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Abstract

The stability of nanoparticles is a major challenge in thermal and electrocatalysis.
This is especially true for core-shell nanoparticles where only a few monolayers
of noble metal protect the usually non-noble core material. In this work, we uti-
lize the practical nobility concept to engineer stable core-shell nanoparticles with
a self-passivating core material. Specifically, tantalum carbide as core material
in combination with a 1-3 monolayer thick platinum shell exhibits exceptional
stability in aqueous media. The core-shell catalyst shows no sign of structural
changes after 10,000 degradation cycles up to 1.0 Vy . Due to the efficient passi-
vation of tantalum carbide at the solid/liquid interface, the dissolution reduces by
a factor of eight compared to bare Pt. Our findings confirm that passivating core
materials are highly beneficial for the stabilization of core-shell nanomaterials in
aqueous media. They open up new ways for the rational design of cost-efficient
but stable non-noble core - platinum shell nanoparticles where harsh, oxidizing
conditions are employed.
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1 | INTRODUCTION

Nanoparticles have attracted considerable attention in
thermal and electrocatalysis due to their unique properties
compared to their bulk phase such as their high spe-
cific surface area, the high number of undercoordinated
atoms, strain, or quantum effects.'*] As the nanoparti-
cle size decreases, the surface energy increases making
the particles prone to destabilization.!*! Polymer elec-
trolyte membrane fuel cells use platinum catalysts that are
alloyed with transition metals such as Co, Ni, Mo, Fe, or
Cu.[58] These elements, however, are neither thermody-
namically, nor kinetically stable in the acidic environment
at oxygen reduction relevant conditions.[” We recently
demonstrated that Ni and Mo dissolution takes place
even at open circuit potential for octahedral-shaped Pt;Ni
nanoparticles doped with Mo.I"°! The dissolution contin-
ues at higher potentials until a protecting Pt-shell and
quasi-core-shell particles are formed. The same holds for
a variety of alloyed nanoparticles.[®'2] One strategy to
stabilize the surface lies in the introduction of other noble
metals such as Au,!"®! Ir,["*] Ru,["*! or Pd.[®] The synthe-
sized core-shell particles exhibit higher specific area nor-
malized activities (SA) compared to bare platinum.!7-1°]
For Pt/Au, additional stabilization of Pt was found.[19-20]
Despite the increased stabilization, however, substituting
a noble metal with another noble metal leads only to a
marginal cost reduction/?-??] while strategies to overcome
these limitations are needed. Even noble metals such as
Pd dissolve and lead to severe membrane poisoning if not
treated beforehand.[?2! From a practical point of view, cost-
efficient materials have to be found that can withstand the
harsh conditions and offer sufficient conductivity. Leaving
thermodynamic stabilization aside, the practical nobility
is, next to the thermodynamic nobility, a useful concept to
target stable materials that can be used to support noble
metals such as Pt. Electrochemical equilibrium diagrams,
usually termed as “Pourbaix-diagrams” bring out the pas-
sivation effect of various, usually non-noble metals.[) In
a previous work on thin films, substrate degradation was
completely inhibited by potential-triggered surface passi-
vation healing out defects in the overlaying Pt film.[?*]
However, the synthesis and applicability to nanoparticle
systems are highly challenging as high temperatures are
necessary that habitually lead to sintering and agglomera-
tion. In the here presented study, we take advantage of the
practical nobility concept and extend our work to applica-
ble nanoparticulate systems with a large, total surface area.
This is shown exemplarily for tantalum carbide as core
material to support platinum followed by a detailed exam-
ination of its electrochemical stability. Transition metal
carbides are ideal core candidates as they are immiscible
with noble metals,!**! exhibit a high interfacial binding

energy with Pt,1?°] and experience enthalpic stabilization
through the partial covalent character of the metal-carbon
bond.[*°! We synthesized Pt on TaC core-shell nanopar-
ticles via a reversed microemulsion synthesis route with
varying monolayer (ML) thicknesses.[?’] To elaborate on
the stability, we followed the degradation by in situ and
ex situ characterization methods. Specifically, in situ elec-
trochemical flow cell measurements were used to track
potential dependent dissolution of noble and non-noble
elements. By identical location high resolution scanning
transmission electron microscopy (IL-HR-STEM) paired
with energy-dispersive X-ray spectroscopy (EDX), we fol-
low the degradation trajectories and elemental composi-
tion after accelerated stress tests. These self-passivating
core-shell structures achieve improved dissolution sta-
bility and reduced noble metal loading compared to
state-of-the-art catalysts for electrochemical application.

2 | EXPERIMENTAL SECTION/
METHODS

Detailed experimental procedures can be found in the
Supporting Information.

3 | RESULTS AND DISCUSSION

First, two sets of catalyst nanoparticles were synthesized,
one with a nominal 1.2 monolayer- (Pt; 5;./TaC) and 2.6
monolayer- (Pt, g\ /TaC) Pt coverage on TaC.!?8! The syn-
thesis procedure followed a modified reversed microemul-
sion (RME) route described by Hunt et al and is shown in
Figure 1A.12728] First, tantalum oxide nanoparticles were
synthesized by hydrolysis followed by the addition of a
Pt-precursor. A silica shell was used to encapsulate the
synthesized nanoparticles that allowed for thermal car-
burization in H, and CH, up to 1100°C while actively
suppressing sintering and agglomeration. The full temper-
ature profile is shown in Figure S1. The protecting SiO,
shell was removed by HF in ethanol and the particles
were supported on carbon black. The detailed synthetic
procedure, further physico-chemical characterization, and
discussion of the synthesis can be found in the SI (Figures
S2-S4). The powder X-ray diffractogram (XRD) revealed
the successful formation of TaCy.., with minimal contri-
bution from PtTa,, confirming the predicted immiscibility
of Pt and TaC (Figure 1E). Reflections of Pt could not be
observed indicating that Pt is in close contact with Ta and
that the reflexes of potentially formed Pt-nanoparticles are
too weak to be detected. The diffraction pattern’s shape
is consistent with the size distribution observed through
TEM (as shown in Figure S4). The presence of defects
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A, Schematic overview of the applied synthesis using a solid surfactant to obtain Pt/TaC core-shell particles. B, Transmission

electron microscopic image over a large area showing both small particles and large aggregates. C, High-resolution EDX mapping and line
scan (D) of a single particle confirming the core-shell structure. E, PXRD diffractograms of Pt, g /TaC and Pt; 5 /TaC, o: TaC, +: PtTa,. a.u.,

arbitrary units

in the crystal structure may also have contributed to the
observed peak shape. The core-shell structure displays
regular shell defects that were expected as complete car-
burization of TaOy due to its oxophilic nature remains
highly challenging. The general core-shell structure was
confirmed via (S)TEM measurements (Figure 1B-D). The
mean crystallite size for Pt, gy, /TaC and Pt 5y, /TaC was
calculated by Scherrer’s equation to be 12.3 + 1.4 nm and
10.8 + 0.6 nm, respectively, and compared to the parti-
cle size distribution obtained from electron microscopy
(Figure $4d).123°] From the average particle size and the
elemental composition from inductively coupled plasma
mass spectrometry (ICP-MS) and (S)TEM/EDX measure-
ments, the average shell thickness was estimated to be 1.2
ML and 2.6 ML.

As a first indication of stability, both catalysts were
examined by in situ scanning flow cell (SFC) measure-
ments that were coupled to inductively coupled plasma
mass spectrometry. These measurements allow for mea-
suring the simultaneous potential dependent dissolu-
tion of each element. To obtain a clear image of the
potential-dependent dissolution, a cyclic voltammogram
was recorded from 0.0 to 1.5 Vgyyg with a scan rate of
2 mV s~! (Figure 2A) in 0.1 M HClO,. The metal disso-
lution was recorded concomitantly with the potential and
normalized to the electrochemically active surface area
(ECSA, Figure 2A middle, and lower panel).*!] As a ref-
erence, a bare TaC thin film, a polycrystalline Pt film,
and 10 nm Pt;NiMo octahedra supported on Vulcan!'?l

were measured under the same conditions (Figure 2B). For
all Pt-containing materials, Pt-oxidation above 1.0 Vyyg
results in dissolution that is getting more pronounced
when the platinum oxide is reduced back to Pt(0) dur-
ing the cathodic scan near 0.7 Vgyp.[*2! For Pty g\ /TaC,
the ratio of cathodic to anodic dissolution decreased to 3.1
compared to 6.5 for Pty This indicates either stabiliza-
tion of the Pt shell by the TaC core during reduction or
a destabilization at oxidative potentials above 1.05 Vyyg.
The overall reduced amount of dissolved platinum for
Pt; ¢m1./TaC suggests rather a successful stabilization by
the Pt/TaC interaction. For bare TaC, an oxidative current
peak accompanied by Ta dissolution was observed above
ca. 0.75 Vgyyp Which is consistent with previous reports. ¢!
The Pt/TaC core-shell system exhibits a markedly differ-
ent Ta dissolution profile compared to the bare carbide. For
Pt; ¢m1./TaC, a first small dissolution peak upon electrolyte
contact was observed at 0.0 Vyyg originating presumably
from the Pt-catalyzed reduction of surface (hydr-)oxides
and vanishes in consecutive cycles (Figure S5). Ta oxida-
tion or dissolution was not observed around the oxidation
potential of TaC. As part of the TaC surface is not covered
by Pt (Figure 1B and Figure S3), the missing oxidation peak
indicates efficient surface passivation already at ambient
or open circuit conditions. This facilitated oxidation was
previously observed for Pt/WTiC core-shell nanoparticles
where Pt catalyzed the oxidation of exposed carbide cores
upon contact with air.’*] The difference in dissolution is
strong evidence that exposed carbide fractions heal out by
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FIGURE 2 A, Cyclic voltammogram and the corresponding Ta and Pt dissolution profiles of a bare TaC film, Pt; ,; /TaC, and

Pt, sm1./TaC, B, cyclic voltammogram and the corresponding Ni and Pt dissolution profiles of polycrystalline Pt and 10 nm Pt;NiMo octahedra
during one cycle between 0.0 Vgyp (=0.2 Vyg for TaC) and 1.5 Vg at 2 mV st in Ar-sat. 0.1 M HCIO,. C, The corresponding total dissolution
amounts during experiments are shown in (A) and (B). All currents and dissolution amounts or concentrations were normalized to the ECSA

forming insoluble surface oxides and prevent further core
dissolution. Further oxidation and Ta dissolution were
only observed concomitantly to oxidative Pt dissolution.

A clear indication of the exceptional stability of Ta is
given by the missing Ta dissolution when Pt is reduced
and dissolved. This is in strong contrast to, for example,
Ni-core dissolution in Pt;NiMo. First, the dissolution peak
above 0.0 Vyyg at the beginning of the experiment is much
more pronounced originating from Ni oxidation in the sur-
face layers.[°! Then, Ni dissolution occurs concomitantly to
both, oxidative and reductive Pt dissolution and no passi-
vation was observed. In total, Ni dissolution is by a factor
of 100 larger compared to Ta dissolution (Figure 2C).

To elaborate further on the stability, 1000 cycles between
0.4 and 1.0 Vg with a scan rate of 1 V s~! were conducted
while monitoring the dissolution via operando SFC-ICP-
MS measurements. Figure 3A shows the dissolution pro-
files of Pt and Ta upon contacting the working electrode
and during the AST. The first contact dissolution peak
results from transient dissolution when platinum oxide is
reduced or when non-stabilized Pt and Ta-surface atoms
are dissolved. In total, the dissolution ranges between 0.8%
(Pt) and 0.1% (Ta) of a monolayer upon contacting and
declines rapidly. A second dissolution peak occurs upon
starting the potential cycling and the AST. This results on
the one hand from a forced reduction of PtOy at 0.0 Vyyg
and on the other hand, from further oxidation and dis-
solution of native, non-stabilized TaOH, species.!**|As
TaC is passivating strongly, the dissolution of both, Ta and
Pt level off fast. To obtain an estimation of the lifetime
of the catalyst, the dissolution amounts were integrated

over time (Figure 3B,C). During the course of the exper-
iment, around 4% of one monolayer (% ML) of Pt and
0.5% ML of Ta dissolved. Further calculation details on
the translation of concentration into monolayers can be
found in the SI, Equations S6 to S8. Most dissolution takes
place during the first cycles, as the dissolution decreases
to 0.08 and 0.01% ML for Pt and Ta, respectively, over
the last 100 cycles. These values demonstrate that TaC is
even more dissolution-stable than Pt because of its sur-
face oxide layer. This is supported by XPS measurements
after 10,800 cycles between 0.4 and 1.0 (AST-1.0), where
an oxide fraction of 86% and a carbide fraction of 14%
were observed (Figure 3D). In comparison, the non-noble
metal dissolution for Pt;Ni-Mo is much more pronounced
(Figure 3A). During the last 100 cycles, Ni dissolution is
by a factor of six higher compared to Pt and Ta dissolu-
tion added together. Our results clearly demonstrate that
the use of passivating TaC and its high stability is an enor-
mous improvement to other core-shell systems employing
non-noble elements.!**!

IL-HR-STEM images and EDX maps were recorded in
order to monitor the structural and morphological evolu-
tion of single core-shell particles prior to and after AST-1.0,
Figure 3E,F, Figure S6). Despite parts of the TaC surface
are not covered by Pt (white arrows Figure 3E), the core-
shell structure is retained over 10,000 potential cycles and
the shell defects remained comparable in size. The over-
all elemental composition (23% Pt, 77% TaC) only changed
marginally within the range of the measurement error
(22% Pt, 78% TaC), accentuating the high elemental stabil-
ity. Restructuring or sintering was not observed. Possible
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FIGURE 3 A, Dissolution profiles of Ta/Ni and Pt for Pt, ¢\, /TaC, Pt;Ni-Mo, and Pty upon cycling 1000 times between 0.4 and

1.0 Vgyg at 1V s~ in Ar-sat. 0.1 M HCIO,. For a better comparison, the inset shows the last 150-200 seconds with a larger magnification. The
corresponding total dissolved amounts during (B) the complete experiment, and (C) during the last 100 cycles together with values for a
reference Pt bulk sample, carbon-supported Pt;NiMo octahedra with dp = 10 nm and Pt,; /TiWC.[**] D, Ta 4f level XPS spectrum of
piemr/TaC after 10,800 cycles between 0.4 and 1.0 Vgyp at 1V s~! in Ar-sat. 0.1 M HCIO,. Identical location STEM images and corresponding

EDX elemental maps of Pt, 4\./TaC (E) before and (F) after AST-1.0

reasons lie in (1) the immiscibility of Pt and transition
metal carbides, ?*?’] (2) the high interfacial binding energy
between Pt and transition metal carbides, 234 and (3) the
low mobility of transition metal carbides anchoring the
particle in place.l?’! The high stability against dissolution
and the resistance to sintering and restructuring results in
a catalyst that shows almost no sign of degradation.
Finally, after verifying the exceptional structural stabil-
ity of Pt/TaC, the electrocatalytic durability was assessed
for the oxygen reduction reaction serving as a test reaction.
To evaluate the performance of the ORR, the SA and MA
of Pt, g\1./TaC were determined via rotating disk electrode
measurements and were compared to reference catalysts
(Figure 4A, ECSA values in Figure S7). The given values are
averaged over at least five independent measurements for
each sample. The SA is with 1.1(0.2) mA cm~2p, lower than
the initial SA of 10 nm large Pt;NiMo (1.7(0.3) mA cm~2p,)
but double as high as 3 nm small pure Pt nanoparticles.!°!
The SA of Pt, gy1./TaC competes with the SA of a Pt black

catalyst (1.2 mA cm™2p,) consisting of 30 nm large Pt
particles.l*>] Due to the beneficial core-shell structuring,
the MA is double as high (0.35(0.04) vs. 0.15 A mg'p,)
compared to Pt black and competes with state-of-the-art
Pt;NiMo octahedra (0.46(0.04) A mg'p,).

After determination of the beginning-of-life activity,
Pt, sp1./TaC was subjected to accelerated stress tests with
10,800 cycles between 0.4 and 1.0 Vg (AST-1.0).13037]
Pt; m1./TaC retained 74 and 69% of its initial SA and MA,
respectively, which is slightly better compared to shaped
controlled Pt;NiMo (71% of SA and 65% of MA). Together
with an ECSA retention of 91% (Figure 4B), these results
indicate high stability during fuel cell load.!*!

4 | CONCLUSION

To summarize, core-shell nanoparticles with a thin and
inhomogeneous noble metal shell can be successfully sta-
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FIGURE 4 A, Specific (left) and mass activity (right) of Pt, ¢./TaC, 3 nm Pt/C (TKK), and 10 nm Pt;NiMo octahedra before accelerated
stress tests, after 10,800 cycles between 0.4 and 1.0 Vg (AST-1.0) at 1 V s7! in Ar-sat. 0.1 M HCIO,. The reference value of Pt black (Pt 30 nm)
was taken from reference.[*! B, The relative ECSA development of the three tested samples during AST-1.0

bilized by utilizing a passivating core material. Despite
shell defects, Pt/TaC showed negligible degradation dur-
ing the electrocatalytic oxygen reduction reaction up to
1.0 Vgyg. The passivation of the TaC core decelerates the
shell degradation, demonstrating the potential applicabil-
ity of such ceramic core — noble metal shell architectures.
Flow cell measurements with an on-line coupled induc-
tively coupled plasma mass spectrometer revealed that
core dissolution occurs only concomitantly to Pt disso-
lution, which is negligible under fuel cell load. Identical
location transmission electron microscopy revealed that
no restructuring occurs during an accelerated stress test
consisting of 10,800 cycles due to the immiscibility of Pt
and TaC and the high interfacial binding energy. This is
in strong contrast to traditional Pt-transition metal alloys
for which restructuring occurs during operation. Overall,
our findings demonstrate a strong improvement in stability
compared to state-of-the-art core-shell nanoparticles with
non-noble cores and set another milestone on the path to
the development of stable oxygen reduction catalysts with
low Pt loading.
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