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Morphology evolution of fcc Ru nanoparticles
under hydrogen atmospheref
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Debao Li**¢

Tuning the morphology and structural evolution of metal nanoparticles to expose specific crystal facets in
a certain reaction atmosphere is conducive to designing catalysts with a high catalytic activity. Herein,
coverage dependent hydrogen adsorption on seven fcc Ru surfaces was investigated using density func-
tional theory (DFT) calculations. The morphology evolution of the fcc Ru nanoparticles under the reactive
environment was further illustrated using the multiscale structure reconstruction (MSR) model, which
combines the DFT results with the Fowler-Guggenheim (F-G) adsorption isotherm and the Wulff
construction. At constant pressure, the shape of a fcc Ru nanoparticle changes from a rhombic
dodecahedron to a truncated octahedron with an increase of the temperature. More importantly, the
desired Ru morphology, with abundant open facets, was predicted to occur at a high temperature and
low pressure. Our results provide an insightful understanding of the reshaping of Ru nanoparticles during

rsc.li/nanoscale

1. Introduction

Fabricating metal nanocrystals with well-controlled shapes
endows them with important applications in heterogeneous
catalysis, such as in the electrocatalytic reaction,"™* Fischer-
Tropsch synthesis (FTS),”® ammonia synthesis,”® and the
hydrogenation reaction,”'® owing to their unique chemical
and physical properties. In recent years, remarkable progress
has been made in understanding the activity of catalysts,
which greatly depends on the arrangement manner of the
surface atoms and the number of dangling bonds on different
crystal planes."’™® Control of the crystal structures to expose
specific facets has been considered to be of primary impor-
tance for achieving the desired activity in heterogeneous
catalysts."**® However, tuning the morphology and structure
of the catalysts under reaction conditions is still a challenging
task.

The perturbations of the synthesis environment are critical
to the formation of metal nanocrystals with different shapes
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real reactions, which is crucial for its rational design for use as a nanocatalyst.

and surface structures,”’'® and even their catalytic

performance.?*”>* To gain an insight into the complex process,
substantial efforts have been devoted towards exploring the
shape evolution of metal nanocrystals under reactive environ-
ments. In situ scanning tunneling microscopy (STM) studies
performed by Banerjee et al. revealed a remarkable structure
reconstruction when Co single crystals were exposed to syngas
under FTS conditions of 3 bar and at 383 K.** Simonsen et al.
reported that Pt nanoparticles had size-dependent mor-
phologies after sintering in an oxidizing environment by using
atomic scale transmission electron microscopy (TEM) obser-
vations.** By combining experiments with theoretical analysis,
Zhang et al. found that cubic Pd nanoparticles became trun-
cated at the edges under 1 bar O, (T = 200 °C), whereas under
1 bar H, (T = 300 °C) they were transformed into a truncated
shape enclosed by (100), (110) and (111) facets.'® However,
studying all of the catalytic systems using in situ experiments
is not possible owing to the technical limitations and high
cost. Therefore, it is necessary to study the structure and mor-
phology of metal nanocrystals in real conditions by means of
theoretical approaches. A lot of calculations indicate that the
reaction environment can affect the proportion of the exposed
surface of the metal nanoparticles and induce shape
transformation.>> >’ For example, Zhu et al. observed that Pt,
Pd, Cu, and Au nanoparticles undergo different shape vari-
ations in CO and NO gas environments, where CO adsorption
on Pt nanoparticles leads to more open (110) facets and step
sites that favor the improvement of the activity.”® Wang
and co-workers investigated the effect of the pretreatment

Nanoscale, 2019, 11, 8037-8046 | 8037


www.rsc.li/nanoscale
http://orcid.org/0000-0002-2719-6758
http://orcid.org/0000-0001-7301-9341
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr01611b&domain=pdf&date_stamp=2019-04-12
https://doi.org/10.1039/c9nr01611b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR011016

Published on 22 March 2019. Downloaded by SHANXI INSTITUTE OF COAL on 6/14/2019 4:02:46 AM.

Paper

atmosphere on the surface stability and morphology evolution
on the exposed facets of the Fe phase. They found that the
most favorable exposed Fe(100) surface under N, atmosphere
can result in a significant increase in ammonia synthesis
activity,> whereas, under H, atmosphere the most exposed
surface is that of Fe(110) with the lowest activity.”® In addition,
it has also been reported that the equilibrium shape of a Mo
single crystal under H, reduction atmosphere depends on
the temperature, which exposes (110), (211) and (100) facets
only at high temperature.®® In short, the desired activity and
selectivity could be achieved by tuning the crystallographic
orientation of a nanocatalyst under different reactive gas
conditions.

Recently, Ru nanoparticles with fcc structures® ? have trig-
gered significant research interest owing to the size depen-
dence of the catalytic activity compared to conventional hcp
Ru, that is the fcc Ru nanoparticles were more efficient with
increasing particle size (>3.0 nm).>**® The superior activity of
fcc Ru, with more active crystal surfaces exposed, has been
further proposed in many catalytic reactions, such as the
hydrogenation reaction,””*® N, activation,® ammonia syn-
thesis,*® the oxygen evolution reaction,*’ and FTS.*” These
reactions usually involve interactions between the Ru nano-
particles and the surrounding gas constituents (typically
hydrogen), which may become strong enough to change the
shape and structure of the nanoparticles. Significant attention
regarding the morphology evolution of the Ru nanoparticles
has been focused on achieving the desired catalysts with a
greater reactivity and a higher active-site density.”*** Yin et al.
prepared Ru nanocrystals with different morphologies using a
hydrothermal approach and found that the thermolysis of
oxalate species led to the shape evolution of Ru nanocrystals,
from prisms to capped columns.*” The subsequent CO selec-
tive methanation tests on these Ru nanocrystals indicated that
nanoplates have a much better CO selectivity than spherical
nanoparticles. In addition, fcc Ru catalysts were found to have
a higher activity with denser and more favorable active sites
compared with the hcp Ru catalysts in the aqueous-phase
FTS." Consequently, investigation of the structure and mor-
phology evolution of fcc Ru under gas atmosphere is necessary
to achieve the desired Ru nanocrystals with abundant active
facets under realistic conditions.

Ru-Based FTS catalysts are usually comprised of Ru in its
metallic form, prior to the experiment, the catalyst is reduced
under hydrogen atmosphere.’®™*® Thus, an understanding of
the equilibrium morphology evolution of the Ru nanoparticles
under hydrogen environments is critical for tuning of the cata-
lytic activities. Herein, we present a systematic density func-
tional theory (DFT) study to determine hydrogen adsorption
configurations on different Miller index surfaces of fcc
Ru nanoparticles at different coverages. Using Fowler—
Guggenheim (F-G) adsorption isotherms and Wullf construc-
tion, we observed how the morphology of the catalyst changes
when it is exposed to the hydrogen environment. In addition,
the effect of hydrogen on the surface stability and the mor-
phology evolution of fcc Ru depending on the temperature and
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pressure were also considered. To date, this is the first sys-
tematic attempt to explain the respond of fcc Ru nanoparticles
to a hydrogen atmosphere at the atom level. It also illuminates
the intrinsic relationship between the morphology (crystallo-
graphic facet), reduction atmosphere, temperature, and H,
partial pressure.

2. Computational models and
methods
2.1 Models

Calculations of the fcc Ru bulk crystal structure with a k-point
mesh of 5 x 5 x 5 gave a lattice constant of 3.83 A, this is in
good agreement with the previous experimental result
(3.71 A)*® and the theoretical value (3.82 A).** Hydrogen
adsorption was investigated using the (110), (100), (111), (311),
(211), (221) and (321) surfaces within the p(2 x 3), p(3 x 3),
p(3 x 3), p(2 x 3), p(1 x 3), p(3 x 1) and p(2 x 2) supercells,
respectively. The facets of (110), (311) and (221) were simulated
using three layers slabs, and the rest adopted four layers. All of
the adsorbed H atoms and the topmost two layers were
relaxed, and the rest of the bottom layers were fixed in their
bulk positions. The Brillouin zone sampling was carried out
using a Monkhorst-Pack®® k-point grid of 5 x 5 x 1 in all of the
calculations. A vacuum region of 15 A was employed to avoid
interactions between the periodically repeating slabs.

The structure models of Ru(110), Ru(100), Ru(111), Ru(311),
Ru(211), Ru(221) and Ru(321) surfaces, as well as the con-
sidered possible hydrogen adsorption sites, are shown in
Fig. S1.1 The (110) surface has top (T), short-bridge (SB), long-
bridge (LB), three-fold hollow (3F,, 3F,), and four-fold hollow
(4F) sites. The (100) surface has top (T), bridge (B), and four-
fold hollow (4F) sites. The (111) surface has top (T), bridge (B),
face-cubic centered (F), and hexagonal close-packed (H) sites.
Obviously, the high Miller index surfaces provide more avail-
able adsorption sites. The (311) surface has nine adsorption
sites: two top (Ty, T,), four bridge (B,, B,, B3, By), two three-
fold hollow (3F;, 3F,), and one four-fold hollow (4F) sites. The
(211) surface has twelve adsorption sites: three top (Ty, Ty, T3),
five bridge (B4, B, B3, By, Bs), and four three-fold hollow (3F;,
3F,, 3F3, 3F,) sites. The (221) surface has seventeen adsorption
sites: four top (Ty, Ty, T3, T4), six bridge (B, B,, B3, By, Bs, Bg),
and seven three-fold hollow (3F,, 3F,, 3F;, 3F,, 3Fs, 3F¢, 3F,)
sites. The (321) surface has sixteen adsorption sites: five top
(T4, Ta, T3, T4, Ts), six bridge (B4, B,, Bz, By, Bs, Bg), and five
three-fold hollow (3F;, 3F,, 3F3, 3F,, 3F;s) sites.

2.2 Methods

All spin-polarized DFT calculations were carried out using the
Vienna ab initio simulation package (VASP).*”*® The inter-
action between the ionic cores and the electrons was described
using the projector-augmented wave (PAW) method.*® The gen-
eralized gradient approximation (GGA) with a Perdew-Burke-
Ernzerhof (PBE)*® functional was used to calculate the
exchange-correlation energy. The energy cutoff for the plane-
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wave basis set was set to 400 eV. The structures were optimized
using energy and force convergence limits equal to 10> eV per
atom and 0.03 eV A™", respectively. The adsorption energy for
hydrogen adsorption on the surface is determined by:

Fugs = E[{nH}/Ru(hkD)] ~ E[R(hk)] — “npl] (1)

where E[{nH}/Ru(hkl)] is the total energy of the Ru surface with
nH adsorption, E[Ru(hkl)] is the total energy of the corres-
ponding clean Ru(hkl) surface, E[H,] is the total energy of an
isolated hydrogen molecule in the gas phase, and n is the
number of H atoms. A negative E,qs indicates that adsorption
is favored.

For the H stepwise adsorption at different coverages, the
H-covered Ru surfaces were modeled by adding H atoms
one by one on the most stable configurations. The stepwise
adsorption energy is used to identify the saturated coverage,
defined as

AEags = E[{(n + 1)H} /Ru(hkl)] — E[{nH} /Ru(hki)] — %E[Hz].
(2)

where a positive AE,q, represents a saturated coverage with the
numbers of H atoms being n. At each coverage, all possible
adsorption sites of newly added H atoms were tested to yield
the most favorable adsorption configuration based on the
most stable structure of the previous coverage.”” The stable
configurations of hydrogen adsorption at different coverage to
saturation on each Ru surface and the corresponding stepwise
adsorption energies are given in the ESI (Fig. S2-S87).

According to the Wulff theory, the fcc Ru is assumed to be
in thermodynamic equilibrium with the surrounding gas, and
the most stable adsorption configuration is the one that mini-
mizes the surface free energy. The surface tension for the Ru
surface model with H adsorption is revised as the interface
tension yt which can be described using the following
formula:*®

ylhr;ctl = Ynk + H(Eads - ka/Aat) (3)

where 6 is the adsorption coverage of the H atoms on the Ru
surfaces, k is the fitted lateral interaction energy between the
adsorbed H atoms, which is the average adsorption energy
dependent (Fig. S9t), Aa is the area of the exposed plane per
surface atom, and y, represents the surface tension of the
pure Ru metal surface, which is expressed as:

Yiki = [Eru(ikty — MRuERu(bulk)] /24 (4)

where Ery(nr) and Erupul are the total energies of the Ru(hkl)
surface and the bulk Ru, respectively, ng, denotes the number
of bulk units in the system, and 24 represents the total surface
area of the two equilibrium surfaces (top and bottom
surfaces).

To construct the morphology of Ru nanoparticles under the
H, environment, the calculation scheme we adopted is the
multiscale structure reconstruction (MSR) model that has been
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widely applied in many catalytic systems.’'>* The MSR model
combines the DFT calculations with Wulff construction, and
the F-G adsorption isotherm, giving a quantitative description
and prediction of the equilibrium shapes of metal nano-
particles at a certain temperature and gas pressure. Therefore,
we considered the effect of hydrogen conditions on the mor-
phology changes of Ru nanoparticles.

The coverage 0 of the dissociative adsorbed H atoms on Ru
surfaces can be described using the F-G adsorption isotherm,
including the repulsion interactions between the adsorbates:

2
0 —ct

PK=— ¢
1—-6°

(5)

¢ = k/RT (6)

where P is the pressure of H,, T is the temperature, R is the gas
constant and K is the adsorption equilibrium constant which
is defined by:

Eaqgs — T —
K = exp<—%> = exp<f ads (Saas Sgas)) (7)

RT

where S,qs and Sg,s are the entropies of the adsorbed and
gas-phase molecules, respectively. The thermodynamic
parameter, Sg,, Wwas obtained from the NISTJANAF
Thermochemical tables® (see Fig. S107) and S,qs is assumed
to be zero.

3. Results and discussion

3.1. Morphology and surface stability of fcc Ru under
vacuum

The equilibrium morphology of fcc Ru under vacuum was
investigated based on the Wulff construction, as shown in
Fig. S11.1 The calculated surface energies and referenced lit-
erature values®” are listed in Table 1. The constructed fcc Ru
belongs to the Oy, point group with a high symmetry and con-
tains seven different facets, shown as a regular truncated octa-
hedron, which is consistent with the electron diffraction
pattern of fast Fourier transform.*®

Under vacuum, the equilibrium shape of the Ru nano-
particle is covered predominantly with eight close-packed (111)
facets, accounting for about 64.2% of the total surface area.
Among the exposed facets, the closed-packed (111) facet has
the lowest surface energy of 141 mevV A™> and is the most
thermodynamically stable facet, which is in line with the pre-
vious surface distribution of the truncated octahedral fcc Ru
nanoparticle®® and the closed-shell fcc structure Rujo”
cluster.’® The (311) and (100) facets with relatively larger
surface energies of 174 and 175 meV A~ cover about 8.2%
and 9.2% of the total surface area, respectively. The other
three exposed facts (211), (221) and (321) with y = 167, 158 and
170 meV A2, cover the rest of the fractions of surface distri-
bution, namely, 2.3%, 13.0%, and 3.1%, respectively. The (110)
surface does not appear on the Ru nanoparticle under
vacuum. On the basis of surface energies, the stability order of
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Table 1 Calculated surface energies and distribution of facets on fcc Ru based on the Wulff construction

Surface energy (meV A~?)

Surface area

Facet Slab Slab parameters (A) This work Ref. 42 Ay (A7) proportion (%)
(110) p(2x3) a=7.66,b=8.12 167 170 5.19 0.0
(100) p(3x3) a=b=8.12 175 184 7.33 9.2
(111) p(3%3) a=b=8.12 141 145 6.35 64.2
(311) p(2%3) a=9.38,b=8.12 174 180 6.08 8.2
(211) p(1x3) a=6.63,b=8.12 167 172 5.99 2.3
(221) p(3x1) a=b=8.12 158 163 5.50 13.0
(321) p(2x2) a=9.38,bh=12.11 170 174 5.49 3.1

the exposed facets is estimated to be: (111) > (221) > (110) =
(211) > (321) > (311) > (100), in which (111) is the most stable
surface and (100) is the least stable surface. The results of the
surface energies in the present work were consistent with the
reported literature,”” indicating the accuracy and rationality of
our calculations.

3.2. Dissociative hydrogen adsorption at different coverage

A well-defined catalyst needs to be first screened by reducing
gas (composed primarily of H,) before the reaction.>” The dis-
persion, surface area and particle size of the metal Ru catalyst
are usually evaluated by the chemisorption of H,, which has
been proven to be dissociated H atoms on the Ru metal sur-
faces.’®> Thus, it is interesting to investigate the geometric
structures and electronic properties of dissociative hydrogen
adsorption on Ru surfaces.

For H adsorption on Ru nanoparticles, different hydrogen
coverage need to be considered for determining the active sites
and surface structures of H adsorption under reaction con-
ditions. As mentioned above, we used a stepwise adsorption
method to identify the most stable dissociative hydrogen
adsorption configurations at different coverage.®® The adsorp-

tion structures of hydrogen at saturation coverage on each Ru
surface are presented in Fig. 1.

The calculated adsorption energies of the favorable adsorp-
tion sites for H on each Ru surface at the lowest coverage, as
well as the average Ru-H distance, are listed in Table 2. The
most stable adsorption sites and corresponding adsorption
energies are in line with the results reported in the literature.*?
There are obvious differences in the hydrogen adsorption
among these Ru surfaces. At the lowest coverage, the most
stable adsorption of one H atom is the SB site on Ru(110),
B site on Ru(100), F site on Ru(111), B, site on Ru(311), B; site
on Ru(211), 3F, site on Ru(221) and B; site on Ru(321) with
the adsorption energies of —0.52, —0.61, —0.60, —0.64, —0.65,
—0.62 and —0.59 eV, respectively. It was found that the adsorp-
tion strength in the high Miller index surfaces is stronger than
that of the low Miller index surfaces, mainly because of the
different inherent surface structures. The average bond length
between Ru and H increased as expected with the increasing
coordination number, for example, from 1.63 A at the T site to
2.05 A at the 4F site on the Ru(100) surface (Table 2).

Further addition of H atoms may lead to the migration of H
atoms to a more stable adsorption site, owing to the high-cov-

(110)-3/4 ML (100)-2 ML

(111)-1 ML (311)-32ML

(211)-4/3 ML

(221)-1 ML

(321)-11/10 ML

Fig. 1 Adsorption structures of hydrogen at saturation coverage on each Ru surface. The Ru atoms and adsorbed H atoms are colored dark green

and white, respectively.
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Table 2 Adsorption energies and average Ru—H distance (dgy_n, A) for
the favorable adsorption sites for H on different Ru surfaces at the
lowest coverage

Adsorption dru-u Adsorption
Facet site (A) energy (eV)
(110) SB 1.79 -0.52
3F, 1.90 —0.43
LB 1.98 —0.08
(100) B 1.81 —0.61
4F 2.05 —0.59
T 1.63 —-0.34
(111) F 1.91 -0.60
H 1.89 —-0.53
T 1.65 —-0.12
(311) B, 1.82 —0.64
3F, 1.92 —0.48
B, 1.82 —0.46
3F, 1.91 —-0.41
T, 1.69 —-0.20
(211) B, 1.82 -0.65
3F, 1.91 —-0.52
3F, 1.90 —0.52
3F;3 1.89 —-0.51
Bs 1.82 —0.46
T 1.65 —-0.32
(221) 3F, 1.91 -0.62
3F3 1.90 —0.56
3F, 1.89 —0.51
3F, 1.92 —0.45
3F; 1.94 —0.43
3F;5 1.90 —0.42
3Fe 1.93 —-0.29
(321) B, 1.82 —0.59
B, 1.81 —0.53
3F, 1.91 —0.53
B5 1.82 —0.49
3F, 1.92 —0.48
3F3 1.90 —0.46
3F, 1.89 —0.43
3F5 1.92 —-0.37
Bs 1.82 —-0.29

erage induced strong repulsion between the adsorbed H
atoms. For example on the Ru(110) surface, the partial H
atoms located at the SB site would move to the stable 3F; sites
when the seventh H atom adsorbed onto the surface; on the
Ru(321) surface, the Bs, 3F;, 3F,, 3F, and 3Fs sites became
possible and favorable on the surface, in addition to the most
stable B, site at the lowest coverage. It should be noted that
the stepwise adsorption energies show different degrees of
decline with the increase of the hydrogen coverage. This is in
line with the results®' reported by Fernandez, who reported
that the reaction rate would decrease owing to the blockage of
active sites if too much hydrogen is introduced. Moreover,
some fluctuations in the stepwise adsorption energy can be
found at higher coverage owing to the formation of a periodic
structure, which strengthens the binding stability with the Ru
surface.

As seen from Fig. 1, the results show that the saturation cov-
erage depends on the surface stability, for example, the least
stable Ru(100) surface has the highest saturated coverage
(2 ML), followed by Ru(311) with 3/2 ML, Ru(321) with 11/10 ML,
Ru(211) with 4/3 ML, Ru(221) with 1 ML, Ru(111) with 1 ML,

This journal is © The Royal Society of Chemistry 2019
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and the lowest saturated coverage (3/4 ML) is found in
Ru(110). As each Ru surface at the saturated coverage has
different types of adsorbed H adsorption sites and each type of
adsorbed hydrogen atom has similar adsorption configur-
ations, as well as close stepwise adsorption energies. The dis-
tinct differences in the adsorbed H atom numbers and ener-
gies of these seven Ru surfaces indicate their different active
sites and hydrogenation abilities, which are determined by the
different Ru surface structures. The hydrogenation abilities of
these Ru surfaces are reflected in the hybridization of the Ru
d orbitals with the H s orbitals below the Fermi level, as shown
in Fig. S12,7 which in turn indicates the different interactions
between the H atoms and Ru surfaces. In addition, the more
available adsorption sites for the high Miller index surfaces
mean that H adsorption reduces the surface symmetry. This is
presumably owing to either the rearrangement of the H atoms
or the change of the H atom adsorption sites caused by repul-
sive interactions.

3.3. Stable hydrogen coverage under different conditions

Using the F-G adsorption isotherm and the above data calcu-
lated at the DFT level, the variations of H coverage on the
seven Ru surfaces were rationalized in terms of the tempera-
ture and H, partial pressure, as shown in Fig. 2. Each Ru
surface has a characteristic color distribution region, each of
which represents a possible equilibrium coverage at a given
temperature and H, partial pressure. The red region represents
the saturated hydrogen coverage, while the purple region rep-
resents the lowest hydrogen coverage. On these Ru surfaces,
the hydrogen coverage monotonically decreases with the
increasing temperature at a specified H, partial pressure while
it raises with an increase in the H, partial pressure when the
temperature is given.

Temperature and pressure have a great influence on the cov-
erage of hydrogen. The saturated hydrogen coverage of the
Ru(110), Ru(100), Ru(111), Ru(311), Ru(211), Ru(221) and
Ru(321) surfaces are 1.99, 0.75, 0.99, 0.99, 1.49, 1.33, 1.00 and
1.10, respectively. Compared with conditions under vacuum, it
is clear to see that the H coverage of the Ru(110), Ru(211) and
Ru(221) surfaces increase significantly in low temperatures
and high-pressure regions, especially that of the Ru(110)
surface which increases much faster. Under the same con-
ditions, the H coverage of the Ru(100), Ru(111) and Ru(311)
surfaces decrease relatively, especially that of the Ru (100) sur-
faces which decrease a lot, while that of the Ru (321) surfaces
remains unchanged. These variations can be attributed to the
difference in surface stability and the repulsive interactions
between the adsorbed H atoms caused by their distinct surface
structure. Consequently, the hydrogen coverage can reflect the
hydrogenation ability of each Ru surface, which is affected by
the surface structure and active sites, as well as the surround-
ing environmental conditions.

As expected, the hydrogen desorption on these Ru surfaces
is more convenient at high temperature and under low H,
partial pressure. With increasing temperature, the downward
trend of the isotherm slows down, which is consistent with

Nanoscale, 2019, 11, 8037-8046 | 8041
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Fig. 2 Equilibrium phase diagrams of stable hydrogen coverage on different facets of Ru nanoparticles under different conditions: (a) Ru(110);

(b) Ru(100); (c) Ru(111); (d) Ru(311); (e) Ru(211); (f) Ru(221); and (g) Ru(321).

that under a pressure of 10000 Pa.>® Under a H, partial

pressure of 10 000 Pa, the full hydrogen desorption from these
Ru surfaces (i.e. the bare surface is fully recovered) occurs
mainly in the temperature ranges of 310-420 K, this is in line
with the available temperature programmed desorption results
(323-423 K).*'

8042 | Nanoscale, 2019, 11, 8037-8046

3.4. Morphology evolution of fcc Ru nanoparticles under
hydrogen atmosphere

The morphology evolution of metal nanoparticles in a hetero-

geneous catalysis reaction is a key step to understand and
control the real catalytic properties.®>”** By applying the MSR
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model, one can account for realistic environmental conditions.
In principle, hydrogen adsorption gives rise to anisotropic
changes in the surface energy of the facets and thus affects the
morphology of the fcc Ru nanocrystals. The equilibrium
crystal morphologies of metal nanoparticles under different
conditions were obtained using the minimum surface free
energy, and the contribution of the crystal facets to the
exposed surface area was determined using the surface free
energy and orientation.

To clarify the effect of H adsorption on the morphology of
Ru nanoparticles, fcc packed Ru nanoparticles with diameters
of approximately 5 nm were chosen as they have been found to
be the average size of Ru-based catalysts with a high perform-
ance for FTS.®® To illustrate the morphology evolution of the
constructed fcc Ru nanoparticles, the average coordination
number of the surface atom sites was defined as:

surf

m = ZCNi/Nsurf (8)

=1

In which CN; is the coordination number of the ith surface
atom site and N, is the total number of surface atom sites of
the Ru nanoparticle. We treated two nanoparticles with CN
differences greater than 0.1 as different structures. The
contour plot of the CN of 5 nm fcc Ru nanoparticles under
different conditions (the H, pressure varied from 0 to 10 0000
Pa and the temperature varied from 200 to 1000 K) is shown in
Fig. 3a, and the typically constructed structures are shown in
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Fig. 3c. The corresponding surface energies for obtaining the
Waulff shapes have been summarized in Table S1.

At constant pressure, the shape of the fcc Ru nanoparticles
changes from a rhombic dodecahedron to a truncated octa-
hedron and the corresponding coordination number, CN,
increases with the increase of the temperature (from the green
region to the red region). The equilibrium morphology and
contribution of the crystal facets to the exposed surface frac-
tion (shown in Fig. 3b and Table S2t) under different con-
ditions are quite different, and partially different from their
shape under vacuum. The atmospheric pressure (10 0000 Pa) is
used as an example, considering that this is the standard
experimental condition for H, pretreatment.®®®” With a
temperature lower than 600 K, the Ru nanoparticle exhibits a
rhombic dodecahedral shape with the (110) facets fully
exposed, indicating that the (110) facet could be stabilized by
hydrogen adsorption. At a higher temperature, the H coverage
of the Ru surfaces decreases rapidly, and the fractions of
Ru(110) are reduced at the expense of the production of new
higher Miller index surfaces. When the temperature is greater
than 600 K, the morphology of the fcc Ru is predominately dic-
tated by the (110) and (211) facets. When the temperature
increased from 700 to 900 K, the Ru(211) facet appears and
occupies approximately a 17.2% to 91.9% fraction of the
exposed total surface. Meanwhile, the Ru(111) and Ru(311)
facet start to become exposed at 700 K, and a greater surface
fraction can be found as the temperature further increases to
1000 K. The Ru(321) facet, which can be found on the equili-
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Fig. 3 (a) Contour plot of the CN of 5 nm fcc Ru nanoparticles under different conditions. (b) The fractions of seven facets of typical Ru nano-
particles. (c) Typical structures of Ru nanoparticles under hydrogen atmosphere, marked with CN.
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brium shape of the fcc Ru nanoparticles under vacuum, does
not appear in the studied H conditions, which indicates that it
should not be considered as an active facet for Ru nano-
particles pretreated in H,. The shape of the Ru nanoparticle
with a CN of 8.0 and 8.1 exhibits a truncated octahedron, in
agreement with the atomic structure of the fcc Ru nano-
particles confirmed using high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF STEM) ana-
lysis.>" Obviously, hydrogen adsorption leads to dramatic
changes in the surface morphology and the exposed facets of
the fcc Ru nanocrystals. A high temperature and a low H,
partial pressure can help to facilitate the exposure of the high
Miller index surfaces.

It is reported that these open facets of fcc Ru with a rela-
tively low activation energy of CO dissociation are responsible
for the superior activity of the fcc Ru nanoparticles.®® The
origin of the high activity of the fcc Ru nanoparticles has been
confirmed to stem from the higher active site density,
especially from the (111) facet.*>®® Despite the fact that the
(111) facet contributes the largest area to the Ru nanoparticle
in a vacuum, the operability of the experiment is very difficult
to achieve. At higher temperatures, the CN of the Ru nano-
particle becomes large, corresponding to the increased
exposed facets. From Fig. 3c, it can be seen that the Ru(111)
facet does not exist in the Ru nanoparticles with a lower CN
(6.8-7.5). In the Ru nanoparticles with a CN of 7.7, the Ru(111)
facet only covers a 2.2% fraction of the exposed total surface.
The proportion of the exposed Ru(111) facet with a CN of 8.0
and 8.1 under hydrogen atmosphere is found to account for
approximately 29.9% and 56.8%, taking up most of the surface
area with a high density of the active sites. It can be predicted
that more active (111) facets would be exposed at a higher
temperature. Accordingly, the abundant active (111) facets are
expected to endow the fcc Ru nanoparticles with a better cata-
lytic performance. The results show that both the maneuver-
ability of the experiment and the large surface proportion of
(111) exposure can be controlled at a high temperature and
low pressure, ensuring the higher catalytic activity of the Ru
nanoparticles upon hydrogen adsorption. Thus, tuning the
desired morphology and exposed facets of the Ru nano-
particles can be achieved by changing the temperature and
pressure conditions, which is very useful for improving the
catalytic activity.

4. Conclusion

Applying the MSR model, the equilibrium morphology of a fcc
Ru nanoparticle was studied upon hydrogen adsorption in
detail. The identified stable configurations and energies show
that the hydrogen adsorption strength and saturation coverage
on each surface are significantly different owing to their dis-
tinct surface structures and active sites. The phase diagram for
each facet was constructed to describe the hydrogen equili-
brium coverage at given temperatures and pressures. It was
found that the morphologies and the exposed facets of the fcc

8044 | Nanoscale, 2019, 11, 8037-8046
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Ru nanoparticles highly depend on the H, pressure and temp-
erature. The result shows that high temperature and low H,
partial pressure treatment can facilitate the exposure of the
(111) facets with abundant active sites to improve the reactivity
of Ru nanoparticles. More importantly, we found that the (110)
facet does not occur under vacuum, but has a large fraction
under certain H, pressures at low temperatures. This shows
that analysis of the catalytic properties using the MSR model is
necessary to obtain real information in working conditions.
Our work provides a useful guide for tuning the shape of Ru
nanoparticles by means of controlling the H, conditions and
paves the way for the rational design of Ru nanocatalysts.
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