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Abstract: The efficiency of polymer electrolyte membrane fuel
cells is strongly depending on the electrocatalyst performance,
that is, its activity and stability. We have designed a catalyst
material that combines both, the high activity for the decisive
cathodic oxygen reduction reaction associated with nanoscale
Pt alloys, and the excellent durability of an advanced nano-
structured support. Owing to the high specific activity and large
active surface area, the catalyst shows extraordinary mass
activity values of 1.0 Amgp,~'. Moreover, the material retains
its initial active surface area and intrinsic activity during an
extended accelerated aging test within the typical operation
range. This excellent performance is achieved by confined-
space alloying of the nanoparticles in a controlled manner in
the pores of the support.

I n a world searching intensively for sustainable energy
solutions, proton exchange membrane (PEM) fuel cells are
promising candidates for efficient energy conversion of stored
chemical energy into electrical energy. However, if they are to
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be considered as a viable alternative technology, such devices
have to overcome some important shortcomings. Among
these issues is the sluggish rate of the oxygen reduction
reaction (ORR), which is the main reason for the high loading
of noble-metal catalyst and thus the still too high costs of the
device.l'! Therefore, numerous catalysts have been developed
to increase the electrochemically active surface area (ECSA)
by utilizing finely dispersed nanoparticles™ and/or to enhance
the intrinsic ORR activity by alloying Pt with 3d-transition
metals as the most promising approach.”! This high catalyst
activity is crucial for the efficiency of electrochemical
reactors, but at least equally important for applications is its
conservation over an extended operational time of often
more than 5000 h.'*4 Consequently, great efforts have
recently been directed towards the investigation of catalyst
degradation, leading to a more comprehensive understanding
of catalyst performance.**! Promising developments for Pt
alloy fuel cell catalysts are based on, for instance, nano-
structured thin films (NSTF), which are currently among the
best performing materials and thus serve as a benchmark for
further developments according to the US Department of
Energy.l*

To go beyond this benchmark, several approaches have
been followed, relying on alloys with different particle size,
shape and composition,”! as well as on different support
materials.’l An extended comparison of activity and stability
of some of the most advanced Pt alloy catalysts reported is
provided in the Supporting Information./*”

Generally a particle size around 3-5 nm with a narrow size
distribution and compositional homogeneity is considered to
be most beneficial for the catalyst performance. However, the
synthesis of alloy particles by conventional methods—co-
precipitation of the components and subsequent high-temper-
ature annealing, or solvothermal synthesis of alloy nano-
particles followed by deposition on the support—can lead to
uncontrolled agglomeration and particle growth, or to
insufficient attachment of the nanoparticles to the support,
respectively.

Herein we report the synthesis of a highly active and
stable class of catalysts by confined-space alloying. The
system chosen is PtNi nanoparticles embedded in a special
3D mesoporous structure, in the shape of graphitic hollow
spheres (HGS). The same graphitic structure has already been
used to incorporate Pt nanoparticles, and it was found to be
pivotal in assuring an optimal spatial distribution of the
nanoparticles during the synthesis and in suppressing some of
the electrochemical degradation pathways, such as agglomer-
ation and detachment, during the ORR in both fundamental
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rotating disc electrode (RDE) as well as single fuel-cell
studies.” In this work we demonstrate that the pore-confine-
ment effect, ensured by the mesoporous structure of the HGS
support material, can be effectively exploited to alloy Pt-Ni
catalysts at high temperatures, exceeding 800°C, without
losing valuable active surface area. Owing to the resulting
extraordinary high mass activity for the ORR, combined with
the high stability provided by this type of support, this class of
catalysts opens up an attractive new direction for improving
long-term fuel-cell performance.

The HGS synthesis followed the procedure presented in
our previous work."" The metal precursors are simultane-
ously introduced in the pores of the carbon support through
an ultrasound-assisted incipient wetness impregnation, and
they are reduced to the metallic state under a H,/Ar gas
mixture. At this stage, the metal nanoparticles resemble the
features of metal clusters (1.6+0.3 nm) homogeneously
distributed all over the carbon support (see Figure S2 in the
Supporting Information), as confirmed by the broad reflec-
tion present in the X-ray diffraction (XRD) pattern (Fig-
ure 1 A). The annealing treatment promotes some sintering of
the clusters, owing to migration and coalescence of clusters
located in proximity to each other within the pore system of
the HGS. Despite the harsh conditions used in the annealing
treatment, that is, high temperature (850°C) and long dwell
time (7 h), the particles retain an exceptionally small size
(3.54+0.7 nm). The mesoporous structure physically confines
the metal particles which is associated with multiple advan-
tages: 1) it allows the formation of an alloy catalyst at high
temperatures; 2) it determines the final size of the nano-
particles preventing their extensive sintering which occurs
with other mesoporous supports in catalysis,'!l and 3)it
ensures an excellent spatial distribution of the PtNi nano-
particles.

The XRD pattern measured after the alloying treatment
(Figure 1 A) shows a moderate sharpening of the reflections,
in agreement with the controlled growth of the nanoparticles
visible in TEM analysis (Figure 1 C,D and Figure S2B). The
reflections can be assigned to a disordered fcc PtNi (1:1)
structure with shifted—compared to pure platinum—(111),
(200), (220), (311), and (222) reflections, resulting from the
insertion of Ni atoms into the Pt lattice. The structural model
derived from the analysis of the extended X-ray absorption
fine structure (EXAFS) spectra at the Pt L;-edge and Ni K-
edge (Figure 2 A-C) confirms the presence of 2-3 nm disor-
dered alloy nanoparticles, as the coordination numbers (Table
in Figure 2 and Table S1) are significantly smaller than 12,
which is typically expected for bulk fcc metals.

Furthermore, the refinements show that Pt and Ni are
both surrounded by Ni and Pt, respectively. Moreover,
a significant change in bond lengths due to the alloying is
found: the Pt-Pt bond shrinks from 2.74 A in Pt@HGS to
2.67 A in PtNi@HGS whereas a Pt-Ni backscattering con-
tribution is found at 2.60 A. Interestingly, and in contrast from
what is observed for the Pt L;-edge, where the local environ-
ment consists only of Pt and Ni atoms, the EXAFS analysis of
the Ni K-edge reveals a first coordination shell of carbon
atoms at 1.95+0.05 A. Furthermore, the local order analysis
shows a relatively higher disorder among the Ni—Ni and Ni—C
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Figure 1. Catalyst characterization. A) XRD patterns of PtNi@HGS
after the reduction (1) and after the annealing treatment (l1). For
comparison, the pattern of pure Pt@HGS is also shown (I11).

B) Particle size distribution histograms of the PtNi catalyst after
reduction (violet) and after annealing (blue). C) STEM dark field over-
view and D) detailed TEM image of PtNi@HGS.

bond lengths (Table S1). The Ni—C contribution may be
attributed to the formation of a Ni-rich surface layer during
synthesis that evolves into Ni carbide at the high annealing
temperatures. We propose, based on the XRD, TEM, and
EXFAS results, that after the alloying treatment the metallic
nanoparticles have a Pt-Ni/Ni—C structure, with a disordered
PtNi alloy as the core and a Ni-C skin as the outermost
surface layer.

The electrochemical activity of the PtNi@HGS catalyst is
summarized in Figure 3. Regular cyclic voltammograms with
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Sample Edge Shell Atom N r(A)
Pt-HGS st Pt 9.3+0.7F  2.74%
PtNi-HGS Pt Ly 1st Ni 4.8+0.8" 2607t
2nd Pt 4.9+0.8" 267"
Ni K st C 2.2+1.2f  1.95+0.05f
2nd Ni 3.0£2.4F 248
3 Pt 4.9+2.00 2605t

§= fitted uncertainity lower than 1%,f= fitted and s=fixed,
t=shared parameter during the fit. Structural parameters:
N=number of neighboring atoms, r= distance

Figure 2. EXAFS model. A) k* weighted EXAFS spectra (Pt Ly-edge and
Ni K-edge) for Pt@HGS and PtNi@HGS; B) corresponding k*
weighted Fourier transforms. C) Table with essential parameters

(N = coordination numbers, r=atomic distances) derived from EXAFS.
§ =fitted uncertainty lower than 1%, f=fitted, s =fixed, 7 =shared
parameter. D) 3D structural model of PtNi@HGS after annealing with
the metal nanoparticles confined inside the carbon matrix.

clear Pt features can be obtained after an initial cleaning
procedure in which the protective NiC is removed.!”
Although the nanoparticles are to a great extent inside the
porous matrix of the support, they are still accessible for
electrolyte and reactants, such as oxygen, and show a large
ECSA of 108+ 10m?gp,'. As expected from the effect of
alloying, the specific activity of PtNi@HGS is about twofold
higher than that of a standard Pt/Vulcan catalyst with
a comparable particle size distribution. Moreover, owing to
the exceptionally small particle size and thus high surface area
for an alloy, the mass activity after the initial activation is
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enhanced by a factor of three (1.0 £0.04 Amgp, "), placing
the PtNi@HGS among the most active Pt alloy catalysts
available.'** Note that although only fundamental RDE
data is provided at this stage, the kinetic information obtained
by this approach are typically well in line with single fuel-cell
measurements, even on a quantitative level.'”) Moreover, the
previously obtained results on Pt@HGS suggest that specific
mass-transport resistances, which could be due to the confine-
ment of the active particles in the support, do not occur even
at high current densities."® Therefore the PtNi@HGS can be
also considered as an excellent candidate for real fuel cells
after optimization of the electrode structure and membrane
electrode assembly (MEA).

Since durability issues, particularly de-alloying, are a crit-
ical point for Pt alloy catalysts, the promising initial activity
was additionally followed during an accelerated aging test
within the operational window of an ORR catalyst. Accord-
ing to the CO-stripping and cyclic voltammograms recorded
in argon, the initial surface area is quite low, which is mainly
due to the presence of the residual Ni-C-rich layer covering
the Pt surface after the synthesis. Remarkably, after activation
and reaching the complete accessibility of the active platinum
surface, further potential cycling in the potential range
between 0.4 and 1.0 Viyg at 1.0 Vs~! does not significantly
alter the cyclic voltammograms, so that the ECSA is constant
over the remaining, extensive aging/degradation test (Fig-
ure 3B). After 10440 cycles the final ECSA value is 98 % of
the initial one, well within the uncertainty of the measure-
ment, so that the catalyst can be considered as stable under
these conditions. This is additionally supported by the
completely retained specific activity for the ORR, measured
before and after the series of 10000 cycles (Figure 3D). Thus
it seems that not only the nanoparticles within the support
structure do not coalesce nor detach, but also the overall
nickel content remains high. To further confirm our initial
findings, the evolution of the nickel content was also followed
by monitoring the Ni leaching directly during the activation
procedure utilizing online ICP-MS!'" (Figure 3E) and by
post-use analysis of the RDE catalyst films (Figure 3 B, inset).

As shown in Figure 3E, the alloying element is released to
a minor extent upon initial contact with the electrolyte, most
likely due to unalloyed Ni atoms or clusters, and more
significantly during the activation cycles to positive potentials.
However, once the activation is completed, further cycling
between 0.05 and 1.0 Vgye does not yield any detectable Ni
leaching (Figure 3E), suggesting that the entire exposed
nickel has been removed. Additionally, we quantitatively
analyzed the RDE films after activation showing that the Ni
content drops to 25+1% (Figure 3B, Inset), which is
consistent with other studies available in literature.'”) Most
importantly, the Ni content appears to be rather stable even
after the 10000 aging cycles, in line with the constant specific
activity values previously shown. To directly observe the lack
of degradation on the nanoscale, STEM and high-resolution
EELS were performed on identical locations of the catalyst.*
The HGS morphology as well as the PtNi particle size and size
distribution indeed remain unaltered during 5000 potential
cycles between 0.4 and 1.0 Vyye. Moreover, qualitatively the
Ni signal decreases only slightly after the aging procedure
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Figure 3. Assessment of the electrochemical activity and stability of PtNi@HGS. A) Evolution of the CO-stripping voltammograms throughout the
aging step and ECSA determination from the slope of the roughness factor (rf) versus the catalyst loading (Inset); B) evolution of the ECSA over
time and Ni ratio for the as-received, activated, and aged catalyst (Inset); C) specific activity (left axis) and mass activity (right axis) of PtNi@HGS
and a standard Pt/Vulcan at 0.9 Vg; D) specific activity comparison by means of Tafel plots of the PtNi@HGS before and after the aging
procedure to a standard Pt/Vulcan; E) online Ni and Pt leaching profile throughout the activation procedure, consisting of 200 cycles between
0.05 and 1.4 Vgye with 0.2 Vs™, and 3 cycles between 0.05 and 1.0 Vg with 0.05 Vs™.

(Figure 4). These results
complement the macro-
scopic electrochemical
data and clearly confirm
the stability of the catalyst
within the applied potential
window. Considering that
the applied potentials are
far above the equilibrium
potential of Ni, both the
results from ICP-MS and
HR-EELS, can be
explained by the presence
of a Pt-rich outmost layer
shielding the less-noble
metal from dissolution in
the core-shell structure
formed upon initial de-
alloying.

In conclusion, we have
successfully  synthesized
a Pt alloy nanocatalyst of
3-4nm in diameter with
a narrow size distribution
by space-confined alloying
of Pt-Ni nanoparticles in

Figure 4. Following the effect of the aging on PtNi@HGS on the nanoscale. Images in the upper row show
a representative scanning transmission electron microscopy (STEM) overview of a single hollow graphitic
sphere (A), a section of the sphere shell (B), and an EELS map of the Ni signal (C) for the selected area (the
the mesoporous structure  plye square in (B)) before aging. Images in the bottom row (D—F) show the identical locations after

of the support. The 5000 potential cycles in 0.1 M HCIO, between 0.4 and 1.0 Vg at room temperature.
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PtNi@HGS yields a threefold increase in mass activity with
respect to conventional catalysts, which would be equivalent
to a threefold reduction of the required Pt mass and thus the
cost for applications. Moreover, the Ni content of the
activated catalyst remains nearly unaltered even after mild
accelerated aging, and because of the pore confinement the
particles neither detach nor coalesce. Thus, the enhanced
activity is completely maintained after aging within the
operation range of an ORR catalyst, which makes it
a highly promising candidate for PEM fuel cells.

Experimental Section

The HGS were synthetized by a nanocasting route using core-shell
mesoporous silica spheres as a hard template, divinylbenzene as the
carbon precursor, and Fe(NO;); as a graphitization catalyst.' All
activities were extracted from CVs recorded in O,-saturated electro-
lyte at 1600 rpm and at 0.9 Vpye. The stability test included an
activation step of 360 cycles between 0.4 and 1.4 Vg with 1 Vs,
Further details on materials, methods and characterization are
provided in the Supporting Information.
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