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ABSTRACT ARTICLE HISTORY
Multimetallic nanoparticles (MNPs) have appeared as promising catalysts for important cata- Received 14 September 2023
lytic reactions such as three-way catalysis (TWC) due to their synergistic effects. Herein, Revised 30 October 2023

a comprehensive process of preparing and evaluating MNPs and supported catalysts using Accepted 8 November 2023
high-throughput experimentation (HTE) for TWC is demonstrated. The synthesis of MNPs via KEYWORDS

a hot-injection method is performed using a homemade parallel reactor. The prepared MNPs High-throughput;

are impregnated in parallel on alumina and examined for TWC. An in-house fixed-bed reactor multimetallic; three-way
equipped with a quadrupole mass spectrometer was employed for catalyst evaluation, taking catalyst; automotive catalyst;
advantage of the rapid screening of 20 catalysts and multiple reaction conditions. The overall CO oxidation, NO reduction
HTE system can facilitate the synthesis and evaluation of 51 multimetallic catalysts for TWC in

less than 2 weeks, and also appear to be a flexible and versatile system for other applications.
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IMPACT STATEMENT

This study outlines a comprehensive high-throughput process for synthesizing and assessing
multimetallic catalysts for three-way catalysis, unveiling promising alternatives to precious
metals and advancing sustainable and eco-friendly automotive emissions control.

Introduction order to improve the mass-efficiency of PGMs, thus

The development of three-way catalysis (TWC) has  lowering production costs. For example, binary alloys
proven that the synergy between metal — metal and  such as Pd - Rh [1], Pt - Rh [2], and Ir — Rh [3] have
metal - support interactions can be a key for designing ~ been found to enhance the TWC performance com-
more effective and stable catalysts. The current cata-  pared to the corresponding monometallic catalysts.
lytic converters mainly employ platinum group metals ~ Ternary and quaternary systems consisting of PGM-
(PGMs) such as platinum, palladium, and rhodium. free catalysts such as CuNiFe [4] and FeCoNiCu [5]
The combinations among these PGMs or between  were also reported to have comparable activity to
PGMs and earth-abundant metals are desired in =~ PGM catalysts for NO reduction due to the phase
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stabilization against oxidation under the TWC
conditions.

Although using multimetallic catalysts (MMCs) is
attractive, the preparation and evaluation of these
catalysts are generally cumbersome. Moreover, as
multiple oxidation-reduction reactions simulta-
neously occur in TWC, finding an optimal condition
window for evaluating the performance is challenging.
Recently, the data-driven approach has been increas-
ingly adopted in guiding the catalyst design [6,7] and
unraveling the important characteristics of a catalyst
for complex catalysis such as TWC. This approach,
however, requires an adequate amount of data both
for building prediction models and verifying the pre-
dicted catalysts. It should be noted that while the
approach based on literature data is beneficial to
quickly build a prediction model, the suggested cata-
lysts can show large deviations when tested. This pro-
blem arises from the limitation in the literature data in
describing the individual experimental environments,
in particular the processes of synthesis and evaluation,
which can largely differ among researchers [8].
Therefore, in a ‘sustainable’ way, high-throughput
experimentation (HTE) for quickly generating data
and testing the prediction models is highly desired.

The idea of using HTE is not new as it has become
standard practice in drug discovery and biological
science. However, HTE for chemistry and material
science is less developed mainly due to engineering
challenges [9]. Especially, HTE in automotive catalysis
[10-14] appears to be developing slower compared to
other applications [15-21] in the field of heteroge-
neous catalysis. hte GmbH is one of the few companies
that offers high-throughput technology platforms in
screening catalysts and reaction conditions for several
industrial processes including TWC [13]. Meanwhile,
the throughput of the catalyst preparation has rarely
been the focus, even though it can be the rate-
determining step in the entire catalysis research.
Therefore, researchers in academic labs are highly
encouraged to build a simple and flexible HTE pipe-
line connecting the synthesis and evaluation at
a comparable throughput [22].

While MMCs have been realized as highly efficient
and cost-effective catalysts for various important reac-
tions [23-26], starting HTE in preparation and eva-
luation of MMCs can be a daunting task for
researchers at first glance. Here, we break down this
complex process into small parts. In the first part of
this paper, we demonstrate the preparation of multi-
metallic nanoparticles (MNPs) via a hot-injection
method. This common method is categorized as
a ‘bottom-up’ method, which offers NPs of small
size, precise morphology, and uniform dispersion
[27,28]. From an engineering perspective, this method
is highly applicable and parallelizable since it does not
require expensive equipment or complicated settings
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like other methods [26,28]. Furthermore, the prepara-
tion of a NPs suspension in a separate step can accel-
erate the throughput since the NPs suspension can be
parallelly immobilized on multiple supports in subse-
quent steps.

In the next step, MNPs are immobilized on
a support via wet-impregnation using a multi-
position stirrer and heater. The wet-impregnation
method is typically used due to the low concentra-
tion of NPs in the suspension can prevent aggrega-
tion [29]. Note that in the step of NPs preparation,
poly(vinylpyrrolidone) (PVP) is used as a capping/
stabilizing agent. This not only affects the formation
of NPs but also enhances the physical adsorption of
NPs on the catalyst supports via electrostatic and
polarity of the surfactant during impregnation [30].
This step is followed by drying and calcination to
remove the solvent and convert the deposited NPs
into the active state. Since a wide range of metal
combinations, whose interaction with the support
can largely vary, is used in the present research,
slow drying is preferable to obtain homogeneous
distribution [31,32].

A high-speed and automated system where the
effluent gases are analyzed by a quadrupole mass
spectrometer (QMS) has been developed to evaluate
20 catalysts in a wide range of reaction conditions. The
evaluation of multiple catalysts simultaneously offers
a quick screening process while minimizing the differ-
ences in the pre-/peri-reaction, thus delivering more
reliable data. The present research found that 30 cat-
alysts out of 51 tested catalysts gave 50% conversion
(T50) for CO/C3H¢/NO at the temperature below 300
°C. In addition, new catalysts consisting of three to five
elements are observed as effective catalysts.

2. High-throughput synthesis of multimetallic
catalysts

2.1. Synthesis of multimetallic nanoparticles by
hot-injection method

Herein, we demonstrate an inexpensive and accessible
approach for parallelly synthesis of MNPs via a hot-
injection method. The chemicals employed in the pre-
sent research are comprehensively listed in Table S1.
Figure 1(a) displays stock solutions containing 0.24
mmol of individual metal precursors in a solution of
1-methyl-2-pyrrolidone (NMP) and PVP (20 mg
mL™!). For some cases in which the metal precursors
are less soluble, the mixtures are gently heated under
vigorous stirring. In a separate flask, a solution con-
taining triethylene glycol (TEG) and PVP (11.5mg
mL ") is purified by bubbling with nitrogen through
a diffuser at 110 °C for at least 60 min (Figure 1(b)). To
minimize moisture, reaction vials with a designed
Teflon cap are heated at 200 °C under the nitrogen
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flow. Then, the TEG/PVP solution (20 mL) is injected
into each vial and stirred for 15 min (Figure 1(c)).
The specified amounts of the stock solutions are
mixed, and 2.4 mL are transferred into a disposable
syringe. Here, we assume an equimolar mixture of
metal components. The syringe needle is inserted into
a reaction vial through a rubber septa cap (without
injecting the solution). Similarly, a syringe containing
lithium triethylborohydride (LiTEBH, 2 mL) is inserted
as shown in Figure 1(d). Thereafter, the LITEBH solu-
tion is injected first, followed by the gradual injection of
the precursor solution into the hot reaction mixture.
After completing the injection, the reaction is continued

S.D.LE et al.

for an additional 30 min. When the reaction finishes,
heating is stopped and the reactors are cooled under the
nitrogen flow.

The obtained suspensions (Figure 1(e)) are trans-
ferred into centrifugal tubes while they are still warm
and less vicous. The residual reducing/stabilizing
agents are washed with a mixture of acetone and
hexane (3:1v/v). In general, 20 mL of the washing
solution is added to the reaction suspension. It is
then vigorously shaken before being centrifugated at
a speed of 10,000 rpm for 10 min. The supernatant
liquid is decanted while the sedimented NPs are redis-
persed in methanol (5 mL) for further use. It is worth
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Figure 1. lllustrations of the NPs synthesis process: (a) individual metal precursor solutions, (b) pretreating a TEG/PVP solution, (c)
heating TEG/PVP solutions at 200 °C, (d) reaction setup with two syringes for a mixed metal solution and a reducing agent, and (E)

obtained NPs suspensions.
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noting that the actual quantity of NPs obtained per
reaction depends on the atomic weight and reactivity
of the constituent elements. However, it was generally
about 100 mg with an approximate yield of 90%.

2.2. Synthesis of multimetallic catalysts by
impregnation

In general, the parallel synthesis of catalysts begins
with the addition of support into 20 wvials
(Figure 2(a)). Here, we select y-AL,O; (200 mg) as
the most commonly employed support for TWC.
Depending on the metal concentrations, a certain
amount of NPs suspension is then added to these
vials to obtain a metal loading of 0.3 wt%. To assist
the diffusion, DI water is added to increase the total
volume to 2 mL. The impregnation is carried out at 60
°C while stirring at 300 rpm for 24 h (Figure 2(b)). The
resulting mixtures are transferred to ceramic crucibles
with the aid of a small amount of DI water. The liquid
is slowly evaporated by drying in an oven at 80 °C for
24 h. The obtained solids are collected and ground
finely before being calcined at 550°C for 2h
(Figure 2(c)). Finally, the calcined samples are ground
before evaluation (Figure 2(d)).

Impregnatiorffon supports

S.D.LE et al.

3. Methods for characterizations

3.1. Characterization of nanoparticles
compositions

The composition of metals in NPs suspension is quan-
tified by an X-ray fluorescence spectrometer (XRF,
PanAlytical Epsilon 3, UK) based on the external
calibration method for the respective metals (Figure
S1 in the Supplementary file). The XRF is equipped
with an Ag X-ray tube, operated with a Cu filter hav-
ing 500 ym thickness. It is conducted under a potential
range from 4 kV to 50 kV and a current range from 1
pA to 3000 A, providing the maximum power of
15 W. To prepare the standard samples, the stock
solutions of 1000 ppm (mg kg™!) are prepared by
dissolving the respective precursors in a 5% hydro-
chloric aqueous solution. Multielement standard solu-
tions in different concentrations were prepared from
the stock to make the calibration curves. NPs dis-
persed in methanol/DI water (4/6 v/v) were prepared
for the measurements. Finally, 3.0 mL of a sample
solution was added into a sample cup (35mm in
dia.) supported by a 6-ym thick polypropylene film.
The machine can be programmed to measure 10 sam-
ples in an automated fashion with an acquisition time
of 60 s. The metal compositions of all the investigated

000000088
90000090880
@ 9 . ¥ & § A

Figure 2. lllustrations of the catalyst synthesis process: (a) immpregnation of NPs on catalysts supports, (b) parallel impregnation
setup, (c) drying and calcination in an oven, and (d) obtained catalysts.
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Figure 3. Incorporation of individual elements in the synthesized NPs (figure created with [33]).

combinations are listed in Table S3. The results indi-
cate that some metals tend to be more easily incorpo-
rated than others in the final NPs and the composition
is case-sensitive due to metal — metal interaction in the
synthesis. For example, the fraction of Pd is 47% in
PdRh while it is 70% in PdRu.

To visualize the distribution of atomic composition
data, a violin plot that shows an element-wise distri-
bution of the incorporated concentration normalized
by the theoretical concentration is provided in
Figure 3. Note that the theoretical atomic concentra-
tion of the corresponding element is derived based on
an assumption that all the elements are fully incorpo-
rated (0.5, 0.33, 0.25, and 0.2 in binary, ternary, qua-
ternary, and quinary combinations, respectively). The
median points of box plots indicate that the PGMs
generally takes larger fractions in these NPs combina-
tions. Except for Ru, the kernel density parts in these
PGMs-contaning NPs have more elongated distribu-
tions and skinny top ends compared to the other
groups. This indicates that PGM tends to incorporate
themselves rather than with the other elements, result-
ing in the dominant fractions of PGM. On the other
hand, the kernel density plots of the other metals
indicate that the fractions of these metals are highly
concentrated around the median. This suggests that
the metal fraction is dependent on the nature of the
metal.

3.2. Characterization of nanopatrticles
morphology

The morphology of the synthesized NPs was observed
on a transmission electron microscope (TEM, Hitachi
H-7650, Japan) operating at an acceleration voltage of
100 kV. In addition, high-angle annular dark-field
scanning TEM (HAADF-STEM) with elemental

Figure 4. Representative TEM images of prepared NPs.
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mapping using energy-dispersive X-ray spectroscopy
(EDS) was performed on the JEM-ARM200F (JEOL
U.S.A,, Inc) at 200 kV. To prepare the samples, a NPs
suspension in methanol was dropped onto a Cu/Mo
grid and allowed to dry naturally for 12 h. The average
size of particles was acquired by analyzing TEM
images with the Image] software (Table S3).
Representative TEM images are shown in Figure 4,
reveal that MNPs possessed an uniform size and
shape, indicating the successful parallel synthesis of
MNPs. The HAADF and elemental mapping images of
representative NPs, including CuRh, CoRhPt,
PdRhCoFe, and NiCoFePtPd, are displayed in
Figures S2-5 of the Supplementary file. These images
provide additional confirmation that the elements
were distributed randomly and uniformly within the
NPs. A histogram representing the distribution of
average sizes of all the NPs is observed in
Figure 5(a). The symmetric distribution of the data
set allows the approximation of the mean size of NPs
by Gaussian fitting, which is approx. 3.3 nm.
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Figure 5(b) shows the distribution of the average size
for NPs that contain a specific element. The results are
consistent with the Gaussian approximation as the
median points of all groups are between 3.0 and 3.5
nm, except for In-based NPs. In general, kernel den-
sity plots are wide near the median and skinny on each
end, which indicates narrow size distribution in the
samples.

4. High-throughput screening of catalysts for
TWC

4.1. Experiment setup

The TWC performance was evaluated using a high-
throughput screening (HTS) instrument which was
developed and validated in our recent publications
for some other catalysis [16,35-37]. Basically, the
HTS instrument (Figure S6 in the Supplementary
file) is operated based on coordinated actions of
a mixed gas generator (MU-5602, HORIBA STEC,

NPs size (nm)

Average size (nm)
Noowow A RO
[0} o w o w o

T T T T T T

I
o
T

Cr Mn Fe Co Ni Cu Ru Rh Pd Ag In Ir Pt

M-containing NPs

Figure 5. (a) histogram of the average size for all the synthesized NPs (figure created with [34]) and (b) violin plots representing
the distribution of the average size for NPs containing a specific element (figure created with [33]).
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Japan), a flow distributor, reaction quartz tubes, an
electric furnace, an autosampler, and a quadrupole
mass spectrometer (QMS, Transpector® CMP 3
INFICON, Switzerland). A simulated exhaust gas con-
taining CO (13000 ppm), CsHg (2000 ppm), NO (3000
ppm), CO, (100000 ppm), O, (14000 ppm), and He
(balance) is provided by the mixed gas generator. The
gas concentrations employed in this study were deter-
mined in accordance with an industry standard, con-
forming to the typical detection limit of the QMS
detector, which is capable of detecting concentrations
as low as 100 parts per billion (ppb). In addition, the
corresponding flow rates were derived and detailed in
Table S2, which fall comfortably within the controlla-
ble range of our gas mixer. The generated gas is split

400+ NO
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< 200-
¥ 150
1001
50-

0
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equally and transferred into 20 reaction quartz tubes
by the flow distributor. In general, catalyst powder (60
mg) is packed between two layers of quartz wool in the
neck position of the tube (inner diameter of 4 mm on
the input side and 2 mm on the output site). These
reaction tubes are fixed in a tube holder and placed
inside the electric furnace. Temperatures at three
zones along the furnace are controlled by electronic
thermometers coupled with PID. The effluent gas
coming out from reaction tubes is transferred to the
autosampler. Here, the pneumatic actuated diaphragm
valves (MEGA-ONE, Fujikin, Japan) is used to control
the open/close valves to the QMS inlet. Typically, the
effluent gas from 20 tubes is sequentially sampled in
1.8 s and evacuated in 12 s. In total, it requires less

C4H, Cco
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Figure 6. Screening results for TWC (figure created with [34]).
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than 5min/lap for generating data points for 20
catalysts.

Before the reaction, the catalysts were firstly acti-
vated at 600 °C under O, flow for 90 min and then
cooled down to room temperature. The temperature
was then increased in a step of 20 °C from 100 to 400 °C
with the continuous flow of the simulated reaction gas.
The flow volume of the gas was fixed at 10 ccm per
channel and each temperature condition was kept for
40 min, corresponding to 8 laps of QMS evaluation.
The mass signal intensities generated by QMS are con-
verted to the pressure of individual gas species relative
to that of He using external calibration as shown in
Figure S7 in the Supplementary file. The basic calcula-
tion of conversion is shown in Equation (1),

in out
Px —Px pX x 100% (1)
X

Conversion(X) =

where px 71; f is the denotation of flow rate and
X represents either CO, C3Hg, or NO.

4.2. Screening results

Figure 6 compares the performance of the 51 MNPs
when supported on y-Al,O; at a fixed amount of
loading (0.3 wt%) in terms of T50 of NO, CO, and
C;sHg. It is noted that T50 was not measurable within
the examined temperature range when no catalyst was
used. The best catalyst was found to be y-Al,O; sup-
ported PdRh NPs, which is consistent with the pre-
vious research where PGMs were used for TWC
[38,39]. In addition, Pd was found to be replaceable
with Cu in the Rh-based bimetallic catalysts without
a significant deterioration in activity. Moreover, in
other multimetallic systems, combinations containing
cheap and earth-abundant metals were also found. For
example, PARhNi, PdRhFe, PtRhCu, and PdRhCo are
found to be good performing in the ternary system.
Similarly, in quaternary and quinary systems,
PdRhCoFe, PdARhCuCo, and CoNiRuRhPd exhibited
low T50 values of around 250 °C.

As lowering T50 for NO reduction is generally diffi-
cult under TWC conditions, an analysis is performed
for a relationship between the observed T50 and the
earth abundance of the MNPs design. The abundance
of NPs combination is expressed by the arithmetic
mean of the decadic logarithm of the abundance values
(A) of given elements [40] in that combination. It is
noted that to remove the skewness of the abundance
values among the investigated metals, A is transformed
to log,, A, and its relationship with T50 is plotted in
Figure 7. Table S4 (in the Supplementary file) shows
that log,, A of precious metals is negative while it is
positive for the more abundant metals. Accordingly,
combinations that have positive or less negative values
consist of more earth-abundant metals. The scatter plot

S.D.LE et al.
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Figure 7. Relationship between the T50 of NO and the earth
abundance of the MNPs design. The earth abundance of
a design is derived as an average of scaled abundance of
individual elements (figure created with [34]).

here shows that there exists a trade-off between T50 and
the abundance of MNPs design. For example,
CrRuPdPtRh, MnRuPdPtRh, PdRuCo, and PdRuNi,
which have increasing x-values of 1.62, 1.43, 1.14, and
0.97, showed increasing T50 values of 298.0 °C, 307.2 °
C, 324.0°C, and 340.5 °C, respectively. However, there
also exists combinations with similarly high x-values at
approx. 1.00 but having low T50 of less than 280°
C such as PdRhNi, and PARhCu. Furthermore, some
combinations, i.e. PARhCoFe, PARhCuFe, NiCoFePtPd,
with positive abundance values of 0.33, 0.43, and 0.79
and having low T50 of 271.2 °C, 272.2 °C, and 293.2 °C,
respectively were found. In short, the current study
found that the PGMs can be replaced with cheaper
metals in multimetallic catalysts to deliver comparable
activities for TWC. That is, among 51 investigated
combinations, 30 catalysts exhibited T50 <300 °C, and
6 catalysts having T50 <270 °C, which include PdRh,
PtRh PdPtRhFe, CrCuRhPd, PdPtRhCu, and
AgCoPdPtRh.

5. Conclusion

In conclusion, this study presents a quick and efficient
process for synthesizing, characterizing, and evaluating
MMC:s tailored to TWC. The process enables the pre-
paration of 10 MNPs per day via the hot-injection
method, followed by catalyst preparation via the impreg-
nation of the MNPs. Leveraging our home-made HTS
system with programmable and automated sequences, we
were able to simultaneously evaluate the performance of
20 catalysts under various reaction conditions. The
screening results reaffirmed the importance of PGM:s in
TWC while highlighting the potential of earth-abundant
metals including Cu, Co, Ni, and Fe as viable alternatives.
By integrating high-throughput aspects into the discov-
ery of MMCs, the present research significantly
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contributes to the field of automotive catalysis by enrich-
ing the TWC research toolbox and providing a platform
for more efficient catalyst development. This advance-
ment in catalyst design opens promising avenues for
sustainable and cost-effective catalysts, bringing us closer
to achieving cleaner and more environmentally friendly
automotive emissions.
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