Downloaded via FORSCHUNGZENTRUM JUELICH on July 18, 2022 at 13:48:23 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

IEAPPLIED MATERIALS

XINTERFACES

www.acsami.org Research Article

Highly Active and Stable Large Mo-Doped Pt Ni Octahedral
Catalysts for ORR: Synthesis, Post-treatments, and Electrochemical
Performance and Stability

Shlomi Polani, Katherine E. MacArthuliagi Kang, Malte Klingenhof, Xingli Wang, ®lier,M
Ra aele Amitrano, Ragih@hattot, Marc Heggerrafal E. Dunin-Borkowski, and Peter Strasser

Cite This:ACS Appl. Mater. Interfac2822, 14, 2969029702 I:I Read Online

ACCESB Ll Metrics & More ’ Article Recommendations | *  supporting Information
ABSTRACT: Over the past decade, advances in the colloidal syntheses of octamedral— o
shaped PtNi alloy nanocatalysts for use in fuel cell cathodes have raised our atepie------- ' 4 s
scale control of particle morphology and surface composition, which, in turn,.h e

13 nm PONi(Mo)/C

raise their catalytic activity far above that of benchmark Pt catalysts. Future‘éfL
deployment in heavy-duty vehicles caused the scpgitrities to shift from alloys
particle activity to stability. Larger particles generaliyenhanced thermodynaméc
stability, yet synthetic approaches toward larger octahebliahlRty nanoparticle&';
have remained elusive. In this study, we show how a simple manipulatiop
solvothermal synthesis reaction kinetics involving depressurization of the gas g ;
di erent stages of the reaction allows tuning the size of the resulting octaléétat
nanocatalysts to previously unachieved scales. We then link the underlying meéhanis
of our approach to the classitaMef model of nucleation and growth. We focus on
large, annealed Mo-doped IRt octahedra and investigate their synthesis, post-
synthesis treatments, and elemental distribution using advanced electron microscopy. We evaluate the electrocatalytic
performance and stability and succeed to obtain a deeper understanding of the enhanced stability of a new class of relatively
active, and long-lived Mo-doped Mitoctahedral catalysts for the cathode of PEMFCs.

KEYWORDS:oxygen reduction, platinnitkel alloy, Mo dopant, durability, synthesis, LaMer model
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INTRODUCTION facet, which exhibited an almost 100-fold increase in intrinsic
Climate changes due to anthropogenic carbon emiss;io%QR activity qompared to Pt nanopar‘glcle_s (NPs). Later, the
alongside concomitant fossil fuel depletion are serious a gpular materlals-by-desfgstrateg)?,V\_/h|ch involves trans-
immediate global challenges. To meet these challenges, Igthe lTn(cj)WIedge acc|1_U|redffrom smlgle crystalsrt]ofnanosgale
development of low-emission energy technologies such GhAYSts, led to a new line o Pt catalyst research focused on

P 4 9 “amall 4 9 nm-sized, Pt-rich, shape-controlled octahedral Pt

hydrogen fuel cells for the use in energy conversion a . . :
storage applications is of great importance. Proton excha (.Oh'PtN') NPs that are ('axclluswely enclos'ed .W'th the
ge app 9 P i(111) facets. Focus on this size range waggubyi the

membrane fuel cells (PEMFCs) have been the focus of inter \ . :
( ) required mass spexisurface area of the particles. TheSe 4

for many years.The major challenge for automotive oh-PtNi have indeed shown enhanced electrocatalytic

application is the development of an active, economical, al L S : ) .
durable electrocatalyst for the oxygen reduction reactic R activities in idealized rotating disk electrode (RDE) tests

(ORR) that occurs at the fuel cell catifolarly studies of N fécent years.

the ORR kinetics of extended Pt surfaces have shown that itThe reduction of Pi(ll) and Ni(ll) acetylacetonate

varies with crystallographic orientation and that the activity f&ompounds by dimethyliformamide (DMF) as the solvent
nd the reducing agent is a common synthesis procedure to

I(?r;N (|)rffe>l\</lfaljce:tla)r.1§ r;i%esse;jeﬂlz\ivjdiélso?; s(ri%)%))t; éln%:i roduce oh-PtNi NPs. The syntheses are usually performed in
extended low-index (in macroscopic size) bimetallld Pt
surfaces showed a volcano-shaped ORR activity plot, whErseived: February 8, 2022
alloying Pt with certain 3d transition metals or lanthanide§ccepted: June 2, 2022
increases the intrinsic ORR activifyThese alloy surfaces are Published: June 22, 2022
more catalytically active than pure Pt due to the formation of

surface lattice strain associated with a downwardly shifted d-

band center. Noteworthy was thgNK111) single-crystal
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a sealed vessel and the reaction temperature is typically abeveM NPs in a reducing atmosphere is another method to
the boiling points of DMF and acetylacetonate ligand (153 arfdbricate the desired surface structure and stable composition
140 °C, respectivelyf. ** The moderate 25 atom % Ni pro le3* 3¢
content and thus the Pt content in the resulting octahedral Herein, we report the ability to tune the size of Mo-doped
PtNi NPs, as well as thading that DMF is a weak reducing oh-PtNi catalysts (henceforth oh-PtNi(Mo)) toward previ-
agent®'? cast doubt on the ability of DMF to quantitatively ously unachieved scales approaching the desired 30/21 nm
reduce Ni(acag)from Ni' to Ni° under these conditions. edge length regime. We focus on the preparatiorecérdi
Moreover, Pt-rich oh-PtNi NPs have been synthesized usingiaes and surface compositions using a new hypothesis based
mixture of oleylamine and oleic acid, as a solvent and cappimy a modied LaMer model. We also investigate the
agents, with or without tungsten hexacarbonyl as reducing amdationship between the size of the NPs and their elemental
shaping agents at relatively high temperatures (above 2di8tribution before and after annealing in a reducing or
°C).** *® But again, the sizes of the resulting catalysts a@xidizing atmosphere and correlate this with performance and
generally small, about%nm in the edge length. Wu et’al.  stability.
reported the use of benzyl alcohol (BA) to obtain#11.2
nm (apex to opposite apex) oh-PtNi catalysts with a wide EXPERIMENTAL SECTION
range of atomic Pt compositions. However, these C"’Italysﬁ\/laterials. Platinum (I) acetylacetonate (Pt(agac)98%) was
were never studied for the ORR, rather for a modejptained from Acros, rEic)keI (Ilgl acetylacetcfnag[egg\ligcaa)s%),
hydrogenation reaction. Nevertheless, oh-PtNi catalysts @kglybdenum hexacarbonyl (Mo(GC99.9%), and Nan solution
unstable during electrochemical cycling due to leaching of N&% w/w) were obtained from Sigma-Aldrich. Platinum on activated
resulting in the loss of the ideal (111) facets that are thought tarbon powder was obtained from Johnson Matthey Fuel Cells (Pt/C,
give them their outstanding activity. Doping with a third metel0 Ptw%). Polyvinylpyrrolidone (M. W. 10,000) and benzoic acid
further improves the performance of oh-PtNi by optimizing th€9%) were obtained from Alfa Aesar. Benzyl alco8@¥4) was
local oxygen binding energies and stabilizing Ni in the rchased from Carl-Roth, acetone and ethanol were purchased from
lattice20?L Doping M 2RhZ or Ga2* into oh-PtNi catalysts R International. Carbon black (Vulcan XC-72R) was obtained

! ' ! from Cabot Corporation. All chemicals were used as received.

resulted in incre_ased activity and stability. .. Syntheses of oh-PtNi(Mo)/C NPsFor PtNi(Mo)/C-13: Pt-
Today, there is a consensus that the intrinsic, surface arggsc) (64.0 mg, 162.8mol, 1.00 equiv), Ni(acacj200.0 mg,

normalized, speci ORR activity is a key controlling 778.5 mol, 4.78 equiv to Pt(acggMo(CO)s (20.0 mg, 75.8mol,
parameter for the design of active catalysts made up of shaped equiv), PVP (640 mg, MW 10,000), and benzoic acid (400 mg,
oh-PtNi NPs. The speci ORR activity depends on the 3.28 mmol) were weighed into a pressask vessel with a magnetic
fraction and surface atomic composition of the exposediir bar and dissolved in BA (60 mL). Thask vessel was heated
PtNi(111) facets. Currently, the spedictivity (SA) for the ~ from room temperature to 8C and kept at 60C for 1 h with
typical oh-PtNi NPs is about an order of magnitude lower tha 'rlrg“()%gfg??ztge I}’fgggﬁg’fﬁg?;ggﬂg%gf S Lﬁ l’?;“r? ?gr%lgﬁ%s mg)
that of SIngI_e-crystaI3Rt(111) surfaceS. The desired Wel.l' IP BA (10 mL) was prepared in a glass vessel by stirring overnight.
de ned P§Ni(111) surfaces showed turnover frequencies of o pyNji(Mo)-5: The pressure was released after 2 h (from.5 bar
about 2800 s, which, when translated to the NP scale,g o bay,) and the reaction was kept at 280for another 10 h.
correlate with oh-catalysts with a diameter of around 30 nm.For PtNi(Mo)-17: The pressure was released after 4 h (from 0.6
Moreover, the durability of nanocatalysts based on a 30 nm R4 to 0 bayy,)) and the reaction was kept at 260for another 8 h.
alloy is greatly improved, as deduced from studies with thin-For PtNi-13: We have used the same conditions of PtNi(Mo)-17
Im alloys and large NPs. Larger particles have fewer ot without Mo(CO} precursors and released the pressure in the
coordination surface adatoms, which leads to a decrease irffspvth stage. . .
dissolution during voltage Cycﬁ'ﬁ@.g’o Strategies for the After a total of 12 h, we allowed the reaction solutions to cool to

: . room temperature, added the Vulcan carbon solutions, and stirred
preparation of 30 nm diameter (corresponds to 21 nm ed ernight. The products were precipitated by centrifugation and

length in a regular octahedron) oh-PtNi NPs have howevgfashed three times with a mixture of ethanol and acetone.
remained elusive to date. Morphological, Structural, and Elemental Characterization.

In a pioneeringrst attempt, the LaMer growth mottel, Powder X-ray diaction (XRD) was acquired with a D8 Advance
which postulates instantaneous nucleation followed Wy ractometer (Bruker) equipped with a Lynx Eye Detector and a
di usion-controlled growth, was widely adopted by the scien&&L Cu 2K X-ray tube. The measurements were performed with a
community to understand the formation of nearly micrometeftep size of 0.84in a 2 range between 20 and®85 _
sized monodisperse particles via self—asgéﬂnblystanta— To extract the lattice parameter and crystalllte.S|ze ofeéhendli
neous nucleation, nuclei are produced simultaneously B{jaSeScomposing the samples, we performed RietvefddRes of

h leati d sub " isia e XRD patterns. One, two, or thFe8m phase structures of the
omogeneous nucleation and subsequently growusia PtNi, , metal were implemented to describe at best the patterns

controlled regime without the occurrence of further nucleatiofsing Fullprof software. Thoms@ox Hastings prde function
events. The principle of this approach to NP formation is tuas adopted, and the background of the patterns was described by an
separate and independently control nucleation and growthierpolated set of points with mable intensities.
allowing precise control of particle size distribution. Inductively coupled plasma optical emission spectrometry (ICP-
Typically, Pt-based alloy NPs with large diameters arfdES, Varian 715-ES-ICP analysis system) was used for compositional
smooth surfaces do not necessarily result in higher Pt magalysis. Eour standard solutions of each elemerjt were prepared with
activities due to their low Pt atom utilization. Therefore, thgoncentrations of 1, 7, 12, and 20 mg/L. Approximately 5 mg of the
main challenge in using large MtNPs for ORR is to Samples were dissolved in a mixture of 2 mLIMH2 mL of

- ; HNO;, and 6 mL of HCI. Usi i di ti tem, th
produce PtM NPs that utilize Pt atoms on their surfaces forsomt%nin wer:an hgated to sllg% e}oTlir(())wn?i\;]e all%eshgg sgts t?]rlg €

high performance and stability simultaneously. In bimetaligmperature for 20 min. After cooling to room temperature, the
systems, surface enrichment may occur as one element bingsl@ions wereltered and diluted with ultrapure water (Millipore, 18
particular adsorbate more strofgiyhermal annealing of M ) to achieve concentrations between 1 and 20 mg/L. AcSpeci
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wavelength of each element was used to analyze the concentratthbB25 Ve (50 cycles) with a sweep rate of 100 mV/s inya N
The concentrations of platinum, nickel, and molybdenum wersaturated 0.1 M HClCelectrolyte to obtain a stable voltammogram.
measured at 265.945, 231.604, and 268.414 nm, respectively. Then, three CV cycles were performed in the same potential range

In situ high-temperature XRD (HT-XRD) measurements werewith a scan rate of 20 mV/s. The third cycle was used to determine
performed in a parallel beam geometry using a D8 Advancthe H,rbased ECSA by integrating the hydrogen adsorption charge
Di ractometer (Bruker) equipped with a Lynx Eye Detector (PSD)rom 0.05 to 0.4 /= The internal resistance (IR) was determined by
and a KFL Cu 2K X-ray tube. An external radiation heating chambpotential electrochemical impedance spectroscopy (PEIS) after
(MRI Physikalische Geraete GmbH, Germany) with an AICr foil agpplying a potential of 0.5, for 5 min.
the heater, an & crucible as the sample holder and a thermocouple Oxygen Reduction Reaction (ORR) ActivitiedBefore the ORR
was positioned on the goniometer of theadtometer. The chamber measurements were performed ias&@urated 0.1 M HCIO
was heated to 350C under hydrogen/argon (4%, hh Ar) solution, the background current was determined-gatiated
atmosphere with aow rate of 40 mL/min. The Cu-Ka tube was 0.1 M HCIQ solution. The activity of the catalyst was extracted by
operated at a voltage of 40 kV and a current of 40 mA. For samgisear sweep voltammetry (LSV) in the potential range 0f10.05
preparation, the f); crucible was lled (20 30 mg) with Vrue (@nodic scan) with a rotational speed of 1600 rpm. The scan
PtNi(Mo)/C powders. The crucible was theitened to a smooth ~ rate was 20 mV/s. The measurement was repeated three times.
surface and mounted on an XRD. The temperé&itae protocol ECSA Based on CO StrippingTo obtain the ECSA based on
began with an initial XRD scan at@@nd was then heated at 0.167 CO stripping, the working electrode was placed in,thatiNated
°C/s to 350°C. After holding for 30 min and a scan performed duringelectrolyte with a rotation speed of 400 rpm at Q@5 After CO
56 min, the temperature was cooled t6C3at the same rate. The gas was injected for 1 min, Was injected into the solution for 10
heating protocol is shownFigure S1Measurements were carried min to remove the dissolved CO. Then, in steady state mode, CV was
out at a step size of 0.06 (8 s per stepyed divergence slit of 1.5 recorded between 0.05 andg],pat 50 mV/s for three cycles. The
mm, a PSD iris antiscattering slit of 13, inrarfge between 30 and ECSA was determined base@ggobtained by integrating the area
55 at 350°C, and in a 2range between 30 and &® 30°C. of the CO stripping peak (approximately 0.¥g,0.

Transmission electron microscopy (TEM) images were obtained Accelerated stress tests (ASTs) were performed in 0.1 M HCIO
using a FEI Tecnai G2 20 S-TWIN operating at 200 kV acceleratirfid N-saturated electrolyte. CV included 10,800 cycles in the
voltage with a resolution limit of 0.24 nm and a LaB6 cathode. F@otential range of 0.6.95 \4.e with a scan rate of 500 mV/s. For
sample preparation, particles were dispersed in ethanol wiRiNi(Mo)/C-17, 10,800, 15,800, and 22,800 cycles were performed
ultrasonication for 5 min, drop casted onto a Cu grid (400 mesh}o study the long-term stability of the catalysts.
and air dried. Correction of the Data. For LSV and CV measurements, the

ADF-STEM-EDS investigations were carried out using a FE| Titagotential was corrected to the value on the RHE scale.

80 200 (ChemiSTEM) scanning transmission electron microscope _ E

equipped with a quadrant Super-X energy dispersive X-ray Brre = Emeasured E caibration 1.1
spectrometer (EDS) detector with a nominal 0.7 srad solid angle Then, the potentialEj was IR corrected with the resistance
and operating at an accelerating voltage of 80 kV. The microscope WB&ined from PEIS.

operated at spot size 6 and gun lens 6, yielding a probe with a N

diameter of 0.1 nm and current 60 pA. The sample preparation E= BueS IR (1.2)

was as above using deionized water for the solvent. .

Electrochemical Characterization.We carried out the electro- The .background-corrected. currdgkg was obtained by
chemical characterization using a conventional three-electrode éélﬁ)tractlng the current of the nitrogen-saturatedy,SV
with a Pt wire as the counter electrode, glassy carbon (GC), with a |z = |Q§ Iy (1.3)
diameter @ = 5 mm (area: 0.196cas the working electrode, and a '
reversible hydrogen electrode (RHE) as the reference electrode. The
working electrode was lowered into the electrolyte under potential RESULTS AND DISCUSSION

control at 0.05 M,z The reference electrode was calibrated regularly . . .
with a polycrystalline Pt-RDE undgsparging. All potentials in this Syntheses of Oh-PtNi(Mo) NPSOh-PtNi(Mo) NPs with

work are referred to as RHE. For electrochemical measurements, '@an €dge length distributions of 5.5, 13.1, and 17.1 nm were
M HCIO, electrolyte was used (diluted from 70% conc. HiClO Prepared and subsequently supported on high-surface-area
99.999% trace metal bases, Sigma-Aldrich witQ mdlier). All carbon, based on a synthesis recently refivitétereafter,
measurements were performed using a BioLogics Science Instrumémes samples will be referred to as oh-PtNi(MaJerelL is
potentiostat. To avoid the exts of CO stripping on the catalyst the mean edge length of the particles in nanometers. For the
performance, two working electrodes were used to obtain CQreparation of oh-PtNi(Mo0)-13, we used a pressure-tight glass
stripping-based ECSA before and after the accelerated stress {e&ise| for 12 h at 15 with BA, Pt, and Ni acetylacetonate
gA?T)'S. dscf[‘.enl‘e Séﬂpws tlhe‘t’wgha” of the derent steps applied  hrecyrsors and Mo(C@)precursor. Following therst

o0 two identical working electrodes. - :

To prepare the ink s?or the measurements, a certain amount 8}ean|ng cycle, t.he supernatant showed a ye"OWI.Sh clear
catalyst (approximately ® mg) was added to a solution of 3.98 mL color corresponding to _Pt precursors. After a”a'yz'r?g the
of ultrapure water, 1 mL of isopropanol, and_iff a 5 wt% Naon supernatant_for Pt and Ni contents, we fo_und that_ the yleld of
ionomer solution. Subsequently, the suspension was sonicated witfil¥ synthesis was around 50%. The size manipulation was
ultrasonic horn sonicator (Branson Soni50) for 30 min while  achieved by interfering with the instantaneous nucleation or
being immersed in an ice bath. The ink was used the same day. Tr@wth stages by releasing the products that build up the
ink (10 L) was dropped onto a rotating GC disk working electrodepressure and further shifting the reaction equilibrium to the
with a pipette. Thelms were dried in an oven at€d _ product side. To increase the size of the active facets, we

Electrode Preparation. The GC electrodes were polished with 3 ected the growth stage by releasing the pressure that builds
an alumina polish of 1.fh particle size on a nyloim for 3 min and up as the precursors are reduged 0.6 bar at 4 h). In this

then with an alumina polish of 0.05 particle size on a MicroCloth .
Im for 3 min (Buehler ). Subsequently, the electrodes were way, we produced octahedra with 17.1 nm edge length by

sonicated in ultrapure water, isopropanol, and ultrapure water forS§ifting the equilibrium further to the product side during the
min each to obtain a clean surface. growth regime. We found that the timing of depressurization is

Hypa-Based Electrochemical Surface Area (ECSAEyclic of great importance. When the pressure was releasedPat 2 h (
voltammetry (CV) was performed in the potential range of 0.05 = 0.5 bar), the resulting particle size was smallex &6
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Figure 1.Classic schematic representation of the LaMer model/hypothesis for the formation of colloidal particles, adopted partially from tl
original 1950 pap&tCopyright 1950 American Chemical Society. The hypothetical curves qualitatively display the change in concentration of t
soluble monomers as a function of time throughout the formation process. Black line corresponds to the synthesis without depressurizing. C
and red dashed lines represent the adjustments done in this work, green for depressurizing in the nucleation stage (2 h) and red for depresst
in the growth stage (4 h). In the insets, TEM images of the resultir@; NRBe saturation concentratiGq;, is the critical supersaturation
concentration required for nucleatiGp,yis the limiting supersaturation. Postulated stage I: formation of the soluble monomer in solution.
Postulated stage II: nucleation from solution when the monomer concentration is higher Atahe postulated stage Ill, the monomer
concentration falls below the level required for nucleation and particle growth continues by deposition of the monomer to the particles surface.
scale bars correspond to 20 nm.

nm) compared to the synthesis without pressure release. TRietveld renement results for the drent as-prepared
could indicate that nucleation still occurs after 2 h and thBtNi(Mo) NPs are listed iffiable S1Previous studies have
addition of new atoms increases the supersaturation concegported an element-specanisotropic growth mechanism of
tration and resulted in a smaller particlé'Silee schematic  oh-PtNi NPs in which rapid growth of Pt-rich hexapods/
representation of the LaMer model and the adjustmentsoncave octahedra along th@0 directions is preceded by
described in this work are shownFigure 1 We also  delayed deposition of the Ni-rich phase at the concave (111)
performed the synthesis without Mo(g@®)yecursor and sites, as in conventional one-pot synth&ses-PtNi(Mo)-5
depressurized the gas phase during the growth stage to prearé -13 XRD deconvoluted phases correspond to the
a relatively large Ni-rich oh-PtNi catalyst with an average edgeviously reported elemental segregation on Pt-rich and Ni-
length of 13 nm. The dirence between 17 and 13 nm could rich octahedr&.
be due to CO ligands saturating the gas phase at the beginningo elucidate the morphology and compositionaleped
of the reaction and leading to a larger particle~siged Sp atomic resolution for the exceptional large octahedra, we
Structural and Morphological Characterization of the studied the as-prepared oh-PtNi(Mo)-17 NPs using a FEI
As-Prepared Catalysts.Transmission electron micrographs Titan-80-200 scanning tramssion electron microscope.
in Figure S3how the as-prepared oh-NPs, which have a welNonnegative matrix factorization (NMF) was performed and
de ned octahedral shape and a narrow size distribution of eddjee data was decomposedoirprincipal components.
lengths. It should be pointed out that oh-PtNi(Mo)-5 NPs areRecombination of these components producdermiset
Pt-rich and oh-PtNi(Mo0)-13 and -17 NPs are Ni-rich. This isdataset from which the elemental maps were extracted. The Pt
due to the reduction of more Pt precursors in the nucleatioand Ni maps were then quaetl (Mo content was too low
stage, which saturate the pressure phase and suppressfdheaccurate quantiation) using the EDS partial cross-
equilibrium shift to the product side. The averaged PSD valussctional approach and calibrated starfidardsll of these
atomic composition, and Pt wt % are showralie S1 analyses were performed using the open-source Python-based
X-ray diraction (XRD) was used to investigate the crystakoftware Hypersf§Figure 2 shows ADF-STEM images and
phase of the as-prepared NRgure S9aThe XRD patterns  corresponding EDS elemental maps of the as-prepared oh-
show an increasing crystal structure complexity (peak mulBtNi(Mo)-17 NPs, whileFigure B shows the output
plicity) with increasing nanoparticle size. Rietvetiément components from the NMF analysis. The EDS analysis of
analysis showed that oh-PtNi(Mo)-5 is composed of a singtéh-PtNi(Mo)-17 shows an elemental distribution consisting of
face-centered cubic (FCC) phase with atom NiRt three distinct, separated regions of a Pt-rich phase in the form
according to its lattice constant and Végdalv. oh-  of a concave octahedron core surrounded by apexes of lower Pt
PtNi(Mo0)-13 consisted of two FCC phases containingcontent and Ni-rich facets and edges. The threeexi
PtNi;; and PgNigg respectively, with the latter phase regions correspond well to the XRD phase analysis. However,
accounting for about 68.1 wt % of the crystalline material. Olhe extracted sizes of the XRD phases show a corresponding
PtNi(M0)-17 was best described by three phasegdf; £t trend but smaller sizes. This could be due to the isotropic
PtsgNiy, and PNi4q accounting for 29.4, 58.2, and 12.4 wt %(spherical) NP model rather than the octahedral NP model
of the crystalline material, respectivielyue S4bd). The used for the deconvolution of XRD peaks. The deposition of
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Figure 2.As-prepared oh-PtNi(Mo)-17: (a) ADF-STEM micrograph, STEM-EDS elemental mapping for Pt (blue) and Ni (yellow), and their
overlay imaged along tHELO direction (seé-igure S&or the 100 direction). (b) STEM-EDS results are analyzed in more detail using
nonnegative matrix factorization (NMF) showing the output components. The three EDS component maps and corresponding spectra show
distribution of a Pt-rich core (blue), a Ni- and O-rich shell (orange), as well as C, O, and Si (green).

the Ni-rich edges and facets is unique and likely due to tteample, a shift of the (111) peak to lowenv&ues was
release of pressure that led to further reduction of precursoobserved only in the scan at 3680which is expected due to
mainly Ni, at this stage of growkhigure Sp the increase of the lattice parametarufe %°°> The XRD
Structural and Morphological Transformations dur- patterns at 358C and room temperature after annealing show
ing Thermal Annealing. Following the synthesis, we a transformation of the shoulder in the (111) peak to a distinct
thermally annealed the oh-PtNi(Mo0)-17 catalyst using in sitpeak at higher 2values. This behavior of the (111) peak
high-temperature XRD at 38D under reducing or oxidizing strongly suggests the formation of a Ni-rich phase on the
atmospheres @Ar, 4:96% or air, respectively, for 30 min surface of the as-prepared oh-PtMi(Mo)-17. In the air-
hold and 56 min more for the scBigure S)ito investigate  annealed oh-PtNi(Mo)-17 reple (hereafter PtNi(Mo)-
the in uence of dierent adsorbates on element segregatioi7A), the (111) peak shifted to lower\@alues in the 350
and tailor the catalyst surface by inducing small variations 9@ pattern and after annealing, accompanied by the formation
the surface-reactant binding energies, which could consideraifla more symmetrical peak due to the loss of the shoulder at
enhance the catalytic ORR activity and stabifitfFor the  higher 2 values. This shift to lower galues indicated the
H,-annealed oh-PtNi(Mo)-17héreafter PtNi(Mo)-17H)  formation of a PiNi phase that is enriched with Pt.
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Figure 3.In situ heating XRD experiment showing the evolution of the (111) and (280dns for the oh-PtNi(Mo)-17 sample upon exposure
to either reductive ($#Ar, 4:96%) or oxidizing (air) atmosphere at 350The green lines correspond to pure Pt (PDF No. 00-004-0802) and
the orange lines to pure Ni (PDF No. 00-004-0850) patterns. The peaks around 35.1 aradu 8@respond to the@ypeaks of the high-
temperature holder.

The TEM image of the air-annealed sample shows amnrichment at the surface and subsurface of the particles.
octahedral core@shell structure with a darker core andPaevious studies have shown that annealing under reducing
brighter shell Kigure S?a On the other hand, the air- atmospheres leads to segregation of the nickel surface until
annealed TEM image of the-dhnealed sample shows the signi cant oxide decomposition is reached, which occurs above
transformation to a distorted octahedron accompanied wit200 °C in H,. This segregation is restricted to a few atomic
the facet-to-facet coalesmerof neighboring octahedral layers near the surface and generally leads to the formation of a
particles and the formation of agglomerates of seversdndwich or Pt-skin structure in which the outermost atomic
octahedra as welfigure S76*° Development of an external layer is Pt-rich and the second layer is Ni-rich. A short-range
oxide shell in the air-annealed samples protects the particégsmic exchange near the surface, where Pt atoms in the
from coalescing. second layer exchange places with Ni atoms on the surface,

The air-annealed particles were also investigated using higbuld explain how such a structure can be achieved.
resolution STEM; the corresponding ADF images and EDS Figure S1&hows elemental maps of the as-prepaged, H
elemental maps are showhigures @ andsS8 Figures 4 and and air-annealed PtNi(Mo)-17, after NMF analysis, for O, Ni,
S9show the output components from the NMF EDS analysiand Pt plotted on the same intensity scale viewed along the
and the elemental maps, respectively. The ADF images sha®0 direction. It can be seen that the O intensities are
the core@shell structure in high resolution. The highhighest for the as-prepared and air-annealed NPs and barely
resolution STEM-EDS elemental analysis of PtNi(Mo)-17Aoticeable for the Fannealed NP, coming the presence of
demonstrates the formation of a thick nickel-oxide-rich shellnickel-oxide shell in the as-prepared sample. The reduction of
with no Pt detected in this region. This is consistent with théhe nickel-oxide shell and the formation of a Ni-rich shell are
absence of an amorphous nickel-oxide phase in the XRIDnsistent with the observation of an additional (111) peak in
patterns produced using the laboratory HT-XRD systenthe XRD experiments during and afteafhealing.

These results are consistent with previous studies showing th&lectrocatalytic ORR Activities and CO Oxidation
progressive segregation of Ni on the surfaceNif IRPs and Reaction. To illustrate the compositional evolution of

the associated formation of nickel-oxide species when annealethedral surface and subsurface layers, we deconvolved the
in an oxygen environméht?*® After thermal annealing in air, CO stripping curves of érent catalysts before and after ASTs
PtNi(M0)-17A is electrochemically inactive for ORR, asdnto di erent regions. Based on previous CO stripping studies,
expected from nickel-oxide surfaces. it has been shown that the oxidation properties of CO,

For the H-annealed samplegure & shows ADF-STEM adsorbed on the surface of Pt-based NPs, are structure
images and corresponding EDS elemental maps of PtNi(Mdjensitive and lead to peak multiplicatiom.Figure ,d, we
17H NPs, whil&igure b shows the four output components assign the prepeak at 0.8% \k.e to the (111) and (100)
of the NMF analysis. PtNi(Mo)-17H shows a roundedfacets, peak la exclusively to the (111) facet (076%,p),
octahedron with a Pt-rich core and a Ni-rich shell. Comparezhd peak 1b to the low-coordination sites 072 ko).
to Pt, Ni has a higher aity for oxygen, NiQformation Peak 1la emerges in oh-PtNi(Mo0)-17 and is more evident in
energy of 2.54 eV per O compared to PtO, and,PtO the PtNi(Mo)-17H pattern but is absent in the oh-PtNi(Mo)-
formation energies 0f0.41 and 0.63 eV per & This 5 and oh-PtNi(Mo)-13 pattern due to a bigger portion of
could be the reason why the as-prepared NPs exhibit oxygemercoordinated sites in edges and vertexes. The prepeak and
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Figure 4.Air-annealed PtNi(Mo)-17A: (a) ADF-STEM micrograph, STEM-EDS elemental mapping for Pt (blue) and Ni (yellow), and their
overlay, imaged along tHd0 direction (seéigure S§or the 100 direction). (b) EDS NMF component maps and corresponding spectra
show the distribution of a Pt-rich core (blue), a Ni- and O-rich shell (orange), as well as C, O, and Si (green).

peak la, have also been seen in the adsorption propertiedfH,,q (Qco/2Qn) Mmay have some qualitative predictive
annealed PtNi core@shell NPs with a Pt-skin-type surface gmuver regarding the Pt-to-Ni composition at the surface/
well-dened skin-type extended surfaces ¢fi@i1)>" subsurface layef3:o/2Qy values close to unity indicate a
Moreover, peak la is absent in the deconvolution productsick Pt shell or Pt-rich surface, a pure Pt, or a uniform
of all patterns after ASTs. TEM images of oh-PtNi(Mo)-13distribution of Pt and Ni, while values closer to 1.5 indicate a
oh-PtNi(Mo)-17, and PtNi-17H after ASTs show the presencPt-skin-type surface. For all catalysts in the initial state, we
of concave octahedraigure §. The electrochemical surface calculated &-o/2Qy ratio between 1 and 1.Bigure B).

areas (ECSAs) of the PtNi(Mo) series were measured by For the PtNi(Mo)-17H catalyst before AST, a calculated
hydrogen underpotential depositiony{l and the CO Qco/2Qy ratio of about 1.35 was measured, indicating the
stripping methodHigures Gand S12. The oh-PtNi(Mo)-5 development of the so-called Pt-skin-type sutfatle.
catalyst exhibits the highest CO-based ECSA and the vaheeorded cyclic voltammetry (CV) curves for the catalysts in
decreases with increasing particle size, an expected tréhepurged 0.1 M HClQelectrolyte for activation, to remove
(Figure @). Vliet et al” reported that the charge ratio of CO trace amounts of PVP from the surfa@md to measure
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Figure 5.H,-annealed PtNi(Mo)-17H: (a) ADF-STEM micrograph, STEM-EDS elemental mapping for Pt (blue) and Ni (yellow), and their
overlay imaged along tHg10 direction (seéigure S1for the 100 direction). (b) EDS NMF component maps and corresponding spectra
show the distribution of a Pt-rich core (blue), a Ni- and O-rich shell (orange), as well as C (green).

ECSAgp¢ This was followed by linear sweep voltammetryi7H show increased EGQAafter ASTs, which could be due
(LSV) measurements in the-€aturated electrolytEigures to atomic rearrangement at the surface during ASTs.
S12 and S)3The SAs (CO-based) and MAs before ASTs areNevertheless, PtNi(Mo)-5 and PtNi(Mo)17H show decreased
relatively high, and show no correlation with particle size. TH®As after ASTs. In contrast, PtNi(Mo)-5 and PtNi(Mo)17H
total di erence in ECSA for all catalysts is about 16ay 2, show almost the same EGSAalue before and after ASTs.
which is smaller than expected for this size range. In a spheritiais could be due to thending that the ECSAgy are

pure Pt catalyst or bimetallic M@Pt with a Pt shell, the sizégpically smaller than the EC§Asnd their use could
should correlate with the ECSAs. However, in an oh-PtNiverestimate the actual spe€@RR activity’ The stability of
catalyst, the situation is more complex due to the cspecioh-PtNi(Mo)-5, the smallest catalyst, is good as it retains
elemental segregation of Pt-rich hexapods and Ni-rich facatmost all of its MA. Oh-PtNi(Mo)-13 shows an improved SA
and shells. Moreover, Pt and Ni segregation also correlatdter AST, but with a slight decrease in MA.

with the size of the particles and composition, further After 10.8k AST cycles, oh-PtNi(Mo)-17 showed signi
complicating the situatiom> PtNi(Mo)-5 and PtNi(Mo)- cantly improved mass and speeictivities accompanied by
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Figure 6.CO stripping analysis of the surface structures and adsorption properties. (left) Initial CO stripping curve, (right) TEM images afte
10.8k cycles of AST and the corresponding CO stripping curve and deconvolution products of the curve for (a) oh-PtNi(Mo)-5, (b) oh-PtNi(Mo)

13, (c) oh-PtNi(Mo)-17, and (d) PtNi(Mo)-17H catalysts.

84.7% ECSA retention. Additional testing was carried out @valuate its long-term stabilitigure S14presents the ORR
the oh-PtNi(Mo)-17 catalyst at 15.8k and 22.8k cycles tgolarization curves after selected cycles, and the inset shows a
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Figure 7.Electrochemical performance and stability of the as-prepared PtNi(Mo) series: (a) CO-based ECSA before and after 10.8k AST cyc
(b) Qco/2Qy, (c) SAs before and after 10.8k AST cycles, and (d) MAs before and after 10.8 AST.

magnication of the potentials at which the activities werePt-rich core surrounded by Ni-rich facets and edges, and
sampled (0.9 and 0.9%.). After 10.8k, 15.8k, and 22.8k moderate Pt:Ni levels in vertices. We investigated the atomic
AST cycles, oh-PtNi(Mo)-17 MA increased by 131, 132, an€egregation phenomena of Ni-rich large Mo-doped oh-PtNi
117%, respectively, from its initial MA (1.35 A mgigure  catalysts before and after annealing in reducing or oxidizing gas
S14D. In Figure ¢, the SAs after ASTs show an increasingnyironments. The as-prepared catalysts and those annealed in
trend that correlates with the octahedral size, withthe H i exhinited a relatively thick nickel-oxide shell, while the
annealed catalysts PtNi(Mo)-17H showing the highesEspecica.,ysts annealed ingowed a reduction of the nickel-oxide

and mass activities after AST in this work, reaching SA and !\g .
2 1/ ase and the development of a so-called Pt-skin-type surface.
of 6.87 mA cgj “and MA of 2.65 A g™ (about 15 and 8.5 These structural changes and the formation of a Pt-skin were

times higher than Pt/C, respectively). . . . L
We also tested oh-PtNi-13, PtNi(Mo)-5H, and PtNi(Mo)- accompanied by high performance and an increased activity

13H for their electrochemical performance and stability. F@fter the stability test. Our results show that manipulating the
oh-PtNi-13 catalysts, the MAs before and after the AST afgaction equilibrium at drent stages of nucleation and
about 60% of the MAs of PtNi(Mo)-17H. For PtNi(Mo)-5H, growth in reactions involving gas products carried out in a
the activity was very low, possibly due to the complete lossssfaled pressurask serves as a method to broaden the size
shape and sigwmiant coalescence of many particles after Hwindow and also to control the atomic structure of the catalyst
annealingHigure SI16 It should be noted that the optimum surface. These results could facilitate the use of a new class of
temperature for 8 nm oh-Pili which shows the best relatively large and stable Mo-doped oh-PtNi catalysts for use
performance, is 30C.>° For PtNi(Mo)-13H, the activities in the PEMFC cathodes.

were relatively the same. However, the highest activity for

PtNi(Mo)-13H was actually obtained at 3G0 ASSOCIATED CONTENT

CONCLUSIONS *  Supporting Information
Size-selected oh-PtNi(Mo)-L octahedral catalysts were syntfide Supporting Information is available free of charge at
sized in a sealed pressuesk. Depressurization in the https://pubs.acs.org/doi/10.1021/acsami.2c02397

nucleation stage resulted in a large spontaneous nucleation . :
burst leading to small Pt-rich octahedra, while depressurization EM images, STEM-EDS, XRD and deconvolution
in the growth stage resulted in large octahedra that exhibited a  dat&, CV curves, and ORR polarization cups (
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