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Proton exchange membrane fuel cells require oxygen reduction catalysts with high activity and stability.
Pt based alloy materials are most widely applied ORR catalyst due to its high intrinsic activity, but usually
suffer from rapid deactivation as a result of particle agglomeration, detachment, Ostwald ripening and/or
Pt dissolution. Here we investigate the degradation of the PdPt alloys via in situ X-ray absorption fine
structure, Ay analysis, identical location-electron microscopy and DFT calculations. We conclude that
the origin of high activity and stability of the PdPt catalyst stems from the oxidation resistance of metallic
Pt, forming mainly surface adsorbed O species at high potentials. Two stage degradation process are
observed, showing an evolution of dynamic surface dependent ORR performance along with the deacti-
vation process. The careful design of Pt alloy structure leads to controlled surface oxygen behaviours. This
opens a new way to increase the lifespan of fuel cells and improve the Pt utilization efficiency.

© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

High mass activity (MA) and good stability at high potentials
are the major objectives in developing new oxygen reduction reac-
tion (ORR) catalysts for proton exchange membrane fuel cells [1-6].
Colloidal Pt alloys, such as PdPt, PtNi and PtCo, have been widely
reported over the past decade for their exceptional ORR mass activ-
ity. This superior performance can be rationalized by the electronic
structure of these materials and induced particle strain effect [7-
13]. Their design routes for achieving exceptional ORR activities
include: 1) increasing the intrinsic activity of Pt by alloying with
other metals [14-18]; 2) exposing particular active lattice planes
on the surface [17,19,20] and 3) improving Pt utilization via the
deposition of Pt as ultrathin layers on suitable substrates [19,21-
25]. Based on these literatures, Pt alloys have been widely reported
with higher ORR activity than pure Pt catalysts [26-28].

With the current success of colloidal Pt alloys in ORR, it is
important to understand the promotion role of the second metal
in the stability of the alloys under acidic reaction conditions. In
general, introduction of second metal tunes the oxygen adsorption
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energy (E.q4sO) on the Pt surface, while the ORR activity is maxi-
mized when the E,4s0 is ca. 0.2 eV higher than that on the pure
Pt(111) surface (ER%0) [29,30]. Studies in relations to the mor-
phology [31-34], element content [35,36] and atomic structure
changes [37-39] of Pt or Pt-based alloy nanoparticles during elec-
trochemical deactivation have revealed four main deactivation
causes: (1) particle agglomeration; (2) particle detachment; (3)
Ostwald ripening and (4) metal dissolution [40]. Particle agglomer-
ation and detachment are size dependent, whereas Ostwald ripen-
ing and metal dissolution are affected by the tendency of Pt
oxidation at high potentials. It is therefore important to elucidate
the rational between E,4s0/surface oxygen species and the activ-
ity/stability of the Pt alloy catalysts. In particular, the dynamic
alloy structure during ORR cycling will changes the surface E,4s0
and thus revealing the dynamic change of ORR activity. Under-
standing such dynamic is key for materials innovations with high
durability and stability.

Here a PdPt alloy with unique porous structure is designed to
address the deactivation causes mentioned above. It is worth men-
tion that not only such PdPt alloy exhibits much higher mass activ-
ity than commercial Pt (0.82 A-mgp' vs 0.13 A-mgp), but its
stability also outperforms most reported Pt-based alloy catalysts
[7,19,41,42], showing only 1% MA decay in 20,000 accelerated
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durability test (ADT) cycles. The investigation of the reaction beha-
viour of PdPt alloy by in situ X-ray absorption fine structure (XAFS)
study reveals that PdPt alloy is more resistant to oxidation at high
potentials than commercial Pt. On top of this, Au analysis shows
predominant adsorbed O on Pt surface (1-fold atop site) for PdPt
alloy at high potentials, whereas the pure Pt surface prefers O
insertion into the lattice, forming PtOyx (n-fold sites). Such
enhanced oxidation resistance improves both the ORR mass activ-
ity and stability significantly. As a net result, the leaching of Pt
from PdPt alloy only take places after 30,000 accelerated durability
test (ADT) cycles. This is witnessed both at the single particle level
with identical location-electron microscopy (IL-EM) [40] and
ensemble level via microwave plasma-atomic absorption spec-
troscopy (MP-AES) analysis. Based on the attained PdPt alloy struc-
ture evolution, we perform periodic DFT calculations [29], showing
the trend of E,4s0 along with the change of surface structure,
resembling the similar trend of MA in the experiments. The pres-
ence of Pd in the subsurface layer of the PdPt alloy makes
oxygen-binding less exothermic by 0.04 eV per O atom as com-
pared to a pure Pt catalyst, suggesting the best activity among all
structures. By tracing dynamic structural evolution of PdPt alloy
during degradation in both theory and experiment, an accurate
structure-performance relationship during the degradation of the
PdPt catalysts is established with the surface oxygen adsorption
as the driving force. This result is only possible with the combina-
tion of calculation, single particle and ensemble techniques, which
can be widely applied for catalysis and energy applications.

2. Experimental section
2.1. Catalysts preparation

Dihydrogen tetrachloropalladate solution (HPdCly,
0.01 mol-L™!, 100 mL) was prepared by dissolving palladium (1)
chloride (PdCl,, 180 mg, >99%) and hydrochloric acid (200 pu L)
in water (100 mL). The obtained solution was then stirred and
heated at 60 °C until it became homogeneous. Chloroplatinic acid
hexahydrate solution (H,PtClg, 0.01 mol-L~!, 100 mL) was prepared
by dissolving chloroplatinic acid hexahydrate (H,PtClg, 520 mg,
ACS reagent, > 37.5% Pt basis) in deionized water (100 mL, 18
MQ/cm). The PdPt/C colloidal nanoparticles were synthesized by
a typical seed mediated growth method. For the preparation of
the seed solution, hexadecyltrimethylammonium chloride (C;9H45-
CIN, >99%, CTAC, 12.5 mL), dihydrogen tetrachloropalladate solu-
tion (H,PdCl,, 0.01 molL™!, 2.5 mL), sodium borohydride
solution (NaBHy4, >98.0%, 0.1 mol-L~!, 6 mL) and deionized water
(85 mL) were added into a vial (volume:150 mL). After the vial
had been capped, the mixture was ultrasonicated for around
30 min. The resulting homogenous seed solution was stranded at
room temperature for 3 h. For the synthesis of the PdPt/C colloidal
solution, chloroplatinic acid hexahydrate solution (H,PtClg,
0.01 mol-L~!, 8 mL), dihydrogen tetrachloropalladate solution (H,-
PdCl,, 0.01 mol-L™!, 8 mL), porous carbon powder (Ketjenblack
EC300], 40 mg), hexadecyltrimethylammonium chloride (CigH4;-
CIN, 2.4 mL), L-ascorbic acid (C¢HgOg, 4 mL) and obtained seed
solution (100 mL) were added into an round bottom flask (volume:
1 L). The mixture was ultrasonicated for 30 min. The resulting
homogenous mixture was then heated to 60 °C for 4 h. The result-
ing colloidal products were collected by centrifugation, washed
three times with an ethanol/water (volume ratio 1:1) mixture
and dried in oven at 60 °C. Before the electrochemistry measure-
ments, the PdPt/C powder was washed by mixture of water and
ethanol three times to remove surfactant (CTAC). There is no extra
treatment for porous carbon support. Based on the MP-AES results,
the weight percent of Pt and Pd is 15 wt% and 12 wt%, respectively.
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2.2. Electrochemical measurement

For the ink preparation, the PdPt/C (2 mg) was dispersed in the
mixture containing ethanol and Nafion (0.01 wt% Nafion, 1 mL) and
then sonicated in ice bath for 30 min. Based on the MP-AES results,
the total metal loading of both PdPt/C and commercial Pt/C (JM,
40 wt%, 2-5 nm Pt nanoparticles) catalyst on the glassy-carbon
(GC) electrode were controlled to be 5.2 pg. All electrochemical
measurements were carried by the Gamry Interface 1010E poten-
tial station using a GC rotating disk electrode (RDE, Pine Research
Instrumentation, area 0.196 cm?) connected to a rotating electrode
speed control (Pine Research instrumentation). A Pt wire (99.999%)
and a silver/silver chloride electrode (Ag/AgCl) were used as coun-
ter and reference electrodes. The Ag/AgCl reference electrode was
calculated, which has an overpotential of +0.265 V relative to
reversible hydrogen electrode (RHE) in 0.1 M HClO4 electrolyte
(Supplementary Fig. S27). The electrochemically active surface
area (ECSA) was determined by integrating the hydrogen adsorp-
tion charge on the cyclic voltammetry (CV) curves at room temper-
ature in Ny-saturated 0.1 M HCIO,4 solution with a scan rate of
20 mV/s. Oxygen reduction reaction (ORR) measurements were
carried in 0.1 M HClO4 solution purged with saturated O, during
the measurements. The scan rate and rotation speed for the ORR
measurements were 20 mV/s and 1600 rpm, respectively. For the
ORR polarization curves, the current densities were normalized
in reference to the geometric area of the glassy carbon
(0.196 cm?). The mass activity and specific activity were calculated
by the loading amount and ECSA of Pt, respectively. The ADTs were
performed by cyclic potential sweeps under the potential range
between 0.6 and 1.1 V versus RHE at a scan rate of 100 mV/s. Dur-
ing the long-term ADTs, graphite rod and O, was used as reference
electrode and gas atmosphere, respectively.

2.3. TEM investigation

TEM imaging was performed using a JEM-2100 (JEOL, Japan)
microscope equipped with an Oxford Instruments EDS detector
at 200 kV. Particle size distributions were estimated through the
measurement of 100 particles.

2.4. STEM and EDS investigations

ABF and HAADF-STEM results were acquired on probe-
corrected (CEOS) JEM ARM 200CF (JEOL, Japan) at the Beamline
EO1 in the electron Physics Science Imaging Center (ePSIC). The
STEM is equipped with large solid-angle dual EDS detectors for
X-ray spectroscopy and elemental mapping. High resolution
aberration-corrected ABF and HAADF-STEM images were acquired
with an accelerating voltage of 200 kV. The probe current was 143
pA (5C probe size) with a 40 um probe-forming aperture, resulting
in 31.8 mrad probe convergence semi-angle. The HAADF signal was
gathered at 4.0 cm STEM camera length, integrating the scattered
electron intensity between 107.0 and 415.1 mrad. Energy-
dispersive X-ray spectroscopy (EDS) data were obtained in STEM
mode with the same parameters. Each EDS spectrum image is
100 x 100 pixels in size, with 0.1 s exposure time per pixel and
drifting correction. Gatan Microscopy Suite Software was used
for EDS spectrum imaging data acquisition, energy calibration
and EDS data mapping.

2.5. Ex situ and in situ X-ray absorption spectroscopy investigations

X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) of the Pt Ls;-edge
(11.564 keV) and Pd K-edge (24.350 keV) were performed at
3.0 GeV with a beam current of 300 mA at the Beamline B18 of
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the Diamond Light Source [43,44]. For Pt L3-edge measurement, a
QXAFS setup was applied using a fast-scanning Si (111) double
crystal monochromator (DCM) and a Cr-coated branch of collimat-
ing and focus mirrors (OH mirrors). Si (311) DCM and Pt-coated
OH mirrors were instead used for Pd K-edge measurement. The
typical photon flux at 8 keV was 5 x 10'! ph/s with a beam size
of 200(H) x 250 (V) wm. The time resolution of the spectra was
3.0 min/spectrum. The energy range for Pt L;-edge (0.3 eV/step)
and Pd K-edge (0.5 eV/step) were 11.364-12.364 keV and
24.150-25.250 keV, respectively.

Ex situ XANES and EXAFS measurements were performed in
both transmission mode using ion chamber detectors and fluores-
cence mode using a 36-element Ge solid-state detector. Pt and Pd
foil were used for energy shift calibration. PtO, and PdO were
diluted with boron nitride and pressed into 8-mm diameter pellets
for transmission measurement as references. The in situ XANES and
EXAFS of PtPd/C and commercial Pt/C were performed in a self-
designed three-electrode liquid cell (Fig. S28) with same X-ray
beam set-up and data acquisition parameters.

The in situ electrochemical cell in fluorescence mode was
equipped with a three-electrode system (Fig. S28). The as-
prepared carbon electrode was used as the working electrode
and is sealed on the wall by Kapton foil and then a stainless-
steel current collector. The cell was filled with electrolyte (0.1 M
HCIO4) with Pt wire and Ag/AgCl electrodes-soaked in. Before
in situ experiment, few CV cycles were run to remove any impuri-
ties and oxidized species on sample surface. The cell was placed
45° to X-ray beam direction, and the Ge detector was positioned
from vertical direction to measure the fluorescence X-ray
(Fig. S28C).

For the sample preparation, the catalysts were dispersed in the
mixture containing ethanol and Nafion (0.005 wt% Nafion), and the
concentration of the prepared ink solution was 2 mgcacaysi/ml. The
ink solution was then sprayed on a conductive carbon paper as
free-standing support and diffusion media (area 1 cm?, Sigracet
29 AA, fuel cell store). The catalyst loading was controlled in a
range of 0.4 to 1.5 mg/cm?2.

The PdPt/C catalysts were studied at both Pt L3-edge and Pd K-
edge, and commercial Pt/C catalysts were studied at the Pt L;-edge
as comparison. The in situ experiments for each sample contained
two stages. First, cyclic voltammetry with very slow scanning rate
(2 mV/s) was taken under the potential range of —0.225 to 1.05 V
vs Ag/AgCl. In the second stage, chronoamperometric measure-
ment was taken under onset potential, half-wave potential and
limiting current potential. XAFS spectra were continuously col-
lected during both processes. Ex situ XAFS data for these in situ
samples were also performed in transmission mode before
mounted into the in situ cell.

XAFS data analysis was performed by Demeter software pack-
age (including Athena and Artemis, version 0.9.26) [45]. Athena
was used for energy calibration, data normalization and Linear
Combination Fitting (LCF) analysis. Artemis was used to fit the
Fourier-transformed EXAFS data (fit range: 3.2 A~1 < k < 12.1 A™!
and 1.0 A <R < 3.3 A). The amplitude reduction factor S3 was cal-
culated to be 0.75 and 0.80 for Pt L3-edge and Pd K-edge from the
EXAFS analysis of Pt foil and Pd foil. S3 was used as a fixed param-
eter for EXAFS data fitting. Self-absorption effect for both Pt Ls-
edge and Pd K-edge was evaluated by comparing transmission
and fluorescence EXAFS of the same sample. The coordination
numbers fitted from transmission and fluorescence data are the
same, indicating that the self-absorption effect was negligible.

XANES at Pt Ls;-edge region was also analysed by the Ap-
technique developed by Ramaker et al. [46-49]. Ap results of nor-
malised XANES were obtained by subtracting the XANES at 0.58 V
in anodic scan (vs RHE). Eg values for all XANES spectra were set to
11564 eV. Normalisation (order = 2) was carried out between 50
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and 200 eV relative to Eo. Ap analysis provides solid evidence on
different oxygen binding sites (atop O/Pt and n-fold O/Pt), as well
as quantitatively probes the changes of these species under reac-
tion conditions.

2.6. IL-EM investigations

For the IL-TEM/STEM measurements, a gold finder grid, loaded
with PdPt/C catalyst, is attached to the working electrode
(Fig. S26 A, B). Before any electrochemical measurement, a series
of TEM images at different magnifications were recorded to locate
the certain particles. The locations of target areas were tracked
using the abecedarian on the gold finder girds [50] (Fig. S26 C).
After different cycles of accelerated durability tests (ADT), the gird
was removed from glassy carbon disc, rinsed carefully with deion-
ized water, dried thoroughly, and then transferred to the TEM/
STEM again. Energy-Dispersive X-ray Spectroscopy (EDS) data
were obtained in STEM mode with the same parameters. Each
EDS spectrum image is 120 x 120 pixels in size, with 0.1 or
0.05 s exposure time per pixel and drifting correction. The EDS
maps of IL-STEM samples at different cycles were collected using
the same magnification, sample rotation, scan range and step size.
The interference of different beam current during each measure-
ment are considered as constant. The counts values in all channels
are calibrated by pixel time. Elementary maps of Pd La signals and
Pt Lo signals are generated with background noise removed. For Pt
Lo signals, the overlapped Au Lo signals are subtracted using peak
fitting. The EDS maps from different cycles are aligned and cropped
to 100 x 100 pixels. To improve the signal to noise ratio, a down
sampling process by merging 4 x 4 pixels for each image, leading
to resolution drop from 100 x 100 pixels to 25 x 25 pixels. Plot of
Pd:Pt signal ratios are generated from Pd EDS image divided by Pt
EDS image (pixels at the empty region with values of zero are
excluded).

2.7. PXRD investigations

PXRD measurements were performed using a StadiP diffrac-
tometer from STOE, with a voltage of 40 kV and a current of
30 mA, using a Cu source with Ko; = 1.540562 A and Ko, = 1.544
398 A. The signal from Ko, was removed for analysis.

2.8. XPS investigations

XPS analyses were performed on an XPS Ko surface analysis
machine (Thermoscientific) using an Al source (excitation energy
at 1486.6 eV).

2.9. MP-AES investigations

The concentration of the catalysts was determined by micro-
wave plasma-atomic emission spectrometer (4100 MP-AES). Com-
mercial H,PtClg and PdCl, standard solution for AES and AAS were
used for calibration of concentration.

2.10. Computational methods

The periodic density functional theory (DFT) calculations were
performed using the Vienna ab initio Simulation Package (VASP)
version 5.4.1 [51], which solves Kohn-Sham equations in an itera-
tive manner [52]. Interactions between core and valence electrons
were modeled with the projector augmented wave (PAW) method
[53,54], and the kinetic energy cutoff was set to 400 eV. All calcu-
lations were performed under the generalized gradient approxima-
tion (GGA), and exchange and correlation effects were treated
using the PBE exchange-correlation functional [55]. To model the
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low-index PdPt (111) surfaces, a five-layer p(3 x 3) slab was
employed, whose two bottom-most layers were fixed, while the
three top-most layers were allowed to fully relax during ionic opti-
mization. Periodic images on the z-direction were separated by a
vacuum region of thickness of 10 A. The corresponding lattice con-
stants of Pt and Pd were found equal to 3.943 A and 3.977 A,
respectively. Furthermore, the lattice constant of the investigated
Pt/Pd alloy surfaces were determined based on a linear relation-
ship, which allowed us to correlate the lattice constant of the alloy
to the Pt and Pd loadings therein (Fig. S29). The Brillouin zone was
sampled with a 4 x 4 x 1 Monkhorst-Pack k-point mesh, while the
Hellman-Feynman forces acting on all ions that are free to move
were relaxed to<1072 eV/A. The number of k-points was chosen
after converging the adsorption energy of atomic O on a Pt/Pd
(111) surface with respect to the k-point mesh (Supplementary
Fig. S30), and the average adsorption energy of n O atoms
(Eqgs (n-0)) was computed using the following expression:

- (B 12))

n

n -O-+slab slab
Emt - Etot

Eus(n-0) = ( (1)

where El9+1% is the DFT energy of n O atoms co-adsorbed on slab,

E{is the DFT total energy of the clean slab and E%# is the DFT total
energy of an O, molecule in the gas phase. According to the defini-
tion of E,4s (n-0)) in (Eq. S1), more negative E,q4s (1-0)) values indi-
cate stronger O binding on the catalytic surface. Finally, the
d-projected density of states (DOS) of the two top-most layers of
some of the investigated alloy surfaces were calculated using
LOBSTER version 3.2.0 [56-58]. The d-band center of the obtained
d-states surfaces was computed as the first moment of the d DOS
[59].

3. Results and discussion
3.1. Design of porous PdPt/C alloy

PdPt/C alloy particles are prepared via seed-mediated methods
to achieve high activity and stability.[60] Pd seeds are firstly
loaded onto the conductive carbon support, followed by controlled
growth of PdPt alloy nano-branches (Fig. S1). The obtained PdPt
alloy particles have a narrow size distribution of 91 + 20 nm
(Fig. S2) and featured with highly porous structure. As showed in
TEM and HAADF-STEM images (Fig. 1a, 1b), each PdPt alloy particle
is composed of small nanocrystals and branches (about 2 nm size)
that connected together in the same orientation (Fig. 1c and
Fig. S3), forming only one type of electron diffraction pattern
(Fig. 1d and Fig. S4). The porous nature of the PdPt particle signif-
icantly improves the surface area. Despite 30 times larger size of
PdPt to that of commercial Pt/C, a similar electrochemical surface
area (ECSA) of 69 m?-gmhei (including both Pd and Pt) is achieved
to that of commercial one (74 m?.gp, Fig. 1g, Table S1). Such por-
ous feature provides larger active surface for the O, adsorption and
reduction that solid nanoparticles, which is beneficial to high ORR
performance [7,10,28]. In addition, this unique porous structure
can be considered as ordered pre-assembled ultra-small nanopar-
ticles in a narrow spherical space, in which nanoparticle move-
ment, agglomeration and Ostwald ripening can be significantly
inhibited. Moreover, compared with colloidal PdPt nanoparticles
grown without the carbon (Fig. S5), and the individual PdPt parti-
cle branches adapt the carbon support, maximizing the metal/car-
bon interface (Fig. S5). As a result, those inserted branches can
prevent the PdPt porous particles from detachment, which is a
common issue for small nanoparticles.

Despite a trace amount of Pt(II) and Pd(Il) that are probed by
XPS on the surface of the alloy (Fig. S6), Pt(0) and Pd(0) are dom-
inant in bulk, as confirmed in both Pt L3-edge and Pd K-edge XANES
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Fig. 1. Structure and ORR performance of PdPt/C alloy. a) TEM image of PdPt/C
nanoparticles supported on conductive carbon. b) HAADF-STEM image of a single
PdPt/C particle. c) ABF-STEM image showing the insertion of metal branches into
carbon. d) Selected area electron diffraction of a single PdPt/C particle. e) STEM-EDS
element mapping of particle in b). f) Pt/Pd EDS signal intensity ratio cross the
vertical direction in e). g) CV curve of PdPt/C and commercial Pt/C with the same
metal loading of 27 pg-cm~2. h) Linear sweep voltammetry (LSV) curves of the PdPt/
C alloy and commercial Pt/C.

(Fig. S7). Further EXAFS analysis reveals the coordination environ-
ment of Pt and Pd. First, the coordination numbers (C. N.) of Pt-Pt,
Pt-Pd, Pd-Pt and Pd-Pd scatterings are 6.03 + 0.3, 4.09 + 0.2,
3.81 £ 0.3, and 6.67 * 0.3, respectively (Fig. S8, S9 and Table S2).
The C.N. of Pt-Pt and Pd-Pd are larger than those of Pt-Pd and
Pd-Pt, suggesting partial segregation of the two metals in the PdPt
nanoparticle. This is in good agreement with the energy dispersive
X-ray spectroscopy (EDS) mapping, where both Pd and Pt are found
to be uniformly dispersed throughout the particle (Fig. 1e) but Pt/
Pd EDS intensity ratio is higher at the peripheral part than that in
the centre (Fig. 1f and Fig. S10). Second, the total C.N. for Pt-metal
and Pd-metal are 10.12 and 10.48, which are smaller than the Pt
and Pd foil (C. N. = 12). This result suggests the nanocrystal nature
of the PdPt/C alloy. Third, the bond lengths are 2.73 + 0.01 A, 2.7
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3+0.01 A 2.73 £ 0.01 A, 2.74 + 0.01 A for Pt-Pt, Pt-Pd, Pd-Pt and
Pd-Pd, respectively, matching the values for Pt and Pd foil stan-

dards. Due to the same crystalline structure in Fm 3 m space group
with 0.03% lattice mismatch, the PdPt/C alloy has the same sets of
diffraction peaks in the X-ray diffraction (XRD), corresponding to
the Pt standard and Pd standard (Fig. S11). Benefiting from this
porous metallic PdPt/C alloy structure, the ORR mass activity of
PdPt/C is 0.82 A-mgp¢ compared to only 0.13 A-mgp for the com-
mercial Pt/C catalyst. This also leads to high specific activity of
0.67 mA-cm~2 for total metal loading, which is four times higher
than that of commercial Pt/C. The mass activities and ECSA for Pt
and metal loadings are surmised in Table S1 for further

comparison.

3.2. Structure evolution of PdPt/C alloy in ORR condition

To further understand the high specific ORR activity of the PdPt/
C alloy catalysts, the electronic and geometric structure of bulk Pt
and Pd is studied via in situ XANES and EXAFS along with the cyclic
voltammetry (CV) scan (Fig. 2a and 2b), probing the dynamic
changes of oxidation states and Pt-O, Pt-M coordination (Fig. 2a
to 2 h, Fig. S12, S13, Table S3, S4 and S5). On the one hand, Pt
(0) is oxidized to PtOy in the anodic scan and is reduced back to
Pt (0) in the cathodic scan for both PdPt/C and commercial Pt/C.
This redox of Pt is associated with the change of Pt oxidation states
(Fig. 2c and 2d), the increase and decrease of Pt-O C. N. (Fig. 2e, 2f),
as well as the decrease and increase of Pt-Pt/Pd C. N. (Fig. 2g, 2h).
Meanwhile, the PtO, content in the cathodic scan is maximized
around 1.1 V vs. reversible hydrogen electrode (RHE) (Fig. 2c,
2d). This suggests that a high activation barrier is required for
the reduction of PtO4 in both catalysts. On the other hand, the
degrees of Pt redox are different in PdPt/C and commercial Pt/C.
First, as revealed by the trend of Pt(IV) content and Pt-O C.N,,
amount of PtOy formed in PdPt/C is approximately half of that in
commercial Pt/C at same potential during the whole CV scan. This
suggests that PdPt/C maintains more metallic feature than com-
mercial ones. Second, in the anodic scan, significant oxidation of
Pt in PdPt/C is only observed between 1.0 V and 1.1 V (vs RHE),
while PtOy started between 0.9 V and 1.0 V (vs RHE) for commer-
cial Pt/C. At 1.0 V, the oxidation current of PdPt/C is 0.16mAh/
Mgmeta, Which lower than that of commercial Pt/C (0.38 mAh/
mgmeca). This result further approve that PdPt/C is more difficult
to be oxidized than commercial Pt/C. Correspondingly, in cathodic
scan, 0.1 V less potential is required for full reduction of PtO, in
PdPt/C than in commercial Pt/C. Such differences of the redox
threshold potentials indicate an improved oxidation resistance of
Pt in PdPt/C alloy. Third, oxidation of Pt in PdPt/C alloy at high
potentials results in decrease of both Pt-Pd and Pt-Pt C.N., and
the C.N. ratio between Pt-Pd and Pt-Pt remained almost the same
(Pt-Pd: Pt-Pt = 0.7). Pd (II) content is detected at higher potential
than Pt due to easy dissolution of oxidized Pd content in acidic
electrolyte, which can’t be detected by XAFS (Fig. S14). Therefore,
it is concluded that oxygen adsorption and insertion and reduction
are mainly happened at Pt sites.

The formation of PtO, shows the O has penetrated into the sub-
layers of Pt lattices, which consequently changes the surface O
adsorption behaviour. XANES difference spectra is then analysed
by the Apu-technique to probe the adsorbed oxygen species (de-
noted as O/Pt) at the Pt surface [46-49]. In our case, Ay is calcu-
lated via Ay = p(O/Pt) — w(Pt), in which the p(O/Pt) and u(Pt)
represent the XANES of Pt with surface oxygen species and ‘clean’
surface respectively. The Pt L3-edge XANES at 0.58 V in the anodic
scan is chosen as the reference spectra because this surface is free
of adsorbed H, OH, O or ClO7 species (double layer region) [46]. The
Ap spectra cancels out the contribution from unchanged bulk,
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The Pt(IV) ratio is quantified by Linear Combination Fitting (LCF) of Pt Ls;-edge
XANES spectra. The XANES spectra has been normalized to absorption of 1 after the
absorption edge (Table S3). Change of Pt-O coordination numbers (Blue: anodic
scan; Red: cathodic scan) in e) PdPt/C alloy and f) commercial Pt/C as a function of
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interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)



R. Xu, L. Kang, K.G. Papanikolaou et al.

therefore the effects from surface species such as adsorbates can be
isolated with more prominent features [46-49].

The processed Ay results (Fig. 3) unravel the different evolution
pathways of surface oxygen species in PdPt/C and commercial Pt/C
catalysts. The surface oxygen species can be classified into 1-fold
atop and n-fold (n = 2, 3 and 4) depending on the location of the
oxygen atoms (Fig. 3a-d) [46-48,61-63]. They represent adsorbed
O on Pt surface (1-fold atop site, can also be OH species) and the
O insertion into the lattice (n-fold sites), respectively. The energy
position of 1-fold atop site over PdPt alloy (denoted as atop O/PdPt)
is at —1.0 eV (rel. edge, Fig. 3¢)), which is slightly lower than that
on pure Pt surface (denoted as atop O/Ptp;) at 0.0 eV (rel. edge,
Fig. 3d). This is typical for alloy surface according to literature
[48,61,64-66]. Such 1-fold atop site represent the surface O adsorp-
tion, which is highly relevant towards ORR activity [46-48,62,63].
Solvation from H,0 and HsO" may help stabilize those atop O spe-
cies. In comparison, Ay peaks at above 2.0 eV (rel. edge) in both
PdPt/C and commercial Pt/C are attributed to the n-fold sites (de-
noted as n-fold O/PdPt and n-fold O/Ptp,. This indicates the pene-
tration of O into Pt lattice and formation of PtOy, which leads to
limited adsorption and conversion of O,. The formation of O in Pt
lattice is coexisting with the Pt oxidation, suggesting a potential
relation between these two spectroscopic features.

During the CV scan, the content of 1-fold or n-fold species and
their energy position are plotted as the function of potential
(Fig. 3e, 3f). The atop O/PdPt species keeps at —1.0 eV (rel. edge)
in both anodic (0.67-1.03 V) and cathodic scan (0.76-0.13 V).
The atop O/Ptp, species is absent in anodic scan and is only visible
below 0.4 V (vs RHE) in cathodic scan. At the PdPt surface, both the
1-fold atop and n-folds sites are well distinguished with fixed
energy position. This is not the case at the Pt surface, where a
dynamic change of the Apmax energy position is observed. In addi-
tion, the full conversion from 1-fold atop to n-fold species at PdPt
surface requires 1.12 V and the reduction back to 1-fold atop is
observed at 0.76 V. The potentials required for commercial Pt are
0.67 V for oxidation and 0.40 V for reduction, respectively, suggest-
ing that surface Pt in the PdPt is more resistant to oxidation. This
result corresponds well with the CV (Fig. 1g), LSV (Fig. 1h), and
the XAFS analysis (Fig. 2). The distinct atop O/PdPt species and
the resistance towards oxidation can be understood that during
the chemical adsorption of O at Pt surface, neighbour Pd atoms
donate electrons while the Pt atoms keep at metallic state. Espe-
cially, at ORR relevant potentials between 0.7 and 0.9 V, PdPt/C
mainly contains the adsorbed atop O/PdPt species whereas the
commercial Pt/C possess mainly PtO, with sublayer/lattice oxygen
features.

In summary, Pd in PdPt/C catalysts plays crucial role by promot-
ing adsorption of surface atop O/PdPt species, preventing insertion
of oxygen into Pt lattice and enhancing release of PtOy lattice oxy-
gen. Consequently, less structural changes of PdPt/C are expected
compared to commercial Pt/C at same reaction conditions, and
the improved oxidation resistance of PdPt/C is fundamental to
higher stability and longer lifetime than commercial Pt/C.

3.3. Structure evolution of PdPt/C at single particle level in ADT

It is confirmed by XAFS and Ap analysis that the presence of Pd
in the subsurface layer of PdPt alloy enables formation of atop O/
PdPt species and improves the stability by keeping Pt at the metal-
lic phase. In addition to this, the role of Pd played in long-term cat-
alyst stability is further investigated by ADT. In the ADT between
0.6 and 1.1 V (vs RHE), there is only 1% MA decay till 20,000 cycles
(Fig. S15), before being slightly reduced to 88% of the original mass
activity at 30,000 cycles (Fig. 4a, 4b). From this point onwards, the
mass activity drops steadily to 48% at 60,000 cycles (Fig. 4b,
Fig. S15), indicating a two-stage decay mechanism. In comparison,
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the stability of commercial Pt/C catalysts has been widely studied,
which shows less than half of initial activity within 5,000 cycles
[19,67,68]. The non-porous PdPt nanoparticles, as reported previ-
ously, also suffers from poor stability with 12% of mass activity
decay in the first 5,000 cycles [69,70].

To understand the drop of activity after 30,000 cycles, IL-STEM
study is performed for particles at 10,000, 30,000 and 45,000
cycles, showing that the observed porous PdPt alloy particles
remain in the same location and have almost the same size and
morphology during ADT (Fig. 4c to 4q and Fig. S16). Additionally,
IL-TEM images are also acquired at two separate areas for PdPt par-
ticles after 0, 5000, 15,000, and 20,000 ADT cycles, in which 40 of
44 and 21 of 21 particles remain at the same location in each area
(Fig. S17). In comparison, the growth, aggregation and detachment
of small Pt particles during ADT at the first 10,000 cycles is widely
reported in the literature [33,40]. Therefore, the PdPt/C catalyst
exhibits excellent geometric stability against detachment, agglom-
eration and Ostwald ripening by gripping large porous PdPt parti-
cles onto the carbon framework. Then on this basis, the element
leaching can be decoupled from these deactivation pathways, as
well as its effect towards decay of ORR activity in the ADT can be
studied accurately.

During ADT from 10,000 to 45,000 cycles, the lattice fringes of
PdPt particle show no major changes (Fig. S18), and the size of
nano-branches in the identical PdPt nanoparticles remain almost
the same (Fig. S19). But a drop of HAADF-STEM signal intensity
at the peripherical part can be observed (Fig. 4d, 4i, 4n and
Fig. S20). The result suggests that leaching starts at the PdPt/elec-
trolyte interface, while the PdPt/C interface remains intact. Based
on the IL-STEM study, the quantitative description of Pd and Pt loss
is further provided by IL-EDS mapping at single-particle level,
showing the similar decrease of Pd and Pt signals at the peripheral
part (Fig. 4e-g, 4j-1, 40-q). Furthermore, the dissolution behaviour
for Pd and Pt is different: In the first stage from 10,000 to 30,000
ADT cycles, the drop of peripheral Pd intensity (Fig. 4f and 4K) is
much faster than the observed drop of peripheral Pt intensity
(Fig. 4e and 4j); In the second stage from 30,000 to 45,000 cycles,
there is no clear Pd leaching in the particle (Fig. 4k and 4p), while
Pt undergoes severe leaching (Fig. 4j and 40). Similar leaching
behaviour is also confirmed by IL-EDS study of another PdPt parti-
cle at 10,000, 30,000 and 45,000 ADT cycles (Fig. S20). This trend is
clearly visualised in the plot of Pd:Pt signal ratio, showing that Pd:
Pt ratio dropped during 10,000 to 30,000 ADT cycles (Pd dominant
leaching) and increased after 45,000 ADT cycles (Pt dominant
leaching) (Fig. 4g, 1, q).

Here, the initial leaching of Pd is in good agreement with the
reports in Pt-based alloy system, in which the less noble alloy com-
ponents are always preferentially leached during electrochemical
potential cycling [71-73]. This is due to their low reduction poten-
tials in comparison with Pt. With less Pd, the PdPt has a higher ten-
dency of oxidation according to the comparison between PdPt and
Pt in the in situ XAFS study (Figs. 2, 3). The absent of Pd after 30,000
ADT cycles eventually causes the Pt leaching between 30,000 and
45,000 ADT cycles via fast redox between metallic and oxidation
states. The change of Pd and Pt content in the alloy explains the
change of ORR mass activity, which is steady till 30,000 cycles
and then decreases between 30,000 and 45,000 cycles (Fig. 4b,
Fig. $15).

3.4. DFT calculation based on single-particle imaging

To rationalize the observed trend of mass activity during the
ADT experiment (Fig. 4a and 4b), periodic DFT calculations are per-
formed based on the results from the IL-STEM study (Fig. 4c to 4q),
which also enables the correlation between the measured mass
activity and the structural evolution of the PdPt/C catalyst during
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ORR. In more precise terms, we have computed the adsorption relation between O* and OH* adoption energies, the E,4s O calcu-
energy of O on a number of PdPt (111) surfaces (Fig. 5a, 5b). Sol- lated here is a good descriptor of the catalytic activity [29,30]. In
vation from H,O0 is yet considered in the model. Due to the scaling the calculations, the composition of the two top layers of the sur-
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face is varied, as the subsurface layer may still affect the O adsorp-
tion energy. We fix the composition of the three bottom layers,
which, anyway, have a small effect on the binding strength of O
species [74].

DFT calculations first elucidate the property of the surface oxy-
gen over PdPt surface and the role of Pd on surface and subsurface.
Those subsurface atoms can change the electronic structure of the
top layer Pt and affect the O* adsorption. As shown in Fig. 5a, the
binding strength of O on the PdPt (111) surface with a Pt skin
and 33% Pt on the subsurface layer is reduced by ca. 0.04 eV per
O adatom as compared to a pure Pt (111) surface (structure 4 in
Fig. 5b). Generally, a value of E 40 and EXS0 within the range of
0 to 0.2 eV lead to reduced barriers for O desorption, thereby
increasing the ORR activity [29]. Therefore, it is the facile O desorp-
tion from the surface of the PdPt that play a key role in maintaining
Pt in the metallic phase at high potential, as confirmed in the XAFS
and Ap studies above as well.
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Since Pd leaching is more pronounced than Pt leaching in the
first 30,000 ADT cycles (Fig. 4f, 4Kk), one may first assume a sur-
face layer devoid of Pd. On this basis, the O adsorption is simu-
lated on a slab with a Pt skin and a Pd subsurface layer. For this
structure, the E 40 = —0.78 eV (structure 1 in Fig. 5a and 5b) is
computed. In addition, the high initial Pd leaching rate will poten-
tially cause the enrichment of the subsurface layer in Pt (struc-
tures 2, 3 and 4 in Fig. 5a, 5b). This will happen through Pd
segregation to the surface layer followed by Pd leaching into the
electrolyte. Interestingly, the DFT calculations suggest that the
bespoke enrichment has a very small effect on E 40 (Fig. 5a).
For example, it is found that the difference in E,4s0 between a
structure with a Pt fraction of 1.0 and 0.0 on the surface and sub-
surface layers (structure 1 in Fig. 5a and b), respectively, is by
only 30 meV smaller than a structure with a Pt fraction of 1.0
and 0.33 on the surface and subsurface layers (structure 4 in
Fig. 5a and b), respectively.
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By contrast, after 30,000 ADT cycles, Pt leaching becomes very
significant (Fig. 4j, 40), and this will result in a mixed PdPt surface
layer (structures 5, 6 and 7 in Fig. 5b). The DFT calculations show
that the presence of Pd, even at a low coverage of 0.11 ML (struc-
ture 5 in Fig. 5b), strengthens O binding by 0.1 eV per O atom as
compared to the “Pt skin” structures 1-4 of Fig. 5a. Moreover, at
increasing surface Pd coverages, O adsorption becomes progres-
sively more exothermic, thereby clarifying the decreasing trend
of the mass activity in the Pt leaching phase (Fig. 5a, 5b). Addi-
tional calculations show that the presence of Pd on the surface
layer of the PdPt (111) results in very strong O binding on sur-
rounded by Pt fcc sites, which, as a result, are potentially poisoned
(Fig. $21) [29].

To elucidate the different reactivity of the structures investi-
gated, the d density of states (DOS) was calculated and projected
on the two top the layers of representative structures (shown in
Fig. 5¢, along with the d-band centre calculated as the first moment
of the d-DOS) [75]. Our d DOS analysis accounts for both surface
and subsurface layers because the composition of these two layers
has a strongest impact upon E,4s0. Dianat et al. [74] have shown
that changes in the composition of the subsurface layer, while
keeping fixed the composition of the surface layer, can bring about
changes of as high as 0.13 eV in E.40. It is observed that the d-
band centre of structure 7 is by 0.13 eV and 0.20 eV higher than
the d-band centres of structures 1 and 4, respectively, explaining
the lower reactivity of structure 7 (i.e. more negative E,40)
[76,77].
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3.5. Ensemble stability and evolution of PdPt/C in ADT

The IL-TEM study (Fig. 4) visualizes the stability and evolution of
PdPt/C at the single-particle level. It is therefore important to verify
the result with an ensemble study that probes the collective beha-
viours of PdPt/C. To this end, ADT of PdPt/C alloy particles loaded
on carbon cloth are performed in a three-electrode cell. During the
whole ADT process, the decay of mass activity followed almost the
same trend as that in RDE system (Fig. 4b, Fig. S22). Meanwhile,
the morphology of PdPt particles is maintained after 45,000 ADT
cycles, which is consistent with the single-particle study. Only after
60,000 cycles the porous structure started to collapse and formed
some small nanoparticles (Fig. S23). In addition, the ensemble Pt/
Pd ratios at different stages are determined by microwave plasma-
atomic emission spectroscopy (MP-AES), which is complementary
to EDS analysis. It is found that the Pt:Pd ratio increased from 0.43
at the fresh state to 0.48 and 0.52 at 10,000 and 30,000 cycles respec-
tively (Fig. S22) and decreased to 0.49 at 45,000 cycles. Therefore,
both macroscopic and microscopic analysis confirm the same Pd
dominated and Pt dominated leaching zones before and after
30,000 cycles respectively, thereby supporting the selection of the
DFT geometries in Fig. 5b. It is also worth mention that the dynamic
loss rates of Pd and Pt at different ADT stages not only change the
composition but also alter the alloying degree. As revealed by XAFS
study, even though most of the Pt stays at metallic states, the Pt-Pd
C.N. gradually decrease with more ADT cycles, suggesting the
removal of Pd from Pt (Fig. S24, Table S6).
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On top of this, a more specific Au analysis of PdPt/C after 60,000
cycles is performed to elucidate the change of surface composition
(Fig. S25). Interestingly, the atop O/PdPt species is not observed in
either anodic or cathodic scans, while O/Ptp. species is only probed
only in cathodic scan. Such behavior of O adsorption is very similar
to that on the pure Pt surface in commercial Pt/C and corresponds
well with the dealloying of PdPt. However, the potential required
for formation of lattice inserted O species in anodic scan and full
conversion to surface adsorbed O species in cathodic scan are
1.03 V and 0.58 V respectively, which is lower than that of fresh
PdPt/C but still higher than that of commercial Pt/C. Despite the
increased oxidation resistance by Pd even after 60,000 ADT cycles,
the overall ORR performance is still limited without the atop O/
PdPt species due to the segregation of surface Pt and subsurface
Pd, as well as the more exothermic formation of O/Pd species with
increased surface Pd coverages.

4. Conclusion

Pd enables the surface adsorbed atop O/PdPt species that is essen-
tial for the ORR activity and stability. At ORR relevant potential, O, is
reduced in the form of the atop O/PdPt, which is enabled by low E ;450
and the electron donating effect from Pd. The presence of Pd also
makes Pt more oxidation resistance, preventing the leaching of Pt
in ADT cycles. Base on such resistance, the decrease of ORR activity
is correlated with the decay of PdPt alloy structure at a single particle
level in combination of the DFT study, show how the change of sur-
face Pd/Pt affect the overall ORR activity.
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