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Noble metal-based nanomaterials possess outstanding catalytic properties in various chemical reactions.
However, the increasing cost of noble metals severely hinders their large-scale applications. A cost-
effective strategy is incorporating noble metals with light nonmetal elements (e.g., H, B, C, N, P and S) to
form noble metal-based nanocompounds, which can not only reduce the noble metal content, but also
promote their catalytic performances by tuning their crystal lattices and introducing additional active sites.
In this review, we present a concise overview of the recent advancements in the preparation and appli-
cation of various kinds of noble metal-light nonmetal binary nanocompounds. Besides introducing syn-
thetic strategies, we focus on the effects of introducing light nonmetal elements on the lattice structures
of noble metals and highlight notable progress in the lattice strain engineering of representative core—
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shell nanostructures derived from these nanocompounds. In the meantime, the catalytic applications of
the light element-incorporated noble metal-based nanomaterials are discussed. Finally, we discuss
current challenges and future perspectives in the development of noble metal-nonmetal based
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1. Introduction

Noble metal-based nanomaterials possess outstanding cata-
lytic properties, including activity, selectivity, and durability, in
a variety of catalytic reactions,"™ which are important for
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developing sustainable energy storage and conversion techno-
logies to mitigate global energy crisis and environmental
pollution.>” For example, noble metal based electrocatalysts
play key roles in proton exchange membrane fuel cells, which
are promising clean energy conversion devices due to their
high efficiency, high power density and low pollution
emission.®® However, the low abundances and ever-increasing
prices of noble metals still inhibit their commercial appli-
cations. Numerous strategies have been developed to fine-tune
the noble metal-based nanostructures, including size,'® shape/
facet,"* and composition control,">"* to enhance their intrin-
sic catalytic properties and facilitate their sustainable use.
Among these strategies, alloying noble metals with other
elements to form nanoalloys or nanocompounds stands out as
one of the most effective approaches to simultaneously reduce
noble metal consumption, modify their electronic structure,
and promote their catalytic properties.'**®

Particularly, compared with the intensively studied metal-
metal alloys, the incorporation of light nonmetal elements to
form metal-nonmetal alloys or compounds has garnered
increasing attention in the past decades because of several
advantages.'>'® First, nonmetal elements have a wider range
of electronegativities, which can lead to a variety of metal-non-
metal interactions that are covalent, metallic, or ionic. Second,
a simultaneous change of the lattice structure, including
strain and symmetry, of host noble metals could take place,
causing local lattice distortion or even phase transformation.
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Depending on the insertion pathway, there are two common
types of light nonmetal incorporation strategies in the noble
metal.’” Lighter elements with smaller atomic radii, such as
hydrogen (H), boron (B), carbon (C), and nitrogen (N), tend to
occupy interstitial sites in the host metal, while for elements
with larger atomic/ionic radii, such as phosphorus (P) and
sulfur (S), they can also substitute the host atoms to constitute
alloys or nanocompounds. Consequently, the binary nano-
alloys or nanocompounds may exhibit distinct lattice strain or
altered symmetry compared to the parent metal lattice (Fig. 1).
Importantly, these modifications of the lattice structure of
nanomaterials could affect their physicochemical properties
and eventually impact their catalytic performances.'®° Third,
the abundant reserves of most light nonmetal elements make
it cost-effective to develop noble metal-light nonmetal based
nanomaterials.

Strategies to achieve the incorporation of light nonmetal
elements can be divided into two main categories, ie. wet
chemical methods and high-temperature solid-state methods.
Compared with the harsh conditions in solid-state
methods,*"**> wet chemical methods possess attractive advan-
tages, including accurate control over the morphology and
composition,*** more flexible synthetic routes for complex
nano-architechtures,>*° as well as good scalability. In the
meantime, besides synthesis methods, the recent development
of advanced characterization techniques, such as aberration-
corrected transmission electron microscopy (TEM), neutron
powder diffraction (NPD), extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy, and X-ray absorption near-edge
structure (XANES) spectroscopy, allows us to better understand
the structure-property relationship and further optimize the
nanostructures towards enhanced catalytic properties.

In this mini-review, we present an overview of the recent
progress in the controlled synthesis, characterization, and
catalytic performances of various noble metal-based nano-
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materials, whose lattices were engineered by incorporating H,
B, C, N, P, or S via wet chemical methods. We classify strategies
to achieve the lattice engineering of noble metal-based nano-
materials into two categories: direct lattice engineering and
indirect lattice engineering. First, in the direct lattice engineer-
ing, representative studies of lattice strain and symmetry
engineering of various noble metal-based nanocompounds,
including noble metal hydrides, borides, carbides, nitrides,
phosphides and sulfides, and their catalytic performances are
introduced. Then, typical examples of indirect lattice engineer-
ing via the formation of core-shell heterostructures are pre-
sented. Finally, some major challenges, opportunities and
future directions in this emerging research field are discussed.

2.1. Direct lattice engineering of noble metal-light nonmetal
nanocompounds

Based on the types of light nonmetal elements incorporated,
in this section, we focus on lattice engineering of binary nano-
compounds including noble metal hydrides, borides, carbides,
nitrides, phosphides, and sulfides. Since the inserted light
nonmetals may directly alter both lattice strain and symmetry
of the host noble metals, we will separately discuss the strain
and symmetry effects caused by the formation of these nano-
compounds in two sections.

2.1.1. Lattice strain engineering. Lattice strain generally
refers to the change in the bond length on a particle surface or
in a localized region compared with the initial bond length in
bulk materials.”” Modulating lattice strain in metal-based
nanomaterials has been recognized as a powerful method to
improve their catalytic performance.”® To date, many strategies
have been developed to induce lattice strain in metal nano-
materials, such as introducing supports®® or defects,* alloying
with second metals,*® precise morphology control,®* and so
on. Different from these strategies, the incorporation of light
nonmetal elements into the noble metal lattice could not only
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Fig. 1 Schematic illustrations of lattice engineering of noble metal-light nonmetal binary nanocompounds via (A) lattice strain engineering and (B)

lattice symmetry engineering from an fcc host metal.
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induce tensile or compressive lattice strain (Fig. 1A), but also
tune the electronic structures of noble metals due to their very
different electronegativities. In this section, we present repre-
sentative works of the lattice strain engineering of noble metal
binary nanocompounds via incorporating light nonmetal
elements.

Noble metal hydrides. Noble metal hydrides are key candi-
dates in many catalytic reactions.'*'® H, as the smallest atom,
can be easily incorporate into octahedral or tetrahedral inter-
stitial sites of noble metal lattices, resulting in the formation
of metal-H bonds and metal lattice expansion,®*** The elec-
trons from H atoms could directly contribute to a higher elec-
tron density of the host metal and therefore affect its physico-
chemical properties.®® In the meantime, the tensile strain
caused by the expanded lattice can lead to the narrowing and
center upshift the d-band of the host metal,>” which could be
beneficial for improving the catalytic properties.>*™**

To date, wet chemical preparation of noble metal hydrides
only succeeded in the preparation of palladium hydride
(PdH,)**** and rhodium hydride** possibly due to their high
affinity differences.*” The face-centered cubic (fcc) PdH, nor-
mally exists in two phases, depending on its H content (x).
One is the o phase (0 < x < 0.02), in which the H atoms only
slightly diffuse into Pd and cause lattice expansion. The other
one is the p phase (0.6 < x < 1), in which the Pd lattice is
inserted by more H atoms and further expanded. Sometimes,
a and B phases can coexist in PdH, (0.02 < x < 0.6)
nanocrystals.*>*” In general, the H interstitial sites are deter-
mined by the ratio of H/Pd in the Pd-H system, which can be
derived from the lattice parameter of the PdH,
nanocompounds.***® To distinguish the slight changes in
lattice parameters of different PdH,, advanced characterization
techniques, like aberration-corrected high-angle annular dark-
field scanning  transmission electron microscopy
(HAADF-STEM) and X-Ray diffraction (XRD) analysis, are often
required.

The wet chemical preparation of PdH, nanocrystals often
starts from pre-synthesized Pd nanocrystals, followed by H
intercalation. The choice of a suitable H precursor is critical.
Besides H,, H-containing chemicals that readily release H, can
also act as H sources, including sodium borohydride (NaBH,),
hydrazine (N,H,), n-butylamine, and N,N-dimethylformamide
(DMF). For example, the NaBH,-based thermal treatment
method was used to synthesize PdH, nanocrystals by Phan
et al>' Specifically, pre-synthesized Pd nanocrystals and
NaBH, were dispersed in tetraethylene glycol solution, in
which Pd further reacted with NaBH, during heating to form
PdH,. Compared with pure Pd nanocrystals, the PdH, samples
prepared at different temperatures (from 90 °C to 190 °C)
showed XRD peak shifts to lower 20 angles (Fig. 2A). It worth
mentioning that p-PdH, ; could be obtained from Pd nanocrys-
tals at reaction temperatures over 120 °C, while for bulk Pd,
complete conversion of Pd to p-PdH, ; occurred only at 190 °C.

Different from NaBH,, some organic molecules like DMF
and n-butylamine release H, by reacting with Pd surface to
finally form PdH,. Via the organic molecule-based thermal

This journal is © The Royal Society of Chemistry 2024
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method, shape-controlled synthesis of PdH, has been investi-
gated. For instance, PdH, 43 nanopolycrystals, nanotetrahedra
and nanocubes were synthesized by treating the corresponding
Pd nanocrystals in DMF solution at 160 °C for 16 h.>* All XRD
diffraction peaks of the three final PdH, 43 products shifted to
lower angles with respect to those of original Pd nanocrystals,
which proved the expansion of Pd lattice and successful incor-
poration of H atoms into Pd lattices (Fig. 2B-D). The PdH, 43
nanopolycrystals and PdH, 43 nanotetrahedra exhibited higher
catalytic activities than their counterparts in the methanol oxi-
dation reaction (MOR). Adopting the same two-step strategy,
PdH, nanodendrites were synthesized by heating the pre-pre-
pared Pd nanodendrites in DMF solution at 160 °C for 20 h.>?
Compared with commercial Pd nanocrystals and Pd nanoden-
drites, PdH, nanodendrites showed enhanced electrocatalytic
activities for both the formic acid oxidation reaction (FAOR)
and hydrogen evolution reaction (HER). The authors applied
theoretical analysis to show that PdH, may have weaker
binding energies of intermediate catalytic species and toxic CO
due to the ligand effect, which led to its higher catalytic
activity. Besides shape controlled PdH, nanocrystals with a
tunable H content of up to 0.43 have also been realized by the
organic molecule-based thermal method. For example, a series
of PdH, nanocatalysts with different H contents from 0.10 to
0.43 could be synthesized by heating the commercial Pd black
in n-butylamine from 80 °C to 200 °C.>* The authors supposed
that H, was released by n-butylamine, a process catalyzed via
Pd black. Then, H, was adsorbed and dissociated on the Pd
surface, enabling H diffusion into interstitial sites of the Pd
lattice. The lattice distance (0.23 nm) of H-incorporated Pd
(111) nanoparticle were directly observed by high resolution
TEM (HRTEM) to be larger than that of fcc Pd (0.22 nm)
(Fig. 2E), proving the successful incorporation of H with an
estimated content of 0.43.*®** Compared with commercial Pd
black and PdH, with other stoichiometries (0.10, 0.29, and
0.33), the PdH, 43 nanocatalysts showed lower overpotential,
higher mass activity and better catalytic stability towards
FAOR. The authors claimed that the excellent performance
could be attributed to the weakened binding interactions
between PdH, and reaction intermediates.

Another interesting aspect is to understand the phase trans-
formation behavior of PdH, nanocrystals. It is commonly
observed that the transformation of a-phase PdH, to f-phase
PdH,, starts from the nucleation of the p-phase at the vertices
of the nanocrystals, which then spreads to the whole nanocrys-
tal.>® However, the process is considered difficult because the
high energetic o/f phase interface is thermodynamically un-
favorable for the formation of PdH, with intermediate o/ ratios,
which often prevents the final formation of pphase PdH,.*®
Interestingly, a recent work reported a different transformation
pathway. Zhou et al. found that the morphology of Pd nano-
crystals could affect the transformation pathway of Pd to PdH,
when using N,H, as the H source.” They observed that the Pd
nano-icosahedron could transform into PdH, (0 < x < 0.7) via
a “single-phase pathway”, while Pd nano-octahedra with a
similar size experienced a “two-phase pathway” to PdH, (0 < x

Nanoscale, 2024, 16, 7841-7861 | 7843
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Fig. 2 (A) X-ray diffraction (XRD) patterns of lattice-engineered PdH, nanocrystals. Vertical dashed lines indicate the peak positions of Pd.
Reproduced with permission from ref 51 Copyright 2009, Royal Society of Chemistry. (B—D) Comparisons of transmission electron microscopy
(TEM) images and XRD spectra of PdHg 43 (B) nanopolycrystals, (C) nanotetrahedra, and (D) nanocubes before and after conversion. Reproduced
with permission from ref 23. Copyright 2015, American Chemical Society. (E) High resolution TEM (HRTEM) image of a typical PdHg 43 nanocrystals
showing larger lattice distances than Pd. Reproduced with permission from ref 53. Copyright 2017, Elsevier. XRD patterns of (F) Pd octahedral nano-
crystals and (G) Pd icosahedral nanocrystals after different treating times by N,H,4. The black and red dash lines indicate the positions of the peaks
associated with fcc-Pd and the p-phase PdHg 7, respectively. Reproduced with permission from ref 55. Copyright 2023, Wiley-VCH.

< 0.7) when treated by the same process. Specifically, the ana-
lyses of the XRD pattern showed that the Pd nano-octahedra
were o phase at the initial stage. As the N,H, treatment pro-
longed, a new (111); peak belonging to the B-phase PdH,,
appeared at around 38.8°, indicating that the o phase partially
converted to the f phase. The two phases coexisted throughout
the treatment, known as the “two-phase pathway” (Fig. 2F). As
for Pd nano-icosahedra, after treatment with N,H, for the
same period of time, the Pd (111); peak at about 39.84° from
Pd nano-icosahedra left shifted continuously (without splitting
into two peaks) until 38.46°, indicating that the PdH, icosahe-
dral nanocrystals experienced a “single-phase pathway”. The
H/Pd ratio increased with treatment time and reached 0.7.
(Fig. 2G). Note that the icosahedral Pd nanoseeds may possess
higher internal lattice strain than octahedral Pd, as indicated
by the broader and left-shifted XRD peaks (Fig. 2F and G),

7844 | Nanoscale, 2024, 16, 7841-7861

which may still be preserved after incorporating H. As a poss-
ible result, the PdH,; nano-icosahedra demonstrated higher
catalytic activity and better catalytic stability toward FAOR than
the PdH, > nano-octahedra.

While PdH, is the most reported noble metal hydrides,
recently, ambient-stable rhodium hydride (RhH) nanosheets
with around 1 nm thickness have been reported by Fan et al.**
Different from the preparation of PdH,, a one-pot solvothermal
method was applied to synthesize ultrathin RhH nanosheets
via reducing the Rh precursor in the mixed solution of n-butyl-
amine, formaldehyde, and benzyl-alcohol at 160 °C. Note that
n-butylamine, formaldehyde, and benzyl-alcohol could all
serve as the H source. The expanded lattice spacing of RhH
(2.36 A) than that of Rh (2.25 A) suggested the successful incor-
poration of H. The existence of H was confirmed by solid-state
1H nuclear magnetic resonance spectra and the atomic ratio

This journal is © The Royal Society of Chemistry 2024
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Rh/H was confirmed to be 1:1 by the well-fitted XRD pattern
with standard RhH. Compared with commercial Pt/C (30 mV)
and Rh nanosheets (57 mV), the RhH nanosheets exhibited
excellent HER performance with a lower overpotential (28 mV)
and better stability. Theoretical calculations showed that the
interstitial H atoms in RhH nanosheets can modulate the
adsorption energy of H intermediates and promote H, desorp-
tion to enhance HER activity.

Noble metal borides. B is located at the boundary between
metals and nonmetals in the periodic table, which is well-
known as a metalloid element with properties of both metals
and nonmetals. Due to the unique electronic structure and
small atomic radius of the B element, many different types of
noble metal borides have been successfully synthesized via wet
chemical methods by employing various B sources, including
dimethylamine borane (DMAB), borane tetrahydrofuran (BH;-
THF) and NaBH,.***”

Organic B sources, including DMAB and BH;-THF, are
stable and gentle B-releasing agents commonly used in
organic solvent-based synthesis.’®*° In 2009, Wang et al. first
developed a one-pot synthesis using DMAB to prepare B-doped
Pd nanoparticles supported on carbon powder (PdB,/C) in
alkaline aqueous solution.”® Importantly, in alkaline solutions,
DMAB could react with OH™ to generate BH3;OH™, which
further served as both a reductant and a B source to reduce Pd
() ions and then release B to form PdB,.*! The obtained PdB,/
C with 6.3 at% B content showed fcc Pd characteristic peaks
with left shifts in the XRD pattern, indicating the expanded
lattice distance in PdB,/C due to the incorporation of B atoms.
PdB,/C showed enhanced activity and durability in catalyzing
the formic acid electro-oxidation reaction than commercial Pd/
C due to the electronic modification effect of B atoms. Then,
the same group further expanded the application of the cata-
lyst and applied the catalyst for formic acid decomposition
reaction.>* Compared with commercial and homemade Pd/C,
PdB,/C showed a much higher activity toward H, production,
possibly because the enlarged Pd lattice in PdB, (Fig. 3A)
enhanced the adsorption of formate ions to reduce the acti-
vation energy of formic acid dehydrogenation. Due to the
strong reduction ability of DMAB, the growth process is
thermodynamically controlled, resulting in less morphology
control of most reported PdB, nanomaterials.®*** Therefore,
other strategies, such as adding surfactants to control the reac-
tion kinetics or adopting a two-step method to separate the
nanocrystal growth and doping processes, have been devel-
oped to prepare PdB, nanocrystals with controlled mor-
phologies, such as nanowires and  mesoporous
nanospheres.®>°® Recently, platinum (Pt) boride nanoparticles
supported on carbon black (PtB,/C) have also been reported by
using DMAB as the reductant and the B source.®® The content
of B in PtB,/C detected by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was around 6.6 at%, causing
around 2% expansion of the Pt lattice in the XRD pattern.
HRTEM also directly observed the slightly larger lattice dis-
tance of (111) in Pt-B/C (0.231 nm) than that in Pt/C
(0.227 nm). Notably, as the oxygen reduction reaction (ORR)

This journal is © The Royal Society of Chemistry 2024
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catalyst in the single H,-O, fuel cell, the maximum power
density of PtB,/C was 1.24 times as high as that of Pt/C.
Besides DMAB, BH;-THF is another organic B source.®”®
Since BH;-THF is liquid, it can serve as both a B source and
solvent during the B doping process. For instance, Chan et al.
reported PdB,/C with a high content of B (up to 20 at%) by
heating Pd/C and BH;-THF in a THF solution at 100 °C for 1 h
under a H, atmosphere.®” During heating, BH;-THF would
decompose to B,Hg, catalyzed by Pd/C, and further release B
atoms.'* After doping, the obtained PdB,/C maintained the fcc
phase with 3.6% lattice expansion. EXAFS data showed that
the insertion of B clearly led to an increase of the average Pd-
Pd distance. Compared with Pd/C, PdB,/C displayed much
enhanced selectivity (98%) for partial hydrogenation of
3-hexyn-1-ol to cis-hexen-1-ol without over-hydrogenation pro-
ducts. Theoretical calculations showed that B atoms could
occupy the H adsorption sites on the Pd surface and reduce
undesirable over-hydrogenation.

As an inorganic boronizing reagent, NaBH, is a powerful
B-source to synthesize a wide range of noble metal
borides.®*”* For instance, Li et al developed a one-pot
method to prepare PdB, nanomaterials with different B con-
tents in DMF solution, with NaBH, serving as both a reductant
and a B source (Fig. 3B).*” In DMF solution, NaBH, can be dis-
sociated into Na' and BH,~, due to the relatively strong sol-
vation of Na* by DMF molecules.”” Then, relatively stable BH,~
in the polar aprotic solvent such as DMF further was used as a
reductant and dopant to synthesize PdB, nanomaterials. The
content of B could be tuned by changing the reaction time and
NaBH, concentration. PdB, with the largest B content (20 at%)
showed an apparent peak shift than pure Pd (Fig. 3C).
Importantly, with the increase of the B content, the ORR
activity of PdB, was gradually enhanced. Besides PdB,, NaBH,
could be used to synthesize other noble metal borides. For
example, Li et al. prepared trace B-doped osmium (Os) (B-Os)
aerogel in aqueous solution using NaBH, as a reductant and a
B source.” XRD pattern and aberration-corrected HAADF
STEM confirmed that the B-Os aerogels showed an enlarged
lattice distance than pure hexagonal-close-packed (hcp) Os,
attributed to the insertion of B atoms. The resultant B-Os aero-
gels demonstrated excellent HER catalytic activity in pH-uni-
versal electrolytes. The authors claimed that the strong elec-
tronic interaction between B and Os atoms could reduce the
dissociation energy barrier of H,O and H absorption energy to
promote HER activity. In addition, the B-doped rhodium (Rh)
aerogel was also reported via one-pot synthesis by applying
NaBH, as the reductant and B source.”® In addition to the
abovementioned one-pot methods, Duan et al. reported a two-
step method to synthesize B-doped iridium (Ir) nanosheets
(IrB NSs) supported on nickel (Ni) foam by using NaBH, as the
B source.”* Ir NSs on the Ni foam support were first prepared
by reducing IrCl;. The Ir NSs/Ni form was then boronized in
NaBH,-H,O solution in an ice bath for 5 h. After B doping,
lattice spacing on the (111)¢ crystal plane of IrB NSs was
0.225 nm, larger than that of pure Ir (0.218 nm) (Fig. 3D and
E). Moreover, the main diffraction peak, (111); of IrB NSs

Nanoscale, 2024, 16, 7841-7861 | 7845
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Fig. 3 (A) XRD patterns for PdB/C, commercial and homemade Pd/C. Reproduced with permission from ref 59. Copyright 2018, American
Chemical Society. (B) Illustration of the synthesis procedure and formation mechanism of Pd,B/C. (C) XRD patterns of B-Pd/C and Pd/C.
Reproduced with permission from ref 69. Copyright 2017, American Chemical Society. HRTEM images of (D) Ir and (E) IrB nanosheets. Reproduced
with permission from ref 74. Copyright 2023, Elsevier. (F) XRD pattern of PdCq 15 nanocubes. Reproduced with permission from ref 24 Copyright
2019, Royal Society of Chemistry. (G) XRD pattern of Ir@PAH metallene. Reproduced with permission from ref 86. Copyright 2022, Wiley-VCH.

slightly shifts to a lower angle region compared with that of Ir
NSs, indicating the B doping induced expansion of Ir-Ir inter-
planar spacing. Compared with Ir NSs, IrB NSs showed
enhanced performance for the HER and hydrazine oxidation
reaction.

Noble metal carbides. As one of the cheapest elements, C has
attracted increasing attention for alloying metals to modify
their physical, chemical, and mechanical properties.”>”” For
example, inserting trace amounts of C into the iron lattice
could make steel harder and stronger. However, only a few
efforts in the past were made to develop noble metal carbides,
especially by the wet chemical method, likely due to the often-
harsh synthesis conditions to obtain noble metal carbides.”®”°
For instance, Guo et al. reported a series of fcc PdC, nano-
cubes with tunable C/Pd ratios from 0.04 to 0.18 by heating
the as-synthesized Pd nanocubes with a-p-glucose in oleyl-

7846 | Nanoscale, 2024, 16, 7841-7861

amine under 200 °C for different lengths of time.** During
heating, C atoms released by a-p-glucose would diffuse into
interstitial sites of the Pd lattice. The resultant PdC, ;3 had a
larger lattice fringe of (200); plane (0.2 nm) than that of pure
Pd (0.19 nm) as suggested by the XRD patterns (Fig. 3F). In the
alkyne semihydrogenation reaction, PdC,;s hanocatalysts
exhibited higher selectivity (>99%) towards alkenes compared
with pure Pd and PdC, with other stoichiometries, due to the
higher desorption rates of alkenes on the PdC, ;5 surface evi-
denced by the Fourier transform infrared spectroscopy. Except
for Pd, the insertion of C atoms in the gold (Au) lattice can
also enhance the catalytic performance in the hydrogenation
reaction.®® Sun et al prepared C-doped Au (C-Au) nano-
particles supported on ordered mesoporous carbon by a hydro-
thermal method.*® The authors supposed that the added phe-
nolic resins and triblock copolymer would decompose during
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heating to small molecules like CH,4, and these monoatomic C
precursors could accelerate the diffusion of the C adatom into
the Au surface. The enlarged lattice distance of the Au (111)¢
plane was confirmed by aberration-corrected HAADF-STEM
images, suggesting the interstitial occupation of C atoms. The
C-Au nanocatalyst demonstrated a threefold increase in the
turnover frequency (TOF) and superior chemoselectivity
(>99%) for 3-vinylaniline in the hydrogenation of 3-nitro-
styrene, surpassing the undoped Au/TiO, catalyst. Theoretical
calculations suggested that interstitial C atoms could reduce
the dissociation energy barrier of H, and promote the perpen-
dicular adsorption of nitro groups on the C-Au surface,
thereby enhancing the selectivity towards 3-vinylaniline.

Noble metal nitrides. Metal nitrides are non-stoichiometric
and interstitial nanocompounds with metallic properties.'®®!
N generally tends to incorporate into the interstitial sites in
metal lattices with different stoichiometries and endow metals
with unique properties like high structural stability under
harsh conditions,® superior electrical conductivities,®* and
high melting point.®* However, the synthesis of metal nitrides,
especially noble metal nitrides, usually requires extreme con-
ditions like high pressure (above 58 kPa) and high tempera-
ture, due to the unreactive N source and high metal-N bond
formation energy.'>®> Thus, there are a few reports of noble
metal nitrides synthesized by the wet chemical method. In a
recent work, Deng et al. reported ultrathin Ir@Poly (allylamine
hydrochloride) (PAH) metallene nanosheets with a lateral
dimension of about 100 nm by heating the IrCl;, PAH and
HCOOH in deionized water at 95 °C for 4 h.*® Energy disper-
sive X-ray (EDX) elemental mapping proved that the N element
from PAH mainly distributed in the exterior of the Ir@PAH
metallene. In addition, the XRD pattern (Fig. 3G) showed that
all diffraction peaks of Ir@PAH metallene nanosheets left
shifted to a lower degree compared with those of fcc Ir. The
lattice expansion in Ir@PAH metallene could be a combined
result of N insertion and PAH-induced Ir surface hydroxy-
lation. In EXAFS spectra, extra signals of Ir L;-edge in Ir@PAH
metallene were observed, from which the Ir-N bonding could
be derived with a bond length of around 2.13 A. Compared
with Ir nanosheets and commercial Pt/C, Ir@metallene exhibi-
ted better electrocatalytic activity and more robust stability for
the HER in an acidic medium. The authors suggested that
PAH molecules can optimize the electronic structure of Ir
metallene due to strong N-Ir interaction and help Ir capture H
ions to form proton-rich intermediates, which is favorable for
the HER in an acidic environment.

Noble metal phosphides. Different from the above-mentioned
light nonmetal elements with small atomic radii (including H,
B, C, and N), P has a larger atomic radius and can either
occupy the interstitial sites of the host metal lattice or partially
substitute host metal atoms.">'*®” The replacement/insertion
of P into noble metals will affect their electronic structures
and therefore physicochemical properties.'* This section
mainly discusses the lattice strain effect on the host metals
that originated from P incorporation and its impact on their
catalytic performances in chemical reactions."**> For instance,
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Guo et al. developed three kinds of ultrathin Pd phosphide
(PdP,) nanosheets exposed with different low-index facets
({100}, {110} and{111}) by using different surfactants,
employing sodium hypophosphite (NaH,PO,) as the P source
(Fig. 4A).%® Fig. 4B-D illustrate the typical TEM and XRD
characterization of the PdP, nanosheet in the case of exposing
{100} facet. According to the XRD results (Fig. 4D), PdP,
nanosheets with a {100} basal plane exhibited typical fcc diffr-
action peaks and were left-shifted compared with the standard
Pd peaks, indicating that tensile strain was induced after the
introduction of P element. PdP, nanosheets with the {110}
and {111} basal planes also exhibited similar lattice expansion
(Fig. 4A). High-resolution X-ray photoelectron spectroscopy
(XPS) showed that there exists charge transfer between Pd and
P. Thanks to such reconstruction of electronic configuration by
P doping, specific activity of PdP, nanosheets with {100}
exposed facets was as high as to 172.2 mA cm™ towards the
ethanol oxidation reaction (EOR), much higher than that of
commercial Pd/C catalysts (30.8 mA cm™?). As an alternative to
the inorganic P source, such as NaH,PO,, organic compounds
may also provide P during the wet chemical synthesis. Guo
et al. designed a phosphorization treatment to synthesize Pt
phosphide (Pt,P) nanoparticles by treating Pt nanocubes with
tri-n-octylphosphine (TOP) at 300 °C for 3 hours through a
surface atomic diffusion process.®® The morphology changed
from a cubic to spherical shape (Fig. 4E) after the introduction
of P. HRTEM image of a single Pt,P nanoparticle along the
[011]¢ zone axes demonstrated the interplanar distance of the
(111) facet to be 0.27 nm (Fig. 4F), larger than that of metallic
Pt (111). In addition, the XRD pattern indicated that the as-
prepared Pt,P possessed the fcc phase with a noticeable peak
shift to lower angles due to P insertion (Fig. 4G). In the ORR,
the Pt,P catalyst showed 10.3 times enhanced mass activity
compared to the commercial Pt/C catalyst. In addition to the
lattice expansion of noble metals caused by P insertion, lattice
shrinkage could also be induced by partially replacing noble
metal atoms with P. For instance, Mao et al. synthesized Rh
phosphide (RhP,) mesoporous nanoparticles by reducing pot-
assium hexachlororhodate(u) (K,RhCls) and sodium hypopho-
sphite (NaH,PO,) via a wet chemical method. The XRD peak of
RhP, is slightly right-shifted compared with that of Rh nano-
crystals, indicating the shrinkage of the lattice in RhP,
ascribed to the doping of P.”

2.1.2. Lattice symmetry engineering. In section 2.1.1, we
introduced that the incorporation of light nonmetal elements
could tune the local lattice distance of the host noble metal
and induce strain. In addition to that, introducing light non-
metal elements could also directly alter the host metal lattice
symmetry via forming a new crystal structure or even a highly
disordered amorphous phase (Fig. 1B). As is known, noble
metals naturally crystallize in close-packed structures.
Specifically, the thermodynamically stable phase of bulk-size
Pd, Pt, Ir, Rh, silver (Ag), and Au is fcc while the thermo-
dynamically stable phase of ruthenium (Ru) and Os in bulk is
hcp. Many efforts have been made to transform the conven-
tional phases of noble metal nanomaterials into their uncon-
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Fig. 4 (A) Schematic illustration of the growth mechanism for three types of PdP, nanosheets with different exposed PdP, facets, namely {100};,
{110}, and {111};. (B) HRTEM image, (C) the corresponding Fourier diffractogram, and (D) XRD patterns of PdP, nanosheets with the {100} facet.
Reproduced with permission from ref 88. Copyright 2022, American Chemical Society. (E) Low-magnification TEM image of Pt,P nanocrystals. (F)
HRTEM image of a single Pt,P nanoparticle. Inset: the corresponding fast Fourier transformation (FFT) pattern. (G) XRD patterns for Pt,P and Pt.
Reproduced with permission from ref 89. Copyright 2019, American Chemical Society.

ventional ones to promote their catalytic properties.'®'%91:%2

The insertion of light nonmetal elements provides a strategy to
achieve the phase (or lattice symmetry) transformation of noble
metal nanomaterials via forming noble metal-based nanocom-
pounds. In this section, some representative works about wet
chemical lattice symmetry engineering of noble metal-based
nanomaterials will be discussed. Note that for noble metal
hydride nanomaterials, no wet chemical method has been
reported to date, except one interesting report that observed
H-induced fcc-to-hcp transformation of Pd nanocrystals in a
liquid cell TEM.** The following paragraphs in this section focus
on other types of noble metal-based nanomaterials.

Noble metal borides. In section 2.1.1, we summarized the
recent works to prepare fcc PdB, nanomaterials by the wet
chemical method. However, previous attempts could only
achieve low B contents (<20 at%) and maintain the fcc Pd
lattice.®”®® Density functional theory (DFT) calculations
showed that on further increasing the B content in the PdB,
compound, the hcp Pd,B phase could become thermo-
dynamically stable.”® In 2017, Kobayashi et al. successfully pre-
pared the first hep Pd,B nanocrystals by inserting higher
content of B atoms (~35 at%) into as-synthesized fcc Pd nano-

7848 | Nanoscale, 2024, 16, 7841-7861

cubes in BH;-THF solution below 80 °C for 6 days (Fig. 5A).%®
The novel hep structure of Pd,B was confirmed by the synchro-
tron powder XRD and aberration-corrected HAADF-STEM,
where the Pd atoms showed characteristic hcp packing
sequence of ABAB along the diagonal direction (Fig. 5B and
C). In addition, electron-energy loss spectroscopy (EELS)
demonstrated the homogeneous distribution of B atoms in the
Pd lattice. Different from the synthesis method reported by
Kobayashi et al.,’® Chen et al. used DMAB as the B source to
synthesize hcp Pd,B nanosheets via heating DMAB and fcc Pd
nanosheets in DMF solution at 120 °C with a shorter time
(only 2 h).”> The authors further used DFT calculations to
study the mechanism of B insertion into the Pd lattice and
proposed that the insertion of B was accompanied by a layer-
by-layer transition of the Pd lattice symmetry from fcc to hep.
Moreover, compared with fcc Pd, fcc PdB, and fcc/hep PdB,,
Pd,B with a pure hcp structure showed the best HER perform-
ance, due to the decreased formation energy of H, caused by
the formation of the hcp phase. In the above two cases, B
atoms are randomly distributed in the Pd lattice. Lv et al.
reported hcp Pd,B mesoporous nanocrystals with ordered
sequences of Pd/B atoms (hcp-mesoPd,B-0) using DMAB as

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Schematic illustration of structure rearrangement of Pd NCs induced by heavy B doping. (B) Aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) image of hcp Pd,B nanocrystal and (C) magnified image of the rectangular
region in (B). The bright dots correspond to Pd atoms. Reproduced with permission from ref 68. Copyright 2017, Wiley-VCH. (D) Schematic diagram
of the atoms of the RuB aerogel when the concentration of the B source, was increased from 50 to 500 mM. (E) XRD patterns for a/c-RuB, a-RuB
and c-RuB aerogels. Reproduced with permission from ref 97. Copyright 2023, Wiley-VCH. (F) lllustration of the synthesis of Rh,C nanocrystal.
TCNE: tetracyanoethylene. (G) Aberration-corrected HAADF-STEM image of the Rh,C nanocrystal along the [100] zone axis. Reproduced with per-
mission from ref 99. Copyright 2020, American Chemical Society. (H) XRD patterns of Pd nanocubes (blue line), Pd,;N nanocrystals (black line), and
Rietveld refinement of Pd,N nanocrystals. The red and green lines showed the calculated curve and the difference plot, respectively. Reproduced
with permission from ref 106. Copyright 2021, Royal Society of Chemistry.

the B source.’® By gradually increasing the reaction tempera-
ture, lattice evolution from fcc mesoPd to fcc-mesoPdsB
(100 °C), hcp-mesoPd,B-r (140 °C) with randomly distributed
B, and finally hcp-mesoPd,B-o (160 °C) with atomically
ordered B was achieved. The hcp-mesoPd,B-o showed faster
full conversion (~80s) to the reduction of p-nitrophenol than
fcc-mesoPdsB (~105s) and Pd black (~235s).

Doping with B could also lead to the lattice distortion of
the noble metal to eventually form amorphous structures.”"*”
For example, amorphous RhB and amorphous/fcc heterophase
RhB metallene were synthesized by mixing the crystalline fcc
Rh metallene with NaBH, dissolved in DMF solution in an ice
bath.”" The crystallinity of RhB metallene could be tuned by
the length of the boronization time, resulting in the formation
of amorphous/fcc heterophase RhB (8 h) and amorphous RhB
(16 h). No lattice fringe, diffusion ring, or diffraction peak
could be observed in HRTEM, selected area diffraction (SAED)
or XRD results, respectively, confirming the absence of crystal-

This journal is © The Royal Society of Chemistry 2024

line structures in RhB. Due to the abundant phase boundaries
in amorphous/fcc heterophase RhB metallene, it showed
improved activity toward both the HER and H,0, electrooxida-
tion reaction as compared to crystalline fcc Rh metallene and
amorphous RhB metallene. Recently, the same research group
developed a general method to synthesize a series of amor-
phous/crystalline heterophase metal boride aerogels (RuB, PtB,
PdB, and RhB) by reducing metal precursors with NaBH,.® In
particular, the crystallinity of the RuB aerogel could be con-
trolled by the concentration of NaBH, (Fig. 5D). When the con-
centration of NaBH, was as high as 500 mM, an amorphous
RuB aerogel could be obtained (Fig. 5E). The HER activity of
the amorphous/crystalline heterophase RuB aerogel under
alkaline conditions was superior to Pt/C, amorphous RuB, and
crystalline RuB, owing to the most abundant catalytic sites in
the amorphous/crystalline heterophase structure.

Noble metal carbides. C could form various carbides with
non-noble metals and change their lattice symmetry, such as

Nanoscale, 2024, 16, 7841-7861 | 7849
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tungsten carbide (WC),”> iron carbide (Fe;C),”® and cobalt
carbide (Co,C).””°® However, noble metal carbides have not
been observed in bulk size.’® As for noble metal carbides,
although PdC,>* and AuC,*° nanocrystals have been syn-
thesized as introduced in section 2.1.1, the lattice symmetry of
Pd and Au in the noble metal carbides still maintained the fec
phase, probably due to the low C content. Recent studies
showed that it is possible to change the lattice symmetry of
noble metals in noble metal carbides when the C content
increases, which showed enhanced catalytic performance than
their parent metal counterparts.’”'®® For example, Wakisaka
et al. reported a novel rhodium carbide (Rh,C) nanocrystal
with an orthorhombic phase by a liquid-phase synthesis
(Fig. 5F).°° Naturally, the lattice symmetry of Rh is highly sym-
metric fce. Interestingly, due to the existence of interstitial C
in the Rh lattice, the Rh atoms in Rh,C had a hcp-like packing
sequence and showed ABAB packing sequence along the [001]
zone axis (Fig. 5G). The authors proposed that the organic
oxidant, tetracyanoethylene, served as a C source and gradually
decomposed to release C atoms during heating. fcc Rh nano-
crystals were obtained without adding tetracyanoethylene.
Synchrotron PXRD and NPD were performed to confirm the
position of C atoms and the ratio of Rh to C. Both patterns
fitted well with the hypothetical patterns of Rh,C with the
orthorhombic phase. Moreover, the orthorhombic phase Rh,C
nanocatalysts demonstrated higher HER performance than
their fcc Rh counterpart in alkaline solution due to the unique
packing sequence of Rh and the alloying effect of C. In
another recent work, Cao et al. developed another strategy to
synthesize orthorhombic phase RhC, nanomaterials via redu-
cing the Rh precursor in a mixture of formaldehyde and oleyla-
mine under 200 °C."°° The Rh lattice symmetry was trans-
formed from fcc to an orthorhombic structure when half of
the lattice octahedral sites were occupied by C atoms, which
was confirmed by NPD. The existence of C atoms was further
confirmed by low-frequency Raman spectral characterization.
Interestingly, the same approach was further extended to
insert C atoms into commercial fcc Rh black, leading to partial
transformation into the orthorhombic RhC, phase. Compared
with its fcc Rh counterpart, the RhC, nanocatalysts exhibited
enhanced selectivity and activity toward the electrocatalytic
EOR. The authors supposed that electronic and geometric
effects induced by C insertion could decrease the energy
barrier of the dehydrogenation step in the EOR and suppress
side reactions, resulting in enhancement in both activity and
selectivity.

Noble metal nitrides. Previous studies have shown that lattice
symmetry engineering of metal nitrides could be achieved by
the CVD method, in which the metal nitrides were prepared
via the reaction between metal/metal precursors and ammonia
gas (NH;),"°"'% as well as using the magnetron sputtering
method.' In comparison, wet chemical synthesis was less
reported. In 2011, Wu et al. successfully prepared the first tran-
sition metal nitride, ie., cubic CuzN nanocrystals by a wet
chemical technique.'®® However, there are limited reports on
the synthesis of noble metal nitrides with novel crystal struc-

7850 | Nanoscale, 2024, 16, 7841-7861

View Article Online

Nanoscale

tures by the wet chemical method due to the inert nature of
both the noble metal and the N-N triple bond. Recently, Guo
et al. reported a facile hydrothermal method to synthesize a
series of PdN, nanocubes with controllable stoichiometries
(PdNy. o8, PANy 15, PANg 56, PdNy 35, and Pd,N) by heating urea,
PVP and pre-prepared Pd nanocubes in deionized water at
180 °C for 1 h."°® During heating, the decomposition of urea
could release N atoms, which further diffused into the Pd
lattice. Interestingly, on inserting more N atoms into the Pd
lattice and reaching an N/Pd ratio of 0.5, the fcc Pd nanocubes
transformed into tetragonal phase Pd,N nanocubes (Fig. 5H).
In XPS, an extra peak of N 1s can be observed at 397.3 eV in
the spectra for Pd,N nanocubes, indicating the presence of the
Pd-N interaction. The enlarged lattice fringes of (100) (2.04 A)
for Pd,N measured b HRTEM also confirmed that N atoms
diffused into the Pd lattice. Compared with undoped Pd/C and
fcc PN, with other stoichiometries, the tetragonal Pd,N
exhibited much higher activity for the ORR under alkaline con-
ditions. The authors believed that catalytic activity for the ORR
in an alkaline medium were enhanced with an increasing
N/Pd ratio in PdN, nanocatalysts. The introduction of N atoms
into Pd lattices could downshift the d-band center of Pd and
weaken the binding interaction between the Pd surface and
the adsorbates. The excellent catalytic performance could also
be attributed to the unique polycrystalline structure of tetra-
gonal Pd,N. Cao et al. reported an AgN;-catalyzed hydroazida-
tion reaction of terminal alkynes in which AgN; was converted
from Ag,CO; during the reaction and simultaneously proved to
be a robust catalyst."”” The authors supposed that Ag,CO; was
quickly and completely converted to AgN; during the hydroazi-
dation reaction of p-tolylacetylene. The fast conversion of
Ag,CO; to AgNj; took place within 5 min, as reflected by the
pure orthorhombic AgNj; diffraction peaks in the XRD pattern.
This work provided a novel and facile preparation strategy for
the design and preparation of noble metal-based catalysts for
organic reactions.

Noble metal phosphides. When alloying nonmetal elements
with larger atomic radii, such as P, it is easier to change the
original crystal symmetry of the host noble metal by forming
metal phosphide compounds.'® Different lattice symmetries
and varying P contents can modify physicochemical properties
of noble metal phosphides.”® To date, many types of noble
metal phosphides, including RhP,,'%*'"" Rup,>"'>!"3
Pdp,," 1157117 and Au,P;,''® have been synthesized by the wet
chemical method. For example, Wang et al fabricated
wrinkled Rh,P nanosheets by heating as-prepared fcc Rh
nanosheets in tri-n-octylphosphine solution.'°® The phosphat-
ing reaction occurred through the thermal decomposition of
tri-n-octylphosphine. The wrinkled morphology of the Rh,P
nanosheets and the elemental mapping of Rh and P was con-
firmed by TEM and EDX (Fig. 6A). The ratio of Rh to P was esti-
mated to be ~2:1 (Fig. 6B). The XRD pattern of the sample
matched well with that of cubic phase Rh,P (Fig. 6B).
According to the XPS spectrum of Rh 2d, Rh in Rh,P showed a
slightly positive valence state. The wrinkled Rh,P nanosheets
exhibited better HER activity with an overpotential of 18.3 mV

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A) HAADF-STEM image of wrinkled Rh,P nanosheets and energy dispersive X-ray (EDX) elemental mappings of Rh and P. (B) XRD pattern
and EDX spectrum of Rh,P nanosheets. (C) The comparison of active current density of wrinkled Rh,P, Rh nanosheets and Pt/C for the hydrogen
evolution reaction (HER) in 0.1M KOH solution. Reproduced with permission from ref 108. Copyright 2018, Wiley-VCH. (D) TEM image and (E) XRD
pattern of the PtsP,/C catalyst. (F) The comparison of mass activity of PtsP,/C, commercial Pt/C, and PtRu/C catalysts for the methanol oxidation
reaction (MOR) in 0.5 M H,SO,4 solution containing 1.0 M CHzOH. Reproduced with permission from ref 119. Copyright 2020, Royal Society of
Chemistry. (G) TEM image of amorphous PdP alloy nanoparticles (a-PdPg ;). Inset: the corresponding selected area electron diffraction (SAED) pat-
terns showing no obvious diffraction spots. (H) XRD patterns of a-PdPg; and crystalline Pd nanoparticles (c-Pd). (I) Comparison of electrochemical
performances of a-PdPg 3 and c-Pd in the ethanol oxidation reaction. Reproduced with permission from ref 125. Copyright 2022, Royal Society of

Chemistry.

at a current density of 10 mA cm™>, much lower than commer-

cial Pt/C (58.4 mV) and Rh nanosheets/C (68.9 mV) (Fig. 6C).
In addition to the HER, noble metal phosphides have also
been highly catalytically active toward the MOR. Li et al. devel-
oped a strategy to synthesize monodisperse PtsP, nano-
particles (Fig. 6D), which could serve as a MOR electro-
chemical catalyst."'® In the synthesis process of PtsP, nano-
particles, a mixed aqueous dispersion of carbon black, sodium
hypophosphite, and dibasic sodium phosphate (P sources) was

This journal is © The Royal Society of Chemistry 2024

first prepared, followed by adding chloroplatinic acid hexa-
hydrate (H,PtCls-6H,0) as the Pt sources. The final product
was obtained after heat treatment at 125 °C under reflux for
4 h. The diffraction peaks of pre-obtained PtsP, nanoparticles
were indexed into the monoclinic phase of the PtsP, nanocrys-
tal, and the fcc Pt characteristic peaks could not be observed
in the XRD pattern, confirming the full phosphorization of Pt
(Fig. 6E). In the MOR test, the mass activity of Pt;P, (3.60 A
mgp ') was found to be 11.0 and 9.1 times better than those
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of commercial Pt/C (0.33 A mgp, ') and PtRu/C (0.39 A mgp; ')
(Fig. 6F), which indicated that the MOR kinetics may be accel-
erated on the Pt;P, surface. Besides, the introduction of P
atoms can also lead to lattice distortion of the original metal
lattice to form amorphous materials, which are promising
catalyst materials due to their abundant random directional
bonds, surface unsaturated atoms, and abundant
defects.’®*2* One possible mechanism for the formation of
amorphous noble metal phosphides is the simultaneous
diffusion of the P element into the interstitial and substitu-
tional positions of host metal lattice, destroying the previous
long-range order of the crystal structure.'*'*>'?* Zhang et al.
successfully prepared amorphous PdP (a-Pd) nanoparticles
with enhanced EOR performance in comparison with crystal-
line Pd nanoparticles (c-Pd)."*> The well-dispersed a-Pd nano-
particles (Fig. 6G) were synthesized by the reduction of the Pd
salt in the mixture solution of TOP and oleylamine. The XRD
pattern of a-PdP confirmed the amorphous structure, while
clear diffraction peaks were observed in the XRD pattern of
c-Pd nanoparticles (Fig. 6H). As for the EOR performance,
a-PdP showed high reactivity of 4851 mA mg™" at 0.75 V, which
was higher than those of ¢-Pd and commercial Pt/C catalysts in
Fig. 61. The discovery of this process has important guiding
significance for precious metal phosphorization, promoting
nano-structural diversification.
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Noble metal sulfides. Similar to P, incorporating S into noble
metals can also significantly alter the crystal lattice of the host
metal via the formation of noble metal sulfides. Theoretical
studies have shown that electron transfer between d orbitals of
precious metals and p orbitals of S can greatly adjust the
electrocatalytic performance of noble metal sulfide
catalysts.'>'**>%” Motivated by such an advantage, numerous
endeavors have been dedicated to the controlled synthesis of
noble metal sulfide nanomaterials."**"*** Among the synthetic
methods of noble metal sulfides, one-step synthesis is the
most direct and efficient way. For instance, Du et al syn-
thesized monodisperse palladium sulfide (Pd,S) nanoparticles
through a simple one-pot method."*® To be specific, the as-
synthesized Pd,S was obtained by heating Pd(acac), and S
powder in oleylamine at 320 °C via a one-pot sulfurization
process. Monodisperse Pd,S nanoparticles had a uniform size
distribution of about 10 nm (Fig. 7A), and the lattice spacing
of Pd,S nanoparticles are 0.21 and 0.36 nm (Fig. 7B), which
matched well with the (211) and (110) planes of the tetragonal
Pd,S nanocrystal. In the alkaline solution, the as-obtained
Pd,S/C catalyst exhibits good ORR performance, better than
commercial Pt/C illustrated in Fig. 7C. In addition to the one-
pot method to obtain noble metal sulfides, researchers also
developed multi-step wet chemical methods, including tem-
plate-assisted**'*> and cation displacement methods."**>™"*”

O
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Fig. 7 (A) Low-magnification TEM and (B) HRTEM images of Pd4S nanoparticles. (C) Comparison of oxygen reduction reaction (ORR) performances

of the Pd,S/C and commercial Pt/C catalysts. Reproduced with permission from ref 130. Copyright 2018, American Chemical Society. (D)
HAADF-STEM image, EDX element mappings, and X-ray diffraction pattern of Pd;¢S; nanosheets prepared by cation exchange from the Cu,S, tem-
plate. Reproduced with permission from ref 135. Copyright 2022, Nature Publishing Groups. (E) Schematic illustration of the formation of hollow
Rh,S3 catalysts. TEM and HRTEM images of the (F) top-view and (G) side-view of Rh,Ss hollow structures. Inset: corresponding FFT patterns.
Reproduced with permission from ref 136. Copyright 2016, Royal Society of Chemistry.
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Here, we only discuss a few representative reports. Park et al.
have illustrated the synthesis of core@crown Cu;g;S@IrS,
hexagonal nanoplates via a template-assisted method."*” To
prepare this core@crown structure, pre-obtained Cu, gS nano-
plates were dispersed in oleylamine, followed by adding
iridium acetylacetonate and heat treatment at 240 °C for 0.5 h.
As triclinic Cuy g;S and orthorhombic IrS, have similar sulfur
sublattices, epitaxial interfaces may be formed with IrS,
crowns at the Cu, g;S surfaces. In one systematic experimental
study of the cation exchange method, Feng et al. developed a
general synthesis strategy to prepare a library of noble metal
chalcogenides using Cu chalcogenides as a sacrificial template
for subsequent cation displacement.’*® For example, two-
dimensional Pd;sS; nanosheets were synthesized by cation
exchange from Cu,S, with the presence of ethylene glycol. The
complete transformation of Cu,S, into Pd;sS; was confirmed
by XRD patterns and element mappings (Fig. 7D). Since both
template synthesis and cation exchange can effectively control
the shape and crystal facet, more efforts have been made to
combine these methods for more diversified noble metal
sulfide nanostructures. For example, Yoon et al reported
hollow rhodium sulphide (Rh,S;) nano-prisms as a HER cata-
lyst with excellent catalytic activity and long-term durability.*®
As shown in Fig. 7E, the hollow Rh,S; nanoplate was obtained
by etching Cu;.94S@Rh,S; core-shell structures, which were
first prepared by one-pot heating of copper(i) thiocyanate and
Rh(acac); mixture. The whole process was believed to combine
cation exchange, galvanic replacement, and the Kirkendall
effect. The hexagonal faces of the orthorhombic Rh,S; nano-
prisms were assigned to {110} facets (Fig. 7F and G), and it was
found that the six sides of hexagonal nanoprisms are {211}
facets through HRTEM and FFT images. The Rh,S; catalyst
exhibited excellent stability after 10 000 cycles under strongly
acidic conditions. This combination of multiple synthetic
strategies greatly expanded the variety of complex sulfide nano-
structures that could be designed and fabricated, providing
novel electrochemical catalysts for advanced catalysis such as
carbon dioxide electroreduction (CO,RR).

In addition, S doping into the noble metal could also cause
heavy lattice distortion that may inevitably induce the recon-
struction of the original electron configuration and generate a
disordered lattice. For example, Xu et al. devised a way to
prepare amorphous RusS, (a-RuS,) nanoparticles dispersed on
carbon spheres via a one-pot solvothermal method."*® To be
specific, the a-RuS, nanoparticles could be formed by the
reduction of ruthenium(m) chloride trihydrate and r-cysteine
(as the S source) in the aqueous dispersion of hollow carbon
spheres at 160 °C for 9 h. The prepared a-RuS, nanoparticles
with a diameter of 2.6 nm were distributed uniformly on the
carbon framework, which were beneficial for exposing more
active sites and improving atomic utilization, enhancing the
electrocatalytic HER. In addition to the direct one-pot method,
amorphous noble metal sulfides can also be obtained by sul-
furization progress in multiple steps. For instance, Xie et al.
prepared amorphous S-doped Pd metallenes via a two-step
solvothermal method."*® The Pd metallenes were first pre-
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pared and re-dispersed in oleylamine containing S powder
under heat treatment at 210 °C for 1 h. After sulfurizing Pd
metallene, the amorphous structure could be obtained, as no
lattice fringes or diffraction peaks were observed in HRTEM
images and XRD results, respectively. In the MOR, the amor-
phous S-Pd metallene catalyst showed better reaction activity
compared with commercial Pd/C and Pt/C catalysts.

2.2. Indirect lattice engineering of
noble metal-light nonmetal
nanocompounds

Besides directly inserting foreign elements, we can also utilize
a coherent metal-metal interface and engineer the lattice
strain indirectly. For example, building core-shell structures
has been proven as an effective strategy to tune the lattice
strain of shell metals, which could be induced by the lattice
mismatch between the core and the shell.*>***'*! gpecifically,
the exposed facets, surface morphology, and composition of
the core metals can be utilized to modify the strain level in
shell metals."**'** Recently, by inserting or extracting light
nonmetal elements into or from the core metal in a core-shell
nanostructure, fine lattice strain engineering of different noble
metals has been proven to be possible.'** For instance, a seed-
mediated growth method was applied to synthesize PdH,@Ru
metallenes via reducing RuCl;-xH,O in the formaldehyde solu-
tion with Pd metallenes as the seed.'*® In the reaction process,
while the H atoms were generated by the decomposition of for-
maldehyde and inserted into the lattice of Pd metallenes to
form PdH,, Ru(ui) was reduced to Ru(0) on the surface of PdH,
to form atomically thin Ru layers (Fig. 8A). The average Pd-Pd/
Ru bond length was estimated by FFT-extended EXAFS spectra
of the Pd K-edge (Fig. 8B) to be 2.55 A, which was 0.1 A longer
than that in Pd foil, indicating that lattice expansion in the Pd
core came from inserting H atoms. The expanded lattice of
PdH, relative to Pd resulted in a 4.5% tensile strained Ru skin.
The formation of tensile strained Ru skin in PdH,@Ru was
proven by the Ru-Ru/Pd bond length, which was 0.11 A longer
than that of Ru foil (Fig. 8C). The authors claimed that the
tensile strained Ru skin enabled higher catalytic activity and
better stability in the HER, which was evidenced by spectro-
scopic analyses and DFT calculations. In addition to the Ru
skin, Pt skin in cubic and octahedral PdH, ,;@Pt core-shell
nanoparticles with exposed (200); and (111); facets, respect-
ively, were synthesized via Pd-seeded epitaxial growth followed
by the introduction of H into Pd to form PdH,,;.>° The
enlarged lattice fringes of the Pt (200) plane (2.01 A, red rec-
tangle in Fig. 8D and F) in cubic-PdH,,;@Pt NPs
(c-PdH, 43@Pt NPs) measured from aberration-corrected STEM
were larger than that of the (200); plane (1.93 A) in c-Pd@Pt
NPs, and the octahedral-PdH, 4,;@Pt NPs (0-PdH, 4,;@Pt) had a
larger Pt (111); plane (2.45 A, red rectangle in Fig. 8E and G)
than that of the Pt (111) plane (2.37 A) in o-Pd@Pt NPs. These
measurements proved that the Pt shells were stretched, likely
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Fig. 8 (A) Schematic illustration of the preparation of PdH,@Ru metallenes. (B and C) FFT-extended X-ray absorption fine structure (EXAFS) spectra
of (B) Pd K-edge and (C) Ru K-edge in Ru foil, RuO,, and PdH,@Ru metallenes. Reproduced with permission from ref 146. Copyright 2023, American
Chemical Society. (D) Aberration-corrected HAADF-STEM images taken from the (D) c-PdHg 43@Pt nanocubes and (E) o-PdHg 43@Pt nanooctahedra.
(F and G) Integrated pixel intensities of the PdHg 43 core and Pt shell taken from the green and red rectangular regions in D and G, respectively. (H
and I) X-ray photoelectron spectroscopy (XPS) spectra of Pt 4f in (H) c-Pd@Pt and c-PdHg 43@Pt nanocubes, as well as () in o-Pd@Pt and
0-PdHg 43@Pt nanooctahedra. Reproduced with permission from ref 26. Copyright 2021, American Chemical Society. (J) Schematic illustration of
the formation of Pd@Rh—H and PdH@Rh nanocubes with two different H insertion pathways. Reproduced with permission from ref 148. Copyright
2021, springer. (K and L) Schematic illustrations of (K) the tensile strain formation on the Pt shell by inserting P in Pd nanocubes and (L) compression
strain formation on the Pt shell by extracting P from Pd-P nanocubes. Reproduced with permission from ref 25. Copyright 2021, Nature Publishing
Groups.

caused by the lattice expansion of the Pd core during hydro- o-Pd@Pt NPs (Fig. 8I) both resulting from the successful inser-
genation. In the XPS spectra of Pt 4f, the binding energies of tion of H atoms into Pd shells. Compared with c-Pd@Pt and
c-PdH, 4,;@Pt NPs reduced by about 0.22 eV compared to that o-Pd@Pt, both c-PdH, 4;@Pt and o-PdH, 4,;@Pt NPs exhibited
of c-Pd@Pt NPs (Fig. 8H) and the o-PdH, 4;@Pt NPs exhibited higher catalytic activities in the MOR. Recently, few-layer Ir
lower binding energies (around 0.23 eV) compared to that of skins with different tensile strains were prepared using lattice
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engineered Pd-based octahedral nanocrystals with different H
contents, namely o-Pd@Ir-1.2%, o-Pd@Ir-1.7% and o-Pd@Ir-
2.1%." The XRD pattern showed that the peaks of o-Pd@Ir-
1.2% matched well with those of the standard Pd pattern,
while all the diffraction peaks of o-Pd@Ir-1.7% and o-Pd@Ir-
2.1% left shifted to lower angles, confirming the presence of
lattice expansion in the latter two samples. In the XPS spec-
trum of Ir 4f, the peak shifted to higher binding energy region
with increasing tensile strain in Ir shells from 1.2% to 2.1%,
indicating the gradually decreased electron density at the Ir
shell with expanding lattices. The authors reported a volcano-
shaped correlation between the strain of the Ir shell and its
catalytic performances in the HER. The o-Pd/lr-1.7% NPs
exhibited the highest mass activity and the lowest overpoten-
tial relative to other two catalysts. Based on theoretical ana-
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lysis, the medium tensile strain on the Ir (111) surface was
believed to lower the adsorption strength of H intermediates.
Interestingly, switching the sequence of epitaxial growth of the
shell metal and doping of interstitial H in the core metal may
yield different core-shell hydrides. Guo et al. reported the syn-
thesis of PA@Rh-H nanocubes by first epitaxial growth of Rh
shells on Pd nanocubes and then H insertion, and in another
experiment, PdH, 4,3@Rh nanocubes by first inserting H on Pd
nanocubes followed by epitaxial growth of Rh.'*® As shown in
the scheme (Fig. 8]), to prepare PdA@Rh-H core-shell nano-
cubes, Pd seeds were first epitaxially coated with Rh to form
Pd@Rh core-shell nanocubes, which were then treated by a H
doping process, forming a Rh-doped PdH core and Pd-doped
Rh shell along with lattice expansion. In another route to
prepare PdH, 4;@Rh core-shell nanocubes, epitaxial growth of

Table 1 Summary of representative reports on lattice strain engineering of noble metal-based nanocatalysts via incorporating light nonmetal

elements

Types of lattice

Name of noble metal nanocompound  Wet chemical method strain Catalytic application Ref
PdH, nanocrystals Solvothermal Tensile strain . 51
PdH, 43 nanopolycrystals Solvothermal Tensile strain MOR 23
PdH, 43 nanotetrahedra; Solvothermal Tensile strain MOR 23
PdH, 43 nanocubes Hydrothermal + solvothermal Tensile strain MOR 23
PdH, nanodendrites Solvothermal Tensile strain FAOR; HER 52
PdH,/C (x = 0.10, 0.29, 0.23, 0.43) Solvothermal Tensile strain FAOR 53
PdH, nanooctahedra; Hydrothermal + solvothermal Tensile strain FAOR 55
PdH, nanoicosahedra Solvothermal Tensile strain FAOR 55
RhH nanosheet Solvothermal Tensile strain HER 44
PdB,/C Hydrothermal Tensile strain FAOR 58
PdB,/C Hydrothermal Tensile strain Formic acid deposition 59
reaction
PtB,/C Solvothermal Tensile strain ORR 60
PdB,/C Solvothermal Tensile strain Hydrogenation of 3-hexyn-1-ol 67
PdB, nanoparticles Solvothermal Tensile strain ORR 69
OsB, aerogels Hydrothermal Tensile strain HER 70
RhB, aerogels Hydrothermal Tensile strain HER 73
IrB, nanosheets supported on Ni Hydrothermal + solvothermal Tensile strain Hydrazine oxidation reaction; 74
foam HER;
PdC, 13 nanocubes Hydrothermal + solvothermal Tensile strain Alkyne semihydrogenation 24
reaction
AuC, nanoparticles Hydrothermal Tensile strain Hydrogenation of 80
3—nitrostyrene
Ir@PAH metallene Hydrothermal Tensile strain HER 86
PdP, nanosheets Hydrothermal Tensile strain EOR 88
Pt,P nanoparticles Hydrothermal + solvothermal Tensile strain ORR 89
RhP, nanoparticles Hydrothermal + solvothermal Compressive strain  HER 90
PdH,@Ru core-shell metallenes Hydrothermal + solvothermal + epitaxial Tensile strain HER 146
growth
PdH,_4;@Pt core-shell nanocubes Hydrothermal + solvothermal + epitaxial Tensile strain MOR 26
growth
PdH, 4,;@Pt core-shell nanooctahedra  Hydrothermal + solvothermal + epitaxial Tensile strain MOR 26
growth
PdH,@]Ir core-shell nanoparticles Solvothermal + epitaxial growth Tensile strain HER 147
Pd@Rh-H core-shell nanocubes Hydrothermal + solvothermal + epitaxial Tensile strain MOR 148
growth
PdH, 4;@Rh core-shell nanocubes Hydrothermal + solvothermal + epitaxial Tensile strain MOR 148
growth
PdP,@Pt core-shell nanocubes Hydrothermal + solvothermal + epitaxial Tensile strain HER; MOR 25
growth
PdP,@Pt-derived Pd@Pt core-shell Hydrothermal + solvothermal + non- Compressive strain HER; MOR 25

nanocubes

epitaxial growth

MOR: methanol oxidation reaction; FAOR: formic acid oxidation reaction; HER: hydrogen evolution reaction; ORR: oxygen reduction reaction;

and EOR: ethanol oxidation reaction.
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Table 2 Summary of representative reports on lattice symmetry engineering of noble metal-based nanocatalysts via incorporating light nonmetal

elements

Name of noble metal

nanocompound Wet chemical method Type of lattice symmetry Catalytic application Ref
Pd,B nanocubes Hydrothermal + solvothermal  hcp — 68
Pd,B nanosheets Solvothermal hep HER 95
Pd,B mesoporous Hydrothermal + solvothermal  hcp P-Nitrophenol reduction reaction 96
nanocrystals

RhB metallenes Hydrothermal + solvothermal =~ Amorphous + amorphous/fcc HER; hydrogen peroxide 71

heterophase electrooxidation reaction
RuB aerogels Hydrothermal Amorphous/hcp heterophase HER 97
Rh,C nanocrystals Solvothermal Orthorhombic HER 99
RhC, Solvothermal Orthorhombic EOR 100
Pd,N nanocubes Hydrothermal Tetragonal ORR 106
AgN; Solvothermal Orthorhombic Hydroazidation reaction of 107
p-tolylacetylene
Rh,P nanosheets Solvothermal Cubic HER 108
PtsP, nanoparticles Hydrothermal Monoclinic MOR 119
PdP nanoparticles Solvothermal Amorphous EOR 125
Pd,S nanoparticles Solvothermal Tetragonal ORR 130
IrS, shells Solvothermal + epitaxial Orthorhombic N/A 137
growth
Rh,S; nanoprisms Solvothermal + acidic etching ~ Orthorhombic HER 136
RuS, nanoparticles Solvothermal Amorphous HER 138
PdS, metallenes Solvothermal Amorphous ORR 139

hcep: hexagonal-close-packed; fce: face-centered cubic; MOR: methanol oxidation reaction; FAOR: formic acid oxidation reaction; HER: hydrogen
evolution reaction; ORR: oxygen reduction reaction; and EOR: ethanol oxidation reaction.

Rh was achieved after transforming the Pd core into PdH 43
nanocompounds (Fig. 8]). It is worth mentioning that the XPS
peaks of Pd 3d in Pd@Rh-H showed lower binding energy
than PdH, ,;@Rh, suggesting that the intermixing of the less
electronegative Rh with PAH may promote the electron transfer
from Rh to Pd. The more effective charge transfer and for-
mation of mixed alloy hydride on the surface of Pd@Rh-H
made it a more active and stable MOR catalyst as compared to
PdH, 4;@Rh (Table 1).

Different from the above work, He et al. achieved both
tensile strain and compression strain on Pt shells by inserting
P into Pd@Pt core-shell nanocubes and extracting P from
PdP,@Pt core-shell nanocubes, repectively.”> The authors
claimed that P could diffuse into the Pd lattice of PA@Pt core-
shell nanocubes to form PdP,@Pt, while keeping Pt undoped.
Therefore, the tensile strain in the Pt shells could be created
due to the increased volume of the PdP, cores (Fig. 8K). With
the increase of the phosphorization time, both the volume of
the PdP, core and the tensile strain in Pt skin gradually
increased with the increased P contents. On the other hand,
compressive strain control was achieved by dephosphorizing
PdP,@Pt nanocubes with different P contents via heat treat-
ment. The Pd cores derived from PdP, would shrink after the
dephosphorization process, causing compression strain in Pt
(100)¢ shells (Fig. 8L). The lattice tensions and compressions
in Pt (100); were tailored from —5.1% to +5.9%. The authors
supposed that both tensile and compressive strain could
enhance the catalytic activity and provide excellent durability
toward the MOR, but excessive strain could diminish the cata-
lytic performance (Table 2).'*°
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3. Conclusion

In this mini-review, we present the recent development of
lattice engineering in noble metal-light nonmetal binary
nanocompounds together with some of their derived core-
shell nanomaterials. Via wet chemical methods, lattice engin-
eering of noble metal-based nanomaterials has been realized
via either directly inserting light nonmetal elements into the
metal lattice or indirectly tuning an epitaxial metal-metal
compound interface. Their lattice variation in terms of strain
and symmetry could be well characterized thanks to various
advanced characterization technologies. Importantly, alloying
noble metals with Earth-abundant light nonmetal elements
has not only decreased the usage of noble metals in catalysts,
but also improved their intrinsic catalytic performance by
modifying their electronic states. With the great potential,
there are still many challenges and opportunities in this
direction.

Firstly, although the wet chemical method has been suc-
cessfully exploited to incorporate a light nonmetal with noble
metal nanomaterials in some studies, there are still limitations
of current approaches. (1) The diversity of wet chemically pre-
pared noble metal-light nonmetal compounds is very limited
compared to those prepared by other methods such as the
gas-solid method and vapor transport method. There are
especially limited methods to prepare C- and N-doped noble
metal nanomaterials,"” probably because they are thermo-
dynamically less favorable.'>" Therefore, further development
of feasible wet-chemical approaches to synthesize and stabilize
a wider library of noble metal-light nonmetal compounds is

This journal is © The Royal Society of Chemistry 2024
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desired. (2) Precisely controlled lattice engineering of the
nanostructures, including morphology,'***** composition,">*
and crystal structure, remains a challenge. At most wet chemi-
cal synthesis temperatures, the light elements are often ran-
domly distributed and unstable in noble metal lattices, which
also highly depends on the type of precursors, solvents, temp-
erature, and other synthetic parameters. Overall, the current
understanding of the formation and stabilization mechanism
of various noble metal compounds is preliminary and identify-
ing the critical synthesis conditions remains important.

Secondly, although inserting light nonmetal elements into
noble metal lattices provides an effective way to transform the
lattice symmetry of host metals, it is still a great challenge to
prepare noble metal nanomaterials with controlled unconven-
tional phases. Recent studies show that phase engineering of
nanomaterials plays an important role in tuning the physico-
chemical properties of noble metal nanomaterials.'®°"!%
Inspired by this concept, indirect approaches by using noble
metal nanocompounds with various crystal phases as the
phase template to epitaxially grow shell metals with unconven-
tional phases beome a promising solution. For example, ortho-
rhombic phase Rh,C nanocompounds might be applied as the
template to epitaxially grow noble metal shells or even non-
noble metal shells with the unconventional orthorhombic
phase by wet chemical epitaxial growth. In such way, a variety
of heterostructured nanomaterials with unconventional
phases could be precisely designed to further study
their phase-dependent catalytic properties for enhanced
performances.

Thirdly, the concept of inserting guest elements with
smaller size to tune the lattice structures of host materials can
also be extended to engineer the lattice of more kinds of nano-
materials, such as metal-organic frameworks, covalent organic
frameworks, and high-entropy alloys. For example, small mole-
cules could be inserted into the pores of metal-organic frame-
works to cause lattice distortion and meanwhile modify their
functions. In another recent study, N element could be
inserted into Pt-based high-entropy alloy nanoparticles to
cause tensile strain, resulting in improved ORR activity and
durability.">® These examples show great potential for extend-
ing the lattice engineering concepts in this review to a broader
range of nanomaterials.

Lastly, although superior catalytic performances have been
reported in the HER, ORR, and MOR, deeper insights into the
relationship between the electrochemical performance and
lattice structure of noble metal compounds are still required.
It is therefore important to study in-depth factors that affect
the performance of the catalytic system by combining
advanced characterization strategies with theoretical calcu-
lations, aiming for rational design and reliable explanation.
Additionally, there are a number of burgeoning electro-
chemical reactions that may unlock more potential of noble
metal compounds for various applications, such as the nitro-
gen reduction reaction (NRR), nitrate reduction reaction
(NO3RR) and CO,RR. For example, Pd-based nanocompounds
are intensively studied for fuel cell applications,'*® but there
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are few research reports on their applications in other reac-
tions such as the CO,RR, in which metallic Pd-based nanocata-
lysts have been proven to be promising.”” Besides electro-
catalytic applications, more efforts could be made to explore
other important categories of catalytic reactions, such as
thermal catalysis and photocatalysis, to expand the potential
applications of lattice-engineered noble metal compounds.
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