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Abstract

PtNi is amongst the most active electrocatalyst for the oxygen reduction reaction, but its stability in
operation is uncertain. Intuitively, alkaline environments lead to milder degradations than acidic ones,
although carbon-supported Pt-group metal nanoparticles are particularly degraded even in dilute
alkaline electrolytes. To date, PtNi catalysts durability has not been characterized for alkaline oxygen
reduction and evolution reactions (ORR and OER). Herein, carbon-supported shape controlled PtNi
catalysts were compared in terms of activity and durability during alkaline ORR and OER. The PtNi
catalysts are shape-controlled Pt-rich alloy, Ni-rich alloy, and Pt core/Ni shell (Pt@Ni) synthesized on
Vulcan XC72R carbon. Their morphology and composition were evaluated by identical-location
transmission electron microscopy, X-ray photoelectron spectroscopy and X-ray diffraction pre and
post accelerated stress test. Compared to Pt/C and Ni/C benchmark catalysts, the core-shell and Ni-
rich alloy catalysts gave high and stable OER activities. After accelerated stress test, the catalysts show
two features which are believed to play a major role in the durability: a Ni-enrichment at the
nanoparticles’ surface and an improved attachment of the catalyst to the carbon support.

KEYWORDS: Alkaline electrolyzer; Oxygen evolution reaction; Alkaline fuel cells; Oxygen reduction
reaction; Carbon-supported catalyst; Platinum nickel octahedral; Durability; Identical-location
transmission electron microscopy (IL-TEM)



1. Introduction

The last century of economic and technological development was based on fossil fuels, which has huge
ecological consequences, notably in terms of climate and environmental changes. A clear footprint of
this situation is the level of green-house gas emission and related global warming.>? Our societies are
now aware of the adverse effects of fossil energies, and, over the last decades, impressive progresses
in using renewable energy sources have been reached, but these render mandatory efficient storage
means. Power-to-hydrogen (water electrolyzers) and then back conversion into electricity via fuel-
cells could be the solution to this problem, but this strategy is not ready for the market, yet, and still
requires more research and development prior being capable to replace non-renewable energies.
Alkaline fuel-cells (AFC) and alkaline water electrolyzers (AWE), as well as their anion-exchange
membrane counterpart (AEM) have been under intense focus over the past years, mainly because the
reactions of the oxygen electrode, both the oxygen evolution reaction (OER) and the oxygen reduction
reaction (ORR), exhibit better kinetics in alkaline than in acidic environments and require less platinum
group metals (PGMs) for their efficient catalysis.®> Extensive research has been attempted to find
alternative catalysts to Pt or Ir, due to the scarcity of the PGMs.*

One huge benefit of systems operating with alkaline electrolytes is the potential use of non-PGM
catalysts such as 3d transition metals (TM), 95% of papers dealing with AEMFC use Pt-based catalysts
- see Figure 10 in [D.R. Dekel, Review of cell performance in anion exchange membrane fuel cells, J.
Power Sources, 375 (2018) 158.]. Indeed, compared to acidic conditions, non-PGMs do not suffer
intense corrosion in alkaline media and show very promising activity. The most investigated 3d-TM
are Ni, Co and Fe, the best phase of Co or Ni for OER is the oxy-hydroxide phase (lll), while the fully-
oxidized form (IV) demonstrates less performance °. The active metal hydroxide phase is not stable
for long-term operation. One way to improve the stability is to combine an additional element for
instance a bimetallic ® catalysts as NiFe 7 or CoFe 8, which can provide higher stability as well as better
performance, and is less element-consuming than stand-alone metal electrodes. The interest of
conducting the ORR in alkaline media is rather similar; non-noble metals can be stable and active,
enabling to supress or decrease the use of PGM. For example, PGM can be combined with non-
precious 3d-TM such as Fe®, Co, Nit!, etc. 214 to form more active ORR catalysts. Famous examples
of PGM combination with non-precious metal are PtNi 2> and PtCu !¢, these materials being also
popular (because very active) for acidic ORR applications 2. The aforementioned 3d-TMs can also
be utilized as standalone catalysts, with Cu-carbon?? and Fe-N-C 23, showing good activity for the ORR.

On the other hand, PGM-based OER and ORR catalysts face stability issues in alkaline environments,
despite the initial beliefs that “alkaline stability is superior”. It was recently found that the rate of
dissolution of the metals in alkaline electrolytes is very significant in potential regions relevant to
oxygen reactions.?*%¢ In addition, carbon-supported Pt nanoparticles are not stable when cycled in
potential in the stability domain of water, essentially because Pt assists the local corrosion of the
carbon substrate, which destroys the anchoring point of the nanoparticles and leaves them un-
attached to carbon, leading to pronounced nanoparticles detachment and thus of severe
electrochemical surface area (ECSA) loss.2’3° Zadick et al. demonstrated similar (although less
pronounced) effects for Pd/C nanoparticles 3!, and showed that shaped Pd nanoparticles were also
unstable in mild alkaline degradation tests %2, being incapable to maintain their (cubic) shape upon
potential cycling. Strasser et al. ended to similar conclusion for octahedral PtNi nanoparticles in acidic
environments 3. However, introducing some Ni in Pd nanoparticles was proven as an interesting
strategy to enhance the durability of PdNi/C nanoparticles 3*. Of course combining a PGM with a
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cheaper and more available 3d metal is popular, and it is safe to say that both shaping and combining
multiple elements is able to reduce the amount of expensive and scarce PGM while hopefully
increasing the activity and stability of the catalyst %.

In this study, shaped platinum and nickel supported on carbon are prepared in different phases, as
alloys or core-shell nanoparticles (NPs). The proportion of nickel was varied from Ni-rich to Pt-rich
alloy. The materials were fully investigated via X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and identical-location transmission electron microscopy (IL-TEM), to evaluate their
structure and composition prior and after the AST and link the catalysts’ activity to their structure and
composition. These data enable to conclude about the possible merit of combining Ni and to achieve
both high activity and stability for alkaline ORR and OER.

2. Experimental Section

2.1 Chemicals and Materials

Nickel(ll) acetylacetonate (Ni(acac);, 95%) was purchased from Strem chemicals. Platinum(ll)
acetylacetonate (Pt(acac), Pt 48%min), N, N-Dimethylformamide, (DMF, 99%) and benzoic acid (ACS,
99.5%) were purchased from Alfa Aesar. Benzyl alcohol (Bn 99%) was purchased from Acros Organics.
Isopropanol (HPLC grade) and ethanol absolute were purchased from AR-b Bio-Lab. Vulcan XC72R
carbon used as support material was purchased from Cabot Corporation. For comparison purposes,
Pt/XC72 carbon (20wt%, simply denoted as Pt/C) was purchased from Johnson Matthey and used as
benchmark. All materials were used as received without further purification.

2.2 Synthesis methods

Three distinctive carbon-supported octahedral Pt-Ni nanoparticles (NPs), namely Core-shell Pt@Ni,
Ni-rich PtNi, and Pt-rich PtNi, were synthesized via solvothermal reaction and obtained above 90%
yield.

Pt-rich Pt-Ni nanoparticles. To disperse the support in the reducing solvent, 15 mg of Vulcan XC72R
carbon were added in a glass vial of 28 mL volume with 7.5 mL of a DMF:Bn mixture (4:1) (in molar
ratio), and magnetically-stirred overnight. 7.5 mg of Pt(acac),, 1.6 mg of Ni(acac),, and 45.8 mg of
bezoic acid were included in the vial. The mixture was sonicated for 40 min in a sonication bath. After,
the vial was heated to 160°C (5°C/min) and maintained at this temperature for 12 h. To precipitate
the sample, 20 mL of acetone was used. After 3 cycles of washing with ethanol and centrifugation, the
sample was dried at room temperature.

Ni-rich Pt-Ni nanoparticles. Similar to the previous procedure, 30 mg of Vulcan XC72R carbon were
added inside in a 28 mL-glass vial with 15 mL of DMF:Bn mixture 1:3 (in molar ratio). The suspension
was magnetically-stirred overnight. 15 mg of Pt(acac),, 29.4 mg of Ni(acac), and 91.5 mg of benzoic
acid were included in the vial. After 40 min of sonication, the vial was heated to 160°C (5°C/min) and
maintained at this temperature for 12 h. To precipitate the sample, 20 mL of acetone was used. After
3 cycles of washing with ethanol and centrifugation, the sample was dried at room temperature.

Pt-core Ni-shell nanoparticles (core-shell PtNi). 80 mg of Vulcan XC72R carbon was dispersed into 40
mL of DMF and stirred overnight inside a sealed glass bottle (Duran®). 80 mg of Pt(acac);, and 45.8 mg
of benzoic acid were added. The mixture was sonicated for 40 min. The resulting suspension of Pt/C
was heated at 160°C for 12 h (5°C/min heating rate) under gentle magnetic stirring, cooled down to
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room temperature, washed and precipitated several times using acetone and ethanol (at least twice
each of the solvent or until the supernatant is transparent), and then dried at room temperature. In a
second step, the Ni shell was prepared: 10 mL of DMF and 20 mL of benzyl alcohol were put into a
glass sealed bottle and sonicated for 15 min. 60 mg of Pt/C were dispersed in the solvent mixture and
stirred overnight. 29.4 mg of Ni(acac), and 91.5 mg benzoic acid were incorporated into the dispersion
and sonicated for 40 min. After 12 h heating at 160°C (5°C/min heating rate), the sample was washed
and centrifugated using ethanol, and acetone, and then dried at room temperature.

Ni/C synthesis: Carbon black (Vulcan XC72R, 200 mg) was dispersed in mesitylene (100 mL) under
vigorous stirring. In a glovebox, Ni(COD), (190 mg, 0.69 mmol) was dissolved in 40 mL dry Toluene.
The yellow solution was added to the Vulcan XC72R suspension. The mixture was heated to 110°C
under stirring for 1 h under N, atmosphere. The resulting NPs were precipitated by centrifugation
(12,000 rpm x 20 min) and washed 3 times with a mixture of ethanol:toluene (1:1) (11,000 revolution
per min (rpm) x 15 min) and then with ethanol (11,000 rpm x 15 min). The NPs were dried at 70°C for
24 h and finally at 150°C for 4 h, under high vacuum in order to remove residues of organic materials.

2.2 Electrochemistry

A glassy-carbon rotating disk electrode (RDE) tip was polished until mirror-finish with diamond
suspensions of 1 um and then 0.1 um, sonicated in acetone, isopropanol and then water for 15 min
for each solvent, prior drying in an oven in 120°C. Then, thin-film RDE was prepared by depositing inks
of the relevant catalyst. The 2 mgcatayst ML ink contained 80% isopropanol and 20% MQ-grade water
(18.2 MQ cm, < 3 ppb total organic carbon, Elix +Milli-Q Element, Millipore) and 1% Nafion solution.
The ink was sonicated for 45 min until homogenous (without visible aggregates). An active layer
loaded at 10 pg cm™ of catalyst was deposited on a clean 5 mm diameter glassy-carbon RDE while
rotating at 600 rpm; the ink was dried with a heat-blower for 20 min while the RDE was rotated,
leading to a uniform black matt texture (as described in the study of Garsany et al. 3).

All electrochemistry measurements were performed in a three-electrode cell using a VMP-3
potentiostat (Bio-Logic). 1 M KOH (Alfa Aesar, KOH Pellets, 99.98%) electrolyte solution with MQ-
grade water was used in all electrochemical measurements. The electrochemical cell was fit for the
alkaline condition using a Teflon cup in the removable Pyrex cell bottom, to avoid any contact of the
alkaline solution with glass, which would have adverse effects 3%, All experiments were performed
at 25°C under Ar(g) (99.999%) for oxygen evolution reaction and supporting electrolyte cyclic
voltammetry, and Oxygen(g) (99.999) for oxygen reduction, in all case at atmospheric pressure (1
atm). A platinum mesh was used as the counter-electrode. The reference electrode was a freshly-
prepared reversible hydrogen electrode (RHE), and a new RHE was made every 2-3 hours to avoid any
shift or bias in the potential reference value. The rotating disk electrode was used as working electrode
with a rotating rate of 1,600 rpm to avoid catalyst blockage from gas bubbles. All the measurements
were corrected for iR loss in a dynamic manner (ZIR correction). Before each experiment, the
electrolyte was purged for 20 min with the relevant gas. The cyclic voltammetry (in supporting
electrolyte) were measured at a potential scan rate of 100 mV s under Ar in the stability domain of
water; OER CVs were measured in the potential range 1.2 — 1.6 V vs RHE at a scan rate of 5mV s}, also
under Ar purge; ORR measurement were done from 0.05 to 1.05 V vs RHE at a scan rate of 10 mV s!
under oxygen atmosphere. Accelerated stress tests (AST) were also conducted as “ORR load cycles”
or “OER load cycles”. ORR load cycles consisted of 1000 steps of 3 s at 0.6 and 1.0 V vs RHE in oxygen-



purged electrolyte atmosphere. OER load cycles consisted of 1000 steps of 3sat 1.2 and 1.6 V vs RHE
in Argon-purged electrolyte. These AST were conducted on glassy-carbon RDE and also on gold
transmission electron microscopy (TEM) grids (see details below) in the so-called Identical-location
transmission electron microscopy (IL-TEM) procedure *.

The TEM observations were done with Jeol 2010 TEM equipped with LaBg filament. The micrographs
were taken in selected representative region at different stages of the catalysts lifetime (prior
electrochemistry: new, and after the ORR and OER accelerated stress-tests) to highlight the potential
changes of the catalyst materials after AST and to link these changes to the on-time-measured activity.

The ILTEM measurements were done by using gold grids (Lacey-carbon TEM gold grid 300 mesh) as
the catalyst support, gold being chosen as TEM grid material to avoid side catalytic effect and
detrimental corrosion which could poison the catalyst. The grids were prepared with the inks
described above. The electrochemical procedures to test the ILTEM grids as working electrode were
the same than for RDE tests. Particle size distribution (PSD) histograms were constructed by counting
the nanoparticles in similar regions before and after the ASTs, and to probe differential size change.
Besides PSD, a qualitative comparison of the nanoparticles’ shape and particle detachment was also
done to highlight the proportion of structure change from octahedral to spherical structure and the
particle detachment.

High-resolution TEM images (HRTEM) and the high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM)-energy-dispersive X-ray spectroscopy (EDS) were taken on a FEl
TITAN transmission electron microscope operated at 300 kV. STEM-EDS elemental mapping was
performed using FEI Titan 80-200 electron microscope equipped with a Cs -probe corrector (CEOS
GmbH) and a HAADF detector. "Z-contrast" conditions were achieved by using a probe semi-angle of
25 mrad and an inner collection angle of the detector of 75 mrad.

X-ray diffraction (XRD) diagrams were acquired in acquisition-reflexion mode in the Bragg Brentano
geometry, using a X’Pert Pro MPD by PANalytical device, equipped with a copper anode and operated
with the Kjipha Wavelength of Cu (0.15419 nm).

X-ray photoelectron spectra (XPS) were obtained using a Thermo Scientific K-alpha spectrometer with
a monochromated Al X-ray source (hv =1486.6 eV; spot size 400 um). The survey spectra and core
level record was used with pass energies of 100 and 30 eV, respectively. All spectra were acquired
using an electron flood-gun to compensate possible positive charge accumulation during the
measurements. The obtained spectra were analysed with the Thermo Scientific Advantage Software.

3. Results and discussion
3.1 Initial physical and electrochemical characterization of the PtNi catalysts

Three types of shape-controlled Pt-Ni nanoparticles were synthesized on Vulcan XC72R carbon via
colloidal syntheses from metal acetylacetonate complexes: Pt-rich and Ni-rich alloys through a one-
pot reaction and core-shell Pt@Ni following a two-step reaction (Pt seeds followed by Ni growth)
explained in details in the experimental section. We compared the catalytic properties to Ni/C and
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observed only in the presence of Pt seeds, Ni/C was synthesized from an organometallic precursor
following an already published route %, and Pt/C was obtained from a commercial source.

The purpose of the study is to investigate: (i) the contribution of each element, Pt and Ni, to the
electrocatalytic effect; (ii) the significance of one-phase alloyed pre-catalyst (Ni or Pt rich) compared
to a two-phase pre-catalyst (Pt core/Ni shell). The term pre-catalyst relates to the materials before
any electrocatalysis. The pre-catalysts were submitted to two types of accelerated stressed tests (AST).
In the following, the pristine pre-catalyst and the catalysts after AST have been characterized by XRD,
XRF, TEM (with identical location) and XPS.

The X-ray diffractograms of the pre-catalysts correspond to the face-centered cubic (FCC) crystalline
structure in all of the synthesized NPs (Figure 1). The peak broadening is due to the small size of the
NPs. The crystallographic features of the Vulcan XC72R carbon support appear at lower angles and are
not shown here. The Pt-rich pre-catalyst shows asymmetric broad peaks of the {111} and {200} lattice
planes of Pt, with a small shoulder at larger Bragg angles as a result of Ni alloying. Ni-rich pre-catalysts
shows a dominant asymmetric peak close to the {111} lattice plane of Ni, and a broad shoulder close
to the {111} lattice plane of Pt. In both cases, for Pt-rich and Ni-rich NPs, the XRD is consistent with a
Pt-rich and a Ni-rich alloy respectively, with a composition gradient. Core-shell PtNi NPs show two
distinct phases, which can be attributed to the concomitance of Pt-rich and Ni-rich phases. The Ni-rich
phase displays narrower peaks, signing the presence of larger crystallites than the Pt-rich seeds.
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Figure 1. XRD diagram of the three PtNi NPs types,; Core-shell Pt@Ni (black), Ni-rich PtNi (red), and Pt-
rich PtNi(blue).

X-ray fluorescence (XRF) spectroscopy (Figure S1 in supporting information) shows an average
elemental ratio of PtNiy1 (Core-shell), PtNig (Ni-rich) and PtssNi (Pt-rich).

Low-resolution TEM characterization are displayed in Figure 2. The observed nanoparticles are
predominantly of octahedral shape (> 90%) and distributed on the carbon support. One nevertheless
sees that the nanoparticles distribution is more homogeneous for the Pt-rich sample (isolated NPs
covering the whole carbon surface), larger agglomerates and uncovered carbon regions being
witnessed for the Ni-rich and core-shell catalysts. High-resolution X-EDS elemental maps were
obtained in STEM mode for representative octahedral NPs of each type; Pt is marked in red and Ni in
green. The core-shell nanoparticles display a clear segregation between the Pt core and the Ni shell;



the latter covers the Pt core. The Ni-rich NPs show a well-defined octahedral shape, with a Pt
segregation on the edges of the particle. Pt-rich NPs essentially display a homogeneous composition.

a

b Ni-Rich PtNi c Pt-Rich PtNi

N

Figure 2. Representative low-resolution TEM micrographs of the samples, and corresponding high-
resolution STEM-HAADF images and XEDS mapping of representative NPs; Core-Shell Pt@Ni (a), Ni-
rich PtNi (b), Pt-rich PtNi (c),

Figure S2 shows the particle size distribution of the three samples; the core-shell NPs have a mean
size of 6.8 + 1.3 nm with a small percentage of extraordinary (very large) particles size, while the Ni-
rich displays a larger mean size and broader size distribution (mean size of 14.8 + 5.2 nm), and the Pt-
rich exhibits a narrow size distribution with a mean-size of 6.3 + 1.4 nm.

These pre-catalysts PtNi/C display the features needed for an in-depth comparison of their
electrochemical properties. The cyclic voltamperograms of the PtNi/C catalysts were collected on a
glassy carbon rotating disc electrode in the electrochemical window 0.05 < £ < 1.2 V vs RHE (Figure
3a). Commercial Pt/C and synthesized Ni/C were measured for comparison. All the measurements are
conducted at 298 Kin a 1 M KOH electrolyte and a glass-free electrochemical set-up.

The core-shell and Ni-rich catalysts show a feature-less voltamperogram similar to Ni/C, suggesting
that very little Pt sites are present at the surface of these samples. On the contrary, the Pt-rich sample
exhibits similar features of hydrogen adsorption/desorption and oxide formation/reduction as Pt/C,
although in a lesser extent. From these voltamperograms, the Pt electrochemical active surface area
(ECSA) area can be estimated, based on the region of hydrogen adsorption/desorption (0.05 < E< 0.5
V vs RHE). Pt-rich and Pt/C catalysts exhibit the largest Pt ECSA. Additional voltamperograms were
collected in the region of the nickel redox activity (Ni%*/Ni®*), for 1.25 < E < 1.45 V vs RHE (Figure 3b).



All the Ni-containing samples (and not Pt/C, but this was naturally expected) show a nickel redox
(Ni#*/Ni**) activity, and the nickel ECSA can be determined by integration of the corresponding peaks.
The presence of this redox transition reveals the spontaneous formation of oxidized nickel species on
the surface of the NPs in alkaline electrolyte. Interestingly, the nickel redox couple potential depends
on the presence of platinum, with a shift to lower potential in the presence of Pt. Although it is
challenging to provide accurate data on Ni ECSA compared to the well-established Pt ECSA, these data
can give a rough estimate of the catalytic area (Table 1). The Core-shell catalyst displays a total ECSA
exceeding the geometric surface as observed by TEM. This result exposes the limitations of defining
the ECSA by the redox activity of the Ni(ll)/Ni(lll) species. In this case, the redox activity relates not
only to the surface species but to also the underneath Ni layers. In the following, we shall consider the
relative variations of the ECSA with the accelerated stress tests.
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Figure 3. Initial voltamperograms of the catalysts measured in 1 M KOH, 298 K at 100 mV s (a).
Corresponding nickel redox area (Ni**/Ni**) scanned at 5 mV s (b). Oxygen evolution reaction on the
various catalysts, measured at 5 mV s and 1600 rpm (c). Oxygen reduction reaction on the various
catalysts, measured at 10 mV s> and 1600 rpm (d).

The initial OER activity of the catalyst is presented in Figure 3c. Although Pt is a reliable benchmark
catalyst for many reactions, it shows very little OER activity (up to 1.6 V); indeed, at that stage, Pt
surface is oxidized *> and exhibits both poor conductivity and OER catalytic activity. On the contrary,
Ni/C displays a better OER activity with a low-potential OER onset (activity of 1 mA cm?2at 1.552 V vs
RHE and 8.8 mA cm™ at 1.6 V vs RHE). Combining Ni with Pt improves the OER activity: the Ni-rich and
Pt-rich catalysts show larger OER activity than Pt/C, while the Core-shell Pt@Ni shows great initial OER
activity (1 mA cm™ measured at 1.528 V vs RHE and 10 mA cm2 at 1.575 V vs RHE), even better than
Ni/C.



In summary, Ni-rich catalysts are much better OER catalysts than Pt-rich catalysts. The presence of Pt,
whether in the shell or in the core of the bimetallic catalysts, enhances the catalytic activity of Ni. It is
too early to determine the exact catalytic sites of the bimetallic catalysts but it seems obvious that the
combination of a high content of Ni and small amount of Pt, preferentially in the core, shows the best
activity for the OER.

The initial ORR activity was measured in the potential window of 0.05 < E < 1.05 V vs RHE (Figure 3d).
For this reaction, Pt is usually considered as a benchmark; the commercial Pt/C shows a good initial
ORR activity (-0.44 mA cm2 at 0.9 V vs RHE) while the Pt-rich catalyst provides a twice higher activity
(-1.1 mA cm™ at the same potential). The higher activity of the Pt-rich sample results from its alloying
with Ni, that reduces the adsorption strength of adsorbed oxygen intermediates, thereby improving
the ORR kinetics (the well-known electronic effects) ¥*°. The Core-shell and Ni-rich samples exhibit
lower ORR onset potentials, their Ni-rich surfaces failing to trigger fast ORR at high potential: -1 mA
cm?is only measured at 0.74 and 0.69 V vs RHE, respectively.

Table 1: Pt and Ni ESCA of the three PtNi electrocatalysis. Activity markers of OER (Current density
measured at potential 1.6 vs RHE) and ORR (half-wave potential, measured on a RDE plot at 1,600
rpm, vs RHE)

Sample Pt ECSA Ni ESCA Total active  jat 1.6 V vs RHE Ei2
Hupd Ni"Ni"' redox area OER ORR
(cm?) (cm?) (cm?) (MA cmgeometric) (V vs RHE)

Core-Shell Negligible 31.2 31.2 22.4 0.705

Pt@Ni

Ni-Rich PtNi  Negligible 5.56 5.56 5.2 0.690

Pt-Rich PtNi 3.50 4.76 8.26 1.7 0.885

3.2. Aging process of the PtNi catalysts through accelerated stress test.

After the initial ORR characterization, a second OER characterization was performed and all the
catalysts that contain Ni exhibited improved OER electrocatalysis performance at that stage (Figure
4a): the purple dashed-line plot shows the improved OER activity after the initial ORR (and before any
AST). More specifically, the Core-shell catalyst shows spectacular improvement of its OER activity,
reaching 10 mA cm™ at 1.545 V vs RHE, an improvement of 30 mV versus its initial state, and 79 mA
cm?at 1.6 V vs RHE. The Ni-rich sample also shows a significant improvement, reaching 10 mA cm™ at
1.56 V vs RHE, a shift of 35 mV, and 68 mA cm™ at 1.6 V vs RHE. The Ni/C benchmark catalyst exhibits
improved OER activity, 10 mA cm™ being obtained at 1.567 V vs RHE and 41 mA cm™ being measured
at 1.6 V vs RHE (Figure S3). On the contrary, the Pt-rich samples only demonstrate a minor increase in
OER compared to the initial OER (Pt-rich PtNi) or no improvement at all (Pt/C). This improvement of
OER activity of the Ni-rich samples may be connected to the building of proper Ni-oxides, which are



known to be very active for the alkaline OER *%*’. This change of surface structure will be further
explored after the ORR or OER accelerated stress tests (AST).
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Figure 4. OER (a) and ORR (b) voltamperograms monitored prior/after accelerated stress tests for the

Core-shell (top), Ni-rich (middle) and Pt-rich (bottom) catalysts. The initial curves are based on the

fresh voltamperograms. Evolution of the CV behaviour of the catalysts in supporting electrolyte

prior/after operation (c).

To further investigate this phenomenon, the samples were submitted to accelerated stress test
consisting of “ORR cycling” (1000 steps of 3 s each at 0.6 and 1 V vs RHE) or “OER cycling” (1000 steps
of 3seachat1.2 and 1.6 V vs RHE).

For the three PtNi samples, the OER activity markedly increases after both AST procedures, very little
differences being noticed between the post-ORR-AST and post-OER-AST tests. The Core-shell catalyst
(Figure 4a), which was the best OER catalyst after the ORR characterization, shows a small
improvement of its OER activity after the two AST procedures (Table 2): 10 mA cm? is recorded at
1.535 V post-ORR and 1.530 V OER AST, respectively, an additional decrease of 10 and 15 mV
compared to its performances post-ORR characterization. At that stage, the current at 1.6 V vs RHE
reaches 90 and 102 mA cm™ post-ORR and OER AST, respectively. After the OER-AST, the Ni-rich
catalysts shows 1/3 lower activity than the Core-shell (64 mA cm™ recorded at 1.6 V vs RHE), and it is
only marginally improved after the ORR-AST. Finally, although the Pt-rich catalyst also exhibits an
improved OER activity after the two ASTs, its performances remain very modest: the activity does not
reach 10 mA cm™ up to 1.6 V vs RHE. This is in line with the behaviour of Pt/C (Figure S3), which
remains by far the worst catalyst and almost stays the same after the ASTs. Finally, Ni/C shows stable
OER activity after the ORR-AST but lower activity after OER-AST, probably as a result of uncontrolled
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Ni-oxide formation. As such, it seems that the presence of Pt core or Pt edges has a very beneficial
impact on the OER activity of the Ni rich samples. Table 2 presents a summary of the results.

Figure 4b show the results of ORR characterizations post ASTs. For the Core-shell catalyst, the ORR
onset decreased after both ASTs, and the reaction kinetics is non-negligibly depreciated (the half-wave
potential is shifted negative); besides, the limiting current density also decreases in absolute value, all
these changes signing that the aged Core-shell catalyst has depreciated ORR performances; these
changes are more pronounced after the OER-AST. For the Ni-rich and Pt-rich samples, a similar trend
is noted, although the initial advantage of the Pt-rich sample over the two other catalyst still maintains
after the ASTs. Concerning Ni/C (Figure S3), it shows almost no ORR activity post AST (the same as in
its initial state). For Pt/C, the decay in ORR activity post AST is very spectacular; it is more pronounced
post-ORR-AST than post-OER-AST, which is not intuitive; at that stage, one could incriminate (i) the
more pronounced Pt dissolution and Ostwald ripening and (ii) the Pt-assisted carbon-corrosion, when
Pt is not passivated and repeatedly-cycled below/above the onset of Pt-oxides formation (ORR-AST),

whereas when Pt is always oxidized (OER-AST) the two types of phenomena are severely hindered*®"
52

The voltamperograms in figure 4c provide further insights into the physicochemical changes
undergone by the tested catalysts. Whereas the changes for the Core-shell catalyst are minimal,
whatever the AST considered (the Ni/C benchmark also shows no change in the CV pre/post-AST on
the supporting CV, Figure S3), both the Ni-rich and Pt-rich exhibit marked differences after compared
to prior the ASTs. For Ni-rich, the double layer current slightly decreases post-ORR-AST and strongly
increases post-OER-AST; this denotes for intense carbon functionalization in the latter case (which is
the preliminary step of carbon corrosion). In addition, even though the Pt features (H-upd peaks for 0
< E< 0.4V vs RHE) are slight in the pristine Ni-rich sample, they are completely absent in the aged
samples, either because of preferential dissolution of the Pt (unlikely), or because Ni leaches out and
subsequently covers the surface Pt atoms. This scenario will be studied in more details below. For the
Pt-rich catalyst, the trend is exactly opposite: the Pt features (both the H-upd peaks and the Pt-oxide
region: PtOx formation for £ > 0.8 V vs RHE in the positive scan, and PtOx reduction in the range 0.9 >
E > 0.5V vs RHE in the negative scan) are growing after ORR-AST and even more after the OER-AST.
This increase in Pt behaviour evidently signs that more Pt atoms become exposed to the surface of
the aged Pt-rich sample. Surprisingly, the Pt/C benchmark shows a large decrease in the Pt features
(Figure S3) that may results from detachment of particles from the carbon support, evidencing that
the presence of Ni positively affects the durability of the Pt-rich sample in these conditions, which will
be further described below, based on the IL-TEM and XPS data.

Table 2: Activity markers of OER (potential measured at 10 mA cm2OER current density, and current
density mA cm at 1.6 V vs RHE) and ORR (half-wave potential), measured in RDE at 1,600 rpm

Jat1.6VvsRHE  Eat 10 mA cm™ Eip
Sample Post AST type OER OER ORR
(mA cm?) (V vs RHE) (V vs RHE)
Core-Shell Pt@Ni OER 102 1.530 0.692
ORR 90 1.535 0.650
Ni-Rich PtNi OER 64 1.560 0.695
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ORR 66 1.554 0.687
Pt-Rich PtNi OER 6.0 1.6< 0.865
ORR 7.53 1.6< 0.860

Figure S4 shows the fate of nickel redox activity (Ni"/Ni" transition, in the potential range 1.2 < E <
1.45 V vs RHE) prior/after the ASTs. For the Ni/C catalyst, the redox waves increase with ASTs,
demonstrating the larger Ni surface exposed to the electrolyte. The catalysts rich in nickel (Core-shell,
Ni-rich, Ni/C) also show a noticeable increase in the nickel redox peaks, revealing a larger proportion
of surface Ni"/Ni" after AST. In the Ni-rich samples, the peaks are shifted to higher potential after AST,
closer to the ones of Ni/C, showing a larger segregation between Pt and Ni after electrochemical
cycling. For the Pt-rich sample, the same trend is observed, as these redox transitions are shifted
towards the potential of Ni/C catalyst. In all cases, the electrochemical cycling tends to the segregation
of Pt and Ni.

There could be a correlation between catalytic activity and the redox potential value of the catalyst:
it seems that the more active catalysts - core-shell, Ni-rich and Ni - show a similar oxidation point in
the range of 1.34 < £<1.36 V vs RHE.

However, the oxidation Ni peak of pristine core-shell show two types of peaks: one at 1.34 V vs RHE
that is similar to the single peak of pristine Ni/C, and the second and wider peak has a common peak
location as the pristine Ni-rich at 1.36 V vs RHE. These two peaks of Ni oxidation may be related to Ni
and several areas in the shell that is alloyed with Pt. However, there is no direct correlation between
the peaks post AST and requires a more in-depth investigation.

First, the Pt/Ni ratio was checked post ASTs and the Ni content has decreased in all cases, as seen in
Table 3. However, this analysis provides a total average and does not represent each particle.

Table 3. Ratio of the elements pre and post accelerated stress test (EDS).

Sample Initial state Post ORR-AST Post OER-AST
Core-Shell Pt@Ni PtNi1 PtNias PtNig.63
Ni-Rich PtNi PtNis PtNi2.15 PtNi1.os
Pt-Rich PtNi PtssNi PtsNi Pt11Ni

Identical-location (IL) TEM technique was used to observe the fate of the PtNi catalysts pre and post
AST (Figure 5), and for the Pt/C and Ni/C benchmarks (Figure S5). What is very evident from Figure 5
is that none of the octahedral PtNi samples exhibit intense detachment of the particles from the
carbon support, even though the fraction of detached particles starts to be detectable post OER-AST.
In addition, the Pt-rich catalyst shows the highest percentage of nanoparticles lost among the PtNi
samples. In comparison, the commercial Pt/C catalyst shows a significant amount of Pt NPs
detachment, in agreement with previous findings from Zadick et al. and Lafforgue et al. 272953
Interestingly, the potential interval of the AST matters a lot in terms of particles detachment for the
catalysts with high-Pt-content (Pt-rich PtNi and Pt/C): post ORR-AST, the Pt-rich loses 51% of its initial
NPs, while this value is divided by a factor ca. 2 post OER AST (24% NPs loss) (Figure S6a). Here again,

it seems that what is detrimental to the stability of Pt-rich NPs supported on carbon is to cycle them
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in potential below/above the region of Pt-oxides, in agreement with the findings derived from
electrochemistry (see above) and from Zadick et al. and Lafforgue et al. 2>>3, On the contrary, when
Pt is present in its oxidized state (as in the OER-AST), it cannot assist any carbon corrosion, and hence
the Pt NPs detachment is minor; it is of course not zero, because in that potential interval, carbon is
subjected to “homogeneous corrosion”. For the catalysts with high initial Ni-content (Core-shell, Ni-
rich and Ni/C), the degradations are obviously smaller: there is almost no visual particle loses, because
there is very little surface Pt atoms to assist carbon corrosion. This does not mean that nothing
happens to these materials. Indeed, for all post OER-AST micrographs, degradation of the carbon and
related changes in its morphology are detected. This leads to some disconnection between carbon
grains for the Core-shell post-OER (Figure 5a), because of carbon corrosion/Nafion degradation.
Naturally, such carbon “homogeneous corrosion” destabilizes the supported NPs, and detectable
particles drift across the carbon is monitored post ASTs for all the PtNi samples (Figure 5). Finally, the
Ni/C benchmark seems very stable in the two conditions explored; this goes in line with the
conclusions of Zadick et al. for NisM/C catalysts >*: Ni NPs do not favour local carbon corrosion and
hence are rather stable versus NPs detachment from the carbon support.

Besides the particle detachment, the ASTs have an effect on the shape and size of the particles (Figure
5 and Figure S7). Pt-rich NPs exhibit a clear shape-change (Figure 5c) from octahedral to a spherical
shape, mostly post ORR-AST. The Core-shell NPs undergo a smaller amount of particle change in terms
of shape, but this mostly occurs post OER-AST. Lastly, the Ni-rich sample shows a very minor to no
change in NPs shape. However, in the two last cases, there are “filaments” that develop, which are
likely due to Ni-oxides formation after the ASTs. Besides, nearly all the particles witnessed non-
negligible decrease in size after the ASTs (Figure S7), signing metal dissolution or exsolution. In the
particular case of the Ni-rich and Core-shell catalysts, some particles show slight increase in size post
OER-AST, which may be associated to the dissolution of nickel from the NPs surface followed by
redeposition as Ni-oxides (Figure 5 and Figure S7).

In any case, the morphological degradations/alterations of the octahedral PtNi particles are much
smaller than those experienced by the Pt/C benchmark. In addition, these small morphologic changes
are combined with pronounced ORR/OER activity changes for these electrocatalysts, which must be
related to their surface chemistry. For this reason, XRD and XPS analyses have been performed
prior/after the ASTs (Figure 6 and Figure 7, respectively).
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alloy Pt-rich (c). Orange-white “X” correspond to missing particles post-AST (this marker not being
comprehensive). The red circle defines a particle  drift”.

Comparing the XRD diagrams of the aged samples with the corresponding initial ones (Figure 6) shows
the potential crystalline changes of the PtNi samples. The Pt-rich catalyst does show very minimal
changes (if any), revealing that the crystalline structure of this material has hardly been affected by
the ASTs. On the contrary, the Ni-rich catalyst, witnessed a clear separation of the PtNi initial alloy to
more separated individual elements (Ni and Pt); in the process, the reflection peaks moved closer to
their pure metal location, even though a wider variety of alloy compositions has formed broader peaks
and are detected mostly post OER-AST. Overall, this confirms the results of ILTEM and
electrochemistry: Ni has a tendency to segregate on the surface of the catalyst and forms a Ni metal
phase.

Finally, the Core-shell catalyst shows almost no change in the crystal structure post AST, the only
change noticed being the presence of a strong signal of potassium carbonate post OER-AST, signing
intense carbon corrosion in that case from higher catalytic activity (in agreement with the ILTEM
micrographs of Figure 5).

Pt-Rich PtNi Alloy Ni-Rich PtNi Alloy PtNi Core-Shell
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Figure 6. Evolution of the XRD diagrams of the PtNi post-OER/ORR AST compared to the initial one
(see Figure 1).

The surface of the particles was analysed by XPS (Figure 7). Nickel oxidation state can be monitored
from the Ni 2p region. Two main oxidation states of nickel are observed, Ni(0) at 852.6 eV assigned to
Ni metal and Ni(ll) at 856.0 eV corresponding to an hydroxide. The XPS shows an additional small
shoulder of Ni(ll) (NiO) at 854 eV, the signal above 858 eV corresponds to satellites of Ni oxides. Ni in
Ni-rich samples can be also noticed by an additional peak at 68.0 eV (evident for the pristine Ni-rich
and Core-shell samples) close to the Pt 4f region. The Pt 4f region shows Pt(0) at 71 eV and a left
shoulder of PtO for stronger binding energy at 72.4 eV.

The O 1s region shows a wide peak which can correspond to a variety of oxides with a high oxygen
content noticed for the core-shell sample (Figure S8). C 1s region shows similar spectrum in all initial
cases (Figure S8). Additionally, at slightly higher binding energy than C 1s, K 2p shows up at 293 eV
and signals the formation of K,COs. In alkaline medium, the corrosion of carbon yields carbonate as a
side reaction catalysed by Pt on the carbon support. This issue is particularly acute on post OER AST
and Pt rich samples, which is consistent with the IL-TEM observations.
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Post-AST XPS show the evolution of the electrocatalysts. Pt binding energy is practically unchanged
upon cycling, except for an additional peak of PtO; in Ni-rich post OER-AST. In the Ni 2p region, Ni(0)
peak has faded and only Ni(ll) can be observed as a result of the formation of a Ni(OH), surface layer.
Correspondingly, O 1s shows an increase in the intensity post AST emphasis after OER-AST (Figure S8).

Core-shell NPs present also a slightly wider peak at lower energy with NiO at 854 eV after both AST,
with a moderate increase in the intensity post OER-AST. Apparently, Ni rich alloy shows mainly Ni(OH),
on the surface whereas core-shell shows a surface covered with a mixture of NiO and Ni(OH)..

Pt-rich sample shows an interesting switch after OER/ORR AST as Ni signal is strongly increased in the
form of Ni(OH),, whereas Pt signal displays a significant decrease especially post OER-AST. the drastic
change may result from the formation of surface Ni(OH)..

Core-Shell PtNi Ni rich PtNi Pt rich PtNi
Ptaf Ptaf Ptaf
Pre-AST Ni2 p Pre-AST Pre-AST
Post ORR-AST ) Post ORR-AST Post ORR-AST Pt4f
Post OER-AST /™ Post OER-AST Post OER-AST Y
ptaf | | or Pt g
: o[ Ptaf v | H - ' ) 2
\\ ‘. Al ) \“ A / \ . / b5} ‘ .
o, VR L 4 o . Ni2p
‘“:r.f_.,(;_,vjﬁ__;,ixﬁ«;/\‘,:«” — ~ \i\\ N

T T T T T T T T T T T T T T T T T T T T T T T T
84 82 80 78 76 74 72 70 68 66 84 82 80 78 76 74 72 70 68 66 84 82 80 78 76 74 72 70 68 66

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Ni2p Ni2p Ni2p
Pre-AST Pre-AST Pre-AST
—— Post ORR-AST ) —— Post ORR-AST —— Post ORR-AST
Post OER-AST Post OER-AST Post OER-AST

& ] ;: w w |
» & [ | » ‘0 ‘
2 2 Al a a8 [
[ O, \ / c = I
3 7\ [ A 3 -4 A
Q - /| Q Q A
o . / 4 \ o (8] A o 3
5 a ~ ) { s A 5
- - YONYIA\ W e 8
i \\ o \ i
\n, AR MUAAM VN [T ‘\l\.» pre e “"'x‘yp’\" |
-\ — oA o Ay e Frdeined
T T T T T T T T T T T T T T T T T r T T T
880 875 870 865 860 855 850 845 880 875 870 865 860 855 850 845 880 875 870 865 860 855 850 845
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 7. XPS plots of Pt 4f and Ni 2p, pre and post AST of the PtNi samples.

Figure 8 displays STEM-HAADF images, and EDS mapping of representative core-shell and Ni-rich NPS
post OER-AST. These two samples were chosen since they display the largest OER activity. The core-
shell structure partly remains after OER (Fig. 8a), the Ni shell has moderately worn off and diffused
nearby while the Pt core is now partially exposed. This observation is consistent with the XPS which
shows higher contents of both Pt and Ni. Ni-rich catalysts display the same octahedral morphology
(Fig. 8b). The Pt skeleton is left barely untouched. Slight changes took place during the OER with the
swelling of the Ni rich core, which now covers the Pt skeleton.

The post-OER STEM analysis confirms that the nanoparticles display a similar morphology after
electrochemical cycling and validates the structure-properties relationship drawn in this article.
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Figure 8. STEM-HAADF images and XEDS mapping of representative NPs; Core-Shell Pt@Ni (a), Ni-
rich PtNi (b), after OER-AST,

The comparison between the catalysts reveals the important features of Pt-Ni ORR and OER
electrocatalysts in alkaline electrolyte. Pt/C, a benchmark catalyst for ORR, displays a rapid and
localized carbon degradation (nearby the Pt NPs) as a side catalytic reaction, which mostly results in
the Pt NPs detachment: Pt catalyses formation of carbonate ions, which can lead to the growth of
K,COs and promote the NPs detachment (see e.g. 2>%3), On the other end of the Pt-Ni phase diagram,
Ni NPs displays a slight drift on the carbon support but do not detach from the carbon substrate. In
the case of Nirich alloys and core-shell NPs, the presence of Ni prevents Pt from catalysing the carbon
corrosion and inhibits the formation of carbonates species and then K,COs. Ni sites anchor the NPs
onto the carbon support, significantly lower the detachment rate and extend the durability of the
catalyst by removing one of the main origins for the particle losses. Moreover, the presence of both
Pt and Ni/Ni(OH), has a synergetic effect on the OER catalytic activity. Additionally, the OER post AST
show no weakening of the activity for the core-shell samples compared to Ni/C, the activity of which
slightly fades. This enhancement of catalytic activity and chemical stability is remarkable for OER,
where most of the materials are prone to degradation.

Another important observation is the tendency of the metals to segregate in Ni rich NPs, mainly
noticed by TEM measurements post-OER (Figure 8b) and XRD (Figure 6). Ni was driven to the surface
and covered the particle surface, which mainly consists of Ni(OH),. The phase segregation is also
observed on XRD with the shift of the peaks towards pure Pt and Ni phase.
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4. Conclusions

Pt-rich alloy, Ni-rich alloy, and Pt@Ni were synthesized as mainly octahedral nanoparticles on carbon
and the activity of the particles for ORR/OER in alkaline medium was measured after accelerated stress
tests. The morphology and composition were evaluated by identical-location transmission electron
microscopy (IL-TEM), X-ray photoelectron spectroscopy and X-ray diffraction before and after
accelerated stress test. Compared to the monometallic Pt/C and Ni/C, the core-shell and Ni-rich alloy
catalysts display high and stable OER activities, while the Pt-rich alloy was more suitable as ORR
catalyst. All the combinations of PtNi demonstrate an improved attachment of the catalyst to the
carbon support compared to Pt, confirming the crucial importance of Ni to stabilize the
catalyst/carbon support tandem. In addition to the electrochemical stability, Ni-rich alloy and the
Pt@Ni core-shell catalysts show high OER activity and durability upon accelerated stress test, as a
result from a Ni-enrichment at the nanoparticles’ surface. The synthesis of Pt core catalyst does not
follow the intuitive ratio design of PGM catalyst which commonly aim at the presence of a Pt skin on
the surface. More core-shell catalysts with a PGM core and an earth-abundant shell may share the
same behavior with the Pt@Ni investigated herein.
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Graphical abstract: Pt detachment from the carbon support vs.
Pt@Ni stability during the oxygen evolution reaction
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