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ABSTRACT: Despite the successful control of crystal phase using
template-directed growth, much remains unknown about the
underlying mechanisms. Here, we demonstrate that the crystal
phase taken by the deposited metal depends on the lateral size of
face-centered cubic (fcc)-Pd nanoplate templates with 12 nm
plates giving fcc-Ru while 18—26 nm plates result in hexagonal
closed-packed (hcp)-Ru. Although Ru overlayers with a metastable
fec- (high in bulk energy) or stable hcp-phase (low in bulk energy)
can be epitaxially deposited on the basal planes, the lattice
mismatch will lead to jagged hcp- (high in surface energy) and
smooth fec-facets (low in surface energy), respectively, on the side
faces. As the proportion of basal and side faces on the nanoplates

Pd template
Lateral Size: 12 nm 18, 22 or 26 nm
Pd@fcc-Ru Pd@hcp-Ru

varies with lateral size, the crystal phase will change depending on the relative contributions from the surface and bulk energies. The
Pd@fcc-Ru outperforms the Pd@hcp-Ru nanoplates toward ethylene glycol and glycerol oxidation reactions.
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O ver the past two decades, colloidal synthesis of metal
nanocrystals has steadily improved in terms of shape
control. Consequently, this parameter can now be systemati-
cally tailored to optimize the performance of colloidal metal
nanocrystals in various applications, including catalysis,
photonics, electronics, and biomedicine.'™ For example, Pd
nanocrystals with cubic, octahedral, icosahedral, and right
bipyramidal shapes have been synthesized and compared as
electrocatalysts toward formic acid oxidation (FAO).*™® The
{100} facets on cubic nanocrystals were found to be almost
two times as active as the {111} facets on octahedral
nanocrystals, while twin boundaries could additionally enhance
the catalytic activity.”> This and many other examples
demonstrate the importance of surface engineering in
determining the catalytic properties of metal nanocrystals.””~”
In comparison, polymorphism has been largely overlooked as a
synthetic avenue. While most of the metals are naturally found
in one thermodynamically stable crystal phase, their nano-
crystals can also be prepared to feature metastable crystal
structures.'® Control over this characteristic, known as
polymorphism, might unlock a new knob for creating
nanocrystals with enhanced or new properties.

Recently, various nanocrystals have been fabricated in
metastable crystal phases. Methods include kinetically
controlled one-pot synthesis, template-directed growth, and
pressure-induced phase transition.” Early examples include the
synthesis of hexagonal close-packed (hcp) and 4H- Au and Ag,
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alongside more recent reports of hcp-Rh and hep-Pd.''™'°
Unlike other noble metals, which typically display a face-
centered cubic (fcc) structure, Ru is naturally found in the hcp
phase, providing an intriguing system to investigate poly-
morphism.'” Metastable fcc-Ru nanoparticles were first
obtained in a one-pot synthesis, where a proper combination
of solvent and coordinating ligand was used to enable the
observation of polymorphism.'®'? Recently, fcc-Ru was
prepared using template-directed growth, where preformed
nanocrystals in a well-defined crystal phase serve as seeds to
direct the deposition of a different metal.”® Under proper
conditions, the resulting shell will take on the crystal lattice of
the template to give a metastable core—shell structure. When
Ru atoms were deposited on fcc-Pd templates with different
shapes, the shell took an fecc structure while assuming the
template’s shape.”’ ™ Such metastable nanocrystals were
active toward various catalytic reactions, including the
reduction of p-nitrophenol, dehydrogenation of ammonia
borane, hydrazine decomposition, and possibly nitrogen
reduction.”’ >* While these studies demonstrated the capa-
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Figure 1. (a) Model depicting how the {111} and {100} planes from the fcc-Pd template cannot smoothly cut through an hcp-Ru shell, leading to
jagged side faces. (b) Model depicting how the {111} and {100} planes from the fcc-Pd template can smoothly cut through an fcc-Ru shell, leading

to smooth side faces.

Figure 2. TEM images of (a) 12 nm, (b) 18 nm, (c) 22 nm, and (d) 26 nm Pd@Ru nanoplates, and (e—h) the corresponding Ru nanocages after

selective etching of Pd from the core.

bility and versatility of template-directed growth, much
remains to be discovered with regard to the mechanisms
responsible for controlling the crystal phase. For example, it
remains elusive how template size will affect the outcome of a
template-directed synthesis.”'”*

This study aims to investigate the effect of template size on
the crystal phase taken by nanocrystals formed through
template-directed growth. We chose Pd nanoplates as the
template because the area proportion of their side faces is
strongly dependent on the lateral size. Specifically, a nanoplate
is terminated in {111} facets at the two basal planes whereas its
side faces are enclosed by a mix of {111} and {100} facets with
their arrangement determined by the twin structure.”*”’
Regardless of the twin structure, it is impossible to generate
a perfect hcp-Ru shell on an fec-Pd nanoplate. Since the {111}
facets of an fcc structure have C3 symmetry that matches the
{0001} facets of an hep lattice, hcp-Ru overlayers can be readily
deposited on the basal planes.”® However, the hcp-Ru
overlayers cannot be smoothly extended over the side faces,
as the ABAB sequence characteristic of hcp stacking is not
aligned with the ABCABC stacking of the underlying fec lattice.
This mismatch inevitably results in a compliance issue between
the hcp-shell and fec-template. In other words, when depositing
hep-Ru on an fec-Pd nanoplate, the planes corresponding to the
{111} and {100} facets on the side faces cannot smoothly cut
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through the hcp-Ru shell (Figure 1a). Therefore, although hcp-
Ru overlayers can epitaxially grow from the basal planes, the
side faces will experience significant roughening and become
jagged.'””® The large number of undercoordinated atoms will
increase the surface energy, even though the bulk energy can
be kept low due to the formation of hcp-Ru, a thermodynami-
cally favorable phase.

Alternatively, the deposited Ru atoms can take an fcc
structure. Overlayers of fcc-Ru can also be readily deposited on
the basal plane of an fcc-Pd nanoplate with minimal lattice
mismatch.”>** Additionally, {111} and {100} planes of the
side faces can neatly cut through the fec shell (Figure 1b).
Thus, with an fcc-Ru shell, the side faces form a smooth surface
with few undercoordinated atoms, which helps keep the
surface energy low."” However, since fee-Ru is metastable, the
bulk energy will increase relative to the thermodynamically
stable hcp-Ru.7 Taken together, by changing the lateral size of
the basal plane (resulting in smooth growth for both hcp- and
fee-Ru) while keeping the side faces constant in area (resulting
in either smooth or jagged surfaces), we expect to vary the
relative contributions from the surface and bulk energies to
manipulate the crystal phase taken by the template-directed Ru
shells.

To investigate the effect of lateral size, we synthesized and
characterized Pd@Ru core—shell nanocrystals grown from Pd
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nanoplates with different edge lengths. A published protocol
was modified to obtain Pd nanoplates with edge lengths of
12.15 + 0.88, 18 + 1.21, 22.38 + 1.88, and 26.46 + 1.62 nm.”’
The nanoplates had an average thickness of 4.6 nm, alongside
standard deviations of 0.33, 0.48, 0.41, and 0.50 nm,
respectively. The nanoplates were used as templates for the
overgrowth of Ru to give Pd@Ru core—shell nanoplates of
8.41 + 0.47, 8.56 + 0.49, 8.53 + 0.56, and 8.68 + 0.62 nm,
respectively, in thickness (Figure 2a—d). When the Pd@Ru
particles were etched to selectively remove the Pd core, well-
defined nanocages were obtained, confirming the complete
epitaxial overgrowth of Ru on both basal and side faces (Figure
2e—h).”* The structures after etching were nanocages rather
than nanoframes. When the amount of the deposited Ru was
increased, the Pd core could no longer be etched, indicating
that the thick Ru shell blocked the etchant from accessing the
underlying Pd.*” For nanoframes, we expect a concave surface
upon deposition of a large amount of Ru, rather than a flat
surface, while the Pd core would remain accessible by the
etchant.”’

Next, we analyzed the Pd@Ru nanoplates by X-ray
diffraction (XRD) to determine the effect of particle size on
the crystal structure taken by the Ru (Figure 3). For the 12 nm

20 25 30 35 40 45 50 55 60 65 70

75 80 85

90

T
nhen
e A
nhen
nh
nhen

1l
- rn
1 " 1 " ! II

(10-10) "

nh
T

nhen
whn
nh
nh
(20-20)y 1,

Intensity (a.u.)

1
1
1
1
1
1
T
1
I
1
I
I
1
T
1
1
I
1
1
!
1
1
1
1
1
1
I
|

LRI 1 1 [T Loty g
45 50 55 60 65 70 75 80 85
20 (degree)

20 25 30 35 40 90

Figure 3. XRD patterns of (a) 12 nm, (b) 18 nm, (c) 22 nm, and (d)
26 nm Pd@Ru nanoplates, indicating an fcc phase for the 12 nm Pd@
Ru nanoplates, and an hcp phase for the larger nanoplates. The red,
blue, and green dashed lines correspond to the characteristic peaks of
fee-Pd (JCPDS No. 05-0685), hcp-Ru (JCPDS No. 06-0663), and fec-
Ru (JCPDS No. 01-088-2333), respectively.

sample, the XRD pattern is indicative of 2)‘cc-Ru, suggesting
successful template-directed deposition.'®”” The main XRD
peak around 40.2° is between the fcc-Pd and fcc-Ru reference
peaks, likely due to tensile lattice strain experienced by the
{111} planes of fcc-Ru on the {111} planes of fcc-Pd, shifting
the peak to smaller angles. This peak should arise from the Ru
shell only because the signal from the fcc-Pd core would appear
as a shoulder or secondary peak.'® Similarly, the lack of a
shoulder peak for hcp-Ru indicates that the shell should be
consistently made of fcc on both the basal and side faces.
Additionally, fast Fourier transform (FFT) analysis and lattice
fringe spacing from high-resolution transmission electron
microscopy (HR-TEM) images of the 12 nm Pd@Ru
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nanoplates indicate that the basal planes are fcc-Ru {111}
facets, while the lattice spacing on the side faces can be
assigned to the {111} and {200} planes of fcc-Ru (Figure
Sla,d). For the 18—26 nm Pd@Ru samples, the main XRD
peak was closer to the hcp-Ru reference, suggesting that the Ru
shell retained its hcp-structure. The peak location between the
hep-Ru and fec-Pd references results from the compressive
lattice strain arising from the mismatch between the {111}
planes of fcc-Pd and the {0001} planes of hcp-Ru, shifting the
peak to larger angles.”” The FFT and lattice spacings for the 22
and 26 nm Pd@Ru nanoplates indicate that the basal planes
are {0001} facets of hcp-Ru, while high-index hcp facets
comprise the side faces (Figure Slb-c, e-f). Altogether, these
results validate that the particle size is an important factor in
template-directed synthesis, with small nanoplates favoring the
metastable fcc-Ru while large nanoplates revert to conventional
hep-Ru.

As the nanoplates grow laterally, the surface area of the basal
planes increases more quickly than that of the side faces.”’
Consequently, large Pd nanoplates have a much greater
proportion of basal planes compared to side faces, and the
latter will only contribute a small fraction to the overall surface
area. Thus, the lower bulk energy associated with hcp-Ru on
the large basal planes might balance out the increase in surface
energy arising from the presence of the jagged side faces. In
contrast, for small nanoplates, the greater proportion of side
faces makes it energetically favorable to keep the surface
energy low through the formation of smooth side faces at the
expense of generating metastable fcc-Ru.'” Therefore, the
phase change that occurs between 12- and 18 nm Pd@Ru
nanoplates could be attributed to a shift in dominance between
the bulk and surface energies due to the relative proportions of
basal planes and side faces.

Beyond particle size, we also investigated the effects of
growth mode, shell thickness, injection rate, and reaction
temperature.”” First, to determine the deposition mode of the
Ru phase, samples of 12 nm Pd plates were taken every 2 h
over a 17 h synthesis to analyze the growth process (Figure
S2). At no point was cluster formation observed on the
particles, indicating constant epitaxial growth. This observation
suggests that the diffusion rate must have been faster than the
deposition rate, leading to a layer-by-layer growth mode.**

Additionally, the shell thickness needs to be controlled in
template-directed growth. The thickness can be estimated by
measuring the difference between the thicknesses of the plain
12 nm Pd and the corresponding Pd@Ru nanoplates. The 12
nm Pd nanoplates had an average thickness of 4.6 nm. By
increasing the precursor amount, the thickness of the Pd@Ru
nanoplates was increased to 8.41, 9.21, and 11.59 nm,
respectively, corresponding to shells of about 10, 12, and 18
atomic layers (Figure 4). On the basis of XRD spectra, the Ru
shell took an fcc phase up to 10 atomic layers before reverting
to hcp-Ru for thicker shells, likely due to a shift from layer-by-
layer to island growth.””*>*® The higher metal precursor
concentration increases the deposition rate, while the diffusion
rate remains the same.*® Thus, additional atoms can deposit on
the nanoplate before the previous ones can diffuse away,
leading to hcp-Ru islands and eventually an hcp-Ru shell.
Similarly, template-directed growth depends on a slow
precursor injection rate. While a 0.5 mL/h injection rate
gave epitaxial deposition, the Ru shell became bumpy,
indicative of island growth, when the rate was increased to 1
or 2 mL/h (Figure S3). Faster injection led to higher precursor
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Figure 4. (a—c) XRD patterns and (d—f) TEM images recorded from
12 nm Pd@Ru nanoplates with different total thicknesses: (a,d) 8.41,
(be) 921, and (c,f) 11.59 nm. The red, blue, and green dashed lines
correspond to the characteristic peaks of fcc-Pd, hep-Ru, and fec-Ru,
respectively.

concentrations, changing the growth mode by affecting the
relative rates of diffusion and deposition, as described above.**
Together, successful template-directed synthesis is reliant on
thin shells generated under relatively slow injection of the
precursor.

Next, we determined the effect of reaction temperature on
shell deposition (Figure S4). When the reaction temperature
was decreased from the standard 180 to 165 °C, the nanocages

were thinner due to inadequate reduction of the Ru precursor.
With a further decrease to 150 °C, no particles were observed
after Pd etching, as negligible Ru was deposited on the Pd
nanoplates due to the low reducing power of ethylene glycol
(EG) at this temperature.””® With an increase to 190 °C,
there was no noticeable change relative to the standard
protocol. Although high temperatures should speed up both
the deposition and diffusion of Ru, the deposition rate was
limited by the slow injection rate of the precursor.’* The slow
deposition and fast diffusion would result in Pd@Ru
nanoplates identical to those from the standard protocol.

To elucidate the mechanistic details involved in the phase-
control, we conducted density functional theory (DFT)
calculations (Figures S5—S8, Tables S1—S6). The overall
energy of the Pd@Ru system should directly depend on the
relative energetic contributions from the hcp- and fcc-Ru phases
and the surface areas of the different faces. Accordingly, the
displayed Ru phase would be the one that minimizes the total
energy of the system, where the total energy for a given Ru
phase can be calculated as the sum of energies of the various
independent faces weighted by their surface areas

Etal—phasex = Aside(111) X Ex—side(111) T Aside(100) X Ex—side(100)
+ Apaaqinn) X Ex—pasal(i11} (1)

where X can be the hep- or fce-Ru phase, and each energy term
combines the surface, bulk, and interface contributions.
Another representation for the previous expression subtracts
the total energies for the different Ru phases

AE i = Agaeing X (Enep—side(111) — Eteside(111))

+ Aside{lOO} X (Ehcp—side{IOO} - Efcc—side{lOO})

+ Abasal{lll} X (Ehcp—basal{lll} - Efcc—basal{loo})
)
where a positive or negative difference would indicate that the
fec- or hep-Ru phase is preferred, respectively. A detailed
description of the calculations can be found in the Supporting
Information, with only the main conclusions presented below.

a | 12 {— 12 nm Pd@fcc-Ru
12 nm Pd@hcp-Ru
«— 12 H Ru/C
g 10
e
~ 8_
>
>
g
(]
£ 49
[$)
38
g 2]
0_
2

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Potential (V)

8
b ———12 nm Pd@fcc-Ru
12 nm Pd@hcp-Ru
<~ 6+ Ru/C
£
(&)
<
E
>
=
® 2
()
=
(8]
3
o 07
2

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Potential (V)

Figure 5. (a) CV curves for EGOR on the 12 nm Pd@fcc-Ru nanoplates, 12 nm Pd@hcp-Ru nanoplates, and hep-Ru/C, recorded in an Ar-
saturated solution containing 1 M KOH and 1 M EG. The current density was normalized to the corresponding ECSA. (b) CV curves for GlyOR
on the 12 nm Pd@fcc-Ru nanoplates, 12 nm Pd@hcp-Ru nanoplates, and hcp-Ru/C, recorded in an Ar-saturated solution containing 1 M KOH and
1 M glycerol. The current density was normalized to the corresponding ECSA.
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The computational results indicate that the Pd@hcp-Ru is
more stable than the Pd@fcc-Ru on the basal planes, as shown
in Table S1, supporting the proposed hypothesis. Nevertheless,
the acquired results in Table S1 do not show any face on which
the fcc-Ru phase is more stable than its hcp-Ru counterpart,
disagreeing with the reported experimental trends. However,
the computations resorted to several approximations and
assumptions in order to feasibly study a nontrivial problem. As
such, the reported conclusions cannot plainly prove or
disprove the thermodynamic explanation for Ru phase control.
Our computational approach relies on interfacial models that
could not adequately capture the complexity of these physical
systems. For instance, the models used for the side interfaces
(see SI for description) were acquired by cutting through the
continuous hcp-Ru phase and looking for translational
symmetry so as to preserve the idea of a continuous growth
for the whole nanoplate; however, such consideration could
lead to unrealistic models if reconstructions are present in the
side faces. Additionally, strain effects have been included in the
computational approach, however, the experimentally observed
compressive strain for the hcp-Ru phase cannot be easily
modeled in a stoichiometric regime, as the actual mismatch
between Ru (smaller lattice parameter) and Pd (larger lattice
parameter) faces will lead to unreasonable lattice parameters
smaller than those naturally observed for both species in order
to produce compressive strains on the hcp-Ru phase. An
alternative explanation may arise from nonstoichiometric
interfaces with stoichiometry of Ru:Pd atoms at the interface
greater than one,””* but the computational cost of capturing
such effects goes beyond the scope of this study. Finally,
considering computationally convenient small models for each
facet would not account for the complexities present in the
Pd@Ru nanoplates, such as vertices, edges, stacking faults, and
defects that affect the overall energy balance.

Finally, we investigated the catalytic capabilities of the Pd@
Ru nanoplates toward the ethylene glycol oxidation reaction
(EGOR) and glycerol oxidation reaction (GlyOR). EGOR and
GIyOR are both essential for the operation of alcohol-based
fuel cells and require a catalyst that is commonly based on Pt.*!
To evaluate their activities, the 12 nm Pd@Ru nanoplates were
loaded on carbon at about 20 wt % with hcp-Ru nanoparticles
serving as a reference. Figure 5 shows both the anodic and
cathodic CV scans for EGOR and GlyOR. The activity of the
12 nm Pd@Ru nanoplates showed a dependence on the crystal
phase, whereas the hcp-Ru nanoparticles showed negligible
activity. Thus, the interaction between the Ru shell and the Pd
core must promote the activity of the Pd@Ru nanoplates.
Previous studies indicated that hcp-Ru was not active toward
EGOR or GlyOR, while Pd was quickly deactivated due to
poisoning by CO.*"** The poisoning during both reactions
could be mitigated due to a favorable bimetallic interactions, as
the active-site blocking CO can be readily removed in the
presence of oxygen species on Ru."”** Additionally, a thin Ru
shell (about 3—4 atomic layers) promotes beneficial strain and
electronic effects between the core and shell."** The ligand
effect between the Pd and Ru aids the C—C bond breaking
that is essential to alcohol oxidation, while promoting charge
transfer, weakening the CO bonding strength, and helping to
remove poisoning carbonate species.”"*>*~*" Altogether, the
Pd core can significantly enhance the catalytic activity of Ru
shell toward alcohol oxidation.

The EGOR and GIyOR activities were also sensitive to the
Ru phase, as the fcc-Ru shells outperformed hcp-Ru. For
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EGOR, the 12 nm Pd@Ru nanoplates with hcp or fec
structures had specific peak activities of 5.87 and 13.19 mA/
cm?® at 0.871 V versus the reversible hydrogen electrode
(RHE), respectively. For GIyOR, the hcp- and fec- shells
displayed 3.54 and 6.97 mA/cm” at 0.89 V. The improved
catalytic activity of fcc-Ru toward alcohol oxidation might
result from improved durability due to decreased poison-
ing."** Previously, fcc-Ru was shown to be more active toward
CO oxidation compared to hcp-Ru, thereby reducing CO
poisoning and resulting in more exposed active sites.'""”
Additionally, for alcohol oxidation, tensile strain might
promote catalytic activity by aiding the electron transfer
between the core and shell, while simultaneously improvin
the interaction between the reagents and catalyst surface.*
This trend indicates that the tensile strain experienced by the
Pd@fcc-Ru particles is beneficial to EGOR and GlyOR, unlike
the compressive strain on Pd@hcp-Ru particles. These
examples show that template-directed growth is a powerful
technique to obtain catalytically active nanoparticles through
affecting surface atomic arrangement, lattice strain, and novel
core—shell interactions.”******* The potential of phase-
controlled core—shell nanocrystals for catalysis highlights the
importance in understanding their growth mechanisms.

Altogether, we systematically investigated the effects of
various synthetic parameters on the crystal phase taken by Ru
shells deposited on Pd nanoplates. Our experimental results
suggest that the lateral size of the template impacts the crystal
phase, as the Ru shells take on the metastable fcc structure on
12 nm plates while reverting to the stable hcp lattice on 18—26
nm plates. This outcome was attributed to a shift in dominance
between surface and bulk energies corresponding to the
proportions of the basal planes and side faces, although not
supported by computations. A slow injection rate, thin shells
below about 10 atomic layers, and a high reaction temperature
are all required for achieving conformal, layer-by-layer growth.
When the 12 nm Pd@Ru nanoplates are evaluated toward
EGOR and GIlyOR, the Pd@fcc-Ru outperforms both the hcp
counterpart and the hcp-Ru nanoparticles in terms of specific
activity. Altogether, this study sheds light on the mechanism
involved in the template-directed growth of metal nanocrystals
with different phases, moving toward rational and deterministic
synthesis.
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