbouring atoms with significantly different weights. 
More exactly, heavier atoms show their fingerprint at higher wave
numbers while the lighter elements contribute to lower wavenumbers. 
The results of the WT-EXAFS analysis for the as prepared Rh/Al2O3 
catalyst and BM/MM Rh/Al2O3-CeZrLa and Rh/CeZrLa-Al2O3 wash
coats (top) are depicted as 2D maps in Figs. 9 and S10 alongside those 
obtained for the hydrothermally aged catalysts (bottom). In all cases, the 
main lobe between 1.0–1.9 Å (R scale) and 3–11 Å− 1 (k range) can be 
associated with the Rh-O contribution, based on the comparison with 
the WT-EXAFS maps derived for the Rh2O3 and RhO2 references 
(Fig. S9). The broadening effect observed for low R-values towards 
higher k values is a limitation of the WT analysis, already previously 
reported in literature [82]. One additional small lobe can be distin
guished for the fresh BM:Rh/γ-Al2O3+CeZrLa washcoat between 2.5 – 
3 Å that could be due to the bonds with heavier atoms. Despite the 
neighbouring Rh atom in Rh2O3 is expected to contribute in the same 
spectral region (Fig. S9b), the low intensity of these features did not 
allow a clear assignment.

WT-EXAFS analysis reveals a clear impact of the ageing procedure on 
the structure of the noble metal species. While beforehand only oxygen 
neighbours could be identified as backscattering atoms, after the long- 
term ageing the contribution of heavier elements at higher k ranges 

was observed. This is illustrated by the new features emerging at ~2.2 – 
3.4 Å / 4–10 Å− 1, which are also present for the hydrothermally aged 
Rh/Al2O3 catalyst (Fig. 9e) and could be induced by Al neighbors. To 
elucidate the local structure around Rh sites, DFT calculations were used 
to generate the coordination sphere of substituted Rh3+ species into the 
θ-Al2O3 (100) surface. Considering the phase transformation of γ-Al2O3 
during the hydrothermal ageing (Fig. S8a), the substitution of Rh at the 
octahedrally coordinated Al sites into the θ-Al2O3 (100) surface, first 
subsurface and second subsurface layers were considered (see details in 
SI). Despite Rh nanoparticles were observed on CeO2 upon ageing and 
Rh nanoclusters were present on γ-Al2O3 in the fresh samples, Rh single 
sites were selected as the most suitable structure for DFT calculations 
since such species are expected to form on alumina during catalyst 
ageing under O2-rich atmosphere. The calculated DFT structures 
(Fig. S17) were used to derive the theoretical EXAFS spectra and the 
corresponding WT-EXAFS 2D maps. As shown in Figs. 9d, h and S11, all 
these structures display a lobe around 1.5 Å / 6 Å− 1 in the first coordi
nation sphere and two additional lobes between 2.4 and 3.5 Å / 
4–10 Å− 1. For the second coordination sphere, the highest similarity 
with the experimental data is shown by the RhO1.5 species substituted at 
octahedrally coordinated Al sites in the first subsurface layer, which is 
also the most energetically favorable position (Tables S3 and S5). This 
configuration is well matching the experimental data obtained for the 
hydrothermally aged Rh/Al2O3 (Fig. 9a) and the two HA washcoats 
(Fig. 9f and g) but not with the aged Rh/CeZrLa catalyst (Figure S10d). 
The corresponding structures of adsorbed and substituted noble metal 
species on the γ-Al2O3 (110), CeO2 (111) and ZrO2 (101) surfaces were 
as well evaluated (Figs. S16 and S17), but no resemblance could be 
found also considering the applied temperature range of the HA proto
col. Overall, these results are in agreement with previous literature 
reporting the strong interaction between Rh and Al2O3 [17,21,83]. 
Moreover, the ex situ XAS measurements supported by the electron mi
croscopy data demonstrate the migration of Rh under oxidizing condi
tions leading to the formation of RhAlOx composites also in the 
Rh/CeZrLa-Al2O3 washcoats, irrespective of the mixing procedure 
applied at their preparation, i.e. ball-milling or manual mixing.

To evaluate the extent of the noble metal transfer from the CeZrLa to 
the Al2O3 support, in an additional experiment the Rh/CeZrLa catalyst 
was spatially separated from the γ-Al2O3 in a plug-flow reactor, as 
illustrated in Table 1. In an analogous test, the Rh/γ-Al2O3 sample was 
positioned upstream and the CeZrLa support in the downstream posi
tion. Starting with bulk metallic Rh, the oxidation of Rh was observed 
mostly below 900–950 ◦C while above these temperatures the subli
mation of RhOx is expected [65,84]. Generally, the formation of gaseous 
RhO2, RhO or even Rh2O3 was reported in literature to occur at high 
temperatures [65,85,86]. Based on this information, hydrothermal 
ageing was applied at both 950 ◦C and 1050 ◦C for the separated catalyst 
beds, which cover the typical temperature window of the fuel-cut ageing 
procedure [62,66]. After 12 h at 950 ◦C, ICP-OES analysis showed that 
the initial composition of the Rh/CeZrLa and Rh/Al2O3 samples was 
maintained (Table 1). On the contrary, the migration of Rh at 1050 ◦C 
was already indicated by the colorization of the alumina support, 
especially at the beginning of the catalyst bed, and brightening of the 
Rh/CeZrLa catalyst bed (Table 1). Ex situ XANES measurements at the 
Rh K-edge (Fig. 10) were conducted for the resulting 1050 ◦C / 12 h and 
1050 ◦C / 24 h Rh/Al2O3 and Rh/CeZrLa samples. The obtained data 
confirmed the presence of Rh in an oxidized state on the Al2O3 support 
located downstream in the fixed-bed reactor. Moreover, the XANES 
profiles were very similar to those acquired for the two hydrothermally 
aged BM: Rh/CeZrLa-Al2O3 and Rh/Al2O3-CeZrLa washcoats (Fig. 8), 
confirming a similar state for the Rh species, but distinct in comparison 
to the bulk rhodium oxides.

Elemental analysis results validated as well the presence of Rh on the 
Al2O3, with a noble metal loading amounting to 0.04 wt% while no 
CeZrLa support traces could be identified. At the same time, Rh con
centration changed from 0.8 wt% Rh in the fresh Rh/CeZrLa catalyst to 
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0.6 wt% after 12 h hydrothermal ageing at 1050 ◦C (Table 1). Despite a 
certain error bar needs to be considered, the observed trend indicates 
that a significant amount of Rh-volatile species bypassed the alumina 
grains during ageing. Extending the hydrothermal ageing at 1050 ◦C to 
24 h, did not induce any further significant transfer of Rh to the alumina 
support. According to the ICP-OES results, ~0.61 wt% Rh was still 
present in the Rh/CeZrLa − 1050 ◦C/24 h catalyst while Rh concentra
tion amounted 0.08 wt% in the newly formed Rh/γ-Al2O3 − 1050 ◦C/ 
24 h sample. The same trend was identified after ageing separately the 
Rh/CeZrLa and Rh/γ-Al2O3 catalysts: a noble metal loss of around 54% 
for the CeZrLa supported sample and only about 6.6% variation for the 
alumina-based catalyst. This behavior suggests the stabilization/storage 
of part of Rh species on the alumina support. At the same time, either the 
stabilization of the remaining RhOx by the CeZrLa support or the for
mation of slightly larger noble metal particles with a decreased oxida
tion/sublimation rate seem to occur in the Rh/CeZrLa sample. Partial 
reduction of the remaining Rh to metallic state on the CeZrLa support is 
indicated by the XANES profile obtained for these samples (Fig. 10) and 
also by the FT-EXAFS data reported in Fig. S8b for the HA-Rh/CeZrLa 
catalyst. However, the corresponding HAADF-STEM/EDXS in
vestigations of the HA-Rh/CeZrLa sample mostly uncovered the pres
ence of highly dispersed and uniformly distributed Rh subnanometer 
entities (Figs. S12). Additionally, the formation of Rh atom rafts-like 
with a preferential location on the CeZrLa support was noticed 
(Figs. S12e-g), as previously observed for Pt on CeO2 [87]. Overall, this 
outcome implies that only a part of Rh species is stabilized by the 
interaction with the unmixed ceria-zirconia support while the rest is 
leaving the catalyst via the gas phase.

According to more recent studies [88,89], noble metal sintering is to 

a great extent prevented for noble metal loadings that correspond to a 
theoretical monolayer coverage on the support surface. To verify this 
possibility, the fraction of the theoretical monolayer concentration of Rh 
on the CeZrLa and Al2O3 supports in the fresh and hydrothermally aged 
catalysts (separately treated, Table S2) was estimated assuming the 
formation of Rh single sites. Based on DFT calculations, the size of the 
unit cell of Rh single sites substituted into the γ-Al2O3 (110) or θ-Al2O3 
(100) surfaces was used to derive the monolayer occupancy depending 
on the Rh loading in the fresh and aged Rh/Al2O3 catalysts (details in SI 
and Table S3). The CeZrLa system is a much more complex system, and 
Rh can be additionally stabilized at surface defects/vacancies generated 
by the CeO2-ZrO2 lattice distortion and due to the La3+ doping. More
over, the interaction of Rh with ZrO2 was reported in literature [90,91], 
and the formation of (RhO)ads and (RhOH)ads species on the ZrO2 (101) 
surface was proposed by Thang and Pacchioni [90]. Finally, the direct 
interaction with La cannot be excluded considering its rather high 
loading (10 wt%) and the possible formation of LaRhO3 under oxidizing 
conditions [92]. A similar interaction with Rh was reported for 
Nd-doped three way catalysts [93]. However, by comparing the XANES 
profile obtained for the Rh/CeZrLa sample after hydrothermal ageing at 
1050 ◦C for 12 h with an analogous aged sample supported on La2O3 
(Fig. S13), it can be concluded that the interplay between Rh and La does 
not represent an exclusive path for Rh stabilization at these high tem
peratures. In this case, the concurrent role of CeO2-ZrO2 cannot be 
excluded, as also illustrated by the electron microscopy results reported 
in Fig. S12. Hence, to obtain a rough estimation of the surface fraction 
occupied by hypothetical Rh single sites on the CeZrLa support, we used 
the DFT calculated structures of Rh single sites on the CeO2 (111) and 
ZrO2 (101) facets, similarly as applied in reference [7]. Additionally, we 

Fig. 9. WT-EXAFS data obtained for the fresh (top) and hydrothermally aged (bottom) catalysts and washcoats Rh/γ-Al2O3 (a,e), BM: Rh/γ-Al2O3+CeZrLa (b, f), BM: 
Rh/CeZrLa+γ-Al2O3 (c, g); Calculated WT-EXAFS maps of Rh/θ-Al2O3 containing octahedrally coordinated Rh in different layers of θ-Al2O3 (100) facet (based on 
DFT modeling): (d) surface layer, (h) first subsurface layer.
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considered a mean size of the unit cell based on the CeO2:ZrO2 molar 
ratio in the CeZrLa support (details in SI). The results obtained for the 
fresh and hydrothermally aged Rh/γ-Al2O3 catalyst indicate a slight 
increase of the single site monolayer coverage from ~22.9% to 29.6%, 
which is due to the γ-Al2O3 to θ-Al2O3 phase transformation, smaller unit 
cell of Rh single sites and sintering of the support at 1050 ◦C. For the 
CeZrLa supported catalyst, the variation is similar but in the opposite 
direction: 29.6% monolayer coverage in the fresh sample at 0.8 wt% Rh 
loading while a fraction of 25.4% was estimated for the hydrothermally 
aged sample containing 0.37 wt% Rh. Hence, approximatively the same 
monolayer coverage is maintained after the catalyst ageing despite the 
noble metal volatilization and support sintering are implied. This 
behavior suggests that the unmixed CeZrLa support can stabilize the 
noble metal species even at this high temperature, i.e. 1050 ◦C, but only 
within a narrow concentration window that corresponds to about 
25–30% of a theoretical single-site monolayer. Considering that our 
results do not indicate a preferential location of Rh at La-rich sites with 
the formation of mixed oxides (XANES data in Fig. S13) and also that 
this value exceeds the La loading in terms of monolayer coverage, the 
interaction of Rh with CeO2 and ZrO2 at different temperatures was 
evaluated by DFT calculations. The obtained phase diagrams of adsor
bed and substituted RhOx single site species on the CeO2 (111) and ZrO2 
(101) facets are shown in Figs. S16 and S17. For comparison, the phase 
diagrams and the Bader charge vs. Rh oxidation state are shown for bulk 
Rh, Rh2O3 and RhO2 reference systems in Figures S14 and S15. In both 
cases, the adsorbed RhOx species are expected to escape from the single 
site locations already at low temperatures. While the substitution of a Ce 
atom in the CeO2 surface by Rh does not generate a stable noble metal 
state, RhO2 substituted species show a good stability on ZrO2 but only up 
to 600 K (Fig. S17). However, since new defects/oxygen vacancies are 
generated in ceria-zirconia supports [69], the stabilization of a certain 

Rh fraction on CeZrLa at higher temperatures is probably linked to the 
remaining defects/vacancies on the support surface after hydrothermal 
ageing at 1050 ◦C.

In general, the ageing process leads to the increase of the surface 
noble metal concentration, which was shown to promote the formation 
of the noble metal particles [89]. The appearance of Rh aggregates is 
endorsed also by the lower number of anchoring sites for Rh on the 
sintered support (i.e. surface defects), as previously shown for Pt/CeO2 
catalysts [94]. According to our results, when Rh loading is exceeding 
the concentration necessary to fulfill ~25–30% of a monolayer 
coverage, the noble metal is prone to volatilization and migration to 
other catalyst components, i.e. Al2O3 support in the downstream bed or 
in the washcoat. In contrast, Rh is stabilized in the Rh/Al2O3 catalyst 
and no migration was identified in the analogous experiment with the 
CeZrLa support located downstream of the Rh/Al2O3 catalyst. This 
behavior is supported also by the DFT calculations for adsorbed and 
substituted RhOx species on the γ-Al2O3 (110) and θ-Al2O3 (100) sur
faces. While the γ-Al2O3 (110) surface is relevant for the as prepared 
catalyst state, the θ-Al2O3 (100) surface is the most stable surface 
termination (surface free energy 0.042 eV/Å2) that is present in the 
hydrothermally aged Rh/Al2O3 catalyst. Even at low to moderate tem
peratures, water adsorption on γ-Al2O3 seems to hinder the formation of 
Rh single sites (Fig. 2). According to our DFT calculation (Table S5), the 
dissociative adsorption of water was found to be with 0.75 eV more 
favorable than molecular adsorption on γ-Al2O3 (110). In contrast, 
molecular bonding of H2O is more favorable (0.5 eV) than dissociative 
adsorption on θ-Al2O3(100). Hence, the higher surface free energy of 
γ-Al2O3 (110) (0.164 eV/Å2) likely enhances the process of dissociative 
H2O adsorption and prevents Rh substitution in the γ-Al2O3 surface at 
moderate temperatures. After the phase transition of γ-Al2O3 at elevated 
temperatures, the resulting θ-Al2O3 (100) surface with very low surface 

Table 1 
ICP-OES results for the catalysts aged in a spatially-divided geometry: the granulated Rh/CeZrLa and γ-Al2O3 were spatially separated with a layer of quartz wool in a 
fixed-bed reactor with an outer diameter of 1 cm. Hydrothermal ageing was conducted between 950 ◦C-1050 ◦C in 20 vol% O2, 10 vol% H2O/N2. The unmixed samples 
were aged in a similar manner, at the middle position of the catalyst bed.

Sample Position in 
reactor

Ageing 
temperature 
(◦C)

Duration 
(h)

Rh loading 
(wt%)

Evolution of the catalyst bed for the configuration marked with 
grey

1 wt% Rh/CeZrLa Beginning 950 12 0.88 

± 0.005
γ-Al2O3 End 950 12 < 0.005
1 wt% Rh/CeZrLa Beginning 1050 12 0.60 

± 0.024
γ-Al2O3 End 1050 12 0.04 

± 0.002
1 wt% Rh/CeZrLa Beginning 1050 24 0.61 

± 0.013
γ-Al2O3 End 1050 24 0.08 

± 0.003
1 wt% Rh/ γ-Al2O3 Beginning 1050 12 0.88 

± 0.004
CeZrLa End 1050 12 0.02 

± 0.001
1 wt% Rh/ γ-Al2O3 (fresh) - - - 0.82 

± 0.004
HA-1 wt% Rh/γ-Al2O3 Mid 1050 12 0.76 

± 0.052
1 wt% Rh/CeZrLa (fresh) - - - 0.80 

± 0.005
HA-1 wt% Rh/CeZrLa Mid 1050 12 0.37 

± 0.009
BM: Rh/γ-Al2O3 þ CeZrLa 

(fresh)
- - - 0.45 

± 0.066
HA - BM: Rh/γ-Al2O3 

þ CeZrLa
Mid 1050 12 0.46 

± 0.067
BM: Rh/CeZrLa þ γ-Al2O3 

(fresh)
- - - 0.46 

± 0.067
HA - BM: Rh/CeZrLa 
þ γ-Al2O3

Mid 1050 12 0.47 
± 0.069
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free energy does not seem to support water dissociation, potentially 
enabling single site formation by substitution. In this regard, further DFT 
calculations show that whereas γ-Al2O3 (110) facet is strongly hydrox
ylated across the entire temperature range the adsorption and substi
tution of individual RhO2 species are unfavorable on this strongly 
hydroxylated surface (Figure S18a). On the θ-Al2O3(100) surface, 
dissociative adsorption of H2O is not favorable on either the plain sur
face or the surface substituted with RhO1.5 and does not stabilize the 
adsorbed RhO2 species (Figure S18b).

Two types of Al species are present on the θ-Al2O3 (100) surface – 
octahedrally and tetrahedrally coordinated. As shown in Figure S17, a 
significantly stronger interaction is exhibited especially between the 
substituted noble metal species and alumina surface in comparison to 
the CeO2 and ZrO2 counterparts (Fig. S16 and S17). In this regard, the 
stability of substituted RhO2.5 and RhO1.5 on the γ-Al2O3 (110) surface is 
similar or even slightly higher in comparison to that of bulk RhO2 
(Fig. S15). At the same time, RhO1.5 substituted species into octahedrally 
coordinated Al sites in the first subsurface layer are the most stable for 
the θ-Al2O3 (100) surface (Table S3). However, as shown by the differ
ential substitution energy of RhO1.5 species into octahedrally coordi
nated sites in the first subsurface layer (Table S4), any increase of the 
substitution extent leads to system destabilization. This trend suggests 
that Rh accommodation into the θ-Al2O3 lattice is concentration limited. 
Nevertheless, for the low noble metal loadings used in this study, the 
diffusion of Rh is probably completed at high temperatures, as indicated 
by the analysis of the XAS data obtained for the aged samples (Figs. 9
and S10).

Hence, the transfer and redistribution of Rh from the CeZrLa to the 
θ-Al2O3 support via the vapor phase (probably assisted by H2O in the 

feed) is at least partially possible above 950 ◦C under oxidizing condi
tions (lean) besides the surface migration of metallic Rh particles be
tween different catalyst components during the stoichiometric/rich 
steps of the fuel-cut procedure. This combined ageing mechanism could 
explain the homogeneous distribution of Rh on both supports and the 
presence of relatively small NM particles despite the harsh fuel-cut 
ageing conditions (Figs. 6 and S6). Furthermore, additional elemental 
analysis of hydrothermally aged BM: Rh/Al2O3-CeZrLa and BM: Rh/ 
CeZrLa-Al2O3 washcoats at 1050 ◦C indicate that due to the close 
interaction between the washcoat components, the noble metal loss is 
prevented. According to the noble metal concentrations reported in 
Table 1 for the fresh and hydrothermally aged washcoats, almost iden
tical Rh amounts are present in both samples. This outcome is in line 
with the structural peculiarities revealed for the ex situ and in situ aged 
washcoats and also by the regained catalytic activity during the 
following light-off test to 800 ◦C (Fig. 8).

4. Conclusions

Complementary in situ/operando characterization methods and 
extensive catalytic tests allowed to decipher the evolution of Rh state in 
γ-Al2O3/CeO2-ZrO2-La2O3 supported three-way catalyst washcoats 
under reaction conditions and thermal/chemical stress as a function of 
the initial noble metal location. Corresponding unmixed Rh/CeZrLa or 
Rh/γ-Al2O3 catalysts were also studied in order to differentiate the in
dividual impact of each support. In addition to light-off/light-out cycles 
within different temperature windows, fuel-cut and hydrothermal 
ageing conditions were applied to investigate the noble metal structural 
dynamics in unmixed, mixed and spatially separated washcoat 

Fig. 10. XANES spectra collected at the Rh K-edge for the Rh/CeZrLa (a) and Rh/γ-Al2O3 (b) samples after aging for 12 or 24 h in hydrothermal atmosphere (10% O2, 
5% H2O / N2) at 1050 ◦C. XANES spectra of Rh references are depicted for comparison. The aging protocol, which is illustrated in (c), involved a plug-flow reactor 
with two catalyst beds, i.e. Rh/CeZrLa and Rh/γ-Al2O3, separated by quartz wool.
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components.
Highly dispersed Rh4+ species were found on the unmixed CeZrLa 

support in the as prepared catalyst whereas Rh2O3 nanoparticles are 
present on the γ-Al2O3 support after calcination at 500 ◦C in static air. 
Due to the contribution of the Rh-CeZrLa perimeter sites, a lower onset 
temperature was exhibited by the as prepared Rh/CeZrLa catalyst dur
ing CO oxidation in comparison to the Rh/γ-Al2O3 sample. The type of 
catalyst carrier does not seem to have a major impact on the NO and 
C3H6 conversion, which proceeded simultaneously with the noble metal 
reduction. After catalyst degreening during several light-off/light-out 
cycles and formation of metallic Rh nanoparticles, an improved activ
ity was displayed by the alumina-supported sample. An analogous noble 
metal evolution and catalytic performance were identified for the cor
responding washcoats.

During the fuel-cut ageing procedure at 1000 ◦C, which involved 
switches between the stoichiometric reaction mixture and O2-rich at
mosphere, a pronounced redox response was uncovered by operando 
XAS measurements for the Rh species supported on alumina whereas 
only 50% of Rh was redox active on the CeZrLa support. This behaviour 
was correlated with a limited interaction of Rh species with CeZrLa at 
high temperatures, which resulted in sintering of Rh nanoparticles under 
stoichiometric reaction conditions. On the contrary, the interplay be
tween Rh and alumina is enhanced at high temperatures simultaneously 
with the phase transformation of γ-Al2O3 to θ-Al2O3, leading to the 
formation of RhAlOx-like composites during exposure to O2-rich con
ditions. According to DFT calculations, this intermixing corresponds to 
the formation of substituted RhO1.5 species into the first subsurface layer 
of θ-Al2O3 (100) surface. Noteworthy was the similar behaviour of both 
Rh/Al2O3-CeZrLa and Rh/CeZrLa-Al2O3 washcoats with that exhibited 
by the alumina-supported catalyst, which could be correlated with 
partial relocation of Rh species already during the short fuel-cut 
procedure.

Regardless of the initial noble metal location in the parent catalyst, 
Rh migration occurs at high temperatures in both directions in a rich/ 
stoichiometric reaction mixture due to the formation of mobile metallic 
species that do not interact anymore with Al2O3 or CeZrLa supports. 
During this step of the fuel-cut procedure, the noble metal is also prone 
to sintering. In contrast, in an O2-rich atmosphere at temperatures above 
950 ◦C a part of Rh migrates also via the vapour phase from the CeZrLa 
support to the θ-Al2O3 component of the washcoat, where it is stabilized 
as an inactive RhAlOx phase. This latter path was confirmed by addi
tional hydrothermal ageing tests of spatially separated catalyst beds. 
Furthermore, significant noble metal loss was identified for the hydro
thermally aged unmixed Rh/CeZrLa catalyst after long-term hydro
thermal ageing at 1050 ◦C. The remaining amount of noble metal seems 
to be present both as highly dispersed species and partially reduced 
nanoparticles, the extent of each state most probably depending on the 
support composition and the concentration of surface vacancies. For 
both Rh/Al2O3-CeZrLa and Rh/CeZrLa-Al2O3, the intimate interaction 
between the catalyst components prevents the loss of noble metal via 
volatilisation. Furthermore, such a system ensures reversibility of the 
deactivation process. During subsequent light-off/light-out cycles or 
lambda variations, RhAlOx composites are converted back into active Rh 
nanoparticles whereas sintered Rh nanoparticles can be redispersed via 
the strong interaction with alumina and, to a certain extent, with ceria- 
zirconia supports.

Overall, our systematic study involving detailed in situ/operando 
characterization uncovers that already during the short fuel-cut treat
ment the behaviour of Rh in Al2O3/CeO2-ZrO2-La2O3–based washcoats 
is highly dynamic, with a major impact on the catalytic activity. Herein, 
multiple effects need to be considered including the gas atmosphere and 
temperature, the sintering of the support, varying noble metal-support 
interactions, solid-state reactions and noble metal volatility. In this re
gard, lambda variation is an important process parameter for TWC ap
plications and should be considered in a future study. These manifold 
and interconnected parameters, emphasized in this study for Rh, are 

expected to affect the state and performance of other noble metal-based 
washcoats in an analogous manner.
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