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The growth and degradation of binary and ternary
octahedral Pt-Ni-based fuel cell catalyst nanoparticles
studied using advanced transmission electron microscopy

Marc Heggen, Martin Gocyla and Rafal E. Dunin-Borkowski

Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons and Peter Griinberg Institute,
Forschungszentrum Jiilich GmbH, Jiilich, Germany

ABSTRACT

Advances in fuel cell technology depend strongly on the
development of ardable, active, and stable catalysts. For
example, octahedral Pt—Ni alloy nanoparticles show exceptional
activity for the oxygen reduction reaction in fuel cell cathodes as a
result of the presence of highly active {11 1} facets. Here, we review
a selection of recent transmission electron microscopy studies
that address the correlation between the catalytic performance
of octahedral Pt—Ni-based nanoparticles and their atomic-scale
structure and composition. We begin by describing strategies for
the growth of binary Pt-Ni and ternary Pt-Ni-TM (@dnsition
metal) nanoparticles, with a focus on understanding how their
structure and compositional anisotropyisrelated to their catalytic
activity and stability. We then describe the morphological
changes and compositionadegradationeects that can occur in
electrochemical environmen&hangesin nanoparticle shape,
including the loss of highly active {11 1} facets due to dealloying
from Ni-rich facets and Pt surface dision, are discussed as
important reasons for catalyst degradation. Finally, strategies
to prevent degradation, e.g. by surface doping, are addressed.
The growth, segregation, and degradation mechanisms that we
describe highlight the complexity with which octahedral alloy
nanoparticles form and evolve under reaction conditions.
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1. Introduction

Developments in fuel cell technology are of great importance for energy con-
version and storage applications. Proton-exchange membrane (PEM) fuel cells
are attracting particular interest as clean power sources for mobile and station-
ary devices. However, a major obstacle that currently limits their performance
is the sluggish oxygen reduction reaction (ORR) at fuel cell cathodes. Although
Pt-based catalysts show very high activity and stability in PEM fuel cells [1,2], it
is important to reduce the proportion of rare and expensive Pt that they contain
without compromising their activity for the ORR, for example by alloying them
with abundant low-cost transition metals [3—19]. Such alloying strategies can be
used to introduce lattice compressionects [20,21] and/or modid dectronic
properties R223. For ingance in 2010 $asser et & denondrated that the
Pt-rich shdl in abimetdlic Cu—Ptcare/hdl nanoparticle exhbits compressive
drain, resilting in a il the dectronic band dructure d Pt and weakening
the dnemisorption of oxygereted gecies R1].

In 2007, $amerkovic et d. denongrated that the PtNi (111) dloy surface
has excegiondly high adivity for the CRR [6]. & showed that it is 10 imes
more ac¢ive than the Pt (111) surface ad 90 tmes nore adive than date-d-the-
art Pt/C aalyds. €JPt Ni (111) surface tas an urusua electronic gructure,
which is ”ated to the postion o its d-tand cener [6]. Its rear-surface byers
were siown to exhbit a canpostiond ocillation, with Pt-iich cutermog and
third layers and a N-rich sscond layer. Such a sirface Pt tomic layer is en
referred to asakkin [24—24. wesak interadion between the Pt sirface aoms
and non-readive oxygereted gpecies ircreases he rumber d adive stes br O,
acdsorption. Asaconsequerceof theexcegionally high ORRadivity of the PtNi
(111) surface (111)-faceed octahedrad Pt—N nanoparticles have been cansid-
ered the Utimate dream dectrocaayds [27], with sigiienterts delicated
to the synthesk d uniform octahedrd Pt—N nanoparticles d controlled size ad
compostion [7,9,28-32

Here, we review recent tranamisson dectron microscopy (TEM) sudies of the
growth o Pt—Ni-based nanoparticles, cocertrating an the rdationship between
their gructures, conpostions, and cataytic properties, & wal as teir degada-
tion in dectrochemica environmerts and drateges hat can be wsed to prevent
uch degadation.

2. Synthesis of octahedral Pt-Ni nanoparticles

Nanoparticles hat take the form o octahedra, aibes, @ truncated octahedra
are, in gererd, terminated by {1 11} or {1 00} facets ad ae e syithesizel by

making use d cgpping agerts that sdectivey cantrol the gowth raes d individual
facets B3—34. For exanple, in 2010 Zlang et & desribed the siccesful synthess
of PLNi nanocubes &d nenooctahedra and ssessed the Eationships etween
their adivities and facets T]. Unfortunately, however, the @pping agerts that are
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used in quch synthess routes @n remain grongly adsorbed on the renoparticles
aurfaces ad can then lead b a derease in @&aytic performance &canplete
remova of cgpping agerts without dtering the surface sructures ad shapes d
the nanoparticles can be challenging, but is sometimes possible using specid
decontamination procedures [37,38].

In 2012, Grperter et & desribed the lvothema synthess d octa
hedrd, aubic, and aubo-octahedrd Pt—N alloy nanoparticles wsing N,N-
dimethylformamide (DMF), which ads & loth a ®lvert and a educing agent
during synthess [9]. Unlike aher methods that require apping agents such &
oleylamine [7], no dedicated surfactants were readed to adiieve gpe-Hective
growth, reaulting in dean nanoparticle surfaces ér cataytic goplicaions. &l
authors $owed that the CRR adivity of the dloy nanoparticles wa dmog 15
timeshigherthan that of a gate-d-the-at Pt/C @talys. Subsequertly, Cui et d.
used a DMF-based solvothemal approad to synthesize atahedrad Pt—N nan-
oparticles ha had hidh ORR agivity [12,39].

In 2013, @oi et d. degribed octahedrd Pt—N nanoparticles with a pedid
ORR ativity that was3imes hidner than that of a Pt/C etays and a ecord-
high mass acivity of 3.3 A/RJ [40). Elsame goup optimized catalytic adivity
toward the ORR by controlling the nanoparticle sizeand campostion for this
synthess, ding the higheg mass adcivity for Pt , Ni octahedra with an edge
length d@m [41]. elhidh adivity of the renoparticles wa dtributed to the
preserce d very dean surfaces reaulting from the wse d a new synthesis protocd.
AR cycles, he renoparticles siowed a derease in Pt nass adivity by 40%,
which is higher than that of Pt/C (32%) #0Q].

Recertly, Park et d. denongrated a nodid gowth procedure that can be
used to synthesizePt—N octahedracovered by ultrathin Pt shells,which protect
Ni from being leached 0ad erhance he gability of the ranoparticles 2. &

Pt ddl octahedra were synthesizel by the diopwise ifjection o a Pt pecursor
solution into en as-dotained suspersion of Pt—N octahedra.éauthors denon -
drated that the atays showed a emerkable erhancenert in dectrocatalytic
durability toward the CRR dative © a Pt—Ncatalys and sigilently erhanced
chemic stability with less N decampostion [42].

In ammary, manydétert routes br the synthess d octahedrd Pt—Ni-based
aloy nanoparticles with diéfert sizes, conpostions, and properties rave row
been desribed. It has been denondrated that this dass d catdyds provides
record adivity and improved gability.

3. Microstructural investigations

A largenumber of sudieshave highlighted theimportanceof undergtandingthe
atomic gructures d catalyticaly adive renoparticles, sich & the peserce d a
Pt-rich in [6], in order D tune teir properties. t is dear that the sizes, lsapes,
campostions, and local eementa didributions d nanoparticles ae esertia
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parameters that deemmine their cataytic performance P3-44. For the rdiond
desigqn o new catayds, t is therefore esertia to urderstand the micogruc
turd evolution o the candtituert nanoparticles, oth during growth and during
degadation.

TEM and scanning TEM (STEM), in canbination with erergy-dispersive X-ray
spectroscopy (EDX) and dectron erergy-loss pectrocopy (EELS), ae anong the
mog widely used aomic-scale charaderization techniques. Qrer the last decade
progress in dectron microscopy, resulting in particular from the derdopmert of
spherical aberration (C) carrection [47,48], hasresilted in an achievable spatial
resolution o better thanOhm, in conbination with the use d high beam aur -
rerts for spectroscopic invegigations. Subgantia progressin analytica dectron
microscopy has dso recertly been atieved by the introduction o large-=olid-an-
gle slicon drildatctors (PDs). For ingance the o-called Super-X dekector,
which makes e d four windoness PDs tha are dacal synmetricaly around
the qotica axis dose © the smple area, hes a nuch higher X-ray cdlection
eldieay than previous cawvertional EDX dekctors, poviding a brge ota sen
sor area d120nm 2 and a detction slid angle of0%r [49. Furthemore,
improvemens in probe airrents obtained using high-brightnes el emission
gun dectron sources in G-corrected STEMs hes dereased cdlection times in
analytical eectron microscopy. uch adrances in micogructura anaysis have
had a ery sigii@nt impad on meterials <ierce in gererd and on the dudy of
catalys nanoparticles in @rticular [50-53.

In addtion to traditiona ex situ TEM/STEM gudies & morphologica and
sructurd changes hat have tBken pace diring dectrochemic cyding adéfert
sagesof chemid readions, in situ invegigationsnow erhew perspectives. for
example, using microdectromechanica sydens (MEMS)-tased TEM gecimen
holdersit is possible to record the a@omic and/or eectronic gructuresof materials,
including the evolution of their Szeand shape, in real time during dectrochemica
readions and gowth proceses a devated tenperaure and/or in gas a liquid
ernvironmerts [53-61.

4. Anisotropic growth
4.1. Binary Pt-Ni nanoparticles

In 2013,Cui et d. [12] dexribed inhomogeneous compostiona digributions in
shgped Pt dloy nanoparticles, in he form o Pt-rich frames ad Ni-rich facets.
By egablished that sdective ething d Ni-rich{1 11} facets diring dectrochem:
ical cyding had resulted in the formation of concave actahedra, hereby expsirg
lessadivefacets ach as{1 00} and {1 10} and leading to asignient decreasein
adivity [12). In 2014, Ga et & showed tha the domic-scale growth mechanism
of octahedrd Pt—N nanoparticlesreaultsin an inhomogereousdemerta distri-
bution [39]. &llatter gudy is reviewed in the following peragraph.
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Figure 1. Characterization of Pt—Ni nanoparticles after 8 h of reaction time. (A) Low-magnification
TEM image. (B) HRTEM image and corresponding digital diffractogram (Fourier transform) of a
nanoparticle that branched along the <100> directions. (C, D) HAADF STEM images (red)
representing Pt and EELS spectrum images recorded using the Ni L-edges (green), indicating that
Ni has segregated to the concave surface of Pt—-Ni hexapod nanoparticles [39].

Pt—N alloy nanoparticles were analyzed using high-angle annular dark il
(HAADF) STEM and EELS ¢éemerta mappinget, 8, 16, ad 42 h é solvo-
themal synthese. Arla eadion time di, nog of the renoparticles exhited
near-spherical shapes with diameters d between 2 ad®m, dthough some
nanoparticles kad formed kranched gructures with larger sizes bhetween 6 ad
m. A8 h, nog of the renoparticles had evolved into hexgod dructures
with average sizes bapproximately 11 nm (Figerl(A) and (B)).

EDX compostion analysis siowed that the perticles ae inttialy highly Pt-ich,
but that their Ni contert increasesduring synthess. Figure 1(C) and (D) show
demertal maps d Ni-rich regons formed an the cacave surfaces dprevioudy
formed Pt-lich hexgpod nanoparticles. fla eadion time d 16 h, atansfor -
mation of the hexgpod nanoparticles b ‘concave actahedrd takes pace (Figue
2(A)), which is cansigert with accéeraed demstion o a Ni-rich phase a the
concave surfaceselEhemetic diagrams in Figue2(B) show that, @B, the
Ptrich hexgpods haveintringc {111} surfaceseps m their concave surfacesand
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step adatom

Figure 2. (A) HRTEM image of a ‘concave octahedral nanoparticle’ studied after growth for 16 h,
viewed along a <110> direction and showing atomic surface steps on concave {111} facets.
(B) Schematic diagrams illustrating delayed anisotropic growth of a Ni-rich phase by the step-
induced layer-by-layer deposition of Ni-rich atoms on the concave {11 1} surfaces of pre-formed
Pt-rich hexapods. (C, D) Characterization of final Pt-Ni nanooctahedra after a reaction time of 42 h.
(C) HAADF STEM image. (D) HAADF STEM images (red) mainly representing Pt and EELS spectrum
images recorded using the Ni L-edges (green) recorded from octahedral PtNi, . nanoparticles.
The images reveal Pt-rich frames along the edges/corners of the nanoparticles and Ni-enriched
facets [39].

{100}/{1 10} sepson the sidevdls of their arms. When conpared with the &r-
racesites,Ni aceiomsenrergeticaly preferthe sepsitesasaresilt of their higher
coordination number. Depostion of a Nl atom onto a $ep esllts in its advance
leading to cantinuous, sep-induced depstion of primarily Ni atoms. In this caon-
text, he sidevdls day an important role by providing initial step sies b induce
the layer-by-layer gowth o Ni-rich {111} facets. Bken bgether, the nanoparticle
formation processproceals goontaneoudy in a ae-pot synthess, aregting highly
geometric but compostionally anisotropic nanooctahedra, while dlowing the
degee d concavity to be cantrolled sinply by dtering the readion time.
Ultimately, the ransformation to octahedral Pt—N nanoparticles with smocth
{1 11} surfaces$ canpleteefia eadion time d 42 h (Figue2(C)). élaverage
Ni compostion hes then ircreased to Pt Ni, dthough the renoparticle size
hasincreasad only dightly. Asthe Ni-rich phase reachesthe topsof the hexgod
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Figure 3. Schematic diagram illustrating the formation of a Ni-rich phase-segregated octahedral
nanoparticle (PON), showing the formation of a Pt-rich frame with <110> edges and <100>
inner axes. Reprinted with permission from Ref. [62]. Copyright 2015 American Chemical Society.

amsan@l 11} surfacesareformed,therearenofurthersepedgesavalable,
resilting in the emination of meta depostion and an octahedrd shape. In can-
dusion, the reaults d Gan et & reveal an dement-specidcmpostiondly aniso -
tropic growth mechanism, wth ragpid growth of Pt-rich hexagpods dong <100>
directions preceding the déayed depostion of a Ni-rich phase an cancave {111}
sites, vhich reaults in the formation of compostionally anisotropic octahedrd
nanoparticles with Ni-enriched faces (Figue2(D)) [39.

In 2015, O etd. invedigated CO-induced phase gegdion in octahedra
nanoparticles [62], which were, in contrast to the work of Gan et d. [39], dis-
tinctly larger and more N-rich. & observed geometrically highly synmetri-
ca phase-egegded Pt—N nanodrucdures, conprising Ni octahedra ertased
by octahedrd Pt frameworks with three intersecting permpendicular Pt aves p2).
Snall, geometricaly poarlydeld Pt-lich Pt—N alloy nanocrysals were inferred
to have formed initialy, with a sibsequert gradua transformation into dightly
concave actahedrd nanoparticles (Figue 3). Growth o the N phase ten fl-
lowed, reailting in the formation o octahedra core—sdl Pt—N nanoparticles.
Shape cantrol of the Ni-rich octahedrd nanoparticles wa assisted by the actahe-
drd shapes d the Pt—N concave renocrysd sedals. éjprotruding erds d the
Pt-rich concavenanoparticlescontinued to form during the renoparticle growth
proces by sHectivey recruiting Pt pecursors over N precursors. Rolonged heet-
ing d the Pt—N nanoparticles in he pesnce d COMHIy led to Pt migation
from the caes b the surfaces ad to the formation o Pt-rich lines dong the
<110> edges and thethree perpendicular inner axes. 8lundenying mechanism
of anisotropic nanoscale phase gegdion is thought to be asciated with grain
erergy minimiz&ion.

Although the dhemid routes br the renoparticle synthess ae dérent, a
comparison o the gowth mechanisms desribed by Gan et & and Oh et & shows
diginct similarities epecialy a the begnning o the gowth [39,62]. In the two
dudies,growth darts very similarly from Pt-iich sals, which deveop further
into cancave actahedrd structures.éformation o the ktter gructures s, low -
ever,défert, es a Pt-ich auter ramewith <1 10> edges s formed in the ase d
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the N-rich nanoparticlesinvegigated by Oh et & [62]. Furtherinvedigation of
Pt dloy nanoparticle gructure formation as a finction o synthess and growth
conditions is a emaining dhallenge for further invegigations.

4.2. Ternary Pt-Ni-Co nanoparticles

Bladdiion of a ternary dement openrs p vest possibilities for erhancing ORR
performance hirough campostiona tuning. Temary octahedra Pt—N-based
nanoparticles, sich as Pt—N-Fe and Pt—N—Cu, which have hich adivity and
promising gability for the CRR, were recertly degribed [63,64]. Based on the
high adivity and gability of binary Pt—-Q cataysts [65-67, temary Pt—N—Co
aloy catalyds in particular have recertly a@traded etertion [68,69], with precise
control over the canpostion, size and phase d the Pt—N-Co nanoparticles
during synthesb and subsequert treatmert idertid as being crucial for their
electrocatalytic adivity and dability. € addiion of a third demen such as
Co introduces a addtiona degee d freedom that can be wsed to tune and
optimize te d-tand certer and herce he CRR ativity [70]. However, the ri-
mary challenge for the synthess d temary octahedra nanoparticles s © dotain
defert camposiions while maintaining an octahedra morphology for the
nanoparticles.

In 2014, ctahedrd Pt—N—-Co/C ctayds with a dativey low Co catert
(Pt Ni,.Co,) were reported by Huang et & as keing romising and highly el
ciert catalyds for the CRR [14]. One-pot growth was wsed to synthesize émary
Pt—N—Co octahedra with high adivities d up to 2.33 A/ and higher gability
than canmercia Pt/C [71].

Aran-Ais et & preented a gowth gudy of temary Pt—N—Co nanooctahedra
via low tenperaure, aurfadant-free lvothermal synthess [72. In a bne-gep
goproad, they showed that Ni reduction prevails over Co reduction. As a esllt,
STEM and EDX invegigations siowed that Co was presert primarily on the ur-
faces 6the renoparticles.éJaithors fiowed that a two-gep synthess, with
Pt and Co reduced sinultaneoudy in the@l sep d the gowth proces and Ni
adda in the scond gep led to the formation of octahedrd nanocatalyss with
both Co and Ni more romogeneoudy digributed on the {111} facets.

Recertly, Zhao et & degribed a ame-dep syithess nmethod for the gowth
of octahedrd Pt—N—Co temary caayds with tunable canpostions and &d
shapes [73]. Impressively, the actahedrad PtNi, ..Co, /C nanoparticles $owed
signiantly improved ORR adtivity when conpared with previoudy reported
Pt—N—Co dloy octahedra, exhbiting an autstanding mess adivity of 2.80 A/
mgRtat was proximatey 15 imes hidner than for P/C @atalyds.

Another gproach that can be wsed to tune the surface dectronic gructures
of octahedra Pt—N nanoparticles wa recertly proposed by He et & [74). &
utilized a delloying proces © febricate an interface letween te Pt—N nano-
particles and an amorphous nidkd boride menbrane. €lmenbrane worked &
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an dectron accepor to tune te surface dectronic gructure d the Pt—N catalyg,
regilting in a 27-6ld erhancenert in ORR mess adivity when canpared to
commercia PY/C ctalyds.

4.3. Scalable synthesis

Synthesk routes br octahedrd nanoparticles ae wudly batch-based and 0 ae
typically limited to a gde d5-108ng, i.e far bdow indudrial scales. By cam-
biningtheadvantagesof solid gatechemigry and wetsynthetic chemidry, Zhang
et d. devdoped a saable, urfadant-free cos&dtive nethod to synthesize
octahedrad Pt—N alloy nanoparticles o a C sipport [75].

LaGow et d. degribed the catinuousta synthess d Pt dloy nanooctahe -
dra and invegigated theelts d precursors a their size ad on the demental
digribution within the renoparticles [76). & auccesfully tuned the sizes b
monodisperse actahedrd Pt—N and Pt—Qi dloy nanoparticles ketween 3 ad
Bm for Pt—Qu and between 4 ad1hm for Pt—N using aceylacebnate o
halide precursors d Pt(ll), Pt(1V), and Ni(Il) or Cu(ll). &lr goproach is fully
scalable and can be performed cantinuoudy on an indudria scale.

Niu et & reported the wse d a dioplet readtor for the catinuous and scalable
synthests d octahedrd Pt—N nanoparticles ha showed high ORR performance
[77], with cantrol over the sizesiad canpostions d the renoparticles. For exan-
ple, Pt, Ni octahedra with an edge lergth dam showed a nass adivity of 2.67
A/ni, represerting an 11-fold improvemernt over sae-d-the-at Pt/Ccaayds.

5. Degradation
5.1. Binary Pt-Ni nanoparticles

In 2012, @Grperter et & used HAADF STEM and EDX to exanine Pt—N nan-
oparticle catalyss eflotating disk dectrode (RLE) teging and2R dectro-
chemid cycling [9]. &) noted that the renoparticles Fad dhanged sigiiantly
during ORR eging and had derdoped wids a hollows, pesimably as a esult
of Ni disolution. While a umber d the renoparticles fom the CRRteded
catalys had acaqired voids, dher renoparticles gopeared to be urchanged. €l
nanoparticles tha had derdoped voids retained a hidh degee d facetng, i.e the
proces acaurred largdy on their {1 11} surfaces réher than & their edges. EIX
analysis d the ollowed Pt—N nanoparticles irdicated that they had a laver N
contert than the initia nanoparticles, caiming that void formation had esulted
from a los d Ni.

In 2013, @i et d. followed the gructurd degadaion o octahedrd Pt—N
nanoparticles ty monitoring their catalytic adivity dongwith their canpostional
and gructurd evolution [12]. BY reported that dedlloyingundereectrochemica
conditions reaulted in cancave actahedrd corrosion on {111} facets. @llapse o
the rear-surface doy dructure and a los d adive {111} surfaces o the N--rich
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Figure 4. (A, B) HRTEM images of PtNi and PtNi, ; octahedral nanoparticles. (A) Selective leaching
after 25 cycles leads to concave shaped facets. (B) Strong selective leaching of the Ni-rich facets
after 4 k cycles results in the formation of dendritic hexapod structures. (C) Schematic diagrams of
PtNi, ., PtNi and Pt, .Ni nanoparticle morphologies and surface structures after electrochemical
surface activation (25 potential cycles) and electrochemical stability tests (4 k potential cycles), in
comparison to as-synthesized nanoparticles [12].

octahedraeiied the surface adorption o oxygen and decreased ORR adivity.
Blrealts d this dudy are preserted in nore deéil in the following paragraphs.

Octahedrd Pt Ni, PtN, and PtN, . nanoparticles hat have keen pepared
using a ®lvothema method [10,12] show inhomogeneous demertal distribu-
tions with Pt-eniched edges ad caners and Ni-rich facets.h arder b dbtain
insight into how the ORR adivity of PtNi octahedra cordates wth gructurd,
compostional and morphological changes, domic-scale STEM/EELS sudies &
the adivaed catalyss were performed. Figure 4(A) shows resilts dotained from
PtNi nanoparticlesar25 voltammetric potertial cydesand provides irsight
into the ransformation o the {111} facets diring dectrochemica adivation.
Only the facetcerters show leaching, resilting in a concave curvaure. Sability
teds fork potertia cydes siowed a dop in Pt nass adivity for the Pt | Ni,
PtNi, , and PtN catalyds by 16, 45, ad 66%, espectively. 8 dience in
ORR ativity is cantrolled by the (rear) surface $ructure aad canpostion. PtN
shows hich initial and adivated adivity. However, its gructurd transformation
during oycling then etfis its adivity saverdy. Microdructurd invegigations
revedl a dramatic morphological degacetion for PtN, , with the renooctahedra
transforming into hexapod skeetons, an which the calyticaly adive {111} facets
become log (Figure4(B)). Figuie4(C) summearizes he norphological evolution
of Pt Ni, PtN, and PtN, . nanoparticles. t is roticesble that the Pt-ich Pt Ni
nanoparticles urdergo the snalled sructurd transformations curing dectro-
chemia procesing and largdy maintain their octahedrd morphology which is
also reed in the snalled drop in Pt nass adivity.

5.2. Surface-doped Pt-Ni nanooctahedra

As discussd above, the degadkttion of Pt—N nanooctahedra deerds o the
local digribution and cantent of the regective dements. N-rich nanooctahedra
lose their shapes hrough dedloying o Ni-rich facets ad can degererde irto
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Pt-rich hexgpod dructures. h cantrag, catalys degadktion due b dedlloying
is rot as pronounced for Pt-rich nanoparticles, where a los d shape due b Pt
aom surfacediision is the grimary reason for degadetion. Surface dping with
atemary meta can thenbe ahighlyective srategy to gabilize the octahedrd
shapes d the atalyst nanoparticles and to improve their long-term gability during
eectrochemia cyding.

Huang et & used an eldienone-pot goproadh to prepare Pt Ni octahedra
that had elge lergths d42im and were surface-dged with défert temary
metas (vaadium, ciromium, manganese, iron, cdat, molybderum, ungden,
or rhenum) [14]. & showed tha, in particular, Mo-dgped Pt Ni/C has an
extraardinary ORR performance with a hidh ecid agvity (103nA/cm ?)
and ahigh massadivity (6.98A/nRYy). Ererecord adivities povide 81-fold
and 73fold erhancerrerts when canpared with a sate-d-the-at Pt/C ctalyd.
Blauthorsalso showed that Mo-dgped Pt Ni/C octahedrd catalygsretain their
adivity eilBpotertia cydesbetween0.6 axd1¥ versus RHE Eladivity
of the Mo-PtNi/C catalyst was gill as hich as9mA/cm 2 and 68Ny,
showing decreases d only 6.2 and5%o from the initial speci@atvity and mess
adivity, regpectively. Dersity functional theory (DFT) calculationssuggeded that
Mo gegdes peferertialy to the renoparticle surfaces, vinere it is nog sable
on vertex stes.dalculations siggeted tha Mo gdabilizes N and Pt doms
agang disolution and may inhibit diision through the formation o strong
Mo—Pt aad Mo—Ni bonds.

Following a simiar srategy to that of Huang et & [14], Beermann et &
de<ribed Rh-dgped Pt—N octahedrd nanoparticles ha showed improved per-
formance when compared with undoped Pt—N octahedra nanoparticles[78].
Blaithors dso showed that surface dping improves he long-term gability of
the renoparticles ty maintaining their octahedra shapes wth adive (111) facets.
Inorder b provide arefererce or the Rh-dgped Pt—N nanooctahedra, urdoped
Pt—N nanoparticles with average initial compostions d 79 a.% Pt ad 21 4%
Ni were gudied using HAADF STEM and EDX in their initial states ad dso
ar’h and8eycles(see Figure 5). EDX magpsacquired for theinitial gateand
thedgae fow eniichmert of Ni on the facets.ef8 cycles, he actahedrd
shape is log and the renoparticles lecome rearly gpherical. In addtion, a Pt-ich
shdlis huilt up aound the pherica nanoparticles, peverting the N from being
leached dNo sigiient change in dloy canpostion was found, in cantrast
to the doservaion o deslloying in Ni-rich octahedra Pt—N nanoparticles [12].

Under the saame canditions, Fh-dgoed Pt—N showed much higher gability in
shapeer4, 8, ad even cydles. hitidly, Rh acaumulated on the surfaces 6
the renoparticles (Figue 5(D)), in accodance with the results d CO-dripping
experimerts [76]. EDX quantigion yielded an average conpostion of Pt 69
at.%,Ni 26at.%,and Rh 5 a.%for thenanoparticlesin their initia Sate. A&fld
cydes, he Rh cantert dropped to gpproximatelya.%. éloctahedrd shape was
retained evena cydes, wth an cutermod Pt-eniched shel. It is dausible
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Figure 5. HAADF STEM images and EDX maps of (A—-C) Pt-Ni and (D-G) Rh-doped Pt-Ni
nanoparticles. (A, D) show the initial state, while (B, E) were acquired after 4 k, (C, F) after 8 k and
(G) after 30 k cycles. Although the Pt-Ni nanoparticles become spherical after 4 k cycles, the Rh-
doped Pt-Ni nanoparticles retain their octahedral shapes even after 30 k cycles. Reprinted with
permission from Ref. [78]. Copyright 2016 American Chemical Society.

that shape loses in linary Pt—N nanoparticles esult primarily from Pt dom
dision during dynamic potertial cycdling, e denonsrated by the formation of
aPt-rich shel around the Pt—N nanoparticlesa#d cydles. t was dso denon -
drated that Rhettivdy suppreses hedision o Pt doms, naintaining the
octahedrd shapes d the renoparticle caayds.

Recertly, Cao and Mudler provided theoretical insight into theefis d Mo
aurface dping an the dability of octahedrd Pt—N nanoparticles [79. Using
ab initio caculaions, hey showed that surfacedoping hesa wofold miérceon
the $ape gability of octahedra nanoparticles. As nertioned ebove, there two pri-
mary mechanisims ae regonsible for shepe los and degadation: Ni dissolution
from Ni-rich {111} facets (Figue5b) [12] and Pt sirfface migation (Figue5b) [78).
Cao and Mudler denongrated that Mo dgping protects ayang Ni disolution by
signiantly reducing the equilibrium N compostion in the surface byer d the
octahedrd PtNi nanoparticles urder oidizing canditions, egpecialy on vertex
and edge stes [79. As a eallt, there is a educed driving force for Ni atoms ©
migrate © the vertex and adge stes, wich ae nore vunerable to dislution.
By dso howed that Mo dgoing increases Pt ad Ni vacancy formation erergies
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on vertex stes, @ well as for other poorly coordinated aoms such as those d gep
edges. h this wg, Mo dabilizes sirface &oms and preverts Pt (o Ni) surface
migration. &lcanbination of a reduction in equilibrium surface N composk
tion and the gabilization o sites with low coordination provides & expanation
for how Mo aurface dpingettively gabilizes e digpes ad canpostions d
octahedra PtNi nanoparticles.

6. Present and future challenges for advanced electron microscopy of
octahedral Pt-Ni nanoparticles

6.1. In situ electron microscopy

Bluee d gate-d-the-atinsitu  techniques, ach as those besed on MEMS-tesed
heting, ges and liquid cdl TEM specimen folders, res gestly expnded the
capabilities d high gatia resdlution exgeriments in the dectron microscape. In
this sction, we brsCsummerize recert in situ  invegigaions a octahedrd Pt
alloy nanoparticles and discuss possible future rerds in echnique and ingtru-
mentation devdopmert that are rdevant for sudies dthe gowth of nanoparticles
in liquid ervironmerts.

Blinierce d Pt aom aurface diiSion on the sagpes ¢ octahedrd Pt—N
nanoparticles during in situ annealing wes sudied by Gan et &. using TEM and
STEM in a MEMS-tased heating sysem [BQ]. & renoparticles, which were
initidly dightly cancave in $igpe, became pherical aboveBXC due b surface
dision of Pt aoms from their caners/edges b their facets. ldwever, annegling
to500C resulted in the diSion o Pt surface aoms from the coners/edges
onto the cancave N-rich {111} surfaces, lading to perfectly@ Pt-ich {1 11}
aurfaceswith Ni-rich sub-surfacelayers.emal annesaling of Ni-rich octahedra
nanoparticles @n therefore be wsed to create Pt-ich {111} surfaces vith Ni-rich
sub-aurface byers, which ae expected to be nore ctalyticaly adive and gable.
Pan et & recertly invegigated the dynamics d themally induced canpostiona
redigribution within octahedrd PtNi nanoparticlesin situ in an ervironmerta
TEM using a ungden heating wire sample holder and doserved a diange in N
contert on their surfaces 81]. In addtion to the doservations nade ly Gan et
al. they dbserved didocation mation within PtN octahedra diring hegting. &
themally treated PtNi catalyss showed asignient ORRadivity of 1.4A/mgPt.

(B dudy denondrated the inportance d pog-synthess thhema trestmenrt on
the gotimization of the Pt ad Ni atomic digtribution.

Bldirect in situ  growth of faceed Pt—N alloy nanoparticles in he dectron
microscope would be highly desirdle. Recert devdlopmerts in MEMS diip-based
cosed liquid cdls have paved the way toward duch gudies. Here, we brigitliscuss
recert experimertstha havebeenperformed usingliquid cdl sto sudy thegrowth
of faced nanoparticles. Sich dectron microscopy sudies in liguid ervironmerts
are particularly chalenging, s a esllt of theiniérce d the dectron beam o
the readions, he low signa-to-noise rdio of the recarded images ad the pedd
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of convertiona digital cameras.Elrecert developmert of new fagt direct deec -
tion cameras has signiently improved the sersitivity and tenporal reslution

of images ecorded during in situ experimerts in the dectron microope. Liao
et d. imaged the gowth o faceed Pt ranocubes in a ligiid cdl with high gatia
and tenporal reslution using a MEMS tiip-based liquid cél specimen folder
and a fat direct deection camera B2). & showed tha the gowth raes ¢ all

of the lov-index facetsta initialy similar, urtil the {100} facets sop growing &
a cetan nanoparticle size & used caculations o deemine tha the nobility

of the ligands that they used is loveg on {100} facets, hereby preverting Pt doms
from landing an the {100} facets. $nilar growth readions, involving the gowth
of spherical nudei into faceed particles, vere reported by De Qercq et & usingin
situ TEM [83). [B exerimert was performed in a liquid ercapaulated between
two gaphere ocide eets. dliechnique which was initially introduced by Yuk

et d. in 2012 wing a gaphere-ercgpaulated liquid cdl, dlows d@omic-resolution
imaging while sugtaining the nog redidic liquid canditions ahievable urder
minimum badkground scattering canditions [84].

6.2. Toward atomic-scale three-dimensional nanoparticle structures

In the preceding paragraphs, we have reviewed the current sate of research on
the gowth end degadation o octahedrd Pt dloy nanoparticle catalyss and have
shown that aomic-scale analytica electron microscopy is an esertia charaderni-
zaion tod. We have gated that the invegigation o the three-dimensional atomic
sructures d octahedrd catalyss, sich as the formation o Pt daomic layer Kins,
is esertid in order b urdergtand their dectrocataytic performance However,
true aomic-scale three-dimersiona structurd information has rot yet keen
obtained experimertally for octahedra PtNi nanoparticles. Here, we discuss
progpects for goplying dectron microscopy to dotain quantitative gructurd and
compostional atomic-scale information about octahedrd nanoparticle catalyss
in dl three dimersions.

As previoudy mertioned, EDX mapping hes row became routindy possible
in more reasonable timescales, poviding a sigient impad for nanoparticles,
where sich asmall massof samples requires the new gereration large-solid-angle
SP deectors in ader b adieve meaningful count rates. Br more thandears,
EDX quantidion has been performed primarily using the CiHorimer
gpproad, which rdates he canpostion o the conditutive demerts in a hin
gpecimen D the measured charaderigtic X-ray intersities B5]. A mgor limitation
of this gpproadc is that X-ray aborption carection requires addiona meas-
urenert of the smple thicknes and the requiremen of severd alloy gandards
with carefully known canpostion. A more adranced goproach, which has X-ray
absorption ‘built-in’ because it dl provides inbrmation about the mess-thicknes
of the smple, is the o-caledddor method [86]. [8 method uses uire dement
(ingtead of multi-element) sandardswhich aremuch morereadily available. More
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recenly dill, the partia cross sction method dlows X-ray caunts o be quantid
on an dolute cde, in aderto provide the rumber of atomsin the saimple [87).
B nethod hes been goplied succesfully to the analysis d PtCo nanoparticle
catalygs, showing Co degetion a the surfacesof Pt/Co acid-leached nanoparti-
des and denongrating dear beresTor the quantitative haraderizetion o local
compostion for multicomponert nanoparticle ctalyds [88).

In addtion to improvemerts in EDX detctor eldieqy, adranced EELSa18
new prospects. By making use d a nodem EELS pectrometer with high erergy
digperson, ahighly monochromated dectron beam and an ultra-bright colaid
emission gun, Kivanek et d. recerily denondrated vibrationa spectroscopy in
the dectron microscope [89. 8laithors dso denondrated ‘doof ' beam analysis
with the dectron beam postioned autside simple. [§ proac largdy avoids
radiation damage for dectron-beam-sersitive simples and may therefore provide
a useful method to avoid radiation damage in snell nanoparticles or dusters,
egecidly in the preerce d organic ligands.

Electron beam damage and the reorientation of nanoparticles urder he dec-
tron beam ae ¢rong cangtraints when imeging nenoparticle catayds, epecidly
during multiple image acgisition for electron tomography. As ADF STEM is
highly sersitive © the rumber d atoms an &omic cdumn, ADF STEM aom
counting is potertially of great relevance or the deemination o the three-di
mersiona gructuresof nanoparticles and dugers [90. A three-dimersiona
recongruction of a ciygaline ranoparticle & aomic reslution can in principle
be dtained by canbining eberration-carected STEM aom caunting with discrete
tomography. Unlike for convertional electron tomography, only two images &
the renoparticle may be suldienfor recongtruction. [ method is potertialy
gpplicable for the @aomic charaderization of complex sirgle-demert nanoparti-
des, & well as canplex renodructures. Wth regad to avoiding dectron beam
damage, De Badker et & analyzed the do®-limited rdiability of quantitative ADF
STEM for aom-caunting and expored the minimum dectron do that is reces
sary for single-a&om caunting precision. & showed that careful compersation
for varying cantrast of the @rbon aupport is recesary to avoid aom-caunting
emors and that care nust be Bken in he interpretation of cdumn irterstties or
dightly tilted nanoparticles P1].

Mog of the methods for three-dimersiona analysis that have been desribed 0
far have been cused on the invegigation o single-demen nanogructures ad
nanoparticles. Goris et & reported the three-dimersional structure d a bnary
Au/Ag renorod [92]. &y diginguished Ag from Au @oms by cambining cam-
presive-ersing-based HAADF STEM tomography with datigtical parameter
egimation methods. Usingd high-reolution Z-cantrast HAAD F-STEM images
recorded dong drent zane aves a lll threedimersiona recongruction of the
postions and typesof the congituert aomswas possible, ergbling the invegi-
gdion o the coe—ddl interface wth a&omic sersitivity. € conbination o
discrete omography with aom caunting by ADF STEM and EDX, for ingtance
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by cdculating EDX partia cross sctions & recertly preserted by MacArthur et
a. [87,88, is therefore a pomising route for obtaining aomic-scale three-di
mersiona compostional and gructurd information gbout catalys nanoparticles.
However, such exgeriments ae airrertly very labor-intersive and would bere]
signiently from the aitomation o future dectron microscopes, a wel as from
new gpproades br data hendling.

In addtion to ADF STEM, high-reslution aberration-carected TEM cam-
bined with dedicated numerical evauation procedures dlows the three-dimen
sional shapes d crygas  be deermined from sirgle high-reslution images, &
recertly denmongrated for an MgO ciygtal viewed dong [001] [93). elersitivity
of the recongtruction procedure is rot only sul@ienhto reveal the surface nor -
phology of the crysta with omic gatial reolution, but dso to dekct the preserce
of adsorbed impurity etoms. Such a sirgle-image gpproach may erjpossibilities
to dekct changes in he surface norphologies d individual nanoparticles diring
in situ chemic readions.

A visionary three-dimensiona imaging gpproac was invedigated theoret-
caly by Ishikawa et & & examined the progects d using a caofocal STEM
gpproadc for atom-by-atom imaging [94], denondrating the feasibility to image
aurface #omic dructures, hree-dimersional atomigic morphologies and the
deph locations d single dgoant aoms wsing large-angle illumination STEM in a
single crygallographic arientation. @ echnique would dso dlow depgh-s=n
sitive gectroscopy to be performed. However, it would depend grongly on the
further devdopmert of higher ader gecometric and chrometic aberration carec-
tors, & a brge ilumination angle d more than 60 mrads required.

7. Conclusions

As a esult of the unusua dectronic gructuremanifeded by its d-kend certer posk
tion, the PtNi (111) surface las a 90-6ld higher adivity for the CRR han aurrert
date-of-the-art Pt/C catalyds. (111)-faceted octahedral P+Ni dloy nanoparticles
have therefore keen cansiderd to be dream dectrocatalyds, with large erts
dddicated to their synthess, dectrochemic invegigation, and microgructurd
invegigation. Defent synthesk routesfor octahedra or trunceted octahedra
nanoparticles ave been esablished. Soecia capping agents ae en sed to
sdectively cantrol the gowth raes d individua facets. Hwever, they can dso
decrease the @taytic performance d the renoparticles, & they renain adsorbed
on the renoparticle aurfaces. Atemative surfadant-free DMF-based lvothemad
synthesk outes tave keen derdoped.

In this paper, we have reviewed recert research on the goplication of advanced
TEM techniquesto the sudy of the growth, degadition, and gability of Pt—
Ni-based nanoparticles. Mcrogructura studies @ nanoparticles adétert sages
of synthest reveal elemen-spedid aisotropic growth, darting with a Pt-ich
nudeus that branches dong the <100> directions and forms a cocave actahedron
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sructure. Subsequertly, NS he {1 11} facets, ceating a hidily canpostion-
aly anisotropic sructure. Depending an the canpostion and annealing candi-
tions, a Pt-ich frame with <110> eldges @n dso be ceeated. Such an anisotropic
dructure tes a sronginiérce o the degadation of the renoparticles diring
dectrochemia cyding.

Bl degadation o octahedrd nanoparticles tat have initial compostions
between Pf Ni and PtN, . during dectrochemica cycling tekes pace die b
dedlloying and a los d octahedrd shape. Octahedra nanoparticles ae leached
preferertially & their Ni-rich facet ceters, e/olving into cacave actahedra o
even, br initialy Ni-rich nanoparticles, irto hexgpod skeetons. As a cosequerce
of the los d their highly adive {111} facets, heir dectrochemical performance
then diops sigiently. In cantragt, Pt-ich octahedra do ot sdrl from pro-
nounced Ni dedlloying. Ingead Pt surface diiSion hes keen idenid as the
primary reason for degadation due b shape los, ie due b a tansformation to
goherical nanoparticles.

Surface dping with Mo a Rh has keen irtroducel as anettive drategy to
prevert Pt sirface diSion and to gabilize the actahedrd shapes d nanoparticles,
even during long-term cyding.

Interse recert research into the synthesk, catalytic properties, gructure for-
mation and degadation of octahedra Pt—N nanoparticle caayds for the ORR
has reaulted in highly adranced and gructurdly camplex catalyst nanoparticles
with record-breaking adivity and highly improved gability.

Future devdopmerts in indrumentation and techniquein dectron microscopy
may erlrogects for red-time cuantitative sudies @& nanoparticle synthess,
growth and readionsin redi gic environmerts with atomic spatia reslution in
all three dimersions.
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