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Abstract: By carefully mixing Pd metal nanoparticles with CeO2 polycrystalline powder under dry conditions a new 

unpredicted arrangement of the Pd-O-Ce interface is obtained, where an amorphous shell containing Palladium species 

dissolved in Ceria is covering a core of CeO2 particles. The robust contact that is generated at nanoscale, along with 

mechanical forces generated during mixing, promotes the redox exchange between Pd and CeO2 and creates highly 

reactive and stable sites constituted by PdOx embedded into CeO2 surface layers. This specific arrangement 

outperforms conventional Pd/CeO2 reference catalysts in methane oxidation, by lowering light-off temperature by more 

than 50 degrees and boosting reaction rate. The origin of the outstanding activity is traced back to the structural 

properties of the interface, modified at nanoscale by mechano-chemical interaction, and it is unraveled by a combined 

set of experimental data including high resolution transmission electron microscopy and supported by recent 

computational studies. 

The increasing concern over the abundant emissions of greenhouse gases from motor vehicles 

is pushing towards the development of more efficient catalysts for their abatement. This is 

particularly true for natural gas fueled vehicles, for which the exponential growth of the 

market and the concern for methane global warming potential urge for the design of catalytic 

systems with improved activity at low temperature and higher resistance to deactivation 

under operating conditions.[1] An efficient low temperature activation of the CH4 molecule 

would also be a significant advancement in the field of methane utilization, an issue that is 

now attracting several efforts due to the increased supplies of shale gas and the consequent 

availability of natural gas as a feedstock.[2] Pd-based formulations are the most effective for 

methane oxidation, and the use of ceria as support confers additional benefits to the catalysts 

due to its unique redox features and to the level of Pd-Ce interfacial interactions.[3] It is 

reported from experimental[3b, 4] and computational[5] studies that an enhanced Pd-ceria 

interaction can improve significantly the catalytic activity of these materials. In particular, the 

presence of Pd into ceria lattice can lead to the formation of highly reactive Pd2+/4+ sites 

which show lower methane activation barriers compared to isolated PdOx units. Interestingly, 

differently from what happens on PdOx clusters, on these ionic Pd species methane activation 

proceeds via hydrogen abstraction, a route that is potentially very important for methane 

utilization.[5a] 

We have already reported the increased activity of a Pd/CeO2 catalyst prepared by solution 

combustion synthesis in which the substitution of Pd2+ ions into ceria lattice caused the 

formation of ordered arrays of oxygen vacancies and highly reactive undercoordinated oxygen 

atoms.[6] More recently we also investigated the milling of CeO2-based materials with carbon, 

originating a 2D carbon layer, covering the ceria particles, and improving the interfacial redox 



exchange between the two materials.[7] Here, by combining the above mentioned 

approaches, we use a controlled one-step dry milling procedure where Pd metal nanoparticles 

are put in contact with ceria particles to prepare a methane oxidation catalyst that 

outperforms traditional Pd/CeO2 due to the unique structural arrangements that characterize 

metal/support interface at nanoscale. In addition, avoiding the use of Pd nitrate or chloride 

solution significantly reduces waste generation ensuring lower environmental impact. The 

characteristics of the preparation method, the properties and performances of the catalyst 

have been investigated in detail; the data suggest a correlation between the unusual 

morphology developed at nanoscale and the high catalytic activity observed, and this 

correlation is supported by most recent theoretical simulations.[5] 

The mechanically mixed samples (denoted with M) were prepared by mixing together metallic 

Pd nanoparticles with CeO2 powder aged at 1173 K in a mini ball mill, to obtain a nominal Pd 

loading of 1% wt. (PdCeM). Reference catalysts with the same nominal Pd loading were also 

synthesized by incipient wetness impregnation on the same CeO2 support (PdCeIW) and by 

solution combustion synthesis (PdCeSCS). An additional catalyst, where PdO nanoparticles 

were used in substitution of Pd metal in the milling procedure, was also prepared for 

comparison (PdOCeM). To check the effect of the support, comparison of PdCeM with Pd 

supported on ZrO2 (PdZrM) prepared by the same procedure was also carried out. The details 

on samples preparation and the milling parameters are reported in the Supporting 

Information, along with the detailed description of testing conditions and characterization 

methods. Stability under reaction conditions and durability were tested in comparison to 

PdCeIW following six reaction cycles up to 1173 K and monitoring time on stream behavior 

also under hydrothermal conditions.  Comparison of X-ray diffraction and temperature 

programmed reduction profiles of PdCeM, PdCeIW and PdOCeM are reported in Figure S1 and 

S2. The light-off curves of methane combustion under lean atmosphere for the different Pd-

ceria formulations are shown in Figure 1, along with the corresponding cooling part of the 

cycle. 

In these experiments the catalysts were cycled under reaction conditions between room 

temperature and 1173 K for 2 heating/cooling cycles and the second cycle was selected as 

representative of the catalytic behavior, unless otherwise stated. Interestingly, the overall 

performance of the M samples strongly depends on the nature of the palladium precursor. 

PdCeM has a much higher activity than PdOCeM in the whole temperature range, and its 

behavior outperforms significantly that of the impregnated sample and of the catalyst made by 

solution combustion synthesis, which was reported as one of the best literature examples.[3b, 

6] This can be seen either by the lower light-off temperature or by the higher reaction rate 

measured for the PdCeM sample in a recycle reactor, as reported in Table 1. 

 



 

Figure 1. Light-off curves for Pd-CeO2 catalysts (2nd cycle). Solid line, closed symbols: heating 

part of the cycle; dashed line, open symbols: cooling part of the cycle. Conditions: GHSV ca. 

200000 h-1, 0.5% CH4, 2% O2, He to balance. 

Table 1. Physico-chemical properties and activity parameters for methane combustion. 

 

Table 1. Physico-chemical properties and activity parameters for methane 

combustion. 

Sample Pd loading 

(wt%)[a] 

Surface area 

(m2/g) 

T10[b]  

(K) 

Reaction rate[c] 

(mol/gPd*s) 

PdCeM 0.81 3.2 564 208 

PdOCeM 0.80 4.1 700 16 

PdCeIW 0.97 2.3 619 32 

PdCeSCS 0.93 5.9 581 112 

[a] measured by ICP elemental analysis; [b] temperature for 10% conversion; 

[c] measured at 623 K in a recycle reactor.  

 

The better performance of PdCeM is maintained also in the cooling portion of the cycle, where 

the drop of activity due to the dynamics of Pd-PdO transformation follows the order 

PdCeM<PdCeSCS<PdOCeM<PdCeIW. The catalyst stability has been successfully checked over 

six light-off cycles (Figure S3) where it can be seen that PdCeM shows a stable CH4 conversion 

behavior from the third cycle onward. Time on stream behavior has also been investigated 

both under reaction conditions and in the presence of large excess of water (Figure S4), which 

is known to accelerate deactivation in Pd-based catalysts.[8] Catalysts prepared by milling are 

more stable with an overall activity loss of ca. 25% after 24 h on stream, compared with a loss 

of 70% observed in reference PdCeIW.  

Light-off activity behavior of PdCeM is also affected by the modification of milling parameters. 

It is observed that, increasing milling intensity, the overall light-off profiles of the catalyst shift 

to higher temperatures, indicating a drop of reaction rates compared to our standard PdCeM 

sample (see Figure S5).  



Also, milling under loose conditions without using balls does provide catalysts active in a first 

cycle at low temperature but suffering of dramatic deactivation, due to the lack of nanoscale 

interactions between Pd and ceria and extensive sintering at higher temperatures (Figure S6). 

This shows that the choice of our milling parameters for PdCeM sample (10 minutes milling at 

an oscillation frequency of 15 Hz with a ball to powder ratio of 10) optimizes activity 

performances. 

Methane oxidation light-off profiles were also collected on the corresponding ZrO2 supported 

catalysts, and they did not evidence any significant difference among samples prepared by 

impregnation and by mechanical milling (Figure S7). This strongly supports the fact that the 

origin of the unique activity of PdCeM must be found in a specific characteristic of the Pd-CeO2 

interface that is promoted during milling, and not in a more general behavior of samples 

prepared by a mechanochemical procedure. 

In parallel to light-off cycles, temperature programmed oxidation experiments (TPO, Figure 2) 

showed for fresh PdCeM the oxidation of Pd at low temperature (cycle 1), and the presence of 

at least three PdO decomposition peaks (cycles 2 and 3), indicating the coexistence of different 

palladium species. Quantitative re-oxidation of Pd during cooling occurs in one single peak at 

ca. 910 K. A comparison with PdCeIW, which presents only two oxygen release peaks, is shown 

in Figure S8. 

 

 

Figure 2. TPO profiles for PdCeM over three consecutive heating/cooling cycles. Solid line: 

heating ramp; dotted line: cooling ramp. 

 

Details on the Pd-CeO2 morphology were obtained by HRTEM analysis on the fresh samples. 

Figure 3 (A,B) shows the surface of PdCeIW where, as expected, small Pd nanoparticles (ca. 2 

nm) are well dispersed over a clean ceria surface. In contrast, PdCeM is characterized by ceria 

crystallites that are covered by an amorphous layer measuring between 2 and 5 nm in 

thickness(Figure 3 C-F). This amorphous shell is compact and perfectly defined, following the 

perimeter of the ceria particles (Figure 3C-D). Interestingly, the ceria crystallites covered by 

this layer present a more rounded morphology, suggesting that the spreading of Pd by 

mechanical mixing affects their surface. Ceria nanoparticles show well-defined lattice fringes at 

3.12 and 2.71 Å in both samples, which correspond to the (111) and (200) crystallographic 



planes of CeO2, respectively. In Figure 3D the EDX analysis of the shell is reported, which 

contains both ceria and Pd (the Cu signal originates from the TEM grid), indicating that the 

shell is comprised of a mixed Pd-Ce phase. 

In addition to this amorphous layer, some smaller particles measuring less than 5 nm are also 

detected, mostly decorating the ceria crystallites (Figure 3E,F). Lattice fringe analysis of these 

nanoparticles (see insets “c” and “d” corresponding to FT images of “a” and “b”, respectively, 

in Figure 3F) shows fringes at 2.25 and 1.95 Å. They correspond to the (111) and (200) 

crystallographic planes of Pd metal. Noticeably, these Pd nanoparticles are embedded in the 

amorphous shell, which suggests that the shell is produced by the distribution of Pd metal 

nanoparticles over the ceria support upon mechanical mixing. Figure 3E represents nicely this 

situation: a very small nanoparticle (less than 2 nm) diffuses into the shell at the edges, still 

preserving some crystallographic order (see the FT image in inset “a” showing fringes of Pd 

metal). 

 

 

Figure 3. HRTEM images of PdCeIW (A,B) and PdCeM (C-F). 

 

Remarkably, this morphology is not observed on PdOCeM and PdZrM where well defined PdO 

and Pd nanoparticles are respectively found over the support (see Figure S9 and S10 for 

representative samples). Moreover, the mechanical milling of pure CeO2 under the same 

conditions does not induce any change of the surface (Figure S11) indicating that surface 

amorphisation takes place only upon mixing of Pd and ceria.  



A similar core-shell structure where Pd covers SnO2 particles was observed on a Pd/SnO2 

catalyst prepared by wet impregnation;[9] however, the Pd-Sn alloy based shell disappeared 

under oxidizing atmosphere. Conversely, the amorphous shell observed on PdCeM is also 

stable under reaction conditions, as demonstrated by the HRTEM image of the used sample 

after two cycles (Figure 4 A and B) in which it is possible to recognize the presence of two 

fringes, one at 3.1 Å corresponding to the (111) crystallographic planes of the ceria substrate, 

and another one at a greater spacing likely due to inclusion of PdO within ceria lattice, where 

Pd is strongly interacting with the support. This is in accordance with the existence of small 

domains of Pd completely embedded in the amorphous shell, as discussed above for the fresh 

PdCeM sample. Figure 4 (C and D) shows representative images of the shell around ceria after 

6 reaction cycles, which is marked between arrows along with the crystallographic planes 

exposed by the ceria crystallites. From these images it is clear that the shell is preserved after 

the sixth cycle. Interestingly, no remaining Pd containing particles have been identified 

indicating that all Pd is still spread within the layer surrounding the ceria particles. Similarly, 

time on stream behavior under hydrothermal conditions does not alter the structure of the 

layer, indicating stability also in the presence of excess of water (Figure S12). 

 

 

Figure 4. HRTEM images of PdCeM after two (A, B) and six (C, D) methane oxidation tests.  

 

The reasons behind the structural rearrangement of the surface in PdCeM during milling are 

not straightforward and should be the result of a combination of different elements. Some 

interesting indications on the phenomena that might take place during the mechanical mixing 

of Pd and ceria powders come from the studies on solid state amorphisation.[10] In these 

studies it is evidenced that mechanical alloying increases vacancies, chemical disordering at 

atomic level and nanocrystalline grain boundaries, which in turn raise the free energy of the 

crystalline phase favoring the stabilization of the amorphous state, particularly at nanometer 

scale. This process usually starts with the amorphisation of the edges, and in some cases 

proceeds through the formation of a crystalline solid solution which is then transformed into 

the amorphous phase. Interestingly, the formation of point and lattice defects by milling has 

been proposed as the rate limiting step for amorphisation.[11]  



It should be observed though that, in general, in the studies dealing with solid state 

amorphisation the energies employed are much higher than those of our dry mixing method, 

nevertheless in the case of palladium and ceria the process might be speeded up by other 

factors, like the specific interaction between Pd and CeO2.[12] This interaction, which could 

account for an easier solid state reaction between the two components, involves the 

formation of vacancies and/or more active oxygen states at the metal-oxide interface as 

observed for other systems after milling.[13] In addition, it has been reported that the 

oxidation state of cerium ions in solid solutions can be altered at room temperature by 

changing mechanically the local stress state, and that the distribution of Ce3+/Ce4+ can be 

influenced by stress gradients.[14] 

Indeed, XPS studies carried out on PdCeM and PdCeIW after one reaction cycle (Table 2) show 

that the ratio between Ce(III) and Ce(IV) is higher on the sample prepared by mechanical 

grinding compared to the impregnated one, and also to pure milled CeO2 (sample CeM). This 

indicates that the interplay between Pd and ceria on PdCeM is stronger and induces a higher 

degree of ceria reduction. In addition, a better and more homogeneous Pd distribution is also 

observed in milled samples which is maintained after the first reaction cycles. 

 

 

 

 

 

 

 

 

Characterization after six reaction cycles shows an increase of Pd(IV) in milled sample 

compared to PdCeIW while the amount of Ce(III) become similar, likely due to prolonged 

oxidation cycles at high temperature. In addition, the better Pd distribution of PdCeM is 

maintained after stability tests. This is also confirmed by comparing the Raman spectra 

samples the more intense signal is due to the F2g vibrational mode of CeO2 (461 cm-1), but a 

signal originating from the B1g vibrational mode of PdO is also observed (646   cm-1). 

Collecting several spectra, it is clearly seen that the intensity ratio between the two signals is 

rather constant for PdCeM (Figure S13), indicating a more homogeneous spreading of Pd over 

CeO2, as it can be expected from its distribution within the surface layer. A broad Raman signal 

covering the region between 550-600 cm-1 is also detected in PdCeM; peaks in this region are 

attributed to surface defects in ceria[15] that might include those generated by close 

interaction and inclusion of Pd into CeO2 lattice. 

The information gathered from HRTEM and XPS studies show that on PdCeM there is a unique 

arrangement of Pd and ceria that is not observed on samples prepared by conventional routes. 

This arrangement is the result of an interaction between Pd and ceria promoted by mechanical 

milling and by the redox characteristics of the two components. We recently reported that the 

milling of ceria with carbon soot results in the formation of a CeO2 core wrapped in a soft 

Table 2. Data from XPS analysis. 

Sample Pd/Ce Ce(III)/Ce Pd(0) Pd(II) (%) Pd(IV) (%) 

CeM - 0.16 - - - 

PdCeMa 0.19(0.18)b 0.24(0.12) 0(0) 82(78) 18(22) 

PdCeIWa 0.15(0.15) 0.15(0.12) 0(0) 76(87) 24(13) 

[a] collected after one reaction cycle; [b] in parentheses data collected after six 

reaction cycles. 



carbon shell[7]; the nanoscale arrangement created by mixing was promoted by the different 

hardness of the two materials that helps the spreading of the softer carbon particles on the 

surface of ceria. This might explain why the core-shell structure observed here is obtained only 

when mixing Pd metal nanoparticles and ceria and not when harder materials like PdO and/or 

ZrO2 are used (0.6 vs 4 GPa for Pd metal and ceria, respectively, against 8 for zirconia[16]). It is 

true in fact that the adhesive force between two compressed particles varies inversely with 

their hardness.[17] 

The high reactivity for methane oxidation over Pd/CeO2 interfacial sites was recently described 

by the group of Janik, using integrated DFT and empirical reactive force field methods[5b]. In 

their study partially embedded Pd clusters are shown to favor the formation of metastable 

transient Pd4+ ions inserted into ceria lattice which are indicated as the most reactive for 

methane activation. The authors predict that, starting from supported Pd clusters, Pd atoms 

can migrate across the ceria surface and assume a higher oxygen coordination being 

incorporated into the lattice when encountering steps, vacancies and/or grain boundaries, 

forming active oxidized Pd species. It is remarkable to observe that this description well agrees 

with our HRTEM observation of nanometer scale Pd clusters embedded in an amorphous Pd-

CeO2 shell (Figure 2 E,F), as if this layer would be originated by the dissolution of Pd 

nanoclusters into the ceria lattice. A similar situation, with copper clusters dispersed into the 

ceria lattice at atomic scale, has been recently reported following the mechanical mixing of 

cerium and copper complexes.[18] This unique embedded configuration might explain the 

reasons why active Pd4+ centers in PdCeM are more efficient than in PdCeIW, where the 

presence of Pd4+ (also detected by XPS) is not characterized by the same nanoscale 

environment. This picture might also explain why promotion of activity is not observed for 

PdZrM and PdOCeM. Thanks to the oxygen exchange properties of ceria, Pd4+ ions are formed 

on CeO2 under conditions much different from other supports.[5b] Moreover, the appearance 

of these species is prompted by the migration of Pd atoms in the lattice from metallic Pd 

clusters on the surface[5b], a situation that likely could not be feasible in presence of stable 

PdO clusters. 

In summary, it is shown that the formation of a specific nanoscale arrangement, with Pd 

moieties embedded in the outer surface layers of ceria, promotes methane activation at much 

lower temperature compared to conventional Pd/CeO2 catalysts. These experimental results, 

supported by a strong theoretical background developed independently[5], open the way to 

the design of highly active Pd-ceria catalytic systems via sustainable mechanical synthesis 

routes. In addition, and perhaps more importantly, they put the accent on the role of 

mechanical stress in modifying at nanoscale the properties of ceria, which can offer a powerful 

tool in the design of materials with undisclosed properties. 
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