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ABSTRACT: Cerium oxide powders are widely used and are of fundamental importance in catalytic pollution control and energy
production due to the unique chemical properties of CeO2. Processing steps involved in catalyst preparation, such as high-
temperature calcination or mechanical milling processes, can alter the morphological and chemical properties of ceria, heavily
affecting its final properties. Here, we focus on the tuning of CeO2 nanopowder properties by mild- and high-energy milling
processes, as the mechanochemical synthesis is gaining increasing attention as a green synthesis method for catalyst production. The
textural and redox properties were analyzed by an array of techniques to follow the aggregation and comminution mechanisms
induced by mechanical stresses, which are more prominent under high-energy conditions but strongly depend on the starting
properties of the ceria powders. Simultaneously, the evolution of surface defects and chemical properties was followed by Raman
spectroscopy and H2 reduction tests, ultimately revealing a trade-off effect between structural and redox properties induced by the
mechanochemical action. The mild-energy process appears to induce the largest enhancement in surface properties while
maintaining bulk properties of the starting materials, hence confirming its effectiveness for its exploitation in catalysis.

■ INTRODUCTION
The control of ceria morphological properties, such as particle
size and distribution, crystallinity, surface area, and pore size, is
a matter of great interest for its application to electrodes and
electrolytes, ceramic monoliths, and catalytic formulations.1,2

Indeed, it has been extensively shown that the morphology of
CeO2 heavily influences its performance in many catalytic
reactions,3−5 improves its oxygen storage capacity,6−9 increases
thermal stability,10−12 promotes the metal−support interaction
of supported metals,13−15 has a high ionic conductivity as
electrolyte in solid oxide fuel cells,16 and improves the
mechanical and thermal stability of electrode layers.17−19 In
addition, recent advances in structured catalyst preparation
have proposed 3D printing as a method to prepare cell-based
monoliths composed entirely of the support oxide,20−23 and it
is well known that the size, shape, and distribution of starting
powders is key to obtaining a printed manufact with solid
mechanical resistance24,25 as well as to improving flowability
and processability in a scaled-up outlook.26

As a consequence, many different synthesis processes have
been developed to increase control and tuning of these
parameters, either on pure CeO2 powders or in combination
with dopant elements. The proposed methods often rely on
solution-based routes,10 high-temperature treatments,27 hydro-
thermal steps for the preparation of cube- and rod-like
nanostructures,9 and, more recently, spray flame pyrolysis for
uniform dispersion of CeO2 crystallites.

28,29 The application of
ball-milling has also been explored, yet mostly in relation with
homogeneous distribution of CeO2-based powders for
subsequent ceramic sintering processes rather than catalytic
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applications,30−33 but the environmental advantages allowed
by a solvent-free milling method have been favoring its
application.34,35 In addition, the milling processes have also
been demonstrated on a larger scale36,37 compared to other
preparation methods, such as hydrothermal or combustion
based. The mechanochemical synthesis has indeed attracted
increasing attention in the latest years for the synthesis of
advanced nanomaterials, usually aimed at the preparation of
alloys38−40 or at materials phase-tuning41,42 in high energy
milling conditions. To the best of our knowledge, there have
been no comprehensive approaches in the application of
milling for tuning the surface chemical reactivity of a pure
oxide.43 Here, we underline the use of a simple mechano-
chemical approach as a tool for tuning the chemical properties
of pure ceria for enhanced catalytic applications.
In the recent literature, the mechanochemical synthesis

proved to lead to outstanding results in metal-supported
heterogeneous catalysts,44−47 for example generating unique
interactions at the ceria surface when comilled with palladium
(as Pd acetate or metallic Pd black)44,48−50 in the absence of
other solvents, and inducing peculiar configurations in
bimetallic catalysts.47,51 Remarkably, these interactions, and
the correlated unusual morphology observed by HRTEM,44,50

are only generated by mild-energy milling processes,52 in
contrast with the milling conditions generally reported for the
preparation of advanced nanomaterials via ball-milling.46,53

Scalability of the mild-energy milling process was also
demonstrated in the 10−20 g scale in a planetary ball mill
system.54 However, the use of mild-intensity milling
conditions, such as a low number of milling spheres or
revolution per minutes (RPMs), is largely unexplored in the
literature, as the low- and mild-intensity ranges are considered
less effective in inducing variations in the processed powders
compared to the high-energy counterpart.33,55−57 Conse-
quently, a systematic study of the effect of mild-energy
conditions on the morphology and chemistry of the support
oxide powders is still missing. In previous works carried out by
our group49,50 and others,45,55 the milling parameters were
optimized aiming at promoting the interaction between the
metal of choice and the support oxide and the ceria particles
were subsequently affected. Here, we show the effect of milling
on the most important morphological properties of CeO2 for
catalytic applications and processing, measured by surface area
and pore size analysis, X-ray diffraction (XRD), particle size
distribution by laser diffraction, and SEM images. Additionally,
their surface and redox properties were explored by Raman
spectroscopy and H2-TPR, with CO oxidation used as the
probe reaction, highlighting the potential of the dry milling
route for the appropriate tuning of the support oxide
morphology and surface chemical properties depending on
the starting CeO2 materials.

■ RESULTS AND DISCUSSION
Morphological Features. Morphological and textural

properties of the prepared CeO2 powders before milling are
summarized in Table 1. Calcination at different temperatures
(550, 900, 950, and 1200 °C) was carried out to achieve a
range of materials with different surface area, average crystallite
size, and redox properties.
Starting from each material, the morphology and chemistry

were investigated as a function of milling time and energy,
following the evolution of CeO2 micro- and mesostructure
after exposure to mechanical energy. In Figure 1, the effect of

medium-energy (ME) and high-energy (HE) milling con-
ditions on the measured BET surface area of ceria powders is
reported, clearly highlighting how the mild energy process has
a negligible effect on the surface area of the CeO2 powders,
especially within 1 h of milling time, while gradual changes are
observed at longer milling times. Conversely, under HE
conditions (Figure 1b), similar trends can be observed but with
appreciably faster variations compared to ME. The full list of
values is reported in Table S1. Depending on the initial surface
area values, an increasing or decreasing trend is observed, in
agreement with the expected aggregation−disaggregation
mechanisms occurring during dry milling of ceramic
powders33,58,59 where the starting powder size plays a crucial
role. Remarkably, under HE operation, after 8 h, the same
surface area is achieved on all samples, suggesting that an
equilibrium condition is achieved between aggregation and
breaking mechanisms. To prove this, a CeO2-ESA (equilibrium
surface area) sample was obtained by calcining CeO2 powders
at 900 °C for 4 h (see Table 1) and was subsequently milled at
HE, showing stationary properties in terms of surface area
(Figure S1).
For catalytic purposes, the total surface exposed by the solid

materials to gaseous reactants is a key parameter. However, its
value is affected by several textural properties of the powder
catalyst, including the crystallite dimension, particle size, and
internal porosity. The latter was analyzed by the desorption
branch of the N2 physisorption isotherms, revealing that the
intra- and interparticle porosities are also affected by the
milling process. Figure 2 reports the pore size distribution
profiles of all samples as a function of increasing milling times.
The fresh CeO2 powders (red lines) show distinct porosity,
with a larger average pore size and a smaller total volume with
increasing calcination temperature, as expected by the sintering
effect of thermal treatments. After milling, on all investigated
samples, a progressive reduction in the total pore volume was
detected (Figure S2) while the pore size distribution varied
depending on milling energy and starting material: under mild-
energy conditions, MSA and LSA samples retained the initial
pore structure while the initial pores around 8 nm of the HSA
catalyst were slowly reduced into the 3−4 nm range (Figure
2a). Remarkably, high-energy milling yielded a similar pore
distribution on all samples, regardless of the initial porosity.
These 3−4 nm pores also appear on the ESA sample (Figure
S3), where the total surface area was measured to be constant
throughout the milling process, revealing that the net zero

Table 1. Summary of Textural Properties of the Starting
CeO2 Powders

sample
short
name

calcination
temperature
(°C)

BET
surface
area
(m2/g)

BHJ
pore
volume
(cm3/g)

average
CeO2
crystallite
sizea (nm)

CeO2�high
surface area

HSA 550 115 0.34 9

CeO2�
medium
surface area

MSA 950 21 0.19 41

CeO2�low
surface area

LSA 1200 4 0.10 71

CeO2�
equilibrium
surface area

ESA 900 35 0.32 28

aCalculated by Scherrer’s equation.
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change in surface area is ultimately due to a balance in all

textural changes induced by milling.

In addition to the total surface area of the ceria powders, the
crystalline state of the CeO2 fluorite lattice is also affected, as
shown in Figures S4 and S5 by the full X-ray diffractograms. In

Figure 1. Evolution of surface area of CeO2 powders at increasing milling times under (a) mild (ME) and (b) high (HE) milling energies.

Figure 2. Pore size distribution measured on (a, b) HSA sample, (c, d) MSA sample, and (e, f) LSA sample after milling at mild-energy (ME) and
high-energy (HE) conditions and at increasing milling times.
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Figure 3, the evolution of the average crystallite size estimated
using the Scherrer’s equation on the CeO2(111) main peak at
28° are summarized and reported as a function of milling time
and intensity. Contrarily to surface area measurements, the
milling process mainly yields a reduction in crystallite size,
which is particularly significant on the samples calcined at
higher temperatures (ESA, MSA, and LSA). The only
exception is represented by the CeO2-HSA-HE powders,
where fusion of small grains into larger crystallites can be
observed. Likely, the balance between crystallite size reduction
and decreased porosity contributes to the measured evolution
of the total surface area, as reported in Figure 1. In addition to
the average grain size, the energy released through impacts and
stresses during milling also results in a strained lattice, as
clearly highlighted by the widening of the CeO2 lattice peaks in
the full diffractograms (Figure S4) and in the fitting values
obtained by Rietveld refinement (Table S2). Since high strain
can partially alter the estimation by Scherrer’s formula, for
comparison purposes, particle size values obtained by the
Rietveld refinement and Williamson−Hall methods are
reported in Table S3 for reference samples.
To exclude an effect of Zr doping from the milling media

leading to high surface area, high strain, and small crystallite
size, the XRD patterns were analyzed by the Rietveld method
and no shifting in cell parameter coherent with bulk Zr doping
was detected (Table S2).60,61 ICP-MS analyses were carried
out on the samples subjected to the harshest milling
conditions, resulting in a negligible amount of Zr present on
the catalyst (Table 2), confirming that the measured strain is

predominantly induced by the mechanochemical stresses
generated during the dry milling process.58 However, the
small amount of Zr detected by ICP analysis might be localized
only over the CeO2 surface, possibly leading to enhanced
surface properties. Thus, LEIS analysis was performed and the
results reported in Table S4 confirm that a very small amount
of Zr is present on the surface of the milled CeO2 powders.

The maximum coverage, equal to 0.8% on the LSA-HE-8h
sample, is in line with ICP data and suggests that the inclusion
of Zr is uniform throughout the sample. On the other hand,
mild-energy milled samples show very little Zr values, lower
than the LEIS detection limit (0.2%), corroborating the
expected correlation between milling intensity and contami-
nation from the milling media.
In addition to the size and crystallinity of grains,62,63 milling

processes are known to influence the average particle size,
intended as the average dimension of the crystallite
aggregates.33,38,64 This parameter is fundamental for the
processability of the powders, where a uniform distribution is
usually required for the best performances.24,26 By dynamic
laser scattering, the particle size distribution of the CeO2
samples before and after milling was investigated, showing
uniform distribution after calcination (d50 ≈ 8 mm) and a
gradual multimodal profile following the mechanical action of
the milling process. The cumulative curves are reported in
Figure S6, while Figure 4 illustrates the histograms for each
class size (below 2 mm, between 2 and 15 mm, and above 15
mm). By analyzing the growth of the smallest and largest class
sizes, compared to the calcined samples that have >90%
particles in the central fraction, we can follow the comminution
and coalescence mechanisms on the particle aggregates.
Compared to surface area and crystallite size trends, PSD
profiles show a less linear trend, likely due to the competing
nature of the two mechanisms.59,64 However, it clearly appears
that HE milling conditions promote agglomeration of the
particles, with a significant shift of the particle size distribution
toward larger sizes (>15 mm) (Figure 4b,d,f). Conversely, the
effect of the ME milling process depends more strongly on the
starting material, promoting agglomeration on the small HSA
powders (Figure 4a) and favoring disaggregation on the larger
MSA and, most noticeably, LSA samples (Figure 4c,e,
respectively). These effects can also be appreciated when
looking at the evolution of the d50 and d80 on all samples as a
function of milling time and energy, shown in Figure 4g,h and
Figure S7 for the ME and HE conditions, respectively. The
odd behavior exhibited by the samples with low and medium
initial surface area suggests that, on these catalysts, the ME
process likely affects the surface properties to a larger extent
compared to bulk features, thus escaping macroscopic
morphological and textural analyses and leading to weaker
interparticle forces and/or looser agglomerates, which are
more easily disaggregated during sonication before PSD
measurements.

Figure 3. Evolution of average crystallite size estimated via Scherrer’s equation of CeO2 powders at increasing milling times under (a) mild (ME)
and (b) high (HE) milling energies.

Table 2. ICP-MS Quantitative Analysis of Zr Content in
CeO2 Powders after the Longest Exposure (8 h) to HE
Milling Conditions

sample Zr (wt %) Zr/(Ce+Zr)a (%)

HSA-HE-8h 0.12 0.23
MSA-HE-8h 0.53 0.99
LSA-HE-8h 0.61 1.14

aCalculated as the atomic ratio between Zr and total Zr+Ce cations.
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The inhomogeneous dispersion of particle aggregates on the
samples induced by milling is well observed by SEM images
(Figure 5), where representative images of the samples with
the same surface area (ca. 30 m2/g), namely, CeO2-ESA, and
the HSA, MSA, and LSA samples milled at HE for 8 h, are
reported. In line with PSD curves, the calcined-only ESA
sample exhibits uniform distribution of CeO2 particles (Figure
5A−C), while on the milled samples, the presence of both
smaller and larger agglomerates can be detected, irrespective of
the starting CeO2 powders properties (HSA: Figure 5D−F,
MSA: Figure 5G−I, LSA: Figure 5J−L).

Surface Chemistry and Redox Properties. The
morphological and textural properties of CeO2 powders were
shown to be affected to varying degrees by the ME or HE
impacts generated during the milling process. All these factors
contribute to tuning the chemical behavior of ceria. Moreover,
mechanochemical changes and activation on powders are
known to proceed from the surface inward,56,65 and thus, it can
be expected to lead to a large number of defects on the CeO2
surface, the latter representing the active phase for
heterogeneous catalytic reactions in the gas phase.

Figure 4. Distribution of CeO2 particle size at increasing milling times; (a, b) HSA sample, (c, d) MSA sample, and (e, f) LSA sample. Evolution of
the d50 on all samples as a function of milling time and energy: (g) mild energy (ME), (h) high energy (HE).
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Raman spectroscopy is a handy tool to follow the presence
of Ce3+ entities or oxygen vacancies (Ov) in the ceria structure
and surface, resulting in the following specific bands: the
second-order transversal acoustic (2TA) band at around 260
cm−1, the main F2g band at around 460 cm−1, the defect-
induced (D) band at 560−590 cm−1, and the second-order
longitudinal optical (2LO) band at 1179 cm−1.66−68 Figure 6
reports full Raman spectra of the fresh CeO2 powders and their
evolution with increasing milling energy and time. A
magnification inset between 420 and 500 cm−1 is also reported
for every sample to better appreciate the evolution of the F2g
band, which is usually associated with the breathing vibration
of the O atom between two Ce4+ cations in the fluorite lattice.
Interestingly, every milled CeO2 sample exhibits a clear band
shift with respect to its fresh counterpart: the F2g shift to lower
frequencies is related to the lattice expansion due to the
increase in the Ce−O bond length, which is in turn promoted
by the formation of Ce3+ and oxygen vacancies66 and the
related induced strain.69 The higher amount of lattice and

surface defects can also be deduced by the intensification of the
D band at 590 cm−1, which is usually associated with the
presence of Ov and Ce3+ sites

66,68 and whose growth can be
distinctly observed on the MSA and LSA samples, both milled
under ME and, most significantly, under HE conditions.
Clearly, both intensity and milling time contribute to boosting
the number of defects in CeO2 samples.

58 This is in agreement
with the X-ray diffraction evidence, where large strain values
were observed after milling, especially for MSA and LSA
samples (Table S2).
Remarkably, on HSA samples, no variations in the D band

intensity can be observed. However, the signal at 260 cm−1 and
the variation in the F2g shoulder at ∼400 cm−1 can give
additional information regarding the morphological modifica-
tion of samples, since these two bands are linked to surface
terminations of CeO2 crystals. In literature, 2TA bands at 256
and 409 cm−1, the latter usually resulting in a F2g shoulder, are
associated with the longitudinal stretching of the topmost O−
Ce layers and to the transversal mode of the outermost oxygen

Figure 5. SEM images of (A-C) CeO2-ESA sample, (D−F) CeO2−HSA-HE-8h, (G−I) CeO2-MSA-HE-8h, and (J−L) CeO2-LSA-HE-8h, at
increasing magnification factors.
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atoms, respectively.69 A strong increase in the Raman intensity
of these bands is then expected for smaller ceria nanoparticles,
where more surface terminations are present. Indeed, a huge
growth in the 256 cm−1 band can be observed for both MSA
and LSA samples during HE milling, in which the average
crystallite size is immediately reduced. Similar considerations
can be made for the ESA sample (Figure S8), where the
particle comminution is accompanied by the appearance of
surface defects. Conversely, for HSA samples, under HE
milling conditions, the 2TA intensity decreased, in accordance
with the observed enlargement in crystallite dimension, while
no changes in Raman spectra could be detected under ME

conditions. The consistency of the Raman shift on the HSA
samples is congruent with the preservation of the average
crystalline size during the entire milling process under ME
conditions (Figure 3), and it further suggests that the highly
defective initial surface of HSA ceria is only slightly improved
by the milling process. In summary, Raman spectroscopy
corroborates the morphological modifications highlighted by
XRD analysis and further expands it to reveal surface CeO2
defectivity variations, which are more significant on the ceria
particles initially having the highest degree of lattice order
(LSA > MSA > ESA > HSA).

Figure 6. Full Raman spectra collected on (a, b) HSA, (c, d) MSA, and (e, f) LSA samples milled at medium (ME) and high (HE) energy
conditions and increasing milling times.
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The surface of cerium oxide plays a key role in determining
its chemical properties in heterogeneous catalysts, as for
example its capacity to easily exchange oxygen species between
the lattice and the gas phase, resulting in unique catalytic
properties,1,70 or the ability to act as a metal trap for metal-
supported catalysts.71,72 Different crystal planes and/or the
presence of defects on the ceria surface can strongly affect
these properties, hence resulting in peculiar catalytic perform-
ance.3,4,7,60 By means of H2-TPR, we complemented Raman
findings to evaluate the effect of milling energy and time on the
amount of reactive oxygen species on the CeO2 surface. As the
amount of reactive O* species on the ceria surface depends not
only on the exposed surface state but also on the total amount
of surface available and exposed to the gas phase,70,73 Figure 7

reports the amount of reacting H2 in the low-temperature
region (below 500 °C) against the BET surface area. The
quantitative analysis clearly shows an increasing trend of H2
uptake with higher surface area, which is linear for calcined
samples (red symbols); for milled samples, the materials
subjected to mild energy milling or short time display a similar
behavior as their fresh counterpart, while a substantial increase
in H2 consumption is observed on the samples milled at high
energy for 8h (HE-8h). Full reducibility profiles are reported in
Figure S9 for all samples. These observations suggest that the
higher number of defects on the surface generated by milling
promotes reducibility of the samples at low temperature, which
could be of interest for catalytic and metal-doping application
of ceria. The enhanced low-temperature reducibility might be
promoted by the Zr doping over the ceria surface,16 where the
introduction of Zr atoms by shear stresses from the milling
media might concur in stabilizing the surface defects on the
ceria surface.
To further investigate the redox behavior of the ceria

powders, CO oxidation was used as an efficient test reaction to
probe the presence and different nature of labile oxygen species
on the milled catalysts under an oxidizing atmosphere.4,70,73

The full conversion profiles recorded during oxidation tests
and calculated rates are reported in Figure S10, while the
reactivity in terms of reaction rate at 250 °C is compared in
Figure 8 for the most representative samples, i.e., all fresh
samples and their counterparts milled at mild and high energy

for 8 h, as well as samples milled at high energy for 2 h. To
account for the surface area available on the powder catalysts,
the reaction rates are plotted against the measured BET surface
area, showing a different behavior compared with the measured
reducibility under pure H2 feed (Figure 7). In fact, from the
reaction rates in Figure 8 there appears to be no clear trend
among catalysts, as expected by the multiple factors affecting
reactivity toward CO on CeO2-based materials.

73 All calcined
samples, with the exception of the LSA catalyst, display similar
reaction rate values regardless of their surface area. After
milling, their activity is significantly increased, especially at
milder conditions (mild milling for 8 h, or high energy milling
for 2 h), while prolonged high energy milling (HE-8h) appears
to be less effective, despite still outperforming the fresh
counterpart. The sample calcined at the highest temperature
(1200 °C) displays the opposite behavior, where its catalytic
performance is initially negatively affected by milling and, at
longer milling time under high energy conditions, recovers the
catalytic performance. These trends suggest that, as observed
in Morphological Features, the initial properties of the calcined
powders play a key role in determining the positive or negative
effect of milling: in this specific context, CeO2 with medium-
small particles and low CO oxidation activity is enhanced by
mechanically induced defects while CeO2 with large particles
calcined at high temperature is already among the best-
performing materials for CO oxidation; hence, further changes
induced by milling result in a decrease in catalytic perform-
ance. Moreover, the lack of correlation between the behavior
exhibited by the CeO2 powders under reducing and oxidizing
conditions suggests that the nature of defective sites and
related mobile oxygen species are different on the fresh and
milled samples,74 and they are strongly affected by the type of
reducing agent (e.g., H2 vs CO) and by the presence of
additional O2 in the gas feed. Indeed, TPR tests carried out
with CO as the reducing agent show a different behavior
compared to H2-TPR experiments, as illustrated in Figure S11,
where the calcined LSA sample displays overall a similar uptake
of CO compared to the milled catalyst below 500 °C (571 vs
743 μmol/g, respectively) and a much stronger affinity to CO
in the full temperature range (up to 900 °C).

Figure 7. Quantitative H2 uptake below 500 °C per gram of catalysts
as a function of the surface area for selected samples. Red symbols:
fresh catalysts; black symbols: milled at mild energy for 8 h; light-blue
symbols: milled at high energy for 2 h; dark-blue symbols: milled at
high energy for 8 h.

Figure 8. Calculated CO oxidation rates at 250 °C per gram of
catalysts as a function of the surface area for selected samples. Red
symbols: fresh catalysts; black symbols: milled at mild energy for 8 h;
light-blue symbols: milled at high energy for 2 h; blue symbols: milled
at high energy for 8 h.
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Possibly, one important parameter affecting CO oxidation is
represented by the exposed CeO2 surfaces,

60,70 where
undercoordinated terminations are characterized by lower
oxygen vacancy (Ov) formation and higher CO oxidation
activity.3 The relative growth of the more reactive ceria planes
is dependent on the calcination temperature,3,73 and usually a
trade-off between undercoordinated surfaces and total CeO2
nanoparticle surface area can be achieved to reach optimal
catalytic activity.70,73 In mechanochemistry, the exposed ceria
planes are likely also affected by the extra surface energy
generated through the stresses during the milling process. This
phenomenon helps to explain the odd behavior of the LSA
sample and might contribute to the definition of the different
activity exhibited by the milled samples compared to their
calcined counterpart. XRD and Raman analyses previously
showed that crystallite size and strain are strongly affected by
the mechanical stresses (Figures 3 and 6 and Table S2); thus, it
is likely that the exposed surfaces are also modified. By
analyzing qualitatively the intensity ratio of the low index
(200) and (220) planes with respect to the main (111)
reflection of the CeO2 cubic lattice, reported in Figure 9 for
selected representative samples, it can be observed that, in
general, milling promotes the growth of the (200) facet and
reduces the frequency of the (220) plane compared to the
theoretical values calculated over the model ceria fluorite
lattice.4 An exception is represented by the HSA powders,
where the low calcination temperature leads to a disordered
state in the fresh sample and milling results in an increase of
crystalline order, partially explaining the worse performance
under CO oxidation conditions.73

Another important factor is represented by the inclusion of
zirconia in the outermost ceria surface, as formerly mentioned.
In fact, Zr segregation within grain structures or at the grain
boundaries might affect oxygen vacancy formation and oxygen
mobility in a positive or negative way, respectively, thus
affecting CO reactivity.16 Also, zirconia doping into ceria leads
to stabilization of defect sites and higher oxygen storage
capacity.1 Possibly, given that the Zr contamination from the
milling media reasonably increases with increasing milling
intensity and time, the enhanced surface reducibility observed
in H2-TPR experiments (Figure 7) might be promoted by
zirconia inclusion, despite the small amount detected by ICP-
MS and LEIS analysis (Tables 3 and Figure S4). Conversely,

the CO reactivity appears to be more dependent on the
exposure of unstable ceria surfaces, occurring already at low
milling intensity and then partially negatively affected by the
presence of zirconia on the ceria surface, as shown by high-
energy-milled samples.

■ CONCLUSIONS
The mechanical stresses released during dry milling synthesis
processes influence both the morphology and chemistry of
CeO2 powders, positively or negatively depending on the
milling conditions and the properties of the starting material.
This study was able to show the main trends affecting CeO2
powders, rationalizing the effect of milling on the redox and
textural properties of the ceria catalysts. Overall, high-energy
milling results in the most significant modifications of the
pristine CeO2 structure, even after short milling times,
increasing the surface area, reducing the crystallite size, and
simultaneously promoting particle aggregation. Conversely,
mild milling enables smaller variations of the initial CeO2
structure and a lower number of induced defects, apparently,
which are, however, confined on the surface and still affect
particle agglomeration and redox properties. However, the
effect of mild vs high milling energy depends also on the
starting material properties, as for example the CeO2 powders
calcined at the lowest temperature (550 °C), i.e., with the
smallest initial crystallite size, are more sensitive to low
energies compared to larger CeO2 particles.
Particularly interesting is the effect of mechanical stresses on

the redox properties of CeO2: the high number of defects
created on the CeO2 surface results in the creation of a large
number of labile O atoms, improving reducibility both
quantitatively and in terms of the onset redox temperature.
These defects might be further stabilized by the inclusion of Zr

Figure 9. Evolution of the low index reflections (a) (200)/(111) and (b) (220)/(111) ratios on selected samples as a function of the BET surface
area. The gray dashed line represents the theoretical value.

Table 3. Milling Parameters Used for the Preparation of
CeO2 Powders

a

energy
short
name

frequency
(Hz)

number
of

spheres
(N)

diameter
of

spheres
(mm)

total
weight of
spheres
(g)

ball-to-
powder
ratio
(BPR)

mild ME 15 1 15 10 20
high HE 50 3 10 10 20

aMilling times (τ): 0.5, 1, 2, 4, and 8 h.
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atoms from the milling media to the ceria surface and
subsurface lattice, despite being found only in a negligible
amount (below 0.6 wt %). Additionally, secondary low index
surfaces are promoted over the milled cerium oxide, affecting
the reactivity of these defective sites generated by milling with
respect to CO. The findings of the present work can be used to
rationalize the operational ball-milling parameters of a dry
milling process for the preparation of CeO2 nanopowders and
their tuning, depending on the desired final properties.

■ MATERIALS AND METHODS
Preparation of CeO2 Powders. Commercial cerium oxide

(99.99%) was provided by Rhodia. Before milling, CeO2
powders were calcined in static air in a Nabertherm muffle
oven at 550, 900, 950, or 1200 °C for 4 h (heating rate: 10 °C/
min) using a sintered alumina crucible. The calcined powders
were then milled in a Fritsch Pulverisette P23 mini-mill at mild
and high energy conditions, using a 15 mL ZrO2 jar, varying in
milling time (t), frequency (Hz), number (N), and diameter
(ϕ) of grinding balls. A ball-to-powder weight ratio (BPR)
equal to 20 was fixed, loading 0.5 g of powders and a total of
10 g of milling spheres. To achieve significantly different
milling intensities, which are proportional to ball number and
frequency,52 ME conditions were obtained by loading one 15
mm ZrO2 sphere in the jar and milling at 15 Hz, while HE
conditions were achieved by loading three spheres of 10 mm of
diameter and milling at 50 Hz. The calcination temperatures,
milling parameters, and times were chosen based on previous
studies to ensure respectively a wide range of initial surface
area values, diverse milling energy, and increasing time
intervals to follow the solid-state transformations of the ceria
powders.40,75 A summary of the operational parameters is
given in Table 3.
Characterization. Surface area and pore size analyses were

carried out by evaluating N2 adsorption isotherms at 77 K
using a Micromeritics TriStar porosimeter. Surface area and
pore size distributions were obtained from adsorption and
desorption data following the Brunauer−Emmett−Teller
theory (BET) and Barrett−Joyner−Halenda method (BJH),
respectively. Before analysis, powder samples (250 mg) were
degassed below 100 mTorr at 150 °C for 1.5 h. Powder X-ray
diffraction patterns were collected using a Philips X’Pert
diffractometer with an X’Celerator detector using Ni-filtered
Cu Kα radiation (λ = 1.542 Å) operating at 40 kV and 40 mA,
collecting data in the 20−80° 2θ range (0.02° step size, 40 s
counting time per step). Scherrer’s formula76 was used to
estimate the average ceria crystallite size using the main CeO2
(111) peak at 28°:

=d
B

0.9
cosp

where λ is the X-ray wavelength, 0.9 is a correction value for
spherical particles, and B corresponds to the FWHM of the
peak corrected by the instrumental error.

=B B Bobs
2

inst
2

Rietveld refinement was also carried out using GSAS-II
software to obtain the crystallite size, microstrain, and cell
parameters of the CeO2 lattice.

77 Williamson−Hall plots were
also used to obtain comparative crystallite size values. Particle
size distribution (PSD) was determined by a Horiba LA950
laser scattering particle size analyzer: analyses were performed

in water after sonication for 1 min. PSD curves are represented
with a logarithmic abscissa. Raman spectra were collected ex
situ using an XploRA Plus Micro-Raman system (Horiba,
Kyoto, Japan). The CeO2 samples were excited with the 532
nm radiation (100 mW, 10% filter) at room temperature, and
the spectra were acquired with a 50× LWD objective with a
resolution of 1 cm−1 and 10 accumulations of 15 s. The
powder particle morphology was examined by a Zeiss EVO40
scanning electron microscope (SEM); before analysis, the
powder samples were placed on a conductive substrate and
sputtered with gold. ICP-MS analysis was performed by
Mikroanalytisches Labor Pascher (Remagen, Germany) to
measure the Zr content of samples. Low-energy ion scattering
(LEIS) measurements were performed at IONTOF GmbH in
Münster, Germany, using a Qtac 100. The instrument is
equipped with a double toroidal analyzer optimized for high
mass resolution and high sensitivity simultaneously. The
primary ion beam, consisting of 4He or 20Ne ions at an energy
of 3 or 5 keV, respectively, impinges on the sample
orthogonally, and scattered ions are collected at a scattering
angle of 145°. For each spectrum, the ion beam is scanned
across an analysis area of 2 × 2 mm2, and a total fluence of
1E14 and 1E13 ions/cm2 was used for 3 keV 4He and 5 keV
20Ne ions, respectively. At this fluence level, the analysis takes
place within the static limit, such that the sample surface is not
significantly altered by ion beam damage over the course of the
analysis. Prior to the introduction into the vacuum system of
the instrument, the sample material was compacted into pellets
with a pressure of approximately 5 MPa. Before the analysis,
each sample was cleaned in-vacuum by exposure to atomic
oxygen extracted from a remote plasma source to fully oxidize
the surface and remove adventitious carbon species. The
sample cleaning was performed in a UHV preparation chamber
directly adjacent to the analysis chamber, at a base pressure
level of <1 × 10−8 mbar. The microwave plasma source,
situated approximately 30 mm above the sample surface, was
operated at a microwave power of 5 W and a flow rate of
approximately 0.5 mL min−1 O2. This led to a pressure of 3 ×
10−5 mbar in the preparation chamber during the cleaning
process, which took 10 min per sample. The downstream
products of the plasma source include oxygen radicals, which
remove undesired adsorbed organic species from the sample
surface by oxidation. After shutting down the oxygen plasma
source, the samples were immediately transferred to the UHV
analysis chamber with a base pressure of <5 × 10−10 mbar.
TPR experiments were carried out in a Micromeritics

AutoChem II 2920 analyzer on 50 mg of catalyst loaded in a
U-shaped quartz microreactor. Prior to the reduction step, the
sample was heated under N2 to 350 °C to remove adsorbed
contaminants; the sample was held at isothermal conditions for
1 h and then cooled to 50 °C. The gas feed was then switched
to 35 mL/min of reducing mixture (4.5% H2 in N2), and the
temperature was ramped to 900 °C at a heating rate of 10 °C/
min. H2 consumption was monitored with a TCD detector.
Quantification of hydrogen consumed was carried out by
calibrating the apparatus with reduction of a known amount of
CuO to metallic Cu. CO-TPR tests were performed following
the same procedure as H2-TPR, using 50 mL/min of a 5% CO
in He gas mixture.
Catalytic Performance. CO oxidation tests were

performed in a lab-scale flow reactor setup on 30 mg of
sample loaded on a quartz wool bed inside a tubular quartz
microreactor (ID = 6 mm). Brooks mass flow controllers were
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used to feed a 2% CO, 5% O2, balanced He, gas mixture (52
mL/min, GHSV ≈ 80,000 h−1), dosing separately 20.8 mL of a
5% CO/He mixture along with 2.6 mL of pure O2 and 28.6
mL of pure He. The microreactor was inserted in a vertical
tube furnace and heated from room temperature to 500 °C at a
linear rate of 10 °C/min. Reactants (CO, O2) and products
(CO2) were continuously monitored with an on line ABB Uras
14 infrared gas analyzer coupled with an ABB Magnos 106
paramagnetic analyzer, and the temperature was measured with
a K-type thermocouple placed at the top of the catalytic bed.
Prior to the analysis, the analyzer was calibrated using a high-
precision 1% CO, 1% CO2, 1% CH4 in He gas mixture. The
CO oxidation rate was used to compare the catalytic
performance of the evaluated materials, calculated as

= × [ ]r
X F

w
mol g sCO CO

cat
CO

1 1

where FCO is the reactant flow (in moles of carbon monoxide
per second), wcat is the weight of catalyst loaded in the reactor,
and XCO represents the CO conversion:

= [ ] [ ]
[ ]

×X (%)
CO CO

CO
100T

CO
in

in

Conversion values were measured continuously during
reaction, and the conversion at 250 °C was used for the rate
calculation in order to ensure the kinetic regime, i.e.,
conversion values below 10%.
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(53) Do, J.-L.; Frisčǐc,́ T. Mechanochemistry: A Force of Synthesis.
ACS Cent. Sci. 2017, 3 (1), 13−19.
(54) Danielis, M.; Colussi, S.; Llorca, J.; Dolan, R. H.; Cavataio, G.;
Trovarelli, A. Pd/CeO2 Catalysts Prepared by Solvent-Free
Mechanochemical Route for Methane Abatement in Natural Gas
Fueled Vehicles. Ind. Eng. Chem. Res. 2021, 60 (18), 6435−6445.
(55) Rinaudo, M. G.; Pecchi, G.; Caduś, L. E.; Morales, M. R. Is
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