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Recently,  one-  (1D)  and  two-dimensional  (2D)  noble  metal-based  nanocrystals  have  triggered  tremen-
dous  interest  due  to their  unique  anisotropic  structure  in  the  field  of electrochemical  energy  conversion.
In  this  review,  we  summarize  the  latest  research  developments  in  1D and  2D  noble  metal-based
nanocrystals  with various  nanostructures,  and their  potential  applications  as electrocatalysts  toward
fuel-cell-related  electrocatalysis.  Five  strategies  including  size,  shape,  composition,  surface,  and  interface
engineering  are  proposed  to rationally  design  the  nanoarchitectures  of  the 1D and  2D  noble  metal-based
enewable energy
oble metals
ne-dimensional
wo-dimensional
lectrocatalysis

electrocatalysts.  In addition,  we  also highlight  the  underlying  mechanisms  behind  the structure-property
relationship.  Finally,  we  conclude  the  current  challenges  and  give  our perspectives  on  the development
of  high-performance  1D and 2D noble  metal-based  electrocatalysts.  We  hope  this  review  could  offer
timely  information  on the research  of  1D  and  2D  noble  metal-based  nanocrystals  and  provide  guidance
for  regulating  their  electrocatalytic  properties.

© 2019  Elsevier  Ltd. All  rights  reserved.
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With the increasingly serious environmental problems and
nergy crisis, much effort has been devoted to the develop-
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ment of electrochemical energy conversion technologies that are
clean, efficient and reliable. One of the biggest challenges in
the utilization of high-efficiency electrochemical energy conver-
sion technologies, such as fuel cell, metal-air battery, and water
electrolysis, is to search the applicable electrocatalysts that are

able to greatly lower the corresponding energy barrier for the
electrochemical reactions, and simultaneously facilitate the elec-
tron charge transfer on the surface of electrode [1–3]. Over
the past decade, a large variety of carbon and non-noble metal
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ased electrocatalysts have been developed and achieved some
uccess. Among these electrocatalysts, the heteroatom-doped
arbon [4–11] and transition metal (Fe, Co, Ni, Mo,  W)  hydrox-
des/oxides/chalcogenides/carbides/phosphides/nitrides are the
wo most widely investigated categories [12–20]. It should be noted
hat, although the above-mentioned materials exhibit favorable
lectrocatalytic activities to specific reactions, their overall elec-
rochemical performance is still far away from the corresponding
oble metal-based electrocatalysts at present. The noble metal-
ased electrocatalysts remain the top priority in relevant industrial
pplications in despite of the scarcity and high cost. For exam-
le, Pt is the only efficient electrocatalyst in the proton exchange
embrane fuel cells (PEMFCs), which is hardly to be replaced.
Noble metal-based nanoparticles loaded on carbon substrate

re commercially available and extensively used as benchmarks
n fuel-cell-related electrocatalytic applications, such as water
lectrolysis, oxygen electroreduction, and organic molecules elec-
rooxidation. However, due to the insufficient reactivity, the carbon
upported noble metal-based nanoparticles are still hard to be
ommercialized in these electrocatalytic technologies. In addition,
he unsatisfactory stability of the carbon supported noble metal-
ased nanoparticles is another problem that further hinders their

arge-scale practical applications [21]. Owing to the point-to-point
onnection, the corrosion of carbon support and aggregation and
issolution of the commercial noble metal-based particulates can
asily result in the activity loss, which is one of the major reasons for
he rapid performance decay [22–25]. Faced with these challenging
ssues, the exploitation of new synthetic approaches for construct-
ng noble metal-based nanocatalysts with optimized activity and
urability, and minimum cost has become a hot and significant
esearch topic. Among the noble metal-based electrocatalysts with
arious nanostructures, the 1D and 2D noble metal-based nanocat-
lysts with unique anisotropic structure have gained a great deal
f research interest [26–34]. The structure asymmetry of the 1D
nd 2D nanocatalysts possesses higher resistibility to dissolution,
ggregation and Ostwald ripening compared with the nanoparti-
le counterparts [35–38]. Moreover, the 1D and 2D nanocatalysts
re less dependent on carbon supports and possess faster electron
nd mass transport [39–43]. Especially, the high surface-to-volume
atio in the 1D and 2D noble metal-based nanostructures endow
hem with numerous catalytically active sites exposed on the sur-
ace.

Besides the inherent architecture advantages of the 1D and
D nanocatalysts, tremendous efforts have been devoted to fur-
her manipulating and regulating their chemical composition
nd physical structure to boost the electrocatalytic performance.
lectrocatalysis occurs with the reactant molecules interaction
ith the catalytic surface of nanocatalysts. Factors that affect

he electrocatalytic performance vary with different noble metal-
ased nanocrystals. Generally, size, shape, composition, surface
nd interface are five typical factors for tailoring the electro-
atalytic performance of the 1D and 2D nanocatalysts. At the
anometer scale, the specific surface area and ratio of surface
toms to bulk atoms dramatically increase with the decrease
f size of catalysts, so that the atom utilization can be greatly
nhanced. Especially, when the diameter/thickness of the 1D/2D
oble metal-based nanocatalysts are downsized to atomic scale,
he surface low-coordination atoms are exposed to the largest
xtent, and the strain and electronic effects become prominent in
ome specific nanostructures, such as core-shell and heterogeneous
anostructures [44–46]. The shape of nanocatalysts determines
he number of exposed active sites. Through adjusting the aspect

atio, various 1D (nanowires; nanotubes; nanorods; nanoribbons;
anochains; nanolances) [47–53] and 2D (nanoplates; nanosheets;
anodisks; nanorings) nanocatalysts [54–57] with abundant sur-

ace sites have been successfully synthesized. In addition, rationally
y 28 (2019) 100774

manipulating the substructures of 1D and 2D nanocrystals, such
as wavy nanowires and porous nanosheets, is another effective
shape engineering strategy to enhance the electrocatalytic perfor-
mance [58–64]. Composition including constituent elements and
ratios is directly related with the intrinsic electrocatalytic per-
formance. For the bimetallic and multimetallic nanocatalysts, the
introduction of foreign metals can generate the synergetic (bifunc-
tional) and ligand (electronic) effects, which are responsible for
the enhanced electrocatalytic performance including activity and
stability [65–69]. Ligand effect can cause a shift of the d-band
center of metal atoms at the surface of electrocatalysts, result-
ing in optimized bonding of reactants and intermediates [70–73].
The improved electrochemical performance through the syner-
getic mechanism is to offer appropriate atom ensembles on the
catalyst surface to accelerate the intermediate reactions [74–76].
It should be noted that, usually, it is hard to exactly distinguish
the respective contribution in a bimetallic/multimetallic system.
In most cases, synergistic and ligand effects would simultaneously
contribute to an electrocatalytic process. Regulating the surface
structures of the 1D and 2D nanocatalysts has become a popular
research topic recently. The activity and selectivity of solid electro-
catalysts are heavily dependent on the catalysts’ surface structures.
Tailoring surface structures of noble metal-based nanocrystals to
expose different facets can exhibit different catalytic properties.
For example, it is generally accepted that the specific activity in
the oxygen reduction reaction (ORR) increases in the order of
Pt(100) « Pt(111) ≈ Pt(110) in 0.1 M HClO4 solution due to the
electronic effect [77]. Furthermore, adjusting the numbers of spe-
cific atoms on the surface of catalysts is another effective surface
engineering strategy to obtain high electrochemical performance.
The most popular are the Pt and Pt-alloy skin and skeleton cat-
alysts for ORR [78–80]. It is a promising approach to boost the
intrinsic electrocatalytic activity while reducing the usage amount
of Pt. Last but not the least, interface engineering has also been
proved to be an effective method to optimize the electrochemi-
cal performance of nanocatalysts [81–84]. Apart from surface sites,
interfacial sites between the primary and concomitant compo-
nents are commonly where electrocatalytic reactions occur. In
general, there are three types of interface interactions for the noble
metal-based catalysts including metal/organic, metal/metal and
metal/metal compound interfaces [85–88]. Primary noble metals
and specific concomitant components need be rationally selected
to manipulate the steric and electronic effects for optimizing the
catalytic activity. Based on above discussions, it has been indicated
that the performance of 1D and 2D noble metal-based electro-
catalysts can be enhanced through reasonably regulating one or
more structure parameters (size, shape, composition, surface and
interface).

Great progress has been gained over the past few years in the
synthesis of 1D and 2D noble metal-based electrocatalysts, but
most of them have not been systematically summarized from the
perspective of architecture design. To fill this gap, in this review, we
place an emphasis on the rational design of 1D and 2D noble metal-
based electrocatalysts with diverse nanostructures for boosting
the fuel-cell-related electrochemical energy conversion reactions,
such as ORR, methanol oxidation reaction (MOR), ethanol oxidation
reaction (EOR), formic acid oxidation reaction (FAOR), hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER). Five
typical engineering strategies, utilized to construct appropriate 1D
and 2D architectures, were demonstrated in this review (Fig. 1).
The structure-dependent mechanisms behind the optimized per-
formance were detailly revealed and are expected to provide a

guidance for the performance-oriented design of 1D and 2D electro-
catalysts. Finally, we discussed the remaining challenges and came
up with some perspectives on the development of more efficient
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ig. 1. Schematic illustration of various engineering strategies for the preparation
f  1D and 2D noble metals as well as their electrocatalytic applications in ORR, EOR,
AOR, OER, HER and MOR.

uel-cell-related 1D and 2D electrocatalysts featuring low cost and
igh activity and stability.

D noble metal-based nanocrystals for electrocatalysis

D noble metal and alloy based electrocatalysts

Compared with the zero-dimensional (0D) nanoparticles, highly
nisotropic structure of the 1D nanocrystals leads to the enhanced
lectron and mass transport, preferential exposure of highly active
acets and high resistibility to dissolution. Some works have indi-
ated that 1D elemental Pt, Au, Ru, Ir, Rh and Pd nanocrystals show
nhanced electrocatalytic activity and durability compared to the
anoparticle counterparts [89–94]. For example, the Pt nanowires
NWs) with a diameter of 47 ± 9.8 nm were prepared using a poly-

er  template of track-etched polycarbonate (PCTE) membrane
Fig. 2a) [95]. The obtained Pt NWs  catalyst shows a higher forward
eak current density of 57.2 mA  mgPt

−1 than that of the commer-
ial Pt/C (39.4 mA  mgPt

−1) toward MOR. The improved performance
s attributed to the enhancement of electron transfer and efficient
tilization of Pt NWs  while numerous Pt nanoparticle catalysts are
rone to be embedded in the ionomer. Au also displays intriguing
lectrocatalytic activity for MOR. The ultralong and surfactant-free
u NWs  were synthesized using the tellurium (Te) NWs  as the
acrificial templates in aqueous solution [96]. The Au NWs  with
n average diameter of 22 ± 3 nm are interconnected with each
ther to form a uniform network (Fig. 2b and c). The crystal lattices
n the high-resolution transmission electron microscope (HRTEM)
mage are measured to be 0.23 and 0.19 nm,  which are attributed to
he {111} and {200} lattice planes of fcc Au, respectively (inset in
ig. 2c). Owing to the absence of organic surfactant capping agents
nd intertwined network, the Au NWs  stabilized by Br- ions exhibits
igher activity than the Au NWs  stabilized by CTAB and Au NPs
Fig. 2d).

Although the 1D unitary noble metal-based electrocatalysts
isplay improved activity compared to the nanoparticulate coun-
erparts, their performance can be further boosted by the

ncorporation of foreign atoms into the original matrix. The
nhanced activity is usually attributed to the bifunctional and
lectronic effects in the bimetallic alloy systems. Recently, great
rogress has been gained in the controlled synthesis of 1D Pt-
y 28 (2019) 100774 3

based bimetallic alloy catalysts with a broad composition range
including PtCo, PtNi, PtFe, PtCu, PtAu, PtAg, and PtPd [97–103].
For instance, the three-dimensional (3D) Pt3Co nanowire assem-
blies with adjustable compositions were synthesized through a
facile solvothermal method [104]. As shown in Fig. 2e and f, the
smooth Pt3Co NWs  with a diameter of 5–10 nm originate from
the same center and stick out in various directions. It can be also
found that each Pt3Co nanowire branch is constructed with a stem
and a cubic head. In addition, HRTEM image reveals that the lat-
tice distance is about 0.22 nm,  which is slightly smaller than that
of the pure Pt (111) crystal plane (0.23 nm) (inset in Fig. 2f). The
result suggests the successful incorporation of Co atoms into the
Pt NWs. Fig. 2g shows the cyclic voltammetry (CV) curves of var-
ious samples toward MOR. The peak current density of the Pt3Co
nanowire assemblies (94 mA cm−2) is much higher than that of Pt
nanowire assemblies (61 mA cm−2), and the peak oxidation poten-
tial is decreased by 50 mV.  Since the Pt3Co and Pt electrocatalysts
have similar nanostructure, the improved performance should be
derived from the introduction of Co atoms. The electronic effect
induced by Co atoms could lower the binding energy of oxygenous
intermediates on Pt and facilitate the cleavage of C–H bond. Fur-
thermore, the Pt3Co nanowire assemblies also display the enhanced
stability compared with the commercial PtRu/CB and Pt/CB cata-
lysts (Fig. 2h). The inferior stability of PtRu/CB and Pt/CB catalysts
is mainly resulted from the serious corrosion of carbon substrate,
which leads to the agglomeration and detachment of nanoparti-
cles, while the Pt3Co nanowire assemblies less suffer from this issue
due to the unique 1D nanostructure. In most case, the dissolution
of the base metal usually results in decreased activity and dura-
bility due to the surface atomic rearrangement. The formation of
ordered intermetallic alloys is regarded as one of the most effec-
tive strategies to minimize the leaching of base metal and enhance
the stability [105–108]. For example, the ordered intermetallic PtPb
nanorods (NRs) were synthesized through a colloidal chemistry
method, which exhibit much enhanced activity and stability for
MOR compared with the commercial PtRu/C catalyst [109].

Compared with mono- and bi-metallic nanocrystals, multi-
metallic nanocrystals containing three or more metal elements may
possess even better electrocatalytic properties owing to the more
tunable components [110–112]. Recently, Yu’s group reported a
facile approach for the large-scale production of ultralong PtPdTe
NWs  using Te NWs  as both sacrificial templates and reducing agents
[113]. The optimal PtPdTe NWs  show an enhanced activity toward
MOR  compared with the commercial Pt/C catalysts. The origin of
the improved catalytic performance is illustrated in Fig. 2l. On one
hand, the electronic structure of Pt modified by the adjacent Pd
atoms could weaken the carbon monoxide (CO) adsorption and
facilitate cleavage of C–H bond due to the shift of d-band center
of Pt. On the other hand, the methanol molecules are decomposed
on Pt sites to form Pt−CO, while Pd preferably catalyzes water
molecules to form Pd−OH, which is used for accelerating CO oxi-
dation to generate CO2 and recover the active Pt sites. Hence, for
the PtPdTe NWs  with a low content of Pd (Pt28Pd15Te57), there
lack enough Pd sites for water dissociation to generate Pd−OH
that accelerates the CO oxidation. For the PtPdTe NWs  with a
high content of Pd (Pt16Pd31Te53), less Pt sites are available for
methanol dehydrogenation, which could suppress the overall reac-
tion kinetics. It follows that the optimal element content in the
nanocatalysts could balance these effects to gain an optimized
electrocatalytic performance. Inspired by the component effect
in trimetallic nanocrystals toward MOR, the quaternary PtPdRuTe
nanotubes (NTs) were further synthesized via a galvanic replace-

ment reaction (Fig. 2 m–q) [114]. The Te atoms serve as the skeleton
and minimize the usage amount of the other three noble metals.
The Pt atoms are the active sites for the methanol dehydrogena-
tion, while the oxyphilic Ru atoms contribute to the adsorption of
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Fig. 2. (a) TEM image of the Pt NWs  prepared from the PCTE membrane. Inset is the zoomed-in TEM image of the Pt NWs. (b) SEM and TEM (c) images of the Au NWs
prepared by adding Te NWs  into the aqueous solution of Au precursors. Inset in (c) is the HRTEM image of Au NWs. (d) Chronoamperometric curves of the Au NWs  (Br− and
CTAB) and nanoparticles in Ar-saturated mixed solution of 1 M KOH and 1 M CH3OH at 0.3 V. (e) SEM and TEM (f) images of the Pt3Co NWs. (g) CV curves of the Pt3Co and Pt
NWs,  Pt/CB and Pt black in 0.5 M H2SO4 + 0.5 M CH3OH solution. (h) Chronoamperometric curves of the Pt3Co and Pt NWs  and Pt/CB electrocatalysts in 0.5 M H2SO4 + 0.5 M
CH3OH solution at 0.5 V. (i) TEM image of the Pt23Pd21Te56 NWs. Inset in (i) is a photograph of an ethanol suspension of Pt23Pd21Te56 NWs. (j) Enlarged TEM image and EDS
mappings of the Pt23Pd21Te56 NWs. (k) CV curves of the PtPdTe NWs, Pt49Te51 NWs, and Pt/C electrocatalysts for the MOR in 0.5 M H2SO4 + 1 M CH3OH solution at 50 mVs-1.
(l)  Illustration of the CO adsorbed on the Pt49Te51, Pt28Pd15Te57, Pt23Pd21Te56, and Pt16Pd31Te53 NWs  and the formation of Pd−OH at low potential to activate the oxidation of
CO  to generate CO2. The bonding (dashed lines) of Pt−CO in PtPdTe NWs  is weaker than that (solid lines) of Pt−CO in Pt49Te51 NWs  due to the modified electronic structure
of  Pt. Red, blue, and green balls represent Pt, Pd, and Te atoms, respectively. The atom arrangement is in accordance with the atomic ratios of Pt/Te or Pt/Pd/Te NWs. (m–q)
T Ts.
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EM  image and energy dispersive X-ray (EDX) mappings of the Pt17Pd16Ru22Te45 N
ource of a-d: Reproduced with permission from Ref. [95], © 2008 Elsevier; Source
eproduced with permission from Ref. [113], © 2013 Wiley-VCH; Source of m-q: R

xygenous species. The introduction of Pd atoms facilitates the sur-
ace activity and stability of the quaternary PtPdRuTe NTs owing to
he higher reduction potential and modified electronic structure of
t. Benefiting from the above-mentioned advantages, the resultant
uaternary PtPdRuTe NTs exhibited the enhanced catalytic activity
nd durability toward MOR  when compared to the mono-, bi- and
ri-metallic counterparts.

Although many literatures have been reported for the success-
ul synthesis of 1D noble metal-based nanocrystals, most of them
ave a smooth surface and are enclosed with low energy crystal

acets, which lead to underutilized activity. Manipulating the sub-
tructure of 1D noble metal-based nanocrystals to expose more
ctive sites and high energy crystal facets through the shape engi-
eering strategy is believed to be an effective method to achieve

nhanced electrocatalytic performance [115–117]. The represen-
ative example is the wavy Pt multiple-twined NWs  (MTNWs)
repared by Huang et al. (Fig. 3a) [118]. The change of growth
irection contributes to the formation of zigzag and branch mor-
h: Reproduced with permission from Ref. [104], © 2015 Wiley-VCH; Source of i-l:
uced with permission from Ref. [114], © 2017 American Chemical Society.

phologies of Pt NWs, and abundant twin defects can be frequently
found across the entire Pt NWs  (Fig. 3b-f). The numerous twin
defects and surface low-coordination atoms would potentially con-
tribute to the enhancement of ORR activity. As a result, the Pt
MTNWs  display a higher mass activity of 0.144 mA �g−1 compared
to the commercial Pt/C catalyst (0.091 mA �g−1) (Fig. 3g). Similarly,
Bu and co-workers reported a universal wet-chemical method for
large-scale production of 1D multimetallic Pt-based catalysts with
a high density of atomic steps [119]. Using bimetallic PtNi NWs
as an example, they display high aspect ratio with the length of
hundreds of nanometers and the diameter of about 10 nm and are
intertwined to form networks (Fig. 3h). The XRD pattern and EDX
spectrum confirm the formation of PtNi alloy NWs  (Fig. 3i, j). The
atomic structure of the 1D PtNi alloy catalysts was further revealed

by the HRTEM image (Fig. 3k). It can be observed that the surface of
the PtNi NWs  is rough and numerous low-coordinate atomic steps,
such as {211} and {311} steps exist on the outmost layer of NWs.
The 1D PtNi NWs  enclosed by a high density of atomic steps can
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Fig. 3. (a) TEM and HRTEM (b–f) images of the Pt MTNWs. The scale bars are 10 (a) and 2 nm (b–f). (g) Mass and specific activities of the Pt MTNWs and commercial Pt/C
catalysts toward ORR at 0.9 V. (h) High angle annular dark field image-scanning transmission electron microscope (HAADF-STEM) image of the PtNi NWs. (i) XRD pattern of
the  PtNi NWs. (j) EDX spectrum of the PtNi NWs. (k) HRTEM image of the PtNi NWs  with high density of atomic steps. Changes of the specific (l) and mass (m)  activities of the
PtNi/C  and commercial Pt/C catalysts in O2-saturated 0.1 M HClO4 before (1) and after (2) 10,000 cycles (scan rate: 50 mV s−1). (n) HAADF-STEM image of the zigzag Pt3Co
NWs.  The scale bars are 200 (n) and 20 nm (inset in n). (o) HAADF-STEM image and EDX mappings of the zigzag Pt3Co NWs. The scale bar is 10 nm. (p, q) Atomic models of
[110] and MRR-[310] surface and corresponding �EO as a function of compressive strain. Blue cross represents the missing atomic row on the top layer of [310] surface. (r)
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isplay excellent ORR specific and mass activities, which are 51.1
nd 34.6 times higher than those of the commercial Pt/C catalysts,
espectively (Fig. 3l, m).

Furthermore, the hierarchical zigzag ordered intermetallic
t3Co NWs  enclosed with numerous step atoms were also synthe-
ized using the similar wet-chemical approach (Fig. 3n, o) [120].
he hierarchical Pt3Co NWs  with a Pt-rich surface can display out-
tanding ORR performance with the mass and specific activities
f 3.71 A mg−1

Pt and 7.12 mA  cm-2 at 0.9 V vs.  RHE, which are
3.7 and 39.6 times higher than those of commercial Pt/C catalyst,
espectively. Density functional theory (DFT) calculation was car-
ied out to reveal the intrinsic mechanism of activity enhancement.
t is found that the threefold hollow sites on the [110] and miss-
ow reconstructed (MRR) [310] surfaces of the hierarchical Pt3Co
Ws  are highly active for ORR (Fig. 3p, q). Their oxygen adsorption
nergy (�EO) values versus compressive strain are much closer to
ero than those of Pt nanoparticles (Fig. 3r). The compressive strain
n both [110] and MRR-[310] facets could regulate the bonding of
xygen on the hierarchical Pt3Co NWs, hence promoting the ORR
erformance.

D core/shell noble metal-based electrocatalysts
Besides the alloying strategy, constructing core/shell archi-
ecture is also an effective approach to endow the 1D noble

etal-based catalysts with high activity and durability. The
ore/shell nanostructure can greatly decrease the usage amount
s modeled by an icosahedron with 20 [111] facets.
f h-m: Reproduced with permission from Ref. [119], © 2015 Wiley-VCH; Source of

of active materials by decreasing the thickness of shell. In addition,
the electrocatalytic properties of surface active materials on the 1D
catalysts can be effectively tuned by the core materials via ligand
and strain effects. Therefore, the selection of core materials is quite
vital for the enhancement of electrocatalytic performance of the 1D
core/shell noble metal-based nanocrystals. So far, various unitary
noble metal, noble metal-based alloys, and non-noble metals have
been extensively investigated as the 1D core materials to tailor the
crystal lattice dimension and electronic structure of surface mate-
rials. For the single noble metals, 1D Pt, Pd and Au nanocrystals
with stable physicochemical properties have been commonly used
as the core materials in the core/shell nanostructures [121–123].
For example, recently, the crystal-phase-heterostructured 4 H/fcc
Au/Pd core/shell NRs were synthesized using the template of 4 H/fcc
Au NRs (Fig. 4a) [124]. The crystal-phase-heterostructured 4 H/fcc
Au NRs were first prepared through a facile one-pot wet-chemical
approach. After the reduction of H2PdCl4 in the presence of ascorbic
acid (AA), the Pd shell epitaxially grows on the Au NRs (Fig. 4b). The
obtained crystal-phase-heterostructured 4 H/fcc Au/Pd core/shell
NRs display much higher electrocatalytic performance toward EOR
than those of the commercial Pt/C and Pd black. The improved
activity and stability could be attributed to the following reasons.
First, the various coordination situation at the crystal boundaries

could cause the difference of electronic structure, contributing to
the improvement of electrocatalytic properties. Second, the rough
surface of the Pd shell contains numerous atomic kinks and steps,
which could also boost the activity. More importantly, the subsur-
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Fig. 4. (a) Schematic illustration of synthesis of the crystal-phase-heterostructured 4 H/fcc Au NRs and 4 H/fcc core/shell Au/Pd NRs. (b) HAADF-STEM image and (c–e)
corresponding elemental mappings of the core/shell 4 H/fcc Au/Pd NRs. (f) TEM image of the core/shell FeNiPt/FePt NWs. HAADF-STEM image (g) and corresponding line-scan
EELS  spectra (h) of the core/shell FeNiPt/Pt NWs. (i) Schematic illustration of synthesis of the core/shell Co2P/Pt NRs. (j) DFT calculations of various Co2P/Pt interfaces. The
negative and positive percent strain represent the compressive and tensile strain, respectively. The black curve displays the �EO as a function of strain on the (111) surface
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ace 1D Au core can tune the electronic structure of surface Pd layer
nd stabilize Pd shell, and thus greatly enhance both the activity
nd stability.

Although the single noble metals, such as Pt, Pd and Au, are
idely used as the core materials in 1D core/shell electrocata-

ysts, their cost is still too high in terms of commercialization.
hus, transition metals, such as Fe, Co, Ni, and Cu, can be alloyed
ith Pt, Pd, and Au to decrease the cost [125–128]. Especially,

he lattice parameters of the core materials can be effectively
anipulated through adjusting the ratio of noble and transition
etals to optimize the electrocatalytic activity. For instance, Sun

nd co-workers reported core/shell FeNiPt/Pt NWs  as a highly effi-
ient catalyst toward ORR [129]. Fig. 4f shows the precursor of
he as-synthesized FeNiPt/FePt core/shell NWs  with a diameter of
.5 ± 0.3 nm.  After the AA treatment and annealing under 300 ◦C,
he core/shell FeNiPt/FePt NWs  were successfully transformed into
eNiPt/Pt NWs. Crystal boundaries can be obviously observed in the
AADF-STEM image, which indicates the formation of core/shell
anostructure (Fig. 4g). Line-scan electron energy loss spectroscopy

EELS) spectra further confirm the architectures of Pt shell and
eNiPt core (Fig. 4h). The subsurface Fe and Ni atoms in the core
ould induce lattice strain and electronic effects in the Pt shell, and
hus optimize the oxygen binding energy of the surface Pt layer. As
00)/Pt (111), and Co2P (001)/Pt (111) interfaces, respectively.
f f-h: Reproduced with permission from Ref. [129], © 2015 Wiley-VCH; Source of

a result, the core/shell FeNiPt/Pt NWs  exhibit superior specific and
mass activities toward ORR, much higher than those of the ultra-
thin FeNiPt NWs  and commercial Pt/C catalyst. Meanwhile, owing
to the unique anisotropy of 1D nanostructure and the protection by
Pt layer, the core/shell FeNiPt/Pt NWs  display excellent durability
with no apparent activity decay even after 10,000 CV cycles.

To completely avoid the use of noble metal-based core materi-
als, the transition metal-based materials were recently proposed
to serve as the effective core to construct the core/shell nanos-
tructures. The representative example is the core/shell Co2P/Pt
NRs [130]. The core/shell Co2P/Pt NRs were synthesized through
facile seed-mediated growth and acid treatment (Fig. 4i). The
Co2P NRs with similar lattice constant with Pt was selected
as the core materials for the epitaxial growth of ultrathin Pt
shell (≤1 nm). The researchers first conducted the DFT calcula-
tions to offer an in-depth and systematic understanding of the
effects of Co2P/Pt interfaces on the electrocatalytic activity of
Pt shell toward ORR. Three models including Co2P(010)/Pt(111),
Co2P(001)/Pt(111), and Co2P(100)/Pt(111) interfaces have been

established to calculate the surface �EO (Fig. 4j). It can be seen that
the point of Co2P(100)/Pt(111) locates exactly on the black curve,
revealing that the �EO is dominated by the strain effect while the
electronic effect is negligible. For the points of Co2P(010)/Pt(111)
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nd Co2P(001)/Pt(111), both of them are located below the black
urve, which indicates the electronic effect enhances the Pt-O
onding and causes the lower �EO comparing with that predicted
y strain effect. From the result, it can be concluded that the
o2P(001)/Pt(111) interface with the optimum �EO value could
ossess the superior ORR activity due to the balance between strain
nd electronic effects, while the Co2P(010)/Pt(111) interface could
e detrimental to ORR owing to the strong electronic effect. Inspired
y the theoretical prediction, the Co2P NRs mainly enclosed with
001) and (100) facets were successfully synthesized to construct
he core/shell Co2P/Pt NRs. As expected, the as-prepared Co2P/Pt
Rs exhibit high mass activity even after 10,000 cycles, still higher

han the U.S. Department of Energy 2020 target (440 mA/mgPt). In
ddition, it should be pointed out that the composition and thick-
ess of shell can also affect the respective contribution of electronic
nd strain effects at the core/shell interface, thus tune the electro-
atalytic activity. To be specific, it is generally accepted that the
train effect is dominant when the thickness of Pt shell exceeds
wo or three atomic layers and becomes negligible when the thick-
ess of Pt shell is larger than 1 nm [131]. As a result, the core/shell
atalysts with one or two atomic Pt layer are most active toward
RR due to the synergy of strain and electronic effects.

D heterogeneous noble metal-based electrocatalysts

In electrocatalysis, the heterojunctions in catalysts are often
here the electrocatalytic reactions happen. Well-controlled
eterogeneous noble metal-based nanocrystals have been demon-
trated as effective electrocatalysts toward fuel-cell-related
lectrochemical energy conversion reactions. In general, there
re three types of heterogeneous structures in the noble metal-
ased catalysts, including metal/organic molecule, metal/metal,
nd metal/metal compound. The host materials and foreign com-
onents should be rationally selected to regulate the electronic or
teric effect for optimizing the electrocatalytic properties. Specif-
cally, the integration of 1D nanostructure and heterojunctions in
oble metal-based catalysts could further boost their activity and
urability. Since the 1D noble metal-based catalysts equipped with
he metal/organic molecule interface have been rarely reported,
erein, we mainly focus on the 1D noble metal-based catalysts
ontaining the interfaces of metal/metal and metal/metal com-
ound. Until now, many studies have verified the metal/metal
eterojunctions in noble metal-based catalysts are responsible

or the enhancement of electrocatalytic performance [132,133].
etal/metal heterojunctions on homogenous 1D catalysts are an

deal model for the study of interfacial effect. Given the significance
f the interfacial effect in 1D noble metal-based catalysts, ratio-
ally constructing 1D heterogeneous catalysts with well-defined
omposition segregation and controllable interfacial structure via
imple and scalable synthetic methods is highly desirable. Toward
his end, Yu et al. designed heterogeneous Pt/PtTe NWs  through a
imple “precursor solution-aging” method [134]. The Pt nanopar-
icles with a diameter of 2–4 nm are homogenously decorated on
he PtTe alloy NWs  without agglomeration (Fig. 5a). The uniform
istribution of ultrafine Pt nanoparticles on the surface of PtTe alloy
Ws  contributes to forming numerous available interfaces. Mean-
hile, the in-situ anchoring of Pt nanoparticles on the PtTe alloy
Ws  can effectively prevent the coalescence and ripening of Pt
anoparticles. To elucidate the electronic effect enabled by the 1D
eterogeneous Pt/PtTe nanostructure, the authors established two
tomic models (PtTe NWs  fully and partially covered by Pt) and
arried out DFT calculations to investigate the interfacial charge

istribution. The simulation results revealed that the work function
f PtTe alloy (4.8 eV) is lower than that of the pure Pt (5.6 eV), which
eans free electrons can spontaneously transfer from the PtTe alloy
Ws  to Pt nanoparticles at the interface, thus, leading to interfa-
y 28 (2019) 100774 7

cial charge polarization (Fig. 5b). Although the calculation results
demonstrate the fewer charges being transferred to Pt nanopar-
ticles in the partially covered PtTe NWs, its polarization effect is
greatly stronger than that in the fully covered PtTe NWs  when con-
sidering the size of ultrafine Pt nanoparticles (Fig. 5c and d). The
strong interfacial polarization effect of the heterogenous Pt/PtTe
NWs  could help to improve oxygen adsorption and thus enhance
the ORR activity. The experimental data further confirm the 1D
heterogeneous Pt/Pt51Te49 NWs  display the highest specific and
mass activities compared with the homogenous Pt48Te52 alloy NWs
and commercial Pt/C catalysts. Furthermore, the 1D heterogeneous
Pt/Pt51Te49 NWs  also exhibit much enhanced stability compared
with the commercial Pt/C catalysts, which could be attributed to the
interfacial stabilization. Similarly, some other 1D heterogeneous
noble metal-based nanostructures, such as heterogeneous Pd/Au
and Au/PtAu NTs, have been also successfully demonstrated and
show excellent electrocatalytic performance [135,136].

Another typical heterojunction is the metal/metal compound
interface. Depositing metal compounds with well-defined com-
position and size, such as metal oxides and sulfides, on various
1D noble metal-based nanocrystals is also an effective strategy
to enhance the electrocatalytic activity. For examples, the 1D
PtNi/NiS heterostructures were successfully synthesized through
facilely sulfuring the composition-segregated Pt-Ni NWs  (Fig. 5e)
[137]. The ultrafine NiS nanocrystals intimately anchored on the
PtNi NWs, forming a high density of well-defined PtNi/NiS inter-
faces (Fig. 5f). The interplanar crystal spacings derived from two
different interfaces (region g and h) are 0.295 and 0.22 nm, cor-
responding to the (100) plane of NiS and (111) plane of Pt3Ni,
respectively (Fig. 5g and h). The optimized heterogeneous Pt3Ni/NiS
NWs  exhibit outstanding HER activity in both alkaline and acid
solution. Especially, the heterogeneous Pt3Ni/NiS NWs  display the
highest activity toward HER in alkaline condition with a current
density of 37.2 mA cm−2 at a low overpotential of 70 mV, 9.7 times
higher than that of the commercial Pt/C catalyst. The interfacial
effect at the PtNi/NiS heterojunctions was proposed to be the major
factor for the enhancement of HER activity in alkaline condition,
proved by the DFT calculations. It is generally believed that, for
the HER in alkaline condition, the water dissociation is regarded
as the key rate-determining step and promoting the cleavage of
HO H bond in the water molecules can enhance the kinetics of
hydrogen evolution. According to the DFT results, the energy bar-
rier of water dissociation on Pt (111) surface is as high as 0.89 eV,
while the energy barrier of water dissociation on NiS (100) surface is
decreased to 0.32 eV (Fig. 5i). The results indicate the NiS nanocrys-
tals can dramatically accelerate water dissociation and promote
the generation of adsorbed hydrogen atoms. Subsequently, the
researchers calculated the free energy of hydrogen adsorption (GH*)
on Pt (111), Pt3Ni (111), and NiS (100) surfaces (Fig. 5j). It can be
observed that the GH* on one of the two Pt3Ni (111) is almost iden-
tical with that on the Pt (111) surface, while the GH* on NiS (100)
surface is much stronger. Therefore, it can be concluded that the
synergetic effect between the NiS for enhancing water dissolu-
tion and Pt3Ni for optimizing H adsorption is responsible for the
improvement of activity in alkaline condition for the 1D heteroge-
neous Pt3Ni/NiS NWs. Similar studies on 1D heterogeneous noble
metal-based nanocatalysts with metal/metal compound interfaces
were also reported [138].

1D ultrathin noble metal-based electrocatalysts

Although 1D noble metal-based electrocatalysts with vari-

ous nanostructures have been successfully demonstrated, the 1D
nanocrystals with a large diameter still surfer from low atomic
utilization. The 1D ultrathin architecture can maximize the surface-
to-volume ratio and thus decrease the content of unavailable atoms
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Fig. 5. (a) TEM image and corresponding elemental mappings of the heterogeneous Pt/PtTe MWs. (b) Calculated potential energy surface along the interface layer of the PtTe
and  Pt systems with (110) facets. Interface charge distribution of the PtTe NWs  fully (c) and partially covered by Pt (d). (e) Schematic illustration showing the sulfuration
of  the PtNi NWs. (f–h) HRTEM images of the heterogeneous PtNi/NiS NWs. The scale bars are 2 nm (f–h). (i) Reaction energy diagram of water dissociation on the Pt (111)
surface (black) and NiS (100) surface (red). (j) Free-energy barriers toward HER on the Pt (111) surface (black), Pt3Ni (111) surface (red and blue) and NiS (100) surface (green)
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nside the host materials. For instance, the ultrathin Rh-doped Pt
Ws  with a diameter of 1.3 nm possess an atomic utilization effi-
iency as high as 48.6% [139]. Such high utilization of atom can
reatly improve the mass activity and reduce the usage of Pt.
specially, previously reported studies have verified that a surface
ontraction would occur on the NWs  when the diameter is approx-
mately smaller than 2 nm,  and the intrinsic contraction stress can
ffectively tune the electrocatalytic activity [140]. Specifically, the
urface contraction of Pt can weaken the bonding energy of oxygen
nd facilitate the formation of O H bond, thus enhance the ORR
ctivity. To avoid confusion, the 1D ultrathin noble metal-based
lectrocatalysts discussed here refer to the 1D nanocrystals with a
iameter (or wall thickness) less than 2 nm.  One of the most suc-
essful examples is the preparation of subnanometer Pt and Pt alloy
Ws  with 4–5 atomic layers (Fig. 6a) [141]. The electrochemically
ctive surface area (ECSA) of the ultrathin Pt (76.4 m2 g−1), PtNi
80.7 m2 g−1), PtNiCo NWs  (82.2 m2 g−1) is much higher than that
f the Pt (4.5 nm)  NWs  (54.6 m2 g−1) and commercial Pt/C cata-
ysts (69.3 m2 g−1). Furthermore, all the subnanometer Pt and Pt
lloy NWs  display greatly enhanced mass and specific capacities
oward ORR compared with the commercial Pt/C catalyst (Fig. 6b
nd c). The superior activity of the ultrathin Pt alloy NWs  is pro-
osed to be attributed to the atomic thickness, (111)-terminated
nd Pt-rich surface. DFT calculations were further carried out to try
o interpret the outstanding ORR performance of the subnanome-

er Pt-based NWs  (Fig. 6d and e). The results show the �EO on
he (111) facet of the subnanometer Pt NWs  is higher than that on
he flat Pt (111) site, which is induced by the surface contraction
train of 1.5% on the (111) facet of the subnanometer Pt NWs. The
d Ni atoms, respectively.
ociety; Source of e-j: Reproduced with permission from Ref. [137], © 2017 Nature

surface compressive strain should be responsible for the enhanced
ORR activity of the subnanometer Pt NWs. In addition, the simu-
lation results also reveal the Ni atoms can relieve the undesirable
over-binding between the ultrathin PtNi NWs  and oxygen atoms,
further promoting the ORR activity. Therefore, it can be concluded
that the strain and electronic effects of the subnanometer Pt and
Pt alloy NWs  collectively boost the electrocatalytic performance
toward ORR.

Apart from downsizing the diameter of 1D solid nanostructures,
constructing 1D open and hollow NTs with an ultrathin wall is taken
as another effective strategy to maximize the utilization efficiency
of atoms. The representative example is the ultralong Pt NTs with
an ultrathin wall (1 nm)  [142]. Four Pt atom layers are deposited
on Pd NWs  with a diameter of 4.8 nm and subsequently etched
away the Pd cores to form the ultrathin hollow Pt NTs (Fig. 6f).
The HRTEM image exhibits the diameter and wall thickness of
the ultrathin Pt NTs are ≈5.5 ± 0.5 and ≈1 ± 0.2 nm,  respectively
(Fig. 6g). According to the elemental mappings of the Pt NT, it
can be observed that the Pt is uniformly distributed throughout
the entire NTs. Meanwhile, the weak red signal indicates there is
small amount of remnant Pd (2.55 wt%) in the final products of Pt
NTs. Benefitting from the unique anisotropic 1D nanostructure and
highly exposed Pt atoms, the Pt NTs display higher mass and specific
activities than those of the Pd/Pt NWs  and commercial Pt/C catalyst.
Although the 1D ultrathin noble metal-based nanocrystals are a sort
of promising electrocatalyst for fuel-cell-related electrochemical
energy conversion reactions, the reliable, high-quality and scal-

able synthesis is still a great challenge that needs to be urgently
addressed.
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Fig. 6. (a) HAADF-STEM image of the subnanometer PtNiCo NWs. Left inset is the EDX spectrum of the subnanometer PtNiCo NWs. Right insets are the diameter and length
distribution of the subnanometer PtNiCo NWs. Mass (b) and specific activities (c) of various catalysts toward ORR in an O2-saturated 0.1 M HClO4. (d) Atomic model showing
the  (111) and (100) facets and different O adsorption sites. Red ball represents O atom. (e) �EO on various adsorption sites. Black square and red circle represent the �EO

on the pure Pt and PtNi NWs, respectively. The horizontal dotted line corresponds to the optimal �EO . (f) Schematic illustration of the synthesis process of the Pt NTs with
a view o
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D noble metal-based nanocrystals for electrocatalysis

D unitary noble metal electrocatalysts

2D nanomaterials with unique anisotropic structure, high sur-
ace area and superior mechanical flexibility have also attracted

uch research interest in the field of electrochemical energy
onversion during the past decades [143–146]. In particular, the
merging 2D non-layered noble metal-based nanocrystals have
een intensively investigated recently as one of the most effective
lectrocatalysts toward various fuel-cell-related electrocatalysis
147]. The electrocatalytic properties of the 2D noble metal-based
atalysts can be well regulated through manipulating the size,
hickness, composition, and shape. Additionally, the 2D nanostruc-
ures with a high aspect ratio can act as ideal models to build the
ccurate structure-performance relationships and obtain compre-
ensive and in-depth understanding of the correlations between
he preparation methods, microstructures, and intrinsic activities.
or instance, the ultrathin truncated triangular Pt nanoplates (NPs)
ere synthesized using the galvanic-replacement-free epitaxial

rowth method (Fig. 7a) [148]. The ultrathin Pt NPs are single crys-
als and enclosed with exclusive {111} facets (Fig. 7b). From the
ross-section TEM image, it can be observed that the thickness of
he Pt layer is estimated to be 2̃  nm (Fig. 7c). It is noted that the
hickness and size of the ultrathin Pt NPs can be facilely tailored

y controlling the time of seeded growth and using the different
g NPs, respectively. Benefiting from the unique 2D nanostructure,

he ultrathin Pt NPs exhibited much enhanced specific and mass
f the selected area. The scale bar in inset is 1 nm. (h–k) HAADF-TEM image and

: Reproduced with permission from Ref. [142], © 2018 Wiley-VCH.

activity toward ORR, which are 2̃2 and 9̃.5 times higher than those
of the commercial Pt/C catalyst, respectively.

Pd is also a common fcc noble metal that has been successfully
used for various catalysis, such as organic molecules electrooxida-
tion and oxygen reduction. As a typical example, the high-quality
ultrathin hexagonal Pd nanosheets (NSs) were synthesized based
on the CO-confined growth strategy (Fig. 7d) [149]. In this method,
the CO molecules are preferentially adsorbed on the (111) planes
of Pd, which leads to the anisotropic growth and the formation
of ultrathin 2D NSs. The appearance of 1/3(422) reflection in the
selected area electron diffraction (SAED) pattern of Pd NSs fur-
ther suggests that the exposure of (111) facet on the basal plane
of ultrathin Pd NSs (Fig. 7e). In addition, it can be observed from
the vertically aligned Pd NSs that the thickness mainly focuses
at 1.8 nm,  corresponding to about 10 atomic layers (Fig. 7f).
The obtained Pd NSs display outstanding electrocatalytic activity
toward FAOR, which is 2.5 times as active as that of the commercial
Pd/C catalyst.

Ir and Ru are usually used as the benchmark electrocatalysts
toward water oxidation and the 2D Ir and Ru nanocrystals have
been successfully reported recently using the facile wet-chemical
methods [150,151]. For example, the ultrathin Ru NSs with few
hundred nanometers in size and 1–2 nm in thickness were pre-
pared using the solvothermal approach (Fig. 7g) [152]. Owing to
the high surface area and numerous accessible reactive sites, the

ultrathin curled Ru NSs show much improved electrocatalytic per-
formance toward water splitting compared with the Ru powder
counterpart and commercial Pt/C catalyst in acid solution. As one of
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Fig. 7. TEM (a) and HRTEM (b) images of the ultrathin hollow Pt NPs. Inset in (b) is the SAED pattern of the ultrathin Pt NPs. (c) HRTEM image of a vertically aligned ultrathin
Pt  NP. Inset in (c) is the TEM image of a vertically aligned hollow Pt NP. (d) TEM image of the Pd NSs. Inset: photograph of an ethanol dispersion of the Pd NSs. (e) SAED pattern
of  a single Pd NS. (f) TEM image of the vertical Pd NSs. Inset: thickness distribution of the Pd NSs. (g) TEM image of the Ru NSs. Inset: AFM image of the ultrathin Ru NSs. (h)
HRTEM  image of the Rh NSs. (i) AFM images of the Rh NSs.
Source of a-c: Reproduced with permission from Ref. [148], © 2018 Royal Society of Chemistry;
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ource of d-f: Reproduced with permission from Ref. [149], © 2011 Nature Publishi
ource of g: Reproduced with permission from Ref. [152], © 2016 American Chemic
hemical Society.

he noble metals, the Rh is even rarer than Pt. Constructing ultrathin
D nanostructure contributes to decreasing the utilization amount
nd promoting the activity and stability [153]. Recently, a one-
ot hydrothermal method was developed for the synthesis of Rh
Ss exposed with (111) plane on reduced graphene oxide (RGO)

Fig. 7h) [154]. The atomic force microscopy (AFM) image reveals
he thickness of the Rh NSs is about 3 nm (Fig. 7i). The newly devel-
ped Rh-NSs/RGO hybrid exhibits superior electrocatalytic activity
oward MOR  in alkaline solution, much better than Rh nanoparti-
les and Rh nanoparticles-RGO composite.

D binary and polynary noble metal alloy electrocatalysts
Although the ultrathin 2D monometallic nanocrystals with
igh surface-to-volume ratio and high densities of exposed atoms
isplay favorable electrocatalytic performance, their activity and
urability can be further enhanced by the formation of metallic
up;
iety; Source of h-i: Reproduced with permission from Ref. [154], © 2017 American

alloy [155–157]. For instance, the ultrathin Pd NSs exhibit bet-
ter electrocatalytic activity compared to the concave tetrahedral
Pd nanocrystal and commercial Pd/C catalyst, but their poison-
ing tolerance to intermediates, such as CO, urgently needs to be
improved [158]. To this end, ultrathin PdCu alloy NSs with thickness
of 2.8 ± 0.3 nm were synthesized by the co-reduction of palladium
acetylacetonate and copper acetylacetonate in the presence of
molybdenum hexacarbonyl (Fig. 8a) [159]. XPS results display the
red shift of the Pd 3d5/2 and Pd 3d3/2 of PdCu alloy NSs, suggesting
the modified electronic structure of Pd in PdCu alloy NSs (Fig. 8b).
The EDX images further reveal homogenous distribution of Pd and
Cu in the NSs (Fig. 8c). As a result, the optimized ultrathin PdCu
NSs exhibit much enhanced catalytic performance toward FAOR

compared with the commercial Pd/C catalyst. The improved elec-
trocatalytic activity of the PdCu alloy NSs is mainly attributed to
the 2D ultrathin nanostructure and the synergistic effect between
Pd and Cu atoms.
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Fig. 8. (a) TEM image of the ultrathin PdCu NSs. (b) XPS spectra of Pd 3d in Pd and PdCu NSs. HAADF-STEM image (c) and EDX mappings (d, e) of the PdCu NSs. (f) TEM image
of  the ultrathin PtCu NSs. Inset in (f) is the HRTEM image of the ultrathin PtCu NSs. Bottom right of inset showing the thickness of the ultrathin PtCu NSs. Top right of inset is
the  fast Fourier transform (FFT) pattern of the PtCu NSs. (g–i) HAADF-STEM image and EDX mappings of the PtCu NSs. (j) TEM image and EDX mappings of the PtAgCo NSs.
Inset:  HRTEM image of the PtAgCo NSs. (k) TEM image and EDX mappings of the PtAgBiCo NPs. Inset: HRTEM image of the PtAgBiCo NPs. (l) ORR  polarization curves of the
PtAgBiCo/C electrocatalyst in a O2-saturated 0.1 M HClO4 solution with and without 0.1 M methanol.
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formance can be further boosted by the shell engineering. For
instance, it is generally believed that the pure Pt shell is vulnerable
ource of a-e: Reproduced with permission from Ref. [159], © 2017 Wiley-VCH; S
ociety; Source of j: Reproduced with permission from Ref. [163], © 2017 America
oyal  Society of Chemistry.

To date, Pt is still the only choice in modern fuel-cell technol-
gy. Unfortunately, the rarity and high cost of Pt greatly hinder their
urther widespread applications. The aim for the high-performance
uel cell is to design highly active and stable electrocatalysts with
ow Pt utilization amounts. An effective strategy to address this
roblem is to construct ultrathin 2D Pt-M (M = transition metals)
lloy nanostructure [160,161]. However, the 2D alloy nanostruc-
ures are more usually found in the limited noble metals such as
g, Au and Pd, and the 2D Pt-based alloys remain understudied.
he high-quality ultrathin PtCu alloy NSs with an adjustable size
f basal plane from 8 to 50 nm were prepared through a two-step
ethod (Fig. 8f) [162]. In the synthesis, the gel system was  formed

n the first step and used for confining the nucleation and growth of
lloy nanocrystals in the second reduction process. The thickness
f the PtCu NSs is controlled to be about 1 nm,  corresponding to
–6 atomic layers (inset in Fig. 8f). The elemental mappings reveal
oth Pt and Cu are homogenously distributed on the 2D nanocrys-
als and the Cu to Pt atomic ratio is estimated to be 2:1 based on
he EDX spectrum and ICP results. Owing to the abundant active
ites of 2D nanostructure and the optimized electronic structure of
t, the ultrathin PtCu NSs display the exceptional electrocatalytic
ctivity and stability toward EOR.

Using the similar two-step synthetic method, the ultrathin
ernary PtAgCo alloy NSs were successfully synthesized, which
xhibit excellent electrocatalytic activity toward HER (Fig. 8j) [163].
hey found that the incorporation of Ag contributes to the forma-
ion of 2D morphology, and the Co can result in downshift of the
-band centers of Pt and decrease the adsorption of H atoms on
t, accelerating the HER process. Based on the ultrathin 2D ternary
lloy system, Bi atoms were further introduced into the ternary

lloy matrix, producing the tetrametallic PtAgBiCo NPs for ORR
Fig. 8k) [164]. The incorporation of Bi can enhance the resistivity of
 of f-i: Reproduced with permission from Ref. [162], © 2013 American Chemical
mical Society; Source of k-l: Reproduced with permission from Ref. [164], © 2017

the PtAgBiCo alloy toward methanol poisoning caused by methanol
crossover in a direct methanol fuel cell (DMFC) (Fig. 8l).

2D core/shell noble metal-based electrocatalysts

By integrating the unique 2D morphology and core/shell nano-
structure, the 2D core/shell noble metal-based electrocatalysts
display excellent electrocatalytic performance toward various
renewable energy conversion reactions [165–168]. A monolayer or
a few layers of noble metal atoms covered on the less expensive
2D core materials can effectively decease the utilization amounts
of target noble metals. More importantly, the electrocatalytic
properties of the 2D core/shell nanocrystals can be effectively reg-
ulated by the match between core and shell materials, owing to
the structure-induced ligand and strain effects. For example, the
ultrathin core/shell Pd/Ptmonolayer NPs were synthesized using the
modified defect-mediated thin-film growth method (Fig. 9a) [169].
The ultrathin Pd NPs with a thickness of 5 nm were first obtained
via a facile colloidal method in the presence of CO (Fig. 9b). Sub-
sequently, a uniform monolayer of Pt atom was  electrodeposited
on the Pd NPs by cycling the electrochemical potential (Fig. 9c).
The obtained core/shell Pd/Ptmonolayer NPs achieved superior spe-
cific and mass activity toward ORR, which are 3.4 and 6.6 times
higher than those of the commercial Pt/C catalyst, respectively. The
enhanced electrocatalytic activity toward ORR can be attributed to
the enhanced Pt utilization and optimized oxygen affinity on Pt
shell induced by Pd core.

For the 2D core/shell nanostructures, their electrocatalytic per-
to the poisoned CO generated in MOR. To address this problem, the
core/shell Pd/PtM (M = Ni, Rh, Ru) NPs with adjustable thickness
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Fig. 9. (a) Schematic illustration of the formation of Pd/Ptmonolayer NPs. AFM images of the pure Pd (b) and Pd/Ptmonolayer NPs (c) with height details. (d) Schematic illustration of
the  epitaxial growth of the core/shell Pd/PtM (M = Ni, Rh, Ru) NPs. TEM (e) and HRTEM images (f) of the Pd/PtNi NPs. (g–j) EDX mappings of the Pd/PtNi NPs. (k) Current-time
curves of various catalysts toward MOR  at 0.85 V vs.  RHE for 1500s. Inset: mass and specific activities of various catalysts toward MOR. (l) HRTEM image of single hexagonal
PtPb  NPs. Inset: FFT patterns from the white squares at the edge and inside of the PtPb NPs. (m)  Atomic model of the Pt (110) surface. Three O adsorption sites: hollow (“h”)
and  two bridge sites (“b1′′ and “b2′′). Blue and green balls represent Pt and O atoms, respectively. �EO as a function of biaxial strain in [110] and [001] directions for the “h”
(
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n)  and “b1′′ (o), and “b2′′ sites (p).
ource of a-c: Reproduced with permission from Ref. [169], © 2015 Royal Society of 

hemical Society; Source of l-p: Reproduced with permission from Ref. [171], © 20

ere synthesized via a facile and universal method [170]. In the
ynthesis, the in-situ formation of CO at the surface of Pd nanosheets
s the key factor to generate the well-defined core/shell Pd/PtM
M = Ni, Rh, Ru) NPs (Fig. 9d). The in-situ generated CO adsorbed on
d NPs not only acts as the reducing agent to accelerate the reduc-
ion of Pt and other transition metals, but also decrease the surface
nergy of Pt-based alloy shell through the strong adsorption. TEM
mage in Fig. 9e shows a typical core/shell Pd/PtNi NPs with a good

orphology uniformity. The HAADF-STEM image of the core/shell
d/PtNi NPs display a lattice distance of 0.134 nm, corresponding to
he {220} facet of PtNi or Pd alloy (Fig. 9f). Moreover, the EDX map-
ings of the ultrathin Pd/PtNi NPs reveal homogenous distribution
f Pd, Pt and Ni atoms, indicating the formation of core/shell multi-
etallic nanostructure (Fig. 9g-j). The ultrathin core/shell Pd/PtNi
Ps display the enhanced activity and stability compared to the
ore/shell Pd/Pt NPs, Pt black, and commercial Pt/C (Fig. 9k). The
reat catalytic activity enhancement was proposed to be ascribed
o the 2D core/shell nanostructure (high active sites), electronic
oupling (Pd can weaken the adsorption of CO on Pt) and bifunc-

ional mechanism (oxyphilic Ni facilitates the formation of OH and
emoval of adsorbed CO on Pt).

Rationally designing the core materials to manipulate the elec-
rocatalytic performance of 2D core/shell architectures is another
istry; Source of d-k: Reproduced with permission from Ref. [170], © 2016 American
ence.

effective strategy for various electrochemical energy conversion
reactions. Recently, a new class of hexagonal core/shell PtPb/Pt
NPs were demonstrated to be extremely active toward ORR [171].
The hexagonal core/shell PtPb/Pt NPs possess a thickness of 4.5 nm
and an edge length of 16 nm.  The HRTEM image reveals some dis-
locations between the edge and the interior around the corners,
contributing to releasing the mismatching strain (Fig. 9l). The FFT
patterns show a hexagonal phase in the inner plane and a cubic
phase at the edge, which confirm the formation of core/shell nano-
structure (inset in Fig. 9l). Electrochemical results display the mass
and specific activity of the hexagonal core/shell PtPb/Pt NPs can be
as high as 4.3 A mg−1 and 7.8 mA cm-2 at 0.9 V vs.  RHE, respectively.
To get in-depth insights on the exceptional ORR performance of
the hexagonal core/shell PtPb/Pt NPs, DFT simulations were con-
ducted for the calculation of the �EO. Two types of interfacial
planes were formed in the PtPb nanoplates: {010}PtPb//{110}Pt
between the PtPb and the edge-Pt layer, and {001}PtPb//{110}Pt
between PtPb and top (bottom)-Pt layer. Moreover, the SAED
and HRTEM results reveal a large tensile strain along [001] and

a compressive strain along [110] on both the top-Pt and edge-
Pt surfaces of the nanoplates. Therefore, the �EO was  calculated
on the Pt (110) surface as a function of strain along the [110]
and [001] directions (Fig. 9m–p). The results indicate the “h” and
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b2′′ sites under biaxial strains are responsible for the high ORR
ctivity.

D heterogeneous noble metal-based electrocatalysts

Heterogeneous nanomaterials based on noble metals are
xpected to exhibit high activity for various electrocatalytic reac-
ions. It is generally believed that the heterojunctions with different
rystal structures and electron states can induce the strain and
lectronic effects. These changes would tune the electrocatalytic
erformance by changing the adsorption of reactants and interme-
iates on the surface of catalysts. Specifically, the 2D heterogeneous
oble metal-based nanostructures have gradually aroused the
esearchers’ interest recently due to the unique 2D morphology and
ell-defined interface structure. Although the 2D heterogeneous
oble metal-based nanocrystals possess a great potential for dif-

erent electrocatalysis, the investigation in 2D heterogeneous noble

etal-based electrocatalysts is still in the early stage, awaiting the

ontrollable method for the synthesis of heterojunctions with well-
efined size and morphology. As a typical example, the 2D Pt-Pd
imetallic heterostructures were constructed using a facile seed-

ig. 10. (a) Schematic illustration of the heterogeneous PdPt NPs in the absence and prese
veraged electron density difference along the direction perpendicular to the interface o
lane-averaged electron density difference along the direction perpendicular to the interfa
f)  Mass activities of various catalysts toward MOR  and EOR. (g) TEM image of the sandwic
u2Ni2 NPs.
ource of a-f: Reproduced with permission from Ref. [172], © 2017 American Chemical So
y 28 (2019) 100774 13

mediated method [172]. The Pd NSs were first synthesized with
the basal plane enclosed by (111) facets and side plane covered
by (100) facets. Subsequently, the Pt nanocrystals were selectively
deposited on the basal and side planes of Pd NSs with and without
using the CTAB, respectively (Fig. 10a). Since the morphology, size,
and crystal facets of the Pt nanoparticles on the two  different mod-
els are same, the difference of electrocatalytic properties between
the two  heterogeneous systems could be solely resulted from the
different interfacial structures. The DFT calculations were carried
out to investigate the electronic interactions at the interfaces of
Pd(100)-Pt and Pd(111)-Pt (Fig. 10b and c). The results indicate the
charge redistribution oscillations at the interfacial region and the
chemical bonding at the interface of Pd(100)-Pt is stronger than
that of the Pd(111)-Pt. As a result, the 2D heterogeneous Pd-Pt-S
nanocrystals with numerous interfaces of Pd(100)-Pt exhibit much
higher activity toward MOR  and EOR compared to those of the
commercial Pd/C, Pt/C, Pd NSs, and Pd-Pt-T catalysts (Fig. 10d–f).

This work offered a promising strategy to synthesize highly active
electrocatalysts through engineering the interfaces.

Apart from the noble metal-noble metal interfaces, constructing
noble metal-transition metal heterojunctions is also a promising

nce of CTAB. (b) Top and side views of charge difference and corresponding plane-
f Pd(100)-Pt model. (c) Top and side views of charge difference and corresponding
ce of Pd(111)-Pt model. CV curves of various catalysts toward MOR  (d) and EOR  (e).
hed Ru2Ni2 NPs. HRTEM images of the top (h) and side (i) views of the sandwiched

ciety; Source of g-i: Reproduced with permission from Ref. [173], © 2018 Elsevier.
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trategy that can not only decrease the utilization amount of noble
etals, but also boost the electrocatalytic performance. In this

egard, recently, a unique sandwich-like Ru-Ni heterostructure was
ynthesized, of which two hexagonal Ru rings were covered on the
nds of a Ni pillar (Fig. 10g–i) [173]. The optimized heterogeneous
andwiched Ru2Ni2 NPs with abundant interfaces display high HER
ctivity with a low overpotential of 40 mV  at 10 mA cm−2 and a
mall Tafel slope of 23 mV  dec-1 in a 1 M KOH solution. More impor-
antly, the heterogeneous sandwiched Ru2Ni2 NPs exhibit superior
lectrocatalytic performance toward overall water splitting with a
ow onset potential of 1.45 V and excellent stability in a 1 M KOH
olution, which can be potentially applied in the practical alkaline
lectrolysis.

onclusions and perspectives

In recent years, constructing 1D and 2D noble metal-based
anocatalysts has exhibited enormous potential for enhancing the
lectrocatalytic properties toward various fuel-cell-related electro-
atalysis. In this review, we have presented the major advances
n 1D and 2D noble metal-based electrocatalysts in terms of
anoarchitecture engineering and their potential electrocatalytic
pplications. Especially, the underlying structure-related mecha-
isms were detailly revealed and are expected to offer a guidance

or the rational design of 1D and 2D noble metal-based electrocat-
lysts. Although much progress has been made, it remains many
hallenges and further concerns should be focused on the following
spects.

First, there are still some technological problems needed to be
olved to realize the controllable and scalable preparation of 1D
nd 2D noble metal-based nanocatalysts. To date, the 1D and 2D
oble metal-based nanocrystals are usually synthesized using the
et-chemical methods, in which the organic solvents and surfac-

ants are always involved. The removal of organic solvents and
urfactants inevitably increase the cost and operation complexity.
n addition, due to the high anisotropy of 1D and 2D nanos-
ructures, it is a great challenge to precisely control the growth
inetics to obtain the high-yield and high-quality nanocrystals.
herefore, much effort is urgently needed to develop facile and
ffective strategies to synthesize 1D and 2D noble metal-based
anocrystals with desired nanostructures on a large scale and at

ow cost.
Secondly, the redox reactions occur at the interface between

olid catalysts and solution during electrocatalysis. The sur-
ace of catalysts, especially for the thermodynamically unstable
D and 2D noble metal-based nanocrystals, usually undergoes
tructural evolutions under the complex electrochemical environ-
ents. The lack of valid characterization techniques for real-time

ecording the change of surface structure greatly impedes the
dentification of real active sites. Developing advanced in-situ
haracterization techniques, such as in-situ FTIR and in-situ
AFS, can offer the realistic data for the structural changes
uring electrocatalysis, which contributes to establishing accu-
ate atomic models and revealing the intrinsic structure-activity-
elationship.

Thirdly, in-depth understandings of the interaction between
he atomic structures and properties help to design highly active
D and 2D noble metal-based catalysts. Despite great develop-
ents have been obtained in the theoretical simulations, such

s DFT calculation, there are still large differences between the
imulated models and realistic systems at present. The sim-

lified electrochemical environments in the simulated models
sually cannot comprehensively and exactly reflect the real con-
itions. Therefore, developing advanced theoretical simulation
echnology can not only accurately explain and forecast the
y 28 (2019) 100774

structure-property-relationship, but also provide guidance to con-
struct ideal electrocatalysts.

Last but not the least, although standard three-electrode sys-
tems are a favorable platform to investigate the kinetics and
intrinsic activity of electrocatalysts, the obtained data lack prac-
tical device relevance. Some important factors affecting the
performance of fuel-cell-related devices (fuel cells and water elec-
trolysis), such as mass transfer, heat and water management, and
ion transport, need not be considered in the three-electrode tests
using ultrathin films of active materials. Therefore, in the future, it
is highly encouraged to evaluate the electrochemical performance
of 1D and 2D noble metal-based electrocatalysts in realistic full-cell
devices.
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