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The preparation of catalytic materials via mechanochemical routes is a very promising alternative to com-

plex wet chemical syntheses due to its simplicity, versatility and ecological advantages. The mechanical

mixing of Pd nanoparticles and CeO2 results in very active methane oxidation catalysts; here we explore

the effect of milling parameters on the overall performance of Pd–ceria catalysts. The high methane com-

bustion activity is the result of nanoscale interaction between palladium and cerium oxide and it is shown

to be strongly dependent on the intensity of milling. This was investigated through methane combustion

tests up to 1173 K and characterized by means of temperature programmed oxidation and reduction ex-

periments. The morphological features of the obtained materials were investigated by HRTEM analysis and

correlated to the catalytic behavior.

Introduction

The discovery of untapped natural gas deposits and the possi-
ble valorization of waste through biogas production have
prompted the development of new technologies for natural
gas utilization, among which its use as fuel for transportation
or for distributed small-scale power generation. This in turn
has focused the attention on the possible dangers of methane
leaks into the atmosphere, since CH4 is a strong greenhouse
gas, and consequently on methane abatement. Due to the in-
trinsic unreactive nature of the CH4 molecule, the oxidation
of methane has always represented a challenge, and numer-
ous studies have been published.1–5 Nevertheless, its increas-
ing application to natural gas fueled vehicles emission con-
trol,3 reduction of secondary pollutants from controlled
natural gas combustion6 and methane activation for the pro-
duction of feedstock molecules7,8 is continuously pushing to-
wards the development of catalytic systems with increased ac-
tivity and stability.

Palladium is known as one of the most active metals for
methane activation, and CeO2 addition proved to lead to a
synergetic effect on Pd-based catalysts.9–12 In particular, ionic
Pd species in strong interaction with ceria are reported both

theoretically13–15 and experimentally16 as extremely active for
methane combustion, enabling activation also by the hydro-
gen abstraction route.17 In addition, this configuration ap-
pears able to hinder the steam deactivation, as reported re-
cently by our group.18 Water vapor in fact is known as a
strong inhibitor for methane combustion19–21 and it repre-
sents an especially important issue for automotive after-
treatment applications, since exhaust gases contain around
10–15 vol% of water vapor produced by fuel combustion in
the engine chamber.

Among the variety of chemical synthesis approaches,
mechano-chemistry is the oldest known method for the prep-
aration of materials, as the very simple act of mixing differ-
ent compounds together to transform them into a new prod-
uct was already experienced in the prehistoric times.22,23 Fast
forward to the modern times, the mechano-chemical route
for the synthesis of products or for promoting chemical reac-
tion (even in gas-phase)24 has been developed mostly in the
material science field. Mechanical energy enables the crea-
tion of metastable structures bypassing the thermodynamic
and chemical equilibria and it is of particular interest for the
synthesis of new alloys or nanocomposite materials.25–27 In
the latest decades, the advances in mechano-chemical tech-
nology have spread to other fields such as catalysis, where it
has been successfully applied to the synthesis of advanced
nanomaterials for electrochemical applications,28,29 mixed ox-
ides,30,31 metallorganic materials32 and many others.33–36

Nevertheless, its wide range of variable parameters and the
combination of mechanical and chemical effects has hin-
dered the straightforward application to oxide-supported
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metal catalysts.37,38 Often an experimental trial-and-error ap-
proach is needed to find the best synthesis conditions,
depending on the choice of the precursors and on the de-
sired applications.39 In general, high energies are employed
in order to induce interaction and alloying at nanoscale.

We recently reported an extremely active methane oxida-
tion Pd–CeO2 catalyst prepared by a mild milling process.40

The low intensity milling brought to the creation of an amor-
phous Pd–Ce layer covering the ceria crystallites, where the
enhanced nanoscale interaction was at the origin of an out-
standing methane oxidation activity. Here, we investigate the
effect of milling conditions on this catalytic system in order
to further study the resulting Pd–CeO2 interaction. Starting
from metallic palladium and cerium oxide powders, we var-
ied the milling time and energy and analyzed their effect on
the morphological features and the methane oxidation
activity.

Experimental
Catalyst preparation

All catalysts considered in this work contain 1 wt% Pd and
were prepared using Pd black (Sigma Aldrich, BET surface
area 40 m2 g−1) as palladium precursor and pure CeO2 cal-
cined at 1173 K as support oxide (Treibacher Industrie, BET
surface area 3 m2 g−1). The preparation of Pd/CeO2 was car-
ried out by mixing of the powders under different milling
conditions. The reference PdCeM sample was synthesized in
a Pulverisette 23 Minimill by milling Pd and ceria powders
for 10 minutes at 15 Hz in a 15 ml zirconia jar using one zir-
conia ball (15 mm diameter, 10 g, ball-to-powder ratio =
10).40 For comparison, other Pd–ceria formulations were pre-
pared by mixing the two components with lower or higher
intensity with respect to PdCeM. Low intensity mixing was
achieved when palladium nanoparticles and ceria powders
were loosely mixed inside the jar in the absence of grinding
balls (denoted as PdCeL) or simply grinded in an agate mor-
tar for 10 minutes (PdCeG). On the medium-high intensity
side, one sample was prepared by milling for 1 hour in the
same conditions as PdCeM (Pulverisette 23 Minimill, 15 Hz
and one zirconia ball, named PdCeM 1 h), while other sam-
ples were prepared in a Spex8000 Mixer Mill rotating at 875
rpm in a 50 ml jar with 9 zirconia balls (10 mm diameter, to-
tal BPR = 20) for milling times ranging from 5 minutes to
8 hours. These last samples are referred to as PdCeHM (high-
intensity milling).

Characterization and testing

The materials were characterized by means of BET surface
area measurements, XRD analysis, ICP elemental analysis for
Pd content, Raman spectroscopy and HRTEM. BET surface
area measurements were carried out in a Micrometrics
Tristar Porosimeter analyzing N2 adsorption isotherms at 77
K. XRD analysis was performed in a Philips X'Pert
diffractrometer equipped with an X'Celerator detector using
Ni-filtered Cu Kα radiation (λ = 1.542 Å) recording spectra in

the 20–100° 2θ range (0.02° step size, 40 s counting time per
step). Microstructural characterization by high-resolution
transmission electron microscopy was carried out at 200 kV
with a JEOL JEM-2010F electron microscope equipped with a
field emission gun. Raman spectra were collected with an
Xplora Plus Micro-Raman system (Horiba), exciting the sam-
ples with a 532 nm radiation. Spectra were collected at room
temperature with a resolution of 1 cm−1 and 2 accumulations
of 10 s with a 50× LWD objective.

Methane combustion tests were carried out under a
slightly lean atmosphere (0.5% CH4, 2% O2, balance He, 180
ml min−1) by heating the sample up to 1173 K for two
heating/cooling cycles. To investigate the palladium oxida-
tion–decomposition and reduction behavior, temperature
programmed oxidation (TPO) and reduction (TPR) tests were
performed under oxygen (2% O2 in N2, 60 ml min−1) and hy-
drogen (4.5% H2 in N2, 35 ml min−1) feed, respectively. In oxi-
dation tests 150 mg of sample are heated up to 1273 K and
cooled to RT at 10 K min−1 for three consecutive heating/
cooling cycles; the oxygen concentration is monitored with
an on-line ABB AO2020 Magnos 106 paramagnetic analyzer.
TPR tests are carried out in a Micromeritics Autochem II
2920 analyzer on 50 mg of sample loaded in a U-shaped
quartz reactor. The catalyst is pretreated in air at 623 K for 1
hour, cooled by pumping liquid N2 down to 193 K and then
heated from 193 K to 1223 K at 10 K min−1 under hydrogen.

Reaction rates were measured in differential conditions af-
ter a first light-off cycle at 623 K (Table 1) and the verification
of kinetic regime is reported in the ESI.†

Results and discussion

Table 1 and Fig. S1† show respectively BET surface area and
powder X-ray diffraction profiles of all the samples investi-
gated. The mixing of ceria and Pd at low intensity (PdCeL
and PdCeG) results in samples having a surface area in the
range 2–4 m2 g−1, similar to the initial support surface area.
Also with PdCeM textural properties are not affected, while
an increase of surface area to 5 m2 g−1 is observed in the
sample milled at low intensity for 1 h. Milling at a higher en-
ergy causes a significant increase of surface area, which is
typically observed in high-energy milling of powders.27 This
is due to continuous fragmentation of particles during mill-
ing with consequent reduction of crystallite size down to a
few nanometers, as can be measured from peak enlargement
in the X-ray diffraction profiles of high-energy milled pow-
ders (Table 1). X-ray diffraction profiles for all samples show
peaks belonging to main reflections of CeO2 fluorite phase.
In one sample only (PdCeHM8h) a slight shift of the diffrac-
tion profile at higher angles indicates formation of solid solu-
tion between CeO2 and ZrO2 originating from the milling me-
dia. The high energy impact and friction that characterize
milling in this sample can explain the leaching of ZrO2 from
the balls and jar with insertion of Zr inside CeO2 lattice, as
already observed under similar milling conditions.31,41 For
the same reason diffraction peaks belonging to free ZrO2 are
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also detected. Weak XRD signals due to Pd are also distin-
guished in the fresh samples (see inset of Fig. S1†).

In Fig. 1 the light-off curves of combustion tests measured
under the same conditions are reported for all prepared sam-
ples. The heating and cooling ramps are shown separately
and refer to the second combustion cycle, where the catalytic
behavior is usually stabilized.40 To better compare the activ-
ity, in Fig. 2 are reported the temperatures at which 10% CH4

conversion was achieved (T10) during combustion tests. Fig. 2
shows also reaction rates measured at 623 K for all samples
as reported in Table 1. As it can be observed there is a narrow

window of optimal milling conditions which result in highly
active Pd/CeO2 catalyst.

These conditions depend heavily on the characteristics of
the milling and on the milling time. Mild grinding in an ag-
ate mortar (PdCeG) or milling in a Minimill (PdCeM milled
at 15 Hz with one single grinding ball) for up to 1 h led to
the lowest ignition temperatures, as seen by the light-off
curves in Fig. 1 and the corresponding T10 reported in Fig. 2.
Conversely, milling in the high energy Spex8000 mill brought
to very different results. While the overall rpm and BPR were
similar to the P23 Minimill conditions (i.e. 900 rpm and BPR
= 10), the increased amount of grinding balls brought to an
exponential increase of ball-to-ball impacts.43 Since the mill-
ing spheres possess high kinetic energy, the impacts among
them confer a much higher energy to the milled powders
compared to ball-to-wall impacts, as the jar walls have kinetic
energy equal to zero.44 As a consequence, in the Spex8000

Table 1 Characterization and activity data of samples prepared in this study

Samplea Pd loading (wt%) BET surface area (m2 g−1) Crystallite sizeb (nm) Reaction rate (μmol gPd
−1 s−1)

CeO2 — 2.6 47.2 —
PdCeL 1c 2.9 47.1 35.7e

PdCeG 0.8d 3.2 47.1 205 f

PdCeM 0.8d 3.5 47.0 208 f

PdCeM 1 h 0.82d 5.0 42.1 206 f

PdCeHM 5 min 0.87d 11.6 28.9 52.6e

PdCeHM 30 min 1c 23.1 12.3 11.6e

PdCeHM 1 h 1c 23.7 11.6 9.1e

PdCeHM 8 h 1c 25.6 9.5 0.8e

a L (loosely mixed in a Pulverisette Minimill without grinding balls), G (mixed in an agate mortar for 10 minutes), M (mixed in a Pulverisette
Minimill at 15 Hz using one 15 mm diameter zirconia ball and a ball/powder ratio of 10), HM (mixed in a Spex8000 Mixer Mill rotating at 875
rpm with nine 10 mm diameter zirconia balls and a ball/powder ratio of 20). b Estimated using Scherrer equation.42 c Nominal loading.
d Measured by ICP. e Measured at 623 K in a flow reactor under 5% conversion. f Calculated under differential conditions in a recycle reactor
at 623 K.

Fig. 1 Methane oxidation tests; second combustion cycle. Solid line:
heating; dashed line: cooling.

Fig. 2 Temperatures of 10% methane conversion in the second TPC
cycle (red circles) and reaction rates measured at 623 K (blue squares).
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mill the powders are subjected to more frequent and ener-
getic collisions, while in the Minimill arrangement and in
the agate mortar mostly shear stresses are developed due to
the friction of the single ball or the pestle on the walls.

At nanoscale, this may influence the fracture–relaxation
phenomena occurring at the interface22 with a strong effect
on the properties of the catalytic materials obtained. In fact,
as evidenced by data in Fig. 2 and the light-off curves in
Fig. 1, the HM samples display poor methane oxidation activ-
ity which further decreases with prolonged milling times. It
can also be observed from Table 1 that these impacts are able
to break down the particles with a decrease in crystallite size
and a consequent increase of surface area. In addition, at lon-
ger milling time, impacts can partially transfer zirconium ions
from the milling media to the powder, thus leading to a con-
tamination of the support. Both phenomena are typically ob-
served when milling powders under similar conditions.28,31

The different interaction developed between ceria and pal-
ladium was further characterized by temperature
programmed oxidation (TPO) tests and HRTEM investigation.
Fig. 3 shows TPO profiles of the most representative samples
in the first two heating/cooling cycles. Further TPO cycles do
not modify the overall profile and the second TPO is there-
fore indicative of the behavior of the sample under catalytic
conditions. PdCeM profile shows a broad oxygen uptake in
the first cycle during heating between 450 K and 750 K. This
is common to all samples investigated, excluding
PdCeHM8h, and it is due to the complete oxidation of the
metallic Pd nanoparticles to PdO as quantitatively shown in
Table 2 with an oxygen uptake ranging from 6.3 to 7.7
mmoles O2 per g that is close to the oxidation of ca. 100% of
metallic Pd to PdO (uptake 0 in Table 2). At ca. 1040 K the de-
composition of PdO to Pd takes place in one single peak (re-
lease 1). During cooling reformation of PdO occurs at lower
temperature (ca. 910 K, uptake 1) showing the typical hystere-

sis of Pd/PdO formation/decomposition.45 In the second cy-
cle, decomposition of PdO to Pd occurs in three successive
steps (release 2) suggesting the presence of strongly inter-
acting Pd–Ce–O species which decompose at high tempera-
tures (1120 K) and that are usually related to a high methane
oxidation activity.46 Reformation of PdO during cooling (up-
take 2) is qualitatively and quantitatively similar to PdO for-
mation in the first cycle (uptake 1). In all cases the quantity
of oxygen uptaken or released correspond to the oxidation or
decomposition of ca. 100% of Pd/PdO. In PdCeL quantitative
low temperature oxidation of Pd to PdO and high tempera-
ture decomposition of PdO to Pd is observed, with the latter
occurring at slightly lower temperature than in PdCeM. How-
ever, only ca. 10% of loaded Pd is able to undergo oxidation
during cooling, while in the following second cycle Pd has
substantially lost its cycling capabilities.

This is likely due to the insufficient contact established
between the metal and the support during loose mixing
which causes most of the Pd not in contact with ceria to sin-
ter at high temperature and become inactive. This explains
the lower activity of PdCeL shown in Fig. 1; on this sample
the interaction between palladium and ceria is weak and dur-
ing the first heating cycle at temperatures higher than 970 K,
PdO decomposes to Pd metal (see Fig. S2 in the ESI†), likely
followed by the sintering of metal particles. During cooling
their increased size prevents re-oxidation, thus losing active
sites for the subsequent combustion cycles. Indeed, XRD
measurements after reaction reveal the presence of highly
crystalline metallic Pd (see Fig. S1†). Likely, the absence of
the grinding ball hinders the creation of surface defects47 or
highly reactive sites48 on the ceria surface, hence providing
few anchoring sites for insertion and spreading of Pd. It is
interesting, though, that even this very gentle mixing of Pd
and ceria provides some interaction between the two compo-
nents, as the catalytic behavior of PdCeL is better than that
of bare Pd nanoparticles loosely mixed with quartz (Fig. S3†),
where the activity heavily dropped at ca. 1173 K and does not
recover in subsequent cycles.

On the samples milled at higher energy a progressive de-
crease in the amount of cycling Pd can be observed. On the
PdCeHM 5 min sample two distinct palladium oxide decom-
position peaks appear in the first heating ramp, accounting
for only 75% of all loaded Pd. During cooling, around 50% of
the loaded metal is re-oxidized, which again decomposes in
the second heating ramp in two steps between 1010 K and
1040 K. These peaks are usually attributed in the literature to
superficial and bulk palladium oxide.46 On the sample milled
for 8 hours a negligible decomposition peak can be observed
at 1000 K. During cooling, the characteristic O2 absorption
peak for Pd re-oxidation appears at slightly lower tempera-
tures compared to other ceria-supported samples due to the
inclusion of zirconium ions from the milling media in the
ceria lattice.10 The quantitative analysis of the oxygen uptake
and release in the second heating/cooling cycle indicates that
only ca. 20% of all loaded Pd participates in the decomposi-
tion/re-oxidation cycle.Fig. 3 Oxygen uptake and release profiles, first and second TPO cycle.
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HRTEM characterization allows us to observe in more de-
tail the morphological characteristics of Pd–ceria catalysts as
a function of milling parameters. When the contact energy is
too low, Pd aggregates appear in weak contact with ceria, as
shown in Fig. 4(A and B). On the other hand, when Pd and
CeO2 are subject to soft milling and mostly shear stresses,
the characteristic amorphous layer with embedded Pd is ob-
served,40 both in PdCeM and PdCeG samples
(Fig. 4(C) and (D), respectively). Under hard milling condi-
tions, i.e. with a higher number of grinding balls, the palla-
dium particles appear well defined and partially embedded
inside the ceria lattice. On the PdCeHM 5 min sample large
Pd particles can be observed either in a flattened form
(Fig. 4(E)) or strongly anchored to the support crystal lattice
(Fig. 4(F)). It is possible that part of these particles are so
strongly embedded inside the ceria lattice that, once oxidized
in the first heating ramp in combustion or oxidation tests,
they are not reactive anymore and do not participate in the
typical PdO–Pd–PdO hysteresis behavior at high temperature.
The remaining part, in weaker contact with ceria, is likely the
one contributing to the oxygen uptake and release shown in
Fig. 3 and responsible for the relatively poor catalytic activity
observed. Prolonged milling times, as in the PdCeHM 8 h
sample, lead to the insertion of these palladium particles in-
side the support.

Fig. 4(G and H) illustrate profile views of the sample
where PdO particles are present and covered by a ceria
layer. These HRTEM images suggest that the high me-
chanical energy developed is not only able to break ceria
crystallites in smaller ones, as seen by the high surface
area of this sample, but also to oxidize Pd particles to
PdO which remains entrapped within ceria. The enclosed
palladium is therefore not available for methane oxidation,
which is in agreement with the progressive loss of activity
with increasing milling times observed in light-off curves
(Fig. 1 and 2).

Interestingly, after exposure of this sample under oxidiz-
ing conditions at high temperatures (1273 K), HRTEM obser-
vations evidence that part of the palladium oxide is disclosed
and becomes exposed on the ceria surface. Indeed, the
resulting PdO particles can be seen by HRTEM images in
Fig. 5(A and B): they lack any encapsulation and are charac-
terized by a relatively large average dimension (around 10
nm). Some smaller features can also be observed on the ceria
surface (Fig. 5(C)), likely attributed to other palladium oxide

species but too small for further HRTEM analysis. The newly
exposed palladium is poorly active towards methane

Table 2 Quantitative analysis of TPO profiles

Sample name

I cycle II cycle

Uptake 0
(μmoles O2 per g)

Release 1
(μmoles O2 per g)

Uptake 1
(μmoles O2 per g)

Release 2
(μmoles O2 per g)

Uptake 2
(μmoles O2 per g)

PdCeM 6.28 (110)a 5.61 (99) 5.01 (89) 5.43 (96) 5.11 (91)
PdCeL 6.63 (94) 6.53 (93) 0.96 (13) 1.01 (14) 0.67 (9)
PdCe HM 5 min 7.73 (126) 4.58 (75) 3.13 (51) 2.82 (46) 3.12 (51)
PdCe HM 8 h — 0.03 (0) 1.12 (16) 1.50 (21) 1.72 (24)

a The amount of Pd (% of total Pd) that is involved in oxidation/decomposition is reported in parentheses.

Fig. 4 HRTEM images of (A and B) PdCeL, (C) PdCeM, (D) PdCeG, (E
and F) PdCeHM 5 min, (G and H) PdCeHM 8 h.
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oxidation, as seen in Fig. S4† that compares the light-off be-
havior of PdCeHM 8 h before and after treatment at 1273 K.
The lack of activity recovery might be due to the fact that not
all the encapsulated palladium segregates to the surface after
the thermal treatment, and/or to the low activity of bulk PdO
in the low temperature region.4,40

The encapsulation of PdO during high energy milling
followed by its extraction when treated at high temperatures
can be also followed by Raman spectroscopy. The spectra
collected on PdCeHM 8 h as prepared and after combustion
(1173 K) and oxidation tests (1273 K) are illustrated in
Fig. 6. On the fresh milled sample the characteristic PdO
peak at around 650 cm−1 is absent, and the same profile is
obtained on the PdCeHM 8 h sample after combustion reac-
tion up to 1173 K. It is possible that under these conditions
the signal of the small PdO entities embedded inside the
ceria particles, observed by HRTEM in Fig. 4(G and H), is
too attenuated and therefore escapes detection. On the
other hand, by thermally treating the sample at 1273 K
these palladium species are oxidized and conglomerate in
large PdO particles; as a result, the peak at 646 cm−1 corre-
sponding to the B1g vibrational mode of PdO is clearly ob-
served. On all samples, the F2g mode of CeO2 is shifted to
468 cm−1, compared to 461 cm−1 observed in fresh ceria,
likely due to physical stresses on the ceria surface induced
by the high intensity milling process.49

Conclusions

The milling of Pd and CeO2 results in catalytic materials with
very different performance in methane combustion. A correla-
tion between the intensity of contact and the properties at
nanoscale of Pd and CeO2 is observed. To prepare active mate-
rials an appropriate shear energy must be developed during
milling which ensures the embedding and dissolution of me-
tallic Pd particles in an amorphous Pd–ceria layer covering
the ceria crystallites.40 When the energy is insufficient, the
palladium particles aggregate in grape-like clusters and dis-
play a very low interaction with the support oxide, producing
catalysts which initial good activity but leading to a strong ac-
tivity deterioration during reaction. On the other hand, highly
energetic direct impacts flatten and embed large oxidized Pd
particles inside of the ceria lattice, making them unavailable
for methane activation. High temperature treatment partially
reverses this process, with only a limited recovery of activity.

The obtained results differ from the general trends
reported in the literature, where usually a high energy is
needed in order to induce atomic interactions. Possibly, the
peculiar affinity between palladium and ceria combined with
their physico-chemical properties ensures that soft shear-like
stresses, as those obtained simply grinding in an agate mor-
tar, are enough to have superficial alloying of the two phases
in an amorphous layer surrounding the support, which is the
key factor for the stabilization of a high methane oxidation
activity observed on these materials.
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