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ABSTRACT: Multielement alloy nanoparticles have attracted much attention due to their attractive catalytic properties derived from
the multiple interactions of adjacent multielement atoms. However, mixing multiple elements in ultrasmall nanoparticles over a wide
range of elements on the periodic table is still challenging because the elements have different properties and miscibility. Herein, we
developed a benchtop 4-way flow reactor for chemical synthesis of ultra-multielement alloy (UMEA) nanoparticles composed of d-
block and p-block elements. BiCoCuFeGalnlrNiPdPtRhRuSbSnTi 15-element alloy nanoparticles composed of group IV to XV ele-
ments were synthesized by sequential injection of metal precursors using the reactor. This methodology realized the formation of
UMEA nanoparticles at low temperature (66 °C), resulting in a 1.9-nm ultrasmall average particle size. The UMEA nanoparticles
have high durability and activity for electrochemical alcohol oxidation reactions and high tolerance to CO poisoning. These results

suggest that the multiple interactions of UMEA efficiently promote the multistep alcohol oxidation reaction.

INTRODUCTION

Solid-solution alloy nanoparticles (NPs) show unique proper-
ties derived from the interaction between different elements,
and many synthesis methods have been developed for a long
period of time®8. Recently, multielement-alloy (MEA) NPs, for
example, high-entropy alloy (HEA) NPs consisting of 5 or more
elements, have attracted much attention, especially for their
captivating catalytic properties, which are completely different
from those of conventional alloy catalysts”®. This may be be-
cause every atom tends to have a different electronic structure
due to various configurations of adjacent atoms®. However, the
electronic state of atoms is altered based on the original elec-
tronic state of the elements. In order to achieve suitable local
electronic states for catalytic reactions incorporating various in-
termediates, it would be suitable to mix elements with widely
different properties from a wide range of the periodic table of
the elements. Although many kinds of synthesis methodologies
for MEA NPs have been rapidly developed in the last 5 years'®
12 mixing ultra-multiple elements, such as more than 10 ele-
ments, is still challenging due to the different properties and
miscibility of each element. Additionally, although small parti-
cle sizes with high surface-to-volume ratios are advantageous

for catalytic applications®®, high-temperature synthesis condi-
tions that efficiently utilize high configurational entropy often
result in relatively larger particle sizes (over 10 nm) of MEA
NPs!01114 These problems limit the compositional space for
catalyst research. Recently, 15-element alloy NPs composed of
various d-block elements were synthesized on a conductive car-
bon support with flash heating and cooling by electrically trig-
gered Joule heating with specialized equipment®®; however, the
particle size was approximately 10 nm, and the size distribution
was inhomogeneous. For catalytic applications, a general syn-
thesis methodology for smaller ultra-multielement alloy
(UMEA) NPs composed of a vast range of elements on the pe-
riodic table is highly needed to identify unexplored catalysts.

A liquid-phase chemical reduction method is widely used to
synthesize alloy NPs'®Y7, and it is known that particle size can
be easily tuned by changing the reducing power of the reduct-
ant®. This method has the potential to be an effective general
method to synthesize smaller UMEA NPs. However, most
MEA NPs synthesized by chemical reduction methods are com-
posed of elements with high and similar redox potentials, such
as platinum-group metals (PGMs)**%, and UMEA NPs with
more than 10 elements have not yet been reported. This is
mainly because of the largely different redox potentials of
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Figure 1. The elements in 15-UMEA and the developed 4-way flow reactor. (a) Redox potentials (V vs. SHE) of the cations in their valence
states (Ti**, Fe3*, Co?*, Ni?*, Cu?*, Ga**, Ru®*, Rh%*, Pd?*, In®, Sn?*, Sb3*, Ir®*, Pt?*, Bi®*) and atomic radii (ppm) of the fifteen elements in
15-UMEA. (b) Schematic of the 4-way flow reactor with sequential injections of the metal precursors. Heated areas are coloured red. (c)

HADDF-STEM image of 15-UMEA.

multiple elements. To mix a wide variety of elements homoge-
neously in a nanosized particle,a reductant needs to maintain
enough activity to steadily reduce multielement cations concur-
rently until the reaction is completed. In addition, multielement
cations are difficult to treat in the same flask without them un-
dergoing redox reactions with each other. Continuous-flow syn-
thesis can homogenous smaller NPs by precisely controlled sta-
ble reaction conditions?*. Recently, very small and homogene-
ous IrPdPtRhRu MEA NPs were synthesized with a continuous-
flow reactor by injecting all metal precursors simultaenously?.
Flow chemistry can allow a reductant to maintain enough activ-
ity to constantly reduce multielement cations simultaneously
until the junction of precursor and reductant solutions. Further-
more, multielement cations can be easily treated in different so-
lutions and mixed under precise control by designing a flow
pathway. Therefore, smaller UMEA NPs would be synthesized
by flow chemistry with an adequate reducing agent to concur-
rently reduce a variety of cations via a flow pathway that han-
dles multiple solutions.

In this study, we successfully synthesized ultrasmall Bi-
CoCuFeGalnIrNiPdPtRhRuSbSnTi 15-element UMEA NPs
(15-UMEA) with a benchtop 4-way continuous-flow reactor to
sequentially inject three different solutions of metal precursors
by a liquid-reducing method with the strong reducing agent lith-
ium naphthalenide (LiNaph). 15-UMEA is composed of a wide
range of elements from group 1V of the early transition metal
(Ti) to group XV of the p-block metal (Bi), where the difference
between the maximum and minimum redox potentials is over 2

V. 15-UMEA was characterized by scanning transmission elec-
tron microscopy with energy-dispersive X-ray spectroscopy
(STEM-EDX), X-ray fluorescence (XRF), hard X-ray photoe-
lectron spectroscopy (HAXPES), powder X-ray diffraction
(PXRD), and pair distribution function (PDF) analyses. The
STEM-EDX map and point analyses revealed the successful
mixing of all 15 elements in a sub-2 nm particle. The amor-
phous-like structure with short-range order of metal-metal
bonds was revealed by PXRD and PDF analysis. We further in-
vestigated the electrochemical catalytic properties of 15-
UMEA for alcohol oxidation reactions (AORs) (alcohol: etha-
nol (EtOR), 1-propanol (PrOR), 1-butanol (BuOR)) in 1 M
KOH aqueous solution. We revealed that 15-UMEA has high
durability and high activity for AORs. In addition, 15-UMEA
shows incredibly high forwards-to-backwards current ratios
(it/ip) of more than 7 in all AORs, indicating that it promotes
complete oxidation reactions and has a high tolerance to CO
poisoning?*?4. These results suggest that the multiple interac-
tions of ultra-multielements efficiently promote multistep com-
plete AORs.

RESULTS AND DISCUSSION

Synthesis and general characterization. As shown in Figure
1a, in the 15 elements (Bi, Co, Cu, Fe, Ga, In, Ir, Ni, Pd, Pt, Rh,
Ru, Sh, Sn, and Ti), the atomic radii and redox potentials are
very different. The atomic radii of indium (163 ppm) and iron
(124 ppm) differ by as much as 31%. It is known that an alloy
containing the elements with such a huge atomic radii
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Figure 2. Distribution of the fifteen elements in a particle. Atomic percentages in 15-UMEA estimated by STEM-EDX point analysis (Bi-
L, Co-K, Cu-K, Fe-K, Ga-K, In-L, Ir-L, Ni-K, Pd-L, Pt-L, Rh-L, Ru-L, Sh-L, Sn-L, and Ti-K). The horizontal axis is the particle number in
order of increasing particle size (Figure S3). The red lines are the average atomic percentages of fifty particles. Insets: HAADF-STEM image
of 15-UMEA and corresponding EDX maps of each element in 15-UMEA.

difference tends not to form a solid solution®. There is also a large
redox potential difference, more than 2 V, between Pt?* (1.2 V vs.
SHE) and Ti** (-1.1 V vs. SHE) (Figure 1a). In addition, some com-
binations of the precursors may lead to redox reactions such as
2C0%* + Pd?* = 2Co®% + PdC. To overcome these problems and syn-
thesize UMEA NPs, the flow path was arranged in a 4-way manner
with sequential injections of metal precursors (Figure 1b). In this
flow system, the metal precursors were divided into three groups,
Group 1 (Co, Fe, Ti), Group 2 (Bi, Ga, In, Ni, Sb, Sn), and Group
3 (Cu, Ir, Pd, Pt, Rh, Ru), based on their redox potential, ligands,
and reactivity. These three groups were separately dissolved in tet-
rahydrofuran (THF), and their solutions were stored in flasks con-
nected to the flow reactor. The solutions of Groups 1 to 3 were in-
jected into the reductant in the order of reduction speed from slower
to faster for the simultaneous reduction of multielement cations
(Figure 1b). After the reaction, at the exit end of the flow reactor,
the solution was mixed with a carbon dispersed solution to load
NPs on the carbon support for electrochemical measurements. Alt-
hough most of the syntheses for MEA NPs were conducted at very
high temperatures (~1700 °C), this reaction was performed below
the very low boiling point of THF (~66 °C). The high-angle annular
dark-field STEM (HAADF-STEM) images (Figures 1c and S1) re-
vealed that the obtained NPs were homogeneously dispersed on
carbon and had a 1.9 + 0.6 nm ultrasmall average particle size. This
ultrasmall size and narrow distribution were realized by a strong
reducing agent and low synthesis temperature. Assuming a close-

packed structure with an average atomic radius of 15-UMEA, a 1.9
nm particle consists of only 250 atoms at most and has a surface-
to-volume ratio of more than 50%, which is expected to be advan-
tageous for catalytic applications.

The composition of 15-UMEA was characterized by XRF Fig-
ure S2), showing that the whole composition of 15-UMEA was
50% PGMs and 50% the other metals, corresponding to the
nominal ratio. To identify the structure of 15-UMEA, we con-
ducted STEM-EDX map and point analyses. As shown in Fig-
ure 2, the EDX maps suggest that all 15 elements are distributed
in each NP. However, given that 1.9 nm NPs consist of only
250 atoms, the number of atoms of each element in one particle
is expected to be from several to thirty. Hence, to verify the for-
mation of a solid solution in 15-UMEA, we performed EDX
point analysis for 50 randomly chosen particles (Figures 2 and
S3) because misidentification of the alloy structure can occur
by EDX maps alone. Overall, all 15 elements were observed
from most of the single NPs by point analysis. Figure S4 shows
the number of constituent elements in 80% of particles is 14 or
15 elements. In most of the particles, all element ratios are be-
low 20%. The red lines show the average atomic ratios of 50
particles, and they are consistent with the XRF results. Alt-
hough some deviations from the averages are observed in all 15
elements, the deviations are mostly within £10%,
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Figure 3. Short-range order in noncrystalline 15-UMEA. (a) Synchrotron XRD patterns of 15-UMEA (red), carbon (black), and capillary
(grey) data. The radiation wavelength was 0.206898(5) A. Inset: Background-subtracted diffraction pattern of 15-UMEA (red). (b) PDF data
of 15-UMEA. Inset: Atomic resolution HAADF-STEM image of 15-UMEA.

corresponding to approximately only 25 atoms, which is ac-
ceptable as the natural distribution in ultrasmall-sized NPs. In
alloy nanoparticles, if all elements are not well mixed and a
solid solution is not homogeneously formed, the size depend-
ence of composition should be observed, however, it was not
observed in all 15 elements, which also supports the homoge-
neous distribution of the 15 elements in 15-UMEA by forming
a solid-solution phase. Additionally, all the particles have
much higher configurational entropy than the definition of HEA
NPs (1.5R, where R is the gas constant)?, suggesting UMEA
formation in all particles (Figure S5).

As a control experiment, we synthesized the same 15-element
NPs using a 2-way type flow reactor by injecting all metal pre-
cursors dissolved in one solution (Figure S6). In the HAADF
image of the 2-way type 15-element NPs Figure S7), the size
distribution was larger than that of 15-UMEA synthesized by
the 4-way type reactor, and there were some large NPs of ap-
proximately 10 nm in size that were not observed in 15-UMEA.
Figure S8 shows an example of the STEM-EDX point and line
analysis results of a large NP. It is revealed that only a few ele-
ments, such as In and Pd, are the main constituents and form a
core-shell structure. These results strongly suggest that multi-
way flow synthesis can be a prime candidate for UMEA NPs
synthesis because it successfully avoids redox reactions be-
tween precursors and achieves the simultaneous reduction of all
constituent cations.

Figure 3a shows the PXRD patterns of 15-UMEA. All the peaks
from 15-UMEA are very weak and broad, and they are not
clearly observed. The inset shows the XRD patterns of 15-
UMEA where carbon and capillary patterns were subtracted. In
addition, three basic metal structures of fcc, bcc, and hcp are
shown in Figure S9. Compared with these patterns, although it
is not completely matched with any patterns in the three basic
metal structures, the fcc pattern is most similar to the pattern of
15-UMEA. However, because the XRD pattern of 15-UMEA
cannot be fit by a fcc component, it is concluded that 15-UMEA
has an amorphous-like metal structure with a local order due to
a mismatch between the 15-element atomic size and the ul-
trasmall particle size. This amorphous-like structure was further
confirmed by PDF analysis (Figure 3b). The small peak at 1.9
A corresponds to metal-oxide bonds from surface oxidation due
to the ultrasmall size of 15-UMEA and the absence of an addi-
tional protecting agent. The strong peak at approximately 2.6 A

corresponds to various lengths of metal-metal bonds in 15-
UMEA. Assuming a fcc structure with a 2.6 A nearest bond
length, large mismatches from the third nearest distance were
found (Figure S10). The inset of Figure 3b is an example of an
atomic-resolution HAADF-STEM image of 15-UMEA. The
ordered structure was rarely observed throughout a particle,
while a monometallic particle generally has the structure. These
results show that 15-UMEA has a metallic amorphous-like
structure with only short-range order. In addition, the particle
size can be slightly changed by synthesis temperature (Figure
S11).

AORs activity and stability. In MEA NPs, multiple interac-
tions of multiple elements exist, which provides diverse local
electronic structures for the surface atoms of MEA NPs®. This
diverse electronic structure can provide a variety of adsorp-
tion/desorption sites that effectively work for different interme-
diates and substrates in multistep reactions?®. It is assumed that
MEA can catalyse multistep reactions. In addition, multi-ele-
ment alloys could have high stability in corrosive environments.
As a typical example of multistep reactions, we focused on
AORs with alkali conditions, which attract attention as key re-
actions in direct-alcohol fuel cells due to the high energy den-
sity of alcohol?%°. As control experiments, we synthesized
IrPdPtRhRu PGMs 5-element MEA NPs (5-MEA)%, Bi-
CoCuFeGalnNiSbSnTi 10-element MEA NPs (10-MEA)
which consist of non-PGMs among 15-elements, and Pt and Pd
monometallic catalysts loaded on carbon (for details, experi-
mental part in Supporting Information and Figures S12-17). A
1 M KOH with 0.5 M alcohol solution was used for all the
measurements. Although Pd or Pt monometallic catalysts are
known to have high catalytic activity for AORs, the main prob-
lems associated with these catalysts are the surface poisoning
effect because the intermediate products of COgq result in less
durability and loss of energy density because the incomplete ox-
idation reaction transfers only 4 electrons: CyHz,+1OH + 50H~
= Cp1H201COO™ + 4H,0 + 4e (n: number of carbon in alco-
hol)%32,

Cyclic voltammetry (CV) curves with 50 mV/s of 15-UMEA
showed much higher activity than those of 5-MEA, 10-MEA,
Pt, and Pd in all AORs (Figures 4a—c and S18). As shown in
Figure 4d, interestingly, as the number of carbons increased
from ethanol to butanol, the maximum current density of 15-
UMEA also increased; however, the others did not show this
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Figure 4. AOR performance of 15-UMEA in 1 M KOH. (a)—(c) CVs of 15-UMEA (red), 10-MEA (black), and 5-MEA (blue) in 0.5 M (a)
ethanol, (b) propanol, and (c) butanol solutions. (d) The maximum current density of 15-UMEA (red), 10-MEA (black), and 5-MEA (blue)
in ethanol, propanol, and butanol solutions, respectively. () it/ib ratios of 15-UMEA and synthesized Pd in ethanol, propanol, and butanol
solutions, respectively. (f) Chronoamperometry of 15-UMEA (red) and synthesized Pd (black) at 0.7 V for 1 hour.

tendency. In addition, 15-UMEA has 25 times and 88 times
larger maximum current density than 5-MEA and 10-MEA in
BuOR, which implies that 15-UMEA efficiently promotes the
complete oxidation reaction with 6n electrons, including C-C
cleavage: CyH2,+1OH + 6nOH™ = nCO; + (4n + 1)H,O + 6ne,
rather than a partial oxidation reaction with 4 electrons:
CnH21+10H + 50H" = C.4H201COO™ + 4H,0 + 4e~. The mass
activities are shown in Figure S19. The ratio of forwards cur-
rent (ir) to backwards current (iy) is used for the evaluation of
alcohol oxidation completeness and poisoning tolerance for
CO.¢?>?. The catalysts, which have a high ii, ratio, can effi-
ciently promote the further oxidation of CO,q intermediates dur-
ing the forwards scan, which means promoting a complete oxi-
dation reaction. For ethanol, propanol, and butanol, 15-UMEA
has a more than 5 times higher it/i, ratio than Pd, which recorded
a markedly high value in previously reported representative cat-
alysts?® (Figures 4e and S20). In addition, *H NMR measure-
ment shows that the Faradaic efficiency of acetate for 15-
UMEA in EtOH oxidation reaction at 0.6V is lower than that of
synthesized Pd, which indirectly supports that 15-UMEA effi-
ciently promotes the complete oxidation reaction (Figure S21).

The durability was examined by a chronoamperometry meas-
urement at 0.7 V. While the current density of synthesized Pd
drastically decreased to almost 0 within 1 hour, a higher current
density was maintained in 15-UMEA even after 1 hour (Figure
4f). These results suggest that the high-entropy effect in 15-
UMEA contributes to the high tolerance towards CO poisoning.

Based on previous studies of AORs, other than Pt and Pd, the

15 elements are not known to show good activity towards AORs.

However, the formation of a solid solution alloy of 15 elements
containing a wide range of elements with completely different
properties generates an unconventional catalyst surface where
each surface atom has a different local electronic structure,
which promotes multielementary steps such as C-C cleavage
and OH™ adsorption. For example, the dehydrogenation of the

first reaction in C—C cleavage is the most difficult step in com-
plete AORs®**2, In addition, OH™ adsorption on the catalyst sur-
face at low voltage can also accelerate dehydrogenation and
promote further oxidation of the CO,q intermediate on the adja-
cent metal sites, resulting in high activity and stability®333,
Although operand measurements for UMEA NPs can be an ef-
fective method to discuss the detailed mechanism of catalytic
reaction, it was very hard due to the very low density of each
element. However, considering the catalytic performance of 5-
MEA and 10-MEA, nanoparticle surfaces of 15-UMEA effec-
tively catalyzing AOR would be random distributions of 15 el-
ements in the UMEA, and p-block and early d-block elements
on the surface could be oxidized to some extent during the re-
action. 15-UMEA has a featureless broad valence band struc-
ture as directly observed by HAXPES (Figure S22), which sug-
gests that each atom has a different local electronic structure®.
These diverse local electronic structures can provide a large va-
riety of adsorption sites where various intermediates and sub-
strates can adsorb nearby, which can efficiently promote multi-
step reactions. In contrast, conventional catalysts in which most
of the surface atoms have similar local electronic structures sel-
dom promote these different elementary steps simultaneously.
Hence, the interactions of all 15 elements can contribute to the
high activity and durability of 15-UMEA to AORs.

Conclusion

In this paper, we first synthesized sub-2 nm UMEA NPs com-
posed of multielements from a wide range from group IV to
group XV by a continuous-flow chemical method. The for-
mation of a solid solution of 15 elements, BiCoCuFeGalnlr-
NiPdPtRhRuSbSnTi, which have completely different proper-
ties, was confirmed. In this method, the redox reactions between
precursors were suppressed, and the concurrent reduction of all
constituent cations was successfully achieved with a multiway
flow methodology with sequential injections of metal precur-
sors with a strong reducing agent. 15-UMEA has high activity



for AORs in ethanol, propanol, and butanol and efficiently pro-
motes complete alcohol oxidation reactions. It is possible to
synthesize a variety of UMEA NPs with other composition by
this method, however, some elements such as Li which cannot
be reduced by the reductant are not available. This report greatly
enhances the knowledge on the material design of nanoalloys
and promotes material discovery for catalysis.
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