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Abstract: Mechanochemical synthesis for the preparation of bimetallic catalysts is gaining increasing
interest, and in recent years, some important milestones have been reached. However, the complexity
of mechanochemically prepared bimetallic supported catalysts still leaves many open questions
that need a systematic approach to be solved. In this work, we summarize our experience of
mechanochemically milling bimetallic catalysts, introducing some key parameters that should be
taken into account, particularly the thermal stability and hydrophilicity of precursor salts, and the
effect of the milling order, highlighting the differences with wet synthesis methods. Finally, we
will provide some suggestions on the application of the design of experiments approach to the
rationalization of the milling procedure for the preparation of supported bimetallic catalysts.

Keywords: dry milling; platinum; palladium; ceria; design of experiments

1. Introduction

Mechanochemical alloying is an old and well-known technique for the preparation of
bimetallic compounds [1], but the milling of two (or more) metals to produce a catalytically
active material is relatively recent. The first bimetallic catalytic formulations reported in
the literature include, among the others, NiAl Raney catalysts [2], metallic carbides [3],
electrocatalysts [4,5], and de-chlorination catalysts [6,7]. In these examples, metal powders
were milled together, usually at high energy and for long times, to produce an active
bimetallic compound that presented novel properties compared to those of single compo-
nents. A different situation is one in which mechanochemical synthesis is exploited for
the formation of metal alloys or bimetallic nanoparticles and their deposition on a support
oxide, both occurring at the same time. It stems from the successful implementation of
mechanochemical milling for the preparation of single metal-oxide electro- [8,9], photo- [10],
and thermo-catalysts [11], a complex process in which a number of variables are involved,
such as type of mill, energy, milling media, ball-to-powder ratio (BPR), powder hardness,
metal–support interaction, etc. When this method is extended to the synthesis of bimetallic
supported catalysts, an additional issue caused by the metal–metal interaction comes into
the play, making a systematic approach difficult but highly desirable. So far, the number
of research papers on supported bimetallic (thermo) catalysts obtained by ball milling is
still quite limited [12–22]. However, some important elements have been highlighted. The
simultaneous deposition of two metals can already be successfully obtained in short milling
times and with relatively mild energy [13,19,21], but it strongly depends on the choice of
the precursors and, possibly, on the support. Metal co-deposition is relatively easy with the
appropriate conditions, but the formation of an alloy usually requires subsequent thermal
treatments [13,20,21,23]. Interestingly, it has been found that energy-intensive thermal steps
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can be overcome by longer milling times [11,14,24], even if this can lead to the contamina-
tion of the catalyst by the milling media. Regarding catalytic properties, the improvement
of performance in terms of the activity, stability, and/or selectivity of bimetallic milled
catalysts compared to analogous formulations obtained via other synthesis methods is
widely reported. This has been ascribed in general to higher reducibility [13,21] and smaller
particle size [16,17], indicating a stronger metal–support interaction, and to a different
relative distribution of atomic species in milled vs. conventional catalysts [18,25]. Despite
the setting of fundamental milestones, the complexity of mechanochemically prepared
bimetallic supported catalysts still leaves many open questions. In this work, we intro-
duce certain key parameters that should be taken into account when preparing bimetallic
catalysts via mechanochemical milling, summarized in Figure 1. In particular, we will
focus on the effect of precursor salts in terms of thermal stability and hydrophilicity on the
final formulation and the effect of the milling order, and we will provide some suggestions
regarding the application of the design of experimental approaches to the rationalization of
the milling procedure for the preparation of supported bimetallic catalysts.
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Figure 1. Relevant parameters and possible strategies for the preparation of bimetallic-supported
catalysts. Question marks highlight the need for further research on unexplored parameters.

2. Choice of Precursors

As in traditional synthesis methods, one of the first parameters to be evaluated for
bimetallic sample preparation is the type of metal precursor, be it metallic nanopowders,
inorganic salts, or organic compounds. The combination of metals also requires particular
attention. For example, if metallic platinum and palladium can be anchored on ceria after
15 min milling at 15 Hz in a vibratory micro-mill [13], the deposition of PtO2 and Re2O7
on TiO2 is not completed after milling for 1 h at 150 rpm in a planetary mill [16], likely
because metal oxides are harder compared to metals. In solution-precipitation methods,
the main parameters relate to the solubility of the salt(s) and their characteristic pH needed
for precipitation, affecting solvent choice and impregnation method [26]. However, in the
dry milling procedure, the dissolution–precipitation steps are not required and factors
such as temperature and concentration gradients or appropriate mixing are not a factor.
Conversely, other properties of the metal precursors ought to be considered, such as:

• Thermal stability;
• Hygroscopic tendencies;
• Surface area, especially for metallic powders.
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These variables should first be evaluated for each metal independently and then in
combination with each other, identifying possible incompatibilities, if any. In the following,
examples of each parameter effect are illustrated.

2.1. Thermal Stability

The thermal stability of precursor salts has been extensively studied in the past,
and the characteristic boiling and evaporation temperatures of most salts are available
in Safety Sheets. However, the decomposition behavior is not always reported in detail,
and several studies only summarize, for example, the decomposition and volatilization
tendencies of several metals, salts, or metal oxides [27–30]. While some have exploited
these properties for wet-based syntheses to maximize metal dispersion [31,32], this might
lead to metal loss when the dry milling synthesis is employed. The case of platinum is
illustrative. Previous works on CeO2-supported Pd [33] and PdPt [13] catalysts have shown
that dry milling is effective in inducing an intimate contact between the metal and the
support oxide, resulting in a peculiar morphology with high activity and stability. In the
monometallic example, the substitution of the metal (Pd black) precursor with the organic
Pd acetate salt (Palladium(II)acetate, Pd(CH3COO)2, Sigma-Aldrich, Milan, Italy) led to
a further increase in catalytic performance [34], while the addition of Pt in the metallic
phase increased stability and resistance to water deactivation [13,25]. When attempting to
merge the two advancements, Pt acetylacetonate (Platinum(II)acetylacetonate, Pt(O2C5H7)2,
Sigma-Aldrich) was employed [35]. However, this salt tends to sublimate, leading to Pt
loss from the sample when heated [27,32]. This has been observed experimentally on a
series of bimetallic PdPt/CeO2 samples prepared starting from the organic precursors of Pt
and Pd, summarized in Table 1. Samples were prepared by milling appropriate amounts of
Pd acetate (Pdac) and Pt acetylacetonate (Ptacac) to reach a final metal loading of 1 wt%,
following established procedures [13,34]. Pt and Pd content were measured using ICP-MS
and thermogravimetric analysis (TGA). TGA was also performed on bare Ptacac salt, where
full metal loss was observed (Figure 2a). Conversely, when a reducible oxide is used as
support, it provides an anchoring point for some Pt atoms, which are not lost upon heating,
as shown by data in Table 1 and Figure 2b. Indeed, weight profiles obtained by TGA were
compared with the theoretical maximum and minimum weight expected in the opposite
situations of total metal retention or full metal loss, %wtmax and %wtmin, respectively:

%wtmax =
mPt + mPd + mCeO2

min
(1)

%wtmin =
mPd + mCeO2

min
(2)

where m represents the final mass of Pt, Pd, and CeO2 after thermal treatment, and min is
the initial mass of the fresh sample (CeO2 + precursor salts).

Table 1. Weight and Pt content (wt%) measured by TGA and ICP-MS analysis on a series of bimetallic
PtPd/CeO2 milled (M) samples prepared from Pd acetate (Pdac) and Pt acetylacetonate (Ptacac)
compared to theoretical calculated values.

Sample %wtmax %wtmin %wtmeas %Ptnom %PtTGA %PtICP

0.5Pt(acac)CeM 99.5 99.0 99.1 0.5 0.10 n.a.
0.5Pt(acac)0.5Pd(ac)CeM 98.9 98.5 98.7 0.5 0.25 0.20
0.5Pd(ac)0.5Pt(acac)CeM 98.9 98.5 98.7 0.5 0.25 n.a.
0.8Pt(acac)0.2Pd(ac)CeM 99.0 98.2 98.3 0.8 0.11 0.12
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Figure 2. Weight profiles measured on (a) bare Pt acetylacetonate and (b) precursors salts milled
(M) over CeO2. TGA tests were carried out in a Q500 thermogravimetric balance (TA Instruments),
heating at 10 ◦C min−1 up to 900 ◦C under N2.

The presence of CeO2 clearly help to trap Pt atoms, as observed by calculated val-
ues on 0.5Pt(acac)CeM in Table 1, but Pd appears to be even more favorable, further
promoting its stability by allowing a reduction in Pt loss from 80% to only 50%. This
promotional effect is maintained regardless of the order of milling, whether Pd or Pt first
(0.5Pt(acac)0.5Pd(ac)CeM or 0.5Pd(ac)0.5Pt(acac)CeM, respectively), which suggests that
the effectiveness of metal alloying, depending on reciprocal affinity [11,14], might be a
significant barrier against metal evaporation. A similar effect was observed regarding the
addition of silver acetylacetonate [36], where the stabilizing effect was attributed to weak
interactions among chelates rather than alloying between the metals. A viable strategy
to overcome the volatilization issue is to rely on Pt metal as precursor or, alternatively, to
explore other inorganic salts. In the dry milling approach, there are no theoretical incom-
patibilities between precursors of a different nature, which would subsist when dissolution
and precipitation are needed [26], as will be further illustrated in Section 4.

2.2. Hygroscopic Behavior of Precursor Salts

Some salts have a strong tendency to coordinate with ambient H2O. While this does
not usually represent a problem in solution-based syntheses, unless the stability of the
metallic state is affected, it might strongly affect the mechano-chemical process. In fact,
the coordinated water molecules act as “internal” solvent, thus affecting metal dispersion.
Notable examples are nickel and calcium nitrates, which have been observed experimen-
tally to retain a lot of water. When milled over ceria, the precursor salt might release
the coordinated water, resulting in a semi-wet paste rather than a powdery product, as
illustrated in Figure 3.

A similar phenomenon was observed with Ca(NO3)·6H2O, used as promoter in
RuNi/CaO/CeO2-Al2O3 formulations generally employed for integrated CO2 capture
and conversion [37,38]. Herein, the same unpredictable uptake of atmospheric humid-
ity was observed, leading to unsatisfactory results in terms of salt dispersion and thus
requiring the controlled conditioning of the Ca precursor prior to materials synthesis. In
fact, the performance of two samples prepared with the fresh calcium nitrate and with its
counterpart aged under ambient conditions highlighted a loss of catalytic performance
in standard CO2 capture and H2 reduction, as summarized in Figure 4a. In fact, both the
absolute CO production during H2 exposure and the production during CO2 capture were
affected, suggesting a loss in adsorptive sites and, consequently, decreased reactivity [37].
The effect of the increased humidity of the precursor salt was also followed by thermogravi-
metric analysis. The weight loss profiles, reported in Figure 4b, clearly highlight the higher
amount of hydration on the “aged” sample, i.e., the one prepared with humid calcium
nitrate, where an additional 2.7 wt% loss below 120 ◦C is observed compared to the fresh
sample, due to adsorbed water. Moreover, the decomposition of the supported salts (Ni
and Ru, in addition to Ca) is delayed, as observed by the weight derivative signal at 300 ◦C.
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This might be due to the weaker contact between the nickel and ruthenium salts and the
calcium nitrate, further corroborating the observed loss in performance. In conclusion, the
uncontrolled hydration of the precursors might lead to the insufficient dispersion of the
metal, inefficient milling, and reproducibility inconsistencies.
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Figure 3. Pictures of Ni/CeO2 samples milled with H2O-rich precursor salts. The same synthesis of
Ni/CeO2 was carried out using Ni(NO3)2·6H2O, a heavily hygroscopic salt, and ceria powders; the
preparation was repeated with the same procedure on different days characterized by different levels
of relative atmospheric humidity. The results varied on a daily basis as different levels of humidity
were present; during the most humid days, the amount of H2O adsorbed by the salt was enough to
create a wet layer and separate the finely dispersed Ni nitrate salts from the ceria.
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Figure 4. Comparison of two NiRu/CaO/CeO2-Al2O3 samples prepared via milling using fresh
or aged (humid) calcium nitrate: (a) CO production during CO2 capture (10 vol% CO2/N2) and
H2 reduction (10% H2/N2) looping tests carried out at 650 ◦C (WHSV = 12,000 mL gDFM

−1 h−1);
(b) weight profiles measured during TGA experiments in air, heating at 10 ◦C min−1 up to 600 ◦C.

2.3. Surface Area

The surface area of precursor powders is usually considered only with regard to the
support oxide, whose obvious role is to ensure the optimal dispersion of the active metal
phase, and thus, a high surface area is favorable. Nonetheless, the available surface of the
metallic phase, when the dry milling procedure is carried out, starting from metallic precur-
sors, likely plays a non-negligible role in favoring metal–support interactions. Examples of
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surface area values for selected metal powders are reported in Table 2, together with the
nominal particle size provided by the supplier.

Table 2. Surface area and nominal particle size values of metallic nanopowders.

Sample Provider Particle Size BET S.A. (m2/g) 1

Ru black Strem Chemicals 2 n.a. 51
Pd black Sigma-Aldrich 3 10 µm 40
Pt black Sigma-Aldrich <20 µm 33

Ni nanopowder Sigma-Aldrich <20 µm <1
Cu Sigma-Aldrich <425 µm 6

PdO Sigma-Aldrich <10 µm 74
1 Measured by BET analysis of N2 isotherms at 77 K in a Micromeritics Tristar 2000 instrument; 2 Bischheim,
France; 3 Milan, Italy.

This factor is arguably less important than chemical affinity, as shown by the example
of PdO particles: despite the high surface area, the palladium oxide powders do not
react during milling and lead to an unsatisfactory dispersion over the ceria surface [33].
However, generally metals with lower available surface areas showed a worse dispersion
when milled on ceria, resulting in a decreased catalytic activity when compared to their
counterpart prepared via traditional wet-based impregnation synthesis (IW) (Figure 5a–c).
This unfavorable interaction can be mitigated by the addition of a co-metal, such as Pd,
which could provide a source of affinity and enhance the dispersion of the bimetallic
phase [33,39,40], further resulting in improved catalytic performance, as highlighted in
Figure 5d,e.
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2.4. Other Parameters

Possibly, additional factors might play a role in the effectiveness of the mechanochemi-
cal synthesis for supported bimetallic catalysts. In fact, much uncertainty still persists with
regard to the chemical reactions induced by milling, requiring additional experimental
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and theoretical studies. As an example, the hardness of powders precursors might play
a role in the successful preparation of supported metal catalysts [13,33], yet their relative
importance, e.g., compared to some of the parameters elucidated above, is yet to be un-
derstood. Moreover, data regarding hardness properties of nanopowders, called nano- or
microhardness [41,42], is still largely lacking for materials commonly used for catalytic
applications, thus inhibiting correlation with this parameter when analyzing the dry milling
processes of metal nanopowders. Recent reports on other classes of materials [43] will most
likely promote such an investigation in the near future.

In synthesis, when evaluating the best precursors for bimetallic samples prepared by
milling, the following parameters should be considered:

• Intrinsic volatility of the precursor salt might cause metal loss;
• Different treatment atmospheres or support oxides affect volatility;
• Heavy hydration of precursor salts leads to inhomogeneous and/or irreproducible

results;
• When using metallic nanopowders, high surface area usually promotes chemical

interaction;
• Hardness values could play an additional role, facilitating the milling of soft materials.

3. Order of Mixing

The order of metal addition to the metal–support combination plays a key role in
determining the overall efficiency of the synthesis process. This has been explicitly proven
in PtPd/CeO2 systems [13,25], where two samples were prepared by milling Pd and Pt
powders in subsequent steps (denoted as PtPdCeM and PdPtCeM, where the metal close
to CeO2 is milled first and M indicates the synthesis method). The PtPdCeM catalyst
benefits from the unique Pd–CeO2 interaction [33], and indeed, HRTEM evidence shows
the formation of an amorphous shell covering Pt and PtPd entities [13]. This amorphous
shell, containing Pd-O-Ce units, has been identified as being responsible for the outstanding
activity of Pd/CeO2 milled catalysts [33]. Conversely, when the order of milling is inverted
(i.e., first Pt with CeO2 followed by the milling of Pd), on PdPtCeM high-angle annular
dark-field (HAADF) scanning transmission electron microscopy (STEM), coupled with
energy dispersive X-ray (EDX) analysis, revealed the presence of isolated Pt and Pd clusters
without any amorphous layers [13]. The different configurations result in a higher amount
of “free” metals, i.e., not interacting with each other [25], leading to worse performance
under transient light-off and stability experiments, as reported in Figure 6. The promotional
effect of the Pd–CeO2 interaction was also observed on catalytic samples prepared by
milling Pd acetate and Pt acetylacetonate salts, where, despite no quantitative effect on the
Pt loss induced by the organic salt volatility, the presence of pre-milled Pdac on CeO2 would
improve the catalytic activity of Pt retained on the final catalyst formulation (Figure 6b) [35].

Similar results were obtained for other metallic systems, where Pt was substituted
by either Sn or Cu in PdPt/CeO2 formulations [39,40]. On PdSn formulations, once again
performing a first milling step with Pd and CeO2 led to higher activity compared to milling
Sn first, as demonstrated by reference methane oxidation activity tests in Figure S1a (see
the Supplementary Materials). Conversely, adding Sn in the first milling step led to a
slight decrease in performance, yet still outperforming the reference SnPdCeIW reference
sample. Here, it can be hypothesized that the ductility of the Sn metal and its strong
affinity with CeO2 [44] concur in improving tin dispersion over ceria by milling compared
to the conventional IW synthesis. However, by bonding with, or, possibly, within the CeO2
support, Sn reduces the Pd–Ce interaction, thus decreasing its CH4 activation performance
under reaction conditions. Interestingly, PdCu systems displayed no significant sensitivity
in terms of the order of metal addition, as shown in Figure S1b. Milling in reciprocal
sequential order or co-milling the metals together (denoted as (PdCu)CeM) resulted in
comparable methane oxidation reactivity. This might be due to the weak affinity between
Pd and Cu and Cu and Ce.
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In sum:

• The sequential vs. simultaneous milling of metals over the support might affect the
formation of bimetallic nanoparticles;

• By affecting either their alloying and/or their dispersion;
• The reciprocal affinity between metals, or between each metal and the support, should

be considered;
• Following Le Chatelier’s principle, too strong and too weak an affinity will likely lead

to unsatisfactory results.

4. DOE Approach

It is evident from the previous paragraphs that there is an interplay between the many
synthesis parameters and the chemical nature of the precursors. Obtaining the desired
material structure and catalytic properties requires finding the right set of parameters
for material preparation. The optimization of a synthesis procedure usually requires a
large amount of work, and this is especially true while investigating the many parameters
involved in the mechanochemical preparation of catalysts. Consequently, there has been
a growing interest in the optimization of such experimental campaigns [45,46]. In this
paragraph, the use of the design of experiment (DOE) approach for the mechanochemical
preparation of PtNi/CeO2 catalysts for the steam reforming of methane is reported.

Commonly, studying and optimizing a problem defined by many parameters is done
by selecting an initial set of parameters as the starting experimental condition and proceed-
ing by varying one variable at a time (the so-called OVAT approach [47]). Each parameter
is changed while keeping the others fixed, observing its effects on the system. The study
continues after finding the best results by varying another parameter from this point, and
another parameter is then modified while fixing the others. This process is repeated for
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each parameter until an optimized result is reached after studying all the parameters. While
this is the common practice and the most intuitive way of performing experiments, this
approach is characterized by several limitations [47,48]. The final result is often strongly
influenced by the initial set of parameters: varying one variable at a time allows for finding
the optimal result for a single parameter in a specific combination with the others, and the
following optimal results rely on the previous experimental runs. In this regard, interac-
tions between the parameters are not determined, as the various parameters are not tested
for all the different combinations. Another aspect to be considered is that, in principle, the
total number of experiments is not known in advance, as it is difficult to exactly predict
how many experiments are needed to reach a desired result.

Another approach to study complex problems is the so-called design of experiment
methodology [47,49,50], which is a methodology based on the statistical design of experi-
ments and the analysis of their results. Briefly, the DOE approach relies on the simultaneous
and systematic variation of all the parameters involved in the study to obtain the highest
amount of information while keeping the number of experiments low. Based on the various
designs available, the statistical analysis of the results can provide several pieces of infor-
mation, i.e., the identification of the most important parameters in a screening experiment,
the effect and interactions of all the parameters studied, or the precise mathematical model
to identify the real optimal set of parameters for the desired properties.

Studying a problem or exploring a system with a DOE approach requires the identifi-
cation of the parameters which can influence the results or the parameters of interest to be
studied, and to define the experimental domain, which is the space generated by the differ-
ent parameters and their possible values. Based on the objective of a study, different types
of designs are available with a specific combination of experimental parameters and a given
number of experiments. After choosing the parameters to be studied, their ranges, and the
right balance between the number of experiments and the information to be obtained, an
experimental design is created, and the plan is systematically executed. All the results are
collected and included in the statistical analysis to obtain the desired information.

The DOE approach has many advantages over the classical OVAT methodology. The
final results are not influenced by the previous experiments, as each experimental run
is performed independently. This also means that the number of experiments is known
in advance, allowing for more efficient time planning and resource optimization. Often,
the designs are performed in a random manner to avoid systematic errors and avoid the
influence of external effects. The experimental domain is explored more efficiently and in
a broader manner, as all the values and the combinations of the different parameters are
tested, not limiting the investigation around the best values observed from the previous
runs. This implies that the quality and the amount of knowledge of the system is higher, as
the whole system is explored by obtaining a more general view on the effects of the various
parameters. This is usually achieved with a lower number of experiments compared with
the OVAT approach.

Herein, an illustrative example of the application of a Fractional Factorial Design for
the preparation of PtNi/CeO2 catalysts is reported. For these materials, the most important
factors for high catalytic performances are a small size of the active phase, namely Pt and
Ni nanoparticles, and a high degree of interaction between Pt, Ni, and CeO2 [51–53]. The
mechanochemical procedure to prepare the series of PtNi/CeO2 catalysts was based on
the FRITSCH Mini-Mill Pulverisette 23, and three milling parameters were investigated:
the milling frequency, the milling time, and the ball-to-powder ratio (BPR). The objective
of the screening study was to quickly identify the milling parameter with the strongest
influence on the NiO particle size and the methane conversion at 700 ◦C, and to obtain a set
of samples for efficiently exploring the effect of varying the milling intensity. The catalytic
materials were prepared with nominal metal loadings of 0.9 wt.% Pt and 8.1 wt.% Ni on
CeO2 (25 m2/g, calcined at 950 ◦C for 5 h in air) by mixing together appropriate amounts
of Ni acetate, Pt(NH3)2(NO3)4, and the CeO2 powders in a 15 mL ZrO2 jar with a single
10 g ZrO2 ball. The milled powders were then kept at 120 ◦C for 12 h and calcined at 400 ◦C



Crystals 2023, 13, 1685 10 of 16

for 4 in air to decompose the metal precursors. Pt and Ni precursors were chosen based on
thermal stability and hygroscopic properties, as illustrated in Section 2.

A Fractional Factorial Design with a central point was used to efficiently explore the
possible combinations of the three milling parameters (frequency, time, BPR) and to find
the best parameters for the catalyst preparation, keeping the number of samples as low as
possible [49]. A representative scheme is reported in Figure S2. In addition, this design
allows us to obtain useful information about the direct effect of each parameter on the NiO
particle size and the catalytic activity, identifying which parameter is the most influential
and the general trends. The sample names and the synthesis parameters are shown in
Table 3, reported with increasing milling intensity order. The experimental plan was created
with the DOE module included in Minitab19.

Table 3. Sample names, catalytic performance, and values of the three milling parameters studied
with the Fractional Factorial design of experiment.

Sample Frequency (Hz) Milling Time (min) BPR

1-PtNiCe(−−+) 15 5 20
2-PtNiCe(−+−) 15 45 5
3-PtNiCe(+−−) 50 5 5
4-PtNiCe(000) 32.5 25 12.5
5-PtNiCe(+++) 50 45 20

This set of five samples contains enough combinations of the different parameters
which were tested twice, at the low and high parameter values. The sample 4-PtNiCe(000)
is called the central point, and it was prepared with a set of parameters lying in the center
of the three-dimensional experimental domain. Its function is to qualitatively evaluate the
non-linearity of the system properties.

The samples were characterized via X-ray diffractometry (XRD), temperature pro-
grammed reduction tests under H2 (H2-TPR), and Raman spectroscopy to assess their
structures and the interactions between the various components. All the diffractograms
showed the CeO2 XRD pattern with no differences in the peak widths and in the rela-
tive peak intensities, indicating that the wide range of milling parameters tested did not
influence the bulk structure of CeO2. Besides the CeO2 XRD pattern, Ni, Pt, and NiO
reflections were observed; the particle size of both Pt and NiO decreased with increasing
milling intensity, indicating a better dispersion of the active metal phase on the surface
of ceria. In Table S1, the crystallite size of NiO estimated using the Scherrer equation is
reported. The Raman spectra showed the main CeO2 peak centered at 464 cm−1 relative
to the F2g bulk vibration [54]; the position and width of this peak was not modified with
increasing milling intensity, meaning that the bulk structure of ceria was not affected. By
increasing the milling intensity, the H2-TPR profiles suggested that an increased interaction
between Pt and Ni species is achieved, that the Pt-Ni alloy is formed upon reduction at
350–400 ◦C, and that a stronger interaction with the support material is obtained. Further
confirmation of the increased interaction between the different components was obtained
from the Raman spectra. By increasing the milling intensity, a rapid increase in the Raman
signal at 500–600 cm−1 was observed (see Table S1), which is associated with CeO2 defects
and oxygen vacancies and is typically found in Ni/CeO2 materials [55]. Table S1 shows
the methane conversion during the methane steam reforming reaction at 700 ◦C. There
is a clear trend between the milling intensity and the catalytic activity in the range of the
investigated milling parameters. Smaller NiO and Pt particle sizes, stronger interactions
with CeO2, and the easier formation of the Pt-Ni alloy are the main factors of the increased
catalytic activity.

The last part of a DOE experiment is the statistical analysis of the results. Using the
Minitab19 DOE module, the NiO particle size and the methane conversion at 700 ◦C were used
to measure the effect of each milling parameter on these two properties. Equations (3) and (4)
show the effect of each variable on the two properties: the higher the coefficient, the stronger
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is the effect. The effect of each variable on the two properties is also shown graphically in
Figure 7; each point represents the average value of the given property at different parameter
values. The steeper the line, the stronger the parameter-changing effect. The red dot represents
the value related to 4-PtNiCe(000). It is evident that the most important parameter is the
milling frequency, which is directly related to both an increasing number of impacts and the
kinetic energy of each impact. The second most important parameter is the milling time,
although a definitive conclusion cannot be drawn as the central point suggests that a more
complex relationship between time and ball-to-powder ratio (BPR) might exist.

NiO NP size (nm) = 26.27 − 0.23 × requency + 0.0062 × Time − 0.19 × BPR (3)

XCH4@700 ◦C = 3.65 + 1.10 × Frequency + 0.58 × Time + 0.010 × BPR (4)
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Figure 7. Effect of each milling parameters on (a) the NiO crystallite size and (b) the methane
conversion at 700 ◦C (F/W = 202,500 mL/gcat h, steam-to-carbon ratio = 2). Each black point
represents the mean value of the NiO particle size or the methane conversion obtained from all the
samples prepared with that parameter; for example, the average value of methane conversion at
50 Hz is 71.9%, obtained from the methane conversion of samples 3-PtNiCe(+−−) and 5-PtNiCe(+++)
which displayed, respectively, 60.2 and 83.5% CH4 conversion. The red dot corresponds to the value
of sample 4-PtNiCe(000).

These results were obtained with just five samples and are useful for the further
study and development of the PtNi/CeO2 catalytic system with the mechanochemistry: a
high-energy regime is required to induce the desired interactions between Pt, Ni, and CeO2,
while a lower milling time and ball-to-powder ratio (BPR) might be enough to obtain an
active catalyst with a larger amount of catalyst produced, as more sample can be prepared
in a shorter amount of time. From this point, the fractional design could be augmented to a
full factorial design by adding four more samples, and thus, more precise and complete
information about the parameters and their interactions could be obtained [49]. Other
options could be exploring higher milling intensity regimes to extend the energy range and
observe if further enhancements are obtained, as well as extending the milling times to see
whether higher methane conversion rates are obtained.

5. Comparison with Wet Methods

In the above paragraphs, the feasibility of the mechano-chemical synthesis for the
preparation of bimetallic supported catalysts was outlined. Despite the characteristic ad-
vantages of the dry milling method, such as reduced solvent utilization, thermal treatments,
and waste generation [56,57], the appropriate tuning of milling parameters might be hin-
dered by the multiple, interconnected factors affecting materials preparation, some of which
were highlighted previously, and that strongly depend also on the catalytic formulation
and application of choice. Consequently, the application of the mechanochemical synthesis
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at the industrial level is not as straightforward as desired. Multiple recent studies are
contributing to the scaling up of milling process parameters by modeling [58–60] and by
showing promising results in terms of the preparation of single-atom catalytic materials [61]
and even of structured catalysts [62]. Yet, additional factors such as capital and operational
costs (CAPEX and OPEX, respectively) are considered at an industrial level before abandon-
ing established catalyst synthesis processes, such as wet impregnation methods, in favor
of novel routes. Therefore, despite successful literature reports, additional studies will be
required to hasten technological transfer at the commercial level. A comparison of the two
synthesis methods is reported in Table 4.

Table 4. Comparison between dry milling and wet impregnation methods for the preparation of
metal-supported catalysts.

Mechanochemical Synthesis Wet Synthesis

Use of solvents no necessary
Thermal treatments maybe necessary

Order of metal addition relevant maybe relevant
Choice of precursors relevant relevant

Contamination from synthesis
media possible unlikely

Versatility limited * yes
Scalability yes yes

Industrial readiness level In progress Full application
* based on current experimental data.

6. Conclusions

In this paper, we overviewed the challenges presented by the dry mechano-chemical
preparation of supported bimetallic catalysts. In particular, factors such as thermal sta-
bility, hygroscopic tendencies, and surface area of metal precursors, among others, have
to be considered in addition to their relative affinity to ensure the effectiveness of the
milling method and the intimate contact and alloying of supported metals. The order of
mixing is also reported as a key factor affecting the successful dispersion of both metals,
sometimes leading to significant differences in the final bimetallic systems obtained by
dry milling. Naturally, these factors should be evaluated in combination with the usual
milling parameters, such as frequency, time, ball-to-powder ratio, and type of milling
media. Nonetheless, much uncertainty still exists in the field on how mechanically induced
reactions and processes occur; thus, different factors might play a role in systems other than
the metals supported on redox oxides discussed in this paper. Additional investigation is
certainly necessary to increase the available knowledge on mechano-chemical processes.

The complexity of the system can lead to time-consuming experimental investigation.
In fact, as reported in Section 4, the most common method of conducting research is by
varying one variable at a time (OVAT). Exploring all the combinations of the different
parameters is a time and resource-expensive task, and it can be difficult to clearly identify
which parameter (or parameters) is responsible for the outcome. Moreover, the total number
of experiments is unpredictable, usually higher than statistical methods, and strongly
depends on the initial parameters of choice, and optimal results are not guaranteed [47].
A statistical approach such as the design of experiment strategy can be a viable solution
to hasten the experimental screening of bimetallic catalysts, as well as to provide deeper
insights into the effect of each parameter on the supported bimetallic catalytic system under
investigation. In fact, the DOE approach allows for the identification of the minimum
number of experiments needed for the experimental evaluation of defined parameters by
setting a defined number of initial tests, which can ultimately lead to the statistical analysis
of the results that contain information about all the parameters and their direct and/or
combined effect on the system.
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7. Patents

Significant findings have been patented by A. Trovarelli, S. Colussi, M. Danielis, J.
Llorca, and A. Toso, in “Catalysts based on Pd/CeO2 and preparation method thereof”.
Patent numbers IT201700070360A—23 June 2017, EP3651898A1, WO2018235032A1.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13121685/s1, Figure S1: Methane oxidation activity of (a)
PdSn/CeO2 and (b) PdCu/CeO2 catalysts; Figure S2: Graphical representation of the 3D space
generated by the three variables, including the central point; Table S1: Methane conversion at 700 ◦C,
NiO crystallite size inferred by XRD measurements, and normalized Raman intensity of the signal
at 570 cm−1 (typical of Ni-O-Ce bonds and oxygen vacancies) for the samples prepared with the
Fractional Factorial design.
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