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ABSTRACT: Attaining the high durability of supported metal catalysts in
heterogeneous catalysis remains a significant challenge. Here, we
introduce a mixed tantalum oxide-carbon support for an oxygen reduction
reaction catalyst in alkaline fuel cells, aiming to address the degradation
arising from suboptimal metal−support interactions. The composite
support, conceptualized as a heteroenergetic support, comprises two
distinct components exhibiting substantially disparate affinities for metal
nanoparticles (NPs). This unique configuration ensures the effective
stabilization of the metal NPs on the support. The Au-doped Pd NPs on
the mixed tantalum oxide-carbon support exhibit fully sustained mass
activity even after a 10000-cycle accelerated durability test. This exceptional durability is ascribed to the effective suppression
of the particle agglomerations, as elucidated through transmission electron microscopy and X-ray photoelectron spectroscopy.
Our study highlights the efficacy of a heteroenergetic support as a compelling approach for achieving ultradurability in
catalytic operations and indicates the broad applicability of this strategy for diverse reactions.

Supported metal catalysts are indispensable in various
industrial processes and play critical roles in chemical
production and renewable energy generation. These

catalysts rely on support materials to provide a framework for
anchoring or dispersing catalytically active metal particles,
ensuring the maximum exposure of active sites for efficient
catalysis. However, during operation, supports often suffer
from metal particle detachment, migration, and coalescence,
leading to diminished efficacy over time. Additionally, Ostwald
ripening, where smaller metal particles dissolve and redeposit
onto larger particles, further exacerbates the degradation of
supported metal catalysts.1−8

A notable example of this degradation is observed in the
current state-of-the-art Pt/C catalysts in anion exchange
membrane fuel cells (AEMFCs), which exhibit inadequate
durability for prolonged operation.9−11 Despite the renowned
stability of Pt against dissolution at high pH,12 Pt/C catalysts
experience destabilization in an alkaline environment due to
significant Pt aggregation and detachment.13−16 To address
this challenge, several studies have attempted to mitigate the
loss of support functionality by modulating the metal−support
interaction (MSI).17−21 For instance, the deposition of Pt onto
tin-doped indium oxide affected the stability of catalysts with
strong MSIs;17 moreover, the synergistic effect within Pt-
CaMnO3 prevented Pt agglomeration, resulting in significantly
improved catalytic durability compared to Pt/C.18 In addition,

Pd was uniformly supported on defective TiO2 to enhance
both the activity and durability.21 While these approaches have
shown improved durability compared to commercial Pt/C,
they have not achieved the ultimate stability.
In this paper, we present a novel approach utilizing a mixed

tantalum oxide-carbon support as an alternative to suppress the
substantial aggregation and detachment of metal nanoparticles
(NPs). Drawing inspiration from studies on preventing particle
agglomerations in thermal catalysts,22−24 we employ a support
composed of a mixture of two distinct materials with
significantly different binding affinities to the catalyst materi-
al�a heteroenergetic support. This heteroenergetic support is
characterized by one component having a strong interaction
with the metal and the other component having a weak
interaction with the metal; as a result, this support is capable of
effectively stabilizing the metal particles, thereby enhancing the
catalytic durability.22 We applied this strategy to AEMFCs by
incorporating a mixed tantalum oxide-carbon support with Au-
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doped Pd metal NPs, resulting in zero loss in mass activity
(MA) even after a 10000-cycle accelerated durability test
(ADT). Through comprehensive transmission electron mi-
croscopy (TEM) and X-ray photoelectron spectroscopy (XPS)
analyses, we confirmed that this exceptional durability could be
attributed to the highly stabilized metal particles on the
heteroenergetic support. Our study provides a novel approach
to designing supports for highly stable supported metal
catalysts, which offers an alternative to the conventional use
of single support materials with suboptimal MSIs.

■ HETEROENERGETIC SUPPORT DESIGN USING DFT
CALCULATIONS

In this section, the concept of the heteroenergetic support and
its relevance in material selection are elucidated by using
density functional theory (DFT) calculations. The durability

loss observed in supported metal catalysts often stems from
three primary mechanisms: metal particle detachment, particle
migration and coalescence (PMC), and Ostwald ripening.
Weak interactions between the metal particles and the support
typically facilitate both particle detachment and PMC. To
mitigate these degradation pathways, enhancing the strength of
MSIs by substituting supports with strong MSIs is a common
approach.1 However, this approach may trigger Ostwald
ripening, which also contributes to degradation. A support
material exhibiting a stronger interaction than the cohesive
energy of the small metal particles can catalyze atom
detachment from these particles, which initiates Ostwald
ripening.4,25,26 The Sabatier principle of MSI for stabilizing
supported metal catalysts emphasizes the importance of
optimizing MSIs, while also implies inherent limitation for
improving the durability.22

Figure 1. Heteroenergetic support design using DFT calculations. (a) Schematic illustration of a heteroenergetic support. (b) DFT
calculation results for the interaction (binding energy) of Pd atoms with 14 commonly used metal oxides, alongside graphite. On the x-axis,
ATO, ITO, and FTO denote antimony-doped tin oxide, indium tin oxide, and fluorine-doped tin oxide, respectively.

Figure 2. Characterization of the Au-Pd NPs on the mixed TaOx and carbon support. (a, b) Schematic illustration and TEM image of Au-Pd/
TaOx/C. (c, d) HAADF-STEM image and the corresponding EDS elemental mappings of Au-Pd/TaOx/C. (e) XPS spectrum of the Ta 4f
level on Au-Pd/TaOx. (f, g) HAADF-STEM image of Au-Pd/TaOx/C at a lower magnification and the line scanning profile of Pd and Ta.
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To achieve ultradurable supported metal catalysts beyond
the Sabatier limit, the concept of a heteroenergetic support was
recently proposed by Hu et al.,22 although experimental
validation was lacking. A heteroenergetic support consists of a
mixture of two materials with significantly different binding
affinities to catalyst materials (Figure 1a). When these
materials are alternately distributed, the particles preferentially
settle on the material with a stronger binding energy, while the
material with a weaker binding energy acts as a barrier against
atom migration, thus suppressing the second elementary step
of Ostwald ripening. Consequently, a heteroenergetic support
provides a promising avenue for mitigating all three
degradation mechanisms (particle detachment, PMC, and
Ostwald ripening), potentially maximizing catalyst robustness.
In this study, we applied a heteroenergetic support strategy

to address the degradation challenges encountered in the
oxygen reduction reaction (ORR) within AEMFCs. Leveraging
the inherent stability of Pd and various metal oxides in alkaline
environments,27−32 Pd and several metal oxides are considered
potential candidates for supported metal catalysts. Carbon,
which is a prototypic support in this domain, was also
considered. Using DFT calculations, we computed the binding
energies of Pd atoms on 14 commonly used metal oxides and
graphite (a representative carbon support material),17,33−42 as
shown in Figure 1b. Structural information on the modeled
candidates, including space group, exposed surface plane,
dopant composition, and binding energies, is summarized in
Table S1 and Figure S1. Among the candidates, Ta2O5
exhibited the strongest interaction, while graphite displayed
the weakest interaction. Based on these screening results,
mixed tantalum oxide-carbon emerged as a potentially effective
material for a heteroenergetic support.

■ SYNTHESIS AND CHARACTERIZATION OF THE
METAL NPs ON THE MIXED TaOx-CARBON
SUPPORTS

We synthesized Au-doped Pd NPs and deposited them onto
supports consisting of tantalum oxide (TaOx) and carbon
black (CB), as depicted in Figure 2a. Note that both pure Pd
NPs and Au-doped Pd NPs were experimentally examined,
considering the known enhancement of Pd activity through Au
doping for the ORR in AEMFCs.43−46 The synthesis of Au-
doped Pd NP catalysts involved a three-step process: (1) the
simultaneous synthesis of Pd NPs and TaOx via chemical
reduction using oleylamine, (2) the subsequent Au doping on
the surface of the Pd NPs, ensuring even deposition without
agglomeration by controlling the reduction rate of the Au
precursor with trioctylphosphine, and (3) the deposition of the
synthesized Au-Pd/TaOx NPs onto CB, forming a hetero-
energetic support consisting of TaOx and CB. To provide a
comparative perspective, we prepared Pd/TaOx/C, Au-Pd/C,
and Pd/C as references to clarify the effect of the
heteroenergetic support and Au doping.
TEM imaging confirmed the uniform dispersion of the NPs

on the support, as shown in Figure 2b. For a more
comprehensive characterization, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
was employed at higher magnification (Figure 2c), using lattice
fringe spacing to identify the NPs. Lattice fringe analysis
revealed a slight increase in the lattice fringe within the NPs
(measuring 2.035 Å); this lattice corresponded to the (200)
plane of Pd and the increase was attributed to Au doping since
Au has a larger lattice fringe (2.039 Å) than Pd (1.967 Å).
Notably, the identified Pd particle came into direct contact

Figure 3. Degradation results for the ORR catalytic performance of Au-Pd/TaOx/C and other comparative catalysts in half-cell
measurements. (a) ORR polarization curves of Au-Pd/TaOx/C and other catalysts. (b) MA comparisons of Au-Pd/TaOx/C and other
catalysts before and after ADT. ORR curves acquired before and after the ADT of (c) Au-Pd/TaOx/C and (d) Au-Pd/C.
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with the support material devoid of discernible crystallinity
(Figure 2c, highlighted by a circle with a dotted white line).
To gain a deeper understanding of the composition of the

catalyst and support, energy-dispersive X-ray spectroscopy
(EDS) mapping of Au, Pd, Ta, and C was performed (Figure
2d). The analysis confirmed the presence of Au-doped Pd NPs,
as evidenced by the overlapping distribution of Pd and Au;
these results were consistent with the lattice fringe analysis.
The poorly crystalline material observed in the HAADF-STEM
image of Figure 2c was identified as tantalum oxide, as
corroborated by the distribution of Ta and O. The broad peaks
observed in the XRD analysis of tantalum oxide further
confirmed its amorphous nature (Figure S2). XPS analysis
confirmed that the oxidation state of tantalum oxide (Ta5+ 4f

peaks) was Ta2O5, as shown in Figure 2e.
47 In addition, EDS

mapping indicated that tantalum oxide was adjacent to CB;
thus, the support consisted of amorphous tantalum oxide and
CB. Based on these analyses, we characterized the Au-Pd/
TaOx/C system with Au-doped Pd NPs anchored on tantalum
oxide owing to their strong interaction with Pd according to
DFT calculations.
Importantly, the NPs were predominantly distributed over

the tantalum oxide regions of the support. The EDS line
scanning results for Pd and Ta in low-magnification HAADF-
STEM images further confirmed the alignment of the Pd and
Ta signals, supporting the selective positioning of Pd NPs on
the TaOx portion (Figure 2f,g and Figure S3). The preferential
adhesion of NPs to regions with stronger binding energies was

Figure 4. Suppression of the NP enlargement enabled by a heteroenergetic support (TaOx-C). (a) TEM images and (b) NP size distribution
before and after ADT of Au-Pd/TaOx/C. (c) TEM images and (d) NP size distribution before and after ADT of Au-Pd/C. (e) Schematic of
the NPs with varying diameters, highlighting atoms in corners and edges (red) and atoms on facets (yellow). XPS spectra of the Pd 3d level
before and after ADT of (f) Au-Pd/TaOx/C and (g) Au-Pd/C.
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the desired outcome of the heteroenergetic support. Notably,
irrespective of the presence of Au doping, Pd/TaOx/C
promoted the deposition of Pd NPs onto the tantalum oxide
portion of the support (Figure S5).

■ EXCEPTIONAL CATALYTIC DURABILITY OF
Au-Pd/TaOx/C

Electrochemical measurements were conducted on the four
synthesized catalysts (Au-Pd/TaOx/C, Pd/TaOx/C, Au-Pd/C,
and Pd/C) and commercial Pt/C in an alkaline environment.
First, we explored the impact of Au doping on the ORR
performance by comparing linear sweep voltammetry (LSV)
curves of these five catalysts (Figure 3a). Both Au-Pd/TaOx/C
and Au-Pd/C exhibited ORR activities superior to those of Pt/
C; their ORR activities surpassed those of Pd/TaOx/C and
Pd/C, respectively. Specifically, Au-Pd/TaOx/C had a half-
wave potential of 0.925 V and a limiting current of 5.79 mA/
cm2, while Pd/TaOx/C had a half-wave potential of 0.897 V
and a limiting current of 5.62 mA/cm2; these results highlight
the efficacy of Au doping in enhancing ORR activity.
To assess the role of the heteroenergetic support in

enhancing catalyst durability, we measured MA at 0.9 V
before and after 10000 cycles of ADT (Figure 3b). Au-Pd/
TaOx/C exhibited an unchanged MA after ADT, confirming its
remarkable stability, consistent with our prediction regarding
the synergistic effect of the heteroenergetic support. Pd/TaOx/
C, featuring the same heteroenergetic support as Au-Pd/
TaOx/C, also displayed sustained MA after ADT. However,
both Au-Pd/C and Pd/C, where Pd particles were deposited
on CB without TaOx, exhibited significant decreases in MA of
54% and 33%, respectively.
The durability of Au-Pd/TaOx/C was further confirmed by

comparing the LSV curves before and after ADT. For Au-Pd/
TaOx/C, both the half-wave potentials and limiting currents
remained constant after ADT (Figure 3c). The inset of Figure
3c depicts that the mixed kinetic-diffusion control region
showed no changes even after 10000 cycles of ADT.
Conversely, the LSV curve of Au-Pd/C was negatively shifted
after ADT, indicating a decrease in the half-wave potential
(Figure 3d). Similar to the above analysis of the Au-Pd NPs,
Pd/TaOx/C did not degrade, while Pd/C clearly degraded
(Figure S8). Both the MA and LSV analyses revealed that
incorporating TaOx with CB significantly enhanced the
catalytic durability. Additional experiments with extended
ADT cycles (up to 50000) showed that Au-Pd/TaOx/C
exhibited only slight LSV degradation after 50000 cycles as
well as a much slower rate in the MA reduction compared to
Au-Pd/C, demonstrating the effectiveness of the hetero-
energetic support (Figure S9). We also evaluated the
performance and durability of the AEMFC single cell device
using Au-Pd/TaOx/C as the cathode catalysts, confirming the
feasibility of these synthesized catalysts in a real device with
high efficacy (Figure S10).

■ SUPPRESSION OF THE NP AGGREGATION
ENABLED BY THE MIXED TaOx-CARBON SUPPORT

To investigate whether the enhanced durability stems from the
preservation of the NP size with the heteroenergetic support,
we conducted TEM and XPS analyses. Our hypothesis posited
that Au-Pd/C and Pd/C, supported solely on CB, would
experience NP enlargement during the ORR due to weak
catalyst−support interactions.48,49 In contrast, Au-Pd/TaOx/C

and Pd/TaOx/C, which feature a heteroenergetic support,
were expected to maintain their NP size without undergoing
significant Ostwald ripening or PMC. Analysis of the NP size
distribution before and after ADT, based on TEM images,
revealed a significant increase in the average diameter of the Pd
NPs in Au-Pd/C, from 4.92 to 8.65 nm, while the NP sizes in
Au-Pd/TaOx/C remained almost unchanged (Figure 4a−d).
Similar trends were observed for Pd/TaOx/C and Pd/C
(Figure S11). Consequently, the exceptional durability
observed for Au-Pd/TaOx/C and Pd/TaOx/C could be
attributed to the use of a heteroenergetic support, which
effectively stabilized the NPs. The amount of Pd dissolution
measured after a 10000-cycle ADT is similar regardless of the
presence of a heteroenergetic support, suggesting that the
enhanced durability is not due to the prevention of dissolution
(Figure S12).
In addition to the local characterization using TEM, an XPS

analysis was also conducted to confirm the universal
suppression of NP enlargement in our systems. The evolution
of the Pd0/Pd2+ ratio obtained from XPS analysis provided
information on the changes in the NP size. The Pd0/Pd2+ ratio
exhibits an inverse correlation with the oxophilicity of the
surface, which is also related to the NP size. Since the atoms on
the NP corners and edges are more oxophilic than those on
facets, smaller NPs have greater oxophilicity and smaller Pd0/
Pd2+. An increase in the Pd0/Pd2+ value after ADT indicates an
increase in the NP size and a decrease in the activity (Figure
4e).50−52 We calculated Pd0/Pd2+ using the Pd 3d peak from
the XPS analysis and confirmed that both of the Pd0/Pd2+
values obtained for each of the Pd 3d5/2 and Pd 3d7/2 were
identical. When Au-Pd/TaOx/C was maintained at 2.45
(Pd0:Pd2+ = 71:29), the Pd0/Pd2+ values of Au-Pd/C increased
from 2.45 (Pd0:Pd2+ = 71:29) to 3.35 (Pd0:Pd2+ = 77:23) after
ADT (Figure 4f,g). The difference in the trend of Pd0/Pd2+
between Au-Pd/TaOx/C and Au-Pd/C indicated that the
suppression of the NP enlargement was a global characteristic
of our heteroenergetic support-based systems, consistent with
the results of the TEM analyses.
The thermal stabilities of the Au-Pd/TaOx/C and Au-Pd/C

were also evaluated by comparing their ORR activities before
and after thermal treatment (Figure S13).53 Minimal changes
in ORR activity were observed for Au-Pd/TaOx/C after heat
treatment, providing additional evidence for the effect of a
heteroenergetic support on durability.
In conclusion, we introduce an approach utilizing a mixed

TaOx-C support as an effective strategy to prevent significant
aggregation and the detachment of metal particles. We employ
a support consisting of a blend of two distinct materials with
markedly different binding affinities to the catalyst material�a
heteroenergetic support. By applying this strategy to AEMFCs,
we incorporated a mixed TaOx-C support with Au-doped Pd
metal NPs, resulting in no loss of MA even after subjecting the
catalyst to a 10000-cycle ADT. Through comprehensive TEM
and XPS analyses, we confirmed that this exceptional durability
could be attributed to the effective suppression of NP
aggregation (both Ostwald ripening and PMC) and NP
detachment due to the heteroenergetic support. Our study
provides a novel approach for modulating MSIs to achieve
highly stable supported metal catalysts, diverging from the
conventional reliance on single support materials with
suboptimal MSIs.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c01946
ACS Energy Lett. 2024, 9, 4265−4272

4269

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01946/suppl_file/nz4c01946_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01946/suppl_file/nz4c01946_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01946/suppl_file/nz4c01946_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01946/suppl_file/nz4c01946_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01946/suppl_file/nz4c01946_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01946/suppl_file/nz4c01946_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01946/suppl_file/nz4c01946_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c01946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ METHODS
Details of the methods used for DFT calculations, material
synthesis and characterization, and electrochemical measure-
ments are provided in the Supporting Information.
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