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ABSTRACT: Nanostructured catalysts often face an impor-
tant challenge: poor stability. Many factors contribute to
catalytic degradation, including parasitic chemical reactions,
phase separation, agglomeration, and dissolution, leading to
activity loss especially during long-term catalytic reactions. This
challenge is shared by a new family of catalysts, multimetallic
nanoparticles, which have emerged owing to their broad
tunability and high activity. While significant synthesis-based

advances have been made, the stability of these nanostructured

Carbothermal Shock (CTS)

<1s at high temperature

catalysts, especially during catalytic reactions, has not been well CTS Catalysts > Wet Impr;g;dioﬁ Catalysts
addressed. In this study, we reveal the critical influence of a dispersed nanoparticles >:agglomeration
synthetic method on the stability of nanostructured catalysts stable CTS composition = 0Xidized upon cycling

through aprotic oxygen catalysis (Li-O, battery) demonstra-

tions. In comparison to the conventional wet impregnation

(WI) method, we show that the carbothermal shock (CTS) method dramatically improves the overall structural and chemical
stability of the catalyst with the same elemental compositions. For multimetallic compositions (4- and 8-elements), the overall
stability of the electrocatalysts as well as the battery lifetime can be further improved by incorporating additional
noncatalytically active elements into the individual nanoparticles via CTS. The results offer a new synthetic path toward the
stabilization of nanostructured catalysts, where additional reaction schemes beyond oxygen electrocatalysis are foreseeable.
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he instability of nanostructured heterogeneous catalysts, been a growing interest in atomically dispersed active sites
for example, nanopartlcles, 1= nanoclusters, and atomi- and subnanometer-scale clusters for catalytic applications;
cally dispersed active sites,” ™ is commonly observed in a however, even short-term stability of these anchored species
variety of reactions. It is well-known that oxidative dissolution presents a formidable challenge.””**
and agglomeration of Pt on carbon supports readily occur To improve the stability of nanostructured heterogeneous
during the oxygen reduction reaction (ORR) in polymer catalysts, significant efforts have been made in terms of
electrolyte membrane fuel cells.*”* For the hydrogen optimizing the substrate to enhance interfacial binding25’26 as

evolution reaction (HER) and CO, reduction reactions, the
detachment and migration of catalysts also transpire
frequently,'*™'¢ particularly under high reaction rates where
gaseous products are quickly converted at the solid/liquid
interface. Such problems often become more pronounced
when further downsizing the catalytic unit. For example,
similar to the aforementioned cases, previous studies have
shown that the chemical and structural stability of nanocluster
catalysts were rarely ideal during long-term oxygen evolution
reactions (OER) in which a multiphase environment is

well as in the modification of the catalyst to preserve the
desired morphology and valence.””?® Nevertheless, how to
maintain long-term stability of the supported catalyst while
balancing the desired catalytic activity remains an urgent quest
to be fulfilled by the community. Such a problem is shared
with an increasingly important class of catalysts: multimetallic
nanoparticles. Typically, multimetallic nanoparticles are
synthesized by wet chemistry methods, namely wet impregna-

involved.'”'® Similar issues arise when nanoclusters are Received: April 13, 2019
exposed to aprotic environments'”*° or undergo high- Revised:  July 2, 2019
temperature gas-phase reactions.””>” Recently, there has Published: July 17, 2019
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tion (WI), that feature a delicate balance among different
processing parameters (precursor concentration, reducing
agents, reaction temperatures, coordination ligand types/
concentrations, among others) to achieve the optimal
properties.zg_33 However, since different elements feature
drastically different physicochemical properties, slight param-
eter changes of the aforementioned processes could result in
detrimental effects to the synthesized multielemental nano-
particles.34 Moreover, catalytic operations can further exacer-
bate the decomposition (such as phase separation, agglomer-
ation, and detachment) of multimetallic nanoparticles, which
leads to poor catalytic activity and short catalyst lifetime. While
active research efforts aim to establish effective protocols for
the systematic and reliable production of stable multimetallic
nanoparticles using solution-based methods>> ™’ and beyond
(e.g. lithography),”® *° the issue of catalyst stability, especially
for long-term operation, still persists.

As one of the most important energy storage systems that
necessitates catalysts, aprotic Li-O, batteries received signifi-
cant attention in the past two decades by promising the highest
theoretical energy density due to the cathode’s surface-based
conversion chemistry.*' ~** Applying efficient cathode electro-
catalysts have shown success in facilitating ORR during
discharge and, particularly, OER during recharge.*™*
However, long-term stability of the current catalytic candidates
remains a critical issue, especially when operating under harsh
testing conditions.””** The Li-O, cathode operates within a
rather delicate system that involves solid/liquid/gas interfaces
during ORR and OER.*'~***® Severe parasitic reactions are
well documented, which further reduces the catalyst’s overall
stability.** 7> With repeated formation and decomposition of
lithium peroxide (Li,O,) as well as other reactive byproducts,
the catalysts are prone to degradation, detachment, agglom-
eration, and/or elemental segregation.*”*”*' For practical
applications, battery operations usually require months of
reliable performance with frequent switching of polarities
between discharge and recharge, necessitating good stability of
the catalysts and highlighting the gap between the needs and
what can be provided by existing materials.”> Using aprotic Li-
O, batteries as a model system, we evaluate catalysts prepared
by different synthesis methods in order to reveal critical factors
that influence catalytic stability and, consequently, overall
electrochemical performance. In comparison to conventional
wet chemistry approaches (such as WI), we previously showed
that the carbothermal shock (CTS) method enables
exploration of more complex multimetallic nanoparticle
compositions (up to 8-element) due to significant temporal
restrictions (i.e., synthesis duration of milliseconds to
seconds).*® In the current work, not only are improvements
in multimetallic particle size reported but also the topic of
catalyst stability induced by the CTS synthesis method is
highlighted for the first time. Together with enhanced
structural and chemical stability, these supported nanocatalysts
synthesized by CTS facilitate superior long-term electro-
catalytic operation compared to WI, as evidenced by the
extended cycle life of the reported Li-O, batteries. We envision
that the synthetically induced stability reported herein is
applicable to other catalytic systems (beyond oxygen electro-
catalysis) that require stable supported catalysts, such as fuel
cells, water splitting, and hydrocarbon conversion devices.

Results and Discussion. To evaluate the influence of
synthesis method on the stability behavior of the catalysts, a
suitable cathode substrate (i.e., catalyst support) and an
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efficient catalyst for oxygen electrocatalysis were first identified.
Carbon-based materials are predominantly used by the Li-O,
research community as both the cathode and catalyst
support.”*™>® Despite the potential complications due to
parasitic reactions of carbon a§ainst reactive oxygen species
during long-term operation,** it offers advantages such as
low cost, good ORR activity, and high surface area that are
critical for high capacities.*”>**” Moreover, carbon is the most
widely used and studied substrate material for many other
reaction systems, where a variety of carbon materials have been
developed through synthetic approaches, with some being
commercialized and massively produced (e.g,, Vulcan carbon
black).*® For Li-O, battery operation, a tunable and well-
controlled porous structure would be ideal both to
accommodate the reaction products and to investigate the
reaction mechanisms.*”" Three-dimensionally ordered meso-
porous (3DOm) carbon was, therefore, chosen for this body of
research. It features a high surface area (ca. 1200 m* g™') and
tunable mesoporosity, where interconnected spherical pores
are formed during the colloidal crystal templating process.>
3DOm carbon also features a variety of surface functional
groups (particularly carboxylic, lactonic, and phenolic),®!
which serve as nucleation sites for metal precursors to adsorb
onto and anchor sites for the synthesized nanocatalysts
(Figures S1—S3). Most importantly, unlike other carbon
substrates whose overall structural uniformity and regularity
are difficult to control, the highly ordered and well-defined
structure of 3DOm carbon permits detailed mechanistic
studies on the various factors that may contribute to the
stability issues, such as particle agglomeration or detachment.

Next, we evaluated which catalysts were suitable for this
study. From the literature, ruthenium (Ru)-based cataléysts
appear to be one of the best for Li-O, battery operation.’>*®
Our previous study as well as those by others have shown that
Ru-based catalysts exhibit superior OER activity and suitable
ORR activity.**~® Similarly, iridium (Ir) has been reported
effective in facilitating discharge and recharge processes during
Li-O, battery operation.°® In particular, the use of Ir has been
shown to achieve one of the highest Li,O, yields, resulting in
appreciably lower parasitic reactions.”” We were, thus, guided
to build an alloy system around these two elements while
keeping in mind the potential concerns, including high cost.
Consequently, material cost led to both the exploration and
incorporation of inexpensive transition-metal elements, which
have been reported to exhibit limited activity toward ORR and
OER in aprotic environments.**’ Thus, Ru-rich catalytic
systems combined with Ir (namely, 3:1 Ru:Ir) as well as
noncatalytic metallic components are chosen for this study to
achieve both binary and multimetallic nanoparticle composi-
tions. In the literature, multimetallic catalysts have also been
prepared by wet chemistry methods (such as WI) in either a
well-mixed (i.e., solid solution) or phase-separated state based
on the thermodynamically favorable phase and specific
elemental combination.’”®® In stark contrast to the conven-
tional WI method, CTS is capable of forming highly dispersed
nanoparticles with beyond trimetallic compositions (up to 8
elements), independent of elemental immiscibility>® (Figure
1). Nanoscale catalysts with such elemental richness and
dispersity, as shown in Figure 1, are rare in the literature. The
temporal limitations inherent to the rapid and tunable CTS
process lead to unique synthetic capabilities as well as
exceptional control in terms of sample morphology, where
well-dispersed and ultrasmall nanoparticle sizes are readily
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Figure 1. Schematic representation of the process and capabilities of
the CTS synthesis method. Nanostructured catalysts with multi-
metallic compositions are readily achievable via CTS on carbon
supports, which exhibit enhanced structural and chemical stability
compared to conventionally synthesized nanocatalysts.

achieved due to short heating/quenching time scales (on the
order of milliseconds to seconds). Thus, the CTS method
produces non-agglomerated nanoparticles with optimum
control over particle size, structure, and elemental composi-
tion, which are promising attributes that could lead to
improved catalytic stability over nanoparticles fabricated by
conventional synthesis methods with slow reduction steps.

In a typical synthesis process, CTS was achieved by
electrically triggered Joule heating of the precursor-loaded
carbon supports in an Ar-filled glovebox (Figure 2a—c). Figure
2a shows the typical morphology of the 3DOm carbon®
before precursor loading. The bare 3DOm carbon was then
loaded dropwise with the desired (Ru and Ir) precursor salts in
solution and undergoes brief exposure to high temperature due
to the applied high current electrical pulse (Figure 2b). After
CTS, nanosized particles evenly decorated the carbon
substrate, while the ordered 3DOm structure (i.e., templated
carbon replica) was preserved, as shown in Figure 2¢ and
Figure S4. It is important to note that while Ru and Ir each

exhibits good catalytic activity as measured by low over-
potentials, the combination of the two via CTS, in varying
ratios, offers even better electrochemical performance (Figures
S5 and S6). Notably, ratios from Ir-rich to Ru-rich (1:3 to
12:1) all exhibited similar overpotentials and terminal
potentials, as shown in Figure S6. The morphology and level
of particle dispersion were highly reproducible between
different samples and apparent throughout the 3DOm’s
interconnected mesopores. The size and dispersion of the
CTS-synthesized bimetallic 3:1 Ru:Ir nanoparticles on 3DOm
are shown more clearly by high-resolution imaging (Figure
2d). The prepared Rulr nanoparticles were predominantly 2—3
nm in diameter, evenly dispersed across the defective sites of
the 3DOm carbon support, and crystalline in nature (Figure 2d
with inset). Since the loaded 3DOm carbon support was
exposed to high temperature for a short time (<1 s), it
provides temporal limitations to prevent nanoparticle agglom-
eration and coarsening that typically occurs with extended
synthesis durations found in conventional methods (e.g., hours
of reaction in furnaces). Consequently, a narrow particle size
distribution and homogeneous mixing of elements (e.g, Ru
and Ir) were achieved by the rapid CTS process, as shown in
Figure 2e—f. The same CTS process could be readily
transferred to other carbon substrates such as on commercial
Vulcan carbon black (Figure S7) or even carbon nanofibers, as
previously reported by our lab.*®> Due to its limited surface
area, however, relatively poor battery performance was
measured on Vulcan carbon compared to 3DOm carbon
supports with identical CTS electrocatalyst compositions
(Figure S8). This disparity in catalytic performance can be
attributed to the better morphological control enabled by
3DOm carbon.” The results further highlight the uniqueness
of the 3DOm carbon as a study platform with the ease of
monitoring potential morphological or compositional changes
on a substrate with well-defined structures.

To determine the effect of the synthesis methods (CTS vs
WI) on nanoparticle formation and stability, we synthesized
Rulr bimetallic nanoparticles via CTS and the conventional WI
method, where identical metal salt precursors (3:1 Ru:Ir) and
3DOm supports were employed; however, the latter relies on a
relatively slow thermal reduction process in a tube furnace in

|
.
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Figure 2. Synthesis and characterization of CTS-synthesized Ru-rich electrocatalysts. (a) Bare 3DOm carbon support used to load multiple metal
salt precursors. (b) Precursor-loaded 3DOm film emitting light during the electrically triggered CTS process. (c) Ru-rich multimetallic nanoclusters
uniformly decorating the 3DOm support, where the 3DOm structure is retained after <1 s exposure to high temperature. (d) HRTEM image of
bimetallic Rulr nanoparticles, which are evenly dispersed and crystalline in nature (see the inset FFT pattern with [110] zone axis). (e) Particle size
and (f) elemental distribution of the 2—3 nm solid solution Rulr particles on 3DOm.
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Figure 3. Nanoparticle stability comparison between the CTS and WI method. HAADF elemental maps of Rulr-loaded 3DOm fabricated by (a)
CTS and (b) the conventional WI methods. (c) XPS Ru 3d spectra of the as-prepared cathodes by the respective CTS and WI methods. Compared
to CTS, the nanoparticles prepared by the WI method were already oxidized and not as well distributed across the 3DOm surface, where slight
agglomeration was present. The yellow shaded region corresponds to the binding energy of Ru metal. (d, e) Schematics showcasing the disparate
stability between CTS- and WI-synthesized Rulr nanoparticles before and after aprotic Li-O, battery operation. (f) Cycling performance (tested at
200 MA gpon ' Or 0.2 mA cm™?) that compares the bimetallic Li-O, battery cathodes via CTS and WI to bare 3DOm, where the trends
correspond to reproducible data sets. The y-axis dictates the terminal voltage upon discharge in each cycle, which showcases the cycling stability.
The STEM-EDS elemental maps of the cycled Li-O, battery cathodes prepared by (g) CTS and (h) WI with corresponding (i) XPS Ru 3d spectra.
After electrochemical cycling, the CTS-synthesized nanoparticles remain (chemically, structurally) stable, while severe elemental segregation and
particle agglomeration plague the WI nanoparticles, which limits the catalyst’s overall stability and results in the greatly reduced cycle life shown in
(f). Note the yellow shaded regions in (c) and (i) correspond to the binding energy of metallic Ru.

order to transform the precursors into nanostructured conventional heat treatment in a tube furnace was identified
catalysts. Figure 3a,b compares the as-synthesized nano- via Raman spectroscopy (Figure S9). Notably, the defect level
particles by CTS and WI methods in terms of size, shape, between the samples is nearly identical (Ip/I; ~ 0.9S for bare
dispersion, and elemental distribution through high-angle 3DOm and 0.93 for furnace treated 3DOm), which indicates
annular dark-field (HAADF) images and elemental maps. that the carbon support does not undergo changes during the
Despite slight particle agglomeration, the Rulr catalysts furnace heat treatment. Additionally, TEM images and XPS
synthesized by the WI method are identical to the CTS spectra showed no obvious changes in terms of particle size/
nanoparticles in terms of size (few nanometers in diameter) dispersion or chemical composition between the bare and
and shape. Additionally, the elemental components (Ru, Ir) furnace treated 3DOm carbon (Figures S10 and S11).
within the WI-synthesized nanocatalysts are also uniformly Therefore, the slight particle agglomeration observed for the
mixed, similar to the CTS nanoparticles. Since the initial metal WI-synthesized nanoparticles arises from exposure of the
precursor ratio/loading, nanoparticle size/shape, and elemental precursor-loaded supports to high temperature for prolonged
distribution of the CTS and WI nanoparticles are common time scales.
features, the two nanoparticle systems can be directly The chemical composition of the CTS- and WI-synthesized
compared in terms of overall catalyst stability. However, the nanocatalysts was explored via an additional spectroscopy
initial difference between the CTS and WI nanoparticles is technique. Specifically, X-ray photoelectron spectroscopy
evident from the microscopy images, where slight agglomer- (XPS) revealed that the nanoparticle’s major elemental
ation is present for the WI method. Two potential reasons for component, Ru, is metallic in nature (as shown by the yellow
the agglomerates are as follows and are directly linked to the shaded region) after CTS synthesis, whereas the Ru-rich WI
slow thermal reduction procedure: (1) The defect density and nanoparticles were oxidized. This was evident by the shift to
surface groups on the 3DOm carbon are changed due to higher binding energies in the Ru 3d XPS spectra for the WI
prolonged exposure at high temperature, which limits the catalysts, which corresponds to a change in oxidation state to
amount of anchor sites during the WI process; and (2) the Ru** due to the formation of RuO, (Figure 3c). By design (i.e.,
long time scales at high temperature cause particle coarsening metal precursor loading), both synthetic methods were
and agglomerates readily form. In order to rule out changes to expected to form bimetallic alloy nanoparticles since CTS
the carbon support during the WI method’s slow thermal occurs in an Ar-filled glovebox and WT occurs in a tube furnace
reduction step, bare 3DOm carbon supports were exposed to with a constant Ar flow; however, the formation of
an identical furnace treatment without precursor loading and (ruthenium) oxides instead of metals/alloys has been prevalent
then subjected to the rapid CTS process after loading identical for wet chemistry approaches as reported in the liter-
metal salt precursors (ratio of 3:1 Ru:Ir). The defect level (i.e., ature.”**>”° The use of a glovebox with very low ppm levels
Ip/Ig ratio) of the 3DOm carbon supports before and after of oxygen and water (which is likely much smaller than levels
5152 DOI: 10.1021/acs.nanolett.9b01523
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Figure 4. Characterization and stability of CTS-synthesized multimetallic (4- and 8-element) nanoparticles on 3DOm carbon. (a, c) HRTEM and
(b, d) STEM-HAADF images with elemental overlay maps of the as-prepared RulrCeNi and RulrCeNiWCuCrCo nanoparticles via CTS,
respectively. (e) XPS Ru 3d spectra for both multimetallic nanoparticle compositions directly after synthesis. (f) Long-term Li-O, battery
demonstration of the CTS-synthesized RulrCeNi (blue curve) and RulrCeNiWCuCrCo (orange curve) 3DOm cathodes. Note that the y-axis is
the terminal voltage upon discharge for each cycle. (g) XPS Ru 3d spectra for the 4- and 8-element nanoparticle compositions, which remain
metallic in nature (yellow shaded region) even after electrochemical cycling. Post-analysis (h, j) HRTEM and (i, k) STEM-HAADF images with
elemental overlay maps of the cycled RulrCeNi and RulrCeNiWCuCrCo nanoparticle-decorated 3DOm upon Li-O, battery operation,
respectively. Both CTS-synthesized 4- and 8-element nanoparticles remain well-dispersed on the 3DOm carbon and exhibit exceptional structural
and chemical stability after Li-O, battery operation. Note that each inset FFT pattern, which was taken from the areas boxed in red (a, ¢, h, j) and
has a [110] zone axis, verifies the crystallinity of the aforementioned nanoparticles prepared by CTS both before and after electrochemical cycling.

in a tube furnace) may be responsible for the lower oxidation
state (i.e, metallic nature) of the CTS-synthesized Rulr
nanoparticles. This understanding has prompted us to propose
another possible reason for the slight agglomeration observed
for the as-prepared WI nanoparticles (Figure 3b), which is due
to surface energy differences between these oxides and the
CTS-synthesized alloy nanoparticles.

To evaluate the catalytic activity and stability between CTS
and WI nanoparticles, the as-prepared Rulr-based electro-
catalysts on 3DOm carbon were electrochemically cycled
within a Li-O, configuration. Since the physical attributes of
the as-prepared electrocatalysts by CTS and WI were identical,
we did not expect significant variations in the catalytic activity
toward ORR/OER. Indeed, a nearly similar ORR and OER
activity was observed during a single discharge and recharge
cycle at a current density of 200 mA g ., even though the
overpotential of the CTS sample is slightly lower than the WI
(Figure S12). Only when the current density was increased to
500 MA g.pon | did the CTS bimetallic nanoparticles show
noticeably better catalytic activity. It is important to note that
single cycle characterization, as shown in Figure S12, mainly
highlights the intended “catalytic” activity of the nanoparticles
as measured by the overpotentials. Another key functionality of
the catalyst, to promote intended chemical reactions and to
minimize parasitic reactions, is best tested by cyclability. In this
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case, performance differences are likely attributed to catalyst
agglomeration and decomposition, which would lead to cell
failures over time due to the accumulation of inactive Li,O,
and other byproducts such as organic carbonates.**~***" This
mechanism is schematically represented in Figure 3d,e for
catalysts synthesized by each synthetic technique (CTS, WI).
Indeed, a drastic difference in cycle life was observed between
catalysts synthesized by CTS and WI. As shown in Figure 3f,
the cell with CTS-synthesized electrocatalysts (43 cycles)
outlasted the Wl-synthesized ones (29 cycles) with ca. 48%
improvement in cycle life under the same testing conditions.
Note that the observed trend was repeated for each
composition at least three times. Without the presence of
catalysts, the bare 3DOm carbon cathode lasted only 13 cycles
under the same testing conditions with poor voltage stability
(Figure 3f).

To understand why the synthetic methods produce
electrocatalysts with significantly variant cyclability, various
microscopy and spectroscopy techniques were employed to
characterize each Li-O, battery cathode after 20 cycles of
discharge/recharge (Figure 3a—c). As can be seen from the
HAADF images and corresponding elemental mapping, the
morphology and elemental distribution of the cycled electro-
catalysts synthesized by CTS and WI differed greatly (Figure
3gh). The CTS-synthesized nanoparticles remained dispersed
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on the 3DOm surface without obvious agglomeration or signs
of elemental segregation (Figure 3g). However, the catalysts
prepared by WI exhibited severe particle agglomeration and
element segregation upon cycling (Figure 3h). Specifically, the
WIl-nanoparticles tended to form Ru-rich agglomerates on the
order of tens of nanometers, which severely limited the
performance of the cathode.*” Note that the images shown in
Figure 3gh are indeed representative and reproducible over
multiple samples/areas. Specifically, no noticeable particle
agglomeration was ever observed for the electrochemically
cycled CTS samples; however, the WI nanoparticles always
became more agglomerated, although to different extents since
the nanoparticles formed small agglomerates even before
testing in Li-O, cells.

Chemical stability of the electrocatalyst upon cycling is
another important aspect related to long-term Li-O, battery
operation. Notably, the Ru 3d spectra showed no change in the
oxidation state for the cycled CTS cathode, whereas severe and
continuous oxidation occurred for the WI cathode (Figure 3i).
The resulted agglomeration and decomposition of the WI
electrocatalyst reduced the overall density of active sites and
catalytic activity of the cathode, eventually leading to decay in
the Li-O, battery performance™ (Figure 3f). During electro-
chemical cycling, the high-energy surfaces of the chemically
unstable WI nanoparticles facilitate the formation of
agglomerates in order to reach a lower energy state. Unlike
WI, the CTS electrocatalysts exhibited better chemical stability
not only due to their high-entropy nature (i.e., solid solutions)
but also from enhanced catalyst/substrate interactions since
the brief (<1 s) synthesis preserves the surface defects on
3DOm.> This is a further indication that the synthetic method
greatly influences the overall stability of the as-prepared
catalysts both before and after electrochemical operation.

The extended capabilities of the CTS method arise when
multiple elements are combined to form solid solution
nanoparticles. In sharp contrast to the conventional WI
method which is generally limited to up to three components
within individual nanoparticles, the CTS method permitted the
synthesis of electrocatalysts with significantly richer composi-
tions (Figure 4a—d). Specifically, non-noble, catalytically
inactive elements (e.g, Ni, Ce, among others) were added to
the Rulr alloy (Figure S6). Figure 4ab showed the uniform
size and dispersion of RulrCeNi nanoparticles fabricated on
3DOm carbon via CTS. These CTS-synthesized quaternary
electrocatalysts were crystalline in nature (Figure 4a, inset) and
similar to Rulr (Figures 2d—f and 3a) and ternary (RulrNi)
nanoparticles (Figures S13 and S14) fabricated using the CTS
method in terms of particle size and dispersion, as well as
elemental distribution (Figure S15). To further demonstrate
elemental complexity, we introduced additional noncatalytic
components (W, Cu, Cr, Co) into the quaternary composition
to form octonary solid solution nanoparticles, while controlling
the amount of Ru to ca. 76 at% in the final composition. The
HRTEM and scanning transmission electron microscopy
(STEM)-HAADF images shown in Figure 4c,d depict
uniformly sized particles and distributions on the carbon
support, while the overlay/individual maps (Figure 4d and
Figure S16) provide strong evidence for the elemental
distribution of these octonary nanoparticles composed of
excess amounts of Ru and the existence of the other seven
elements. It is important to note that both the CTS-
synthesized quaternary (RulrCeNi) and octonary (RulrCe-
NiWCuCrCo) compositions were metallic in nature, as
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expected by design (Figure 4e). Through incorporation of
these noncatalytically active elements (typically 3—4 at%), we
expect minimal influences in terms of electrocatalytic perform-
ance, but more profound impacts on the catalyst’s stability.
Indeed, adding additional elements into the Ru-rich nano-
particles via CTS did not dramatically change the catalytic
activity (and overpotential) for either 4- or 8-element
compositions compared to the original bimetallic electro-
catalyst (Figures S17 and S18).

Interestingly, while the catalytic activity remains comparable,
the CTS quaternary and octonary electrocatalysts enabled their
respective Li-O, cells to reach 58 cycles and 86 cycles (Figure
4f). Intuitively, since the main catalytic component among all
binary (CTS or WI), quaternary, and octonary nanoparticles is
Ru and the same carbon support was employed for all
electrochemical measurements, the reaction mechanism and
associated discharge products should be nearly identical upon
cycling for each 3DOm cathode regardless of nanoparticle
composition.*””" Accordingly, there should be no obvious
differences in product formation and detection between the
cycled cathodes from scanning electron microscopy (SEM)
and XPS post-analysis, which is confirmed in Figures S19—S21.
Therefore, given that the test cells were identical in other
components and the only difference was the cathode catalyst
compositions, we were led to conclude the nature of the CTS
electrocatalysts was the main reason for the enhanced cycling
performance. The difference could be attributed to the
following factors: (1) enhanced catalyst/substrate interactions
due to the CTS method, where the short synthesis time (<1 s)
aided nanoparticle anchoring to defective sites and prevented
nanoparticle coarsening; (2) the incorporation of more
catalytically inert elements into individual nanoparticles led
to slight reductions in overall Ru content, which lessened
parasitic chemical reactions inevitable to highly reactive
Ru;¥7* and (3) nanoparticles composed of more elements
(8-element vs 4- or 2-elements) featured higher configurational
entropy (and, thus, lower Gibbs free energy), leading to
enhancements in overall catalyst stability.”> Thus, the
prolonged Li-O, cyclability shown in Figure 4f suggests
improved chemical and structural stability of the CTS-
synthesized multimetallic electrocatalysts.

To verify this hypothesis, various characterization techniques
were employed on cycled quaternary and octonary nano-
particle-decorated 3DOm supports (Figure 4g—k). Figure 4g
verified that the 4- and 8-element electrocatalysts retained their
metallic nature without changes in oxidation states after
repetitive Li-O, operation. The results should be contrasted
with those by WI-synthesized binary electrocatalysts, which
suffered from significant oxidative degradation upon 20
electrochemical cycles. Beyond chemical stability, overall
catalyst stability also depended on the nanoparticles’ size,
structure, and dispersity upon cycling. Compared to the
original morphology, the particle size and elemental distribu-
tion of the 4- and 8-element compositions (Figure 4a—d and
Figures S1S and S16), and the cycled samples showed no
measurable differences (Figure 4h—k and Figures S22 and
$23). Specifically, both quaternary and octonary nanoparticles
remained crystalline, 2—3 nm in diameter, and evenly
distributed across the 3DOm surface without obvious signs
of aggregation after electrochemical cycling. These results
support the outstanding structural and chemical stability of the
CTS-synthesized electrocatalysts in comparison to electro-
catalyst compositions fabricated by conventional wet chemistry
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approaches (such as WI). To extend the applicability of CTS
catalysts toward other reaction schemes and avoid potential
performance limitations associated with aprotic environments,
the quaternary (RulrCeNi) nanoparticle composition was also
prepared on commercial Vulcan carbon and electrochemically
tested using the water-in-salt electrolyte (WiS) platform’*”
(Figures S24 and $25). Previous studies have shown superior
stability during Li-O, battery operation using WiS electro-
lyte.”> Compared to the previously reported cyclability with a
bare Vulcan cathode (ca. 70 cycles),” a significant improve-
ment in cell lifetime (250 cycles) and overpotential (reduced
by a total of ca. 300 mV) was achieved using the CTS-
synthesized quaternary electrocatalysts. Lastly, although not
further exploited by this current study, the ability to include
inexpensive transition metals also opened the door to reduce
the overall cost of electrocatalysts whose active elements are
noble metals.

Conclusion. In summary, we explored the overall stability
of multimetallic catalysts (nanoparticles ca. 2—3 nm in
diameters) supported on a substrate through electrocatalytic
oxygen evolution and reduction reactions. Ru-rich solid
solution nanoparticles in 2-, 4-, and 8-element compositions
were fabricated on a mesoporous support (i.e., 3DOm carbon)
by the rapid CTS method to determine the extent of
nanoparticle agglomeration, elemental segregation, and cata-
Iytic stability before and after electrochemical cycling. Unlike
nanoparticles fabricated using the conventional WI method,
the CTS-synthesized nanoparticles exhibited significantly
better particle dispersion and no obvious signs of agglomer-
ation and elemental segregation before or after cycling in Li-O,
cells. To confirm that the enhanced catalyst stability arises
from the CTS synthesis method and not from changes to the
carbon support, a control experiment was performed, where
bare 3DOm carbon was heat treated in a tube furnace using
the WI method’s same slow thermal reduction step and then
loaded with identical metal salt precursors before applying
CTS. The results verified the proposed claim that the
difference in catalyst stability does not arise from the thermal
treatment procedure altering the carbon’s defect level or
surface groups, but rather the prolonged time scales at high
temperature enable the metal particles to coarsen and
agglomerate during the WI process.

Additionally, unlike WI, more complex multimetallic nano-
alloy compositions (>3 elements) are readily attained due to
the inherent temporal restrictions of the CTS method (i.e.,
rapid heating to high temperature followed by quenching in
milliseconds to seconds). The 8-element CTS electrocatalyst
composed mainly of Ru with trace amounts of the other seven
elements showed a much improved electrochemical perform-
ance, especially cycling stability. Due to the high Ru content
and low percentage of predominantly noncatalytic elements
(e.g, Ce, Ni), the overall catalytic activity of 4- and 8-element
compositions toward ORR/OER was maintained, whereas the
overall (structural and chemical) stability was enhanced due to
the high configurational entropy of said nanoparticles and led
to prolonged operation of the reported Li-O, battery cathodes.
The chemical nature of the nanoparticles fabricated by CTS
and WI also differed, where the former showed no signs of
oxidation before or after electrochemical cycling, while the
latter became oxidized directly upon synthesis and continually
proceeded during Li-O, battery operation.

The superior stability (both structural and chemical)
observed for CTS catalysts compared to WI leads to the
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following two-part hypothesis: (1) the structural stability is
inherent to the CTS synthesis method’s rapid cooling step, and
(2) the chemical stability is due to the high entropy nature of
the synthesized nanoparticles. Specifically, the CTS method
features ultrafast heating and, most importantly, ultrafast
cooling, which freezes the highly dispersed solid solutions in
the form of nanoparticles onto the substrate’s defective sites.
This leads to stronger binding with the substrate compared to
the nanoparticle/substrate interactions present with the
conventional WI method, where prolonged heating and
cooling steps allow Ostwald ripening and particle migration
to occur. However, the firmly anchored CTS catalysts are
temporally locked into place and, thus, less prone to structural
deformation, detachment, and/or aggregation. It is also
possible that an additional chemical bond, such as M—C (M
= metal; C = carbon), may be formed upon high-temperature
heating between the metallic nanoparticles and the carbon
substrate to further enhance structural stability, yet future
research endeavors are needed to fully understand the chemical
identity of the nanoparticle/substrate interface. In terms of
chemical stability, the CTS catalysts are unique due to their
high entropy. From a thermodynamic point of view (AG = AH
— TAS), the high entropy nature (AST) of the CTS-
synthesized nanoparticles promotes improved thermodynamic
stability (AGJ) against reactive oxygen intermediates and
electro-oxidation reactions. This hypothesis is supported by
the stable oxidation states of the bimetallic, quaternary, and
octonary nanoparticles during Li-O, battery operation. In
contrast, WI-synthesized catalysts suffer from irreversible
oxidative degradation. The hypothesis that higher entropy
leads to better catalyst stability is also evidenced by the
improved cyclability of the reported Li-O, cells, where
octonary compositions outperform quaternary, while quater-
nary exceed binary catalysts in long-term performance. On a
system level, despite that no degradation was observed for all
CTS catalyst compositions, we suspect that the catalyst with a
more complex elemental composition (i.e., higher entropy)
induces less side reactions toward other cell components such
as the cathode and the electrolyte during Li-O, battery
operation. As a result, we hypothesize that the enhanced
chemical, structural, and system-level stability of the reported
CTS catalysts are due to the inherent features of this unique
synthesis method. Note that the reported catalyst stability of
CTS-synthesized nanoparticles should not be limited to
oxygen electrocatalysis. Future studies are warranted in order
to explore additional catalytic applications, such as in fuel cells,
water splitting, hydrocarbon conversion, and other reaction
schemes, where the (CTS) fabrication of highly dispersed and
supported multimetallic nanoparticles with trace noncatalytic
components could enhance overall device performance
through improved catalyst/substrate interaction as well as
structural and chemical stability.
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