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The properties of solids could be largely affected by their crystal
structures. We achieved, for the first time, the phase control of
solid-solution Ruln nanoparticles (NPs) from face-centred cubic
(fcc) to hexagonal close-packed (hcp) crystal structures by hydro-
gen heat treatment. The effect of the crystal structure of Ruln alloy
NPs on the catalytic performance in the hydrogen evolution reac-
tion (HER) was also investigated. In the hcp Ruln NPs, enhanced
HER catalytic performance was observed compared to the fcc Ruln
NPs and monometallic Ru NPs. The intrinsic electronic structures
of the NPs were investigated by valence-band X-ray photoelectron
spectroscopy (VB-XPS). The d-band centre of hcp Ruln NPs
obtained from VB-XPS was deeper than that of fcc Ruln NPs and
monometallic Ru NPs, which is considered to enable the hcp Ruln
NPs to exhibit enhanced HER catalytic performance.

The properties of metal nanomaterials are closely related to
their crystal structures. For example, face-centred cubic (fcc)
Ru nanoparticles (NPs) display better catalytic activities in CO
oxidation than hexagonal close-packed (hcp) Ru NPs." The low-
frequency electrical noise of hcp Ag nanowires (NWs) is far
less than that of conventional fcc Ag NWs.> The phase tran-
sition from cubic close packing (ccp) to the hep crystal struc-
ture of Ru nanocrystals leads to the formation of a new RuC,
phase, which plays the role of an active site in accelerating the
alkaline hydrogen evolution reaction (HER) Kkinetics.®

“Division of Chemistry, Graduate School of Science, Kyoto University, Kitashirakawa-
Oiwakecho, Sakyo-ku, Kyoto 606-8502, Japan.

E-mail: mukoyoshi@ssc.kuchem.kyoto-u.ac.jp, kitagawa@kuchem.kyoto-u.ac.jp

bThe HAKUBI Center for Advanced Research, Kyoto University, Kitashirakawa-
Oiwakecho, Sakyo-ku, Kyoto 606-8502, Japan

‘JST-PRESTO, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan

The Ultramicroscopy Research Center, Kyushu University, 744 Motooka, Nishi-ku,
Fukuoka 819-0395, Japan

‘Department of Applied Quantum Physics and Nuclear Engineering, Kyushu
University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan

tElectronic supplementary information (ESI) available: Experimental details,
TEM images, STEM-EDX mapping, XPS spectra, and results of electrochemical
measurements. See DOI: https://doi.org/10.1039/d4nr00562g

This journal is © The Royal Society of Chemistry 2024

Xin Zhou,® Megumi Mukoyoshi,
Takaaki Toriyama,® Yasukazu Murakami®® and Hiroshi Kitagawa (2 *2

™ COYAL SOCIETY
ap OF CHEMISTRY

Phase control of solid-solution Ruln nanoparticles
and their catalytic propertiest

*@ Kohei Kusada, (2 P Tomokazu Yamamoto,®

Regarding metal alloy NPs with adjustable constituents and
proportions, their properties can be significantly tuned by
adjusting the crystal structure.*® For instance, the face-
centred tetragonal (fct) FePt NPs were found to be more stable
than the fcc FePt NPs and could serve as an active catalyst for
the oxygen reduction reaction.” The hcp PdRu NPs exhibit
better oxygen evolution reaction (OER) performance than the
fcc PdRu NPs.® Compared with fcc-AuRu; alloy NPs, hep-
AuRuj; alloy NPs exhibit better thermal stability and durability
in OER catalytic activity.” With different crystal structures,
alloy NPs display different atomic arrangements and electronic
structures on the surface, which affects the strength of
surface-adsorbate interactions and thus leads to different cata-
lytic properties.’®™* Thus, controlling the crystal structure of
alloy NPs holds promise for obtaining new functional
materials. However, structure control of alloy NPs is difficult
because once their constituents and proportions of elements
are fixed, the thermodynamically most stable structure of the
alloys is also determined.*?

Platinum group metal (PGM) NPs have been extensively
researched for their unique characteristics and high perform-
ance in catalysis."*"® Ru is one of the PGMs, and an hep struc-
ture is the most stable phase for bulk Ru.'” However, when the
particles are of nanometre size, it is possible to obtain Ru NPs
with an fec crystal structure." There have been studies on the
properties of Ru nanocrystals with different crystalline phases
and crystal sizes, and the different crystal structures of Ru
nanocrystals exhibit different catalytic activities for many reac-
tions, such as the reduction of p-nitrophenol by NaBH,, the
dehydrogenation of ammonia borane, the HER and the hydro-
gen oxidation reaction.'®>* On the other hand, indium (In) is
a non-precious metal which can also function as an efficient
catalyst.”® The Ru-In alloy system holds potential for further
applications in catalysis. However, Ru and In are not miscible
with each other even in the liquid phase at high tempera-
tures,>* which makes it a challenge to synthesise the alloy NPs.
Recently, solid-solution Ruln alloy NPs with an fcc crystal
structure have been obtained, and they are reported to exhibit
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enhanced HER performance.”” To date, no research has been
reported on the effect of the crystal structure of Ruln solid-
solution alloy NPs on catalytic properties due to the difficulties
associated with controlling the crystal structure.

In this work, we achieved the phase control of solid-solu-
tion alloy NPs of Ru and In. The fcc Ruln NPs were trans-
formed into hcp-structured Ruln NPs by heat treatment under
a hydrogen (H,) atmosphere. Powder X-ray diffraction (PXRD),
scanning transmission electron microscopy (STEM) and the
corresponding energy-dispersive X-ray spectroscopy (EDX)
maps revealed that the synthesised Ruln NPs have a solid-solu-
tion fcc or hep crystal structure. The variation of HER catalytic
activity based on the crystal structure of the Ruln alloy NPs
was also investigated. The hcp Ruln NPs exhibited higher cata-
lytic performance than the fcc Ruln NPs and monometallic Ru
NPs. From valence-band X-ray photoelectron spectroscopy
(VB-XPS), it was revealed that the d-band centre of hcp Ruln
NPs was deeper than that of fcc Ruln NPs and monometallic
Ru NPs. This is considered to enable the hcp Ruln NPs to
exhibit enhanced HER catalytic performance.

Fig. 1a shows the schematic illustration of the process to
control the crystal structure of the Ruln solid-solution alloy
NPs. According to our previous work, fcc Ruln NPs were
obtained by wet chemistry and a cyclic voltammetry (CV) clean-
ing method.*® The carbon-loaded fcc Ruln NPs were heated
under a H, atmosphere to cause a phase transition from fcc to
hep. Experimental details are given in the ESL

Fig. 1b shows the PXRD patterns of the obtained NPs. Prior
to the H, heat treatment, the synthesised Ruln NPs exhibited
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Fig. 1 (a) Schematic illustration of the process controlling the crystal

structure of Ruln solid-solution alloy NPs. (b) PXRD patterns obtained
from fcc and hcp Ruln NPs/C. Radiation wavelength: 1.5405(9) A.
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an fcc diffraction pattern. From the Rietveld refinement of the
fcc Ruln NPs, the obtained lattice constant a was 3.8758(6) A,
which is larger than that of the calculated fcc lattice constant
of Ru (a = 3.82 A, by 1/2 x ncp) (Fig. S17). The lattice constants
@nep and chep of the hep Ru NPs determined from the Rietveld
refinement were 2.7050(2) and 4.3054(4) A, respectively
(Fig. S2t). The increased lattice constant of the fcc Ruln NPs
indicated the formation of alloy Ruln NPs. After the H, heat
treatment, the Ruln NPs displayed an hcp diffraction pattern.
The obtained lattice constants apcp, and cnep Of the hep Ruln
NPs from the Rietveld refinement were 2.7133(8) and 4.3388(4)
A, respectively (Fig. S31), which are larger than those of mono-
metallic hcp Ru NPs. Based on Vegard’s law, the calculated
composition ratios of Ru to In for the fcc and hep Ruln alloy
NPs were 0.938:0.062 and 0.948:0.052, respectively. X-ray
fluorescence (XRF) results revealed that the atomic ratios of Ru
to In in the fcc and hep Ruln alloy NPs were 0.937 to 0.063
and 0.939 to 0.061, respectively, which is consistent with the
PXRD results. These results indicated that the fcc and hcp
Ruln NPs were successfully obtained. On the other hand, after
heating at the same temperature (723 K) and for the same
heating time (1.5 h) under vacuum conditions without H,, the
Ruln alloy NPs still contained the fcc phase (42%) with the
hep component (58%) (Fig. S41), which implies that the phase
transition was not fully complete. Meanwhile, the lattice para-
meters of both fec and hcp components in vacuum-heat-
treated Ruln NPs were also larger than those of fcc and hep Ru
NPs, indicating that both fcc and hep components of the Ruln
NPs form a solid-solution alloy structure. And the Ruln NPs
were heated at different temperatures under an H, atmosphere
for 1.5 h. According to the PXRD results, when the Ruln NPs
were heated under an H, atmosphere at temperatures higher
than 573 K, the phase transition from the fcc to hcp crystal
structure occurred (Fig. S5T). It was assumed that heat treat-
ment could induce a transition of the crystal structure from fcc
to hep in Ruln alloy NPs, which might be because the hcp
crystal structure is a thermodynamically more favourable
phase of Ruln alloy NPs. In addition, the Ruln alloy NPs are
able to adsorb hydrogen, which accelerates atomic rearrange-
ments to form different crystal structures.>*™® It is well known
that when metals absorb hydrogen molecules, hydrogen atoms
could invade the lattice interstitials and generate defect struc-
tures, which promotes atomic diffusion and structure changes
in alloys.”*' Therefore, the hydrogen heat treatment could
accelerate the atomic rearrangements of fcc Ruln NPs to form
the hcp crystal structure.

Atomic-resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was carried
out to further investigate the details of the atomic arrange-
ment of the Ruln alloy NPs. The HAADF-STEM image of Ruln
NPs in Fig. 2a and the corresponding fast Fourier transform
(FFT) pattern (Fig. 2b) displayed an fcc nature. From the FFT
pattern, the calculated d-spacings were estimated to be 1.9 and
1.4 A for the {002} (where f stands for fcc) and {022} planes,
respectively. An expanded STEM image with a lattice spacing
of 1.9 A further displayed a typical fcc atomic arrangement

This journal is © The Royal Society of Chemistry 2024
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(a) Atomic-resolution HAADF-STEM image obtained from the fcc Ruln NPs/C. (b) FFT pattern of (a). (c) An expanded view of the dashed red

square region in (a). (d) Atomic-resolution HAADF-STEM image obtained from the hcp Ruln NPs/C. (e) FFT pattern of (d). (f) An expanded view of the
dashed red square region in (d). (g) HAADF-STEM image, (h) Ru-L STEM-EDX map and (i) In-L STEM-EDX map of the fcc Ruln NPs/C. (j) The recon-
structed overlay image of the maps shown in (h) and (i). (k) HAADF-STEM image, (1) Ru-L STEM-EDX map and (m) In-L STEM-EDX map of the hcp
Ruln NPs/C. (n) The reconstructed overlay image of the maps shown in (1) and (m). Scale bar: 10 nm.

from the [100] zone axis (Fig. 2c). The STEM image and the
FFT pattern of the Ruln NPs in Fig. 2d showed an hcp nature.
According to the FFT pattern, the calculated d-spacings were
estimated to be 2.3 and 2.1 A for the {100}, (where h stands for
hep) and {002}, planes, respectively (Fig. 2e). An expanded
STEM image shows a lattice spacing of 2.1 A, which is a charac-
teristic hcp atomic arrangement from the [010] zone axis
(Fig. 2f). These observed lattice spacings were also in agree-
ment with the structural information obtained from the
Rietveld refinement. These results indicated the successful
control of the crystal structure of Ruln alloy NPs. In addition,
from HAADF-STEM images and the corresponding EDX maps,
we confirmed that Ru and In elements are distributed ran-
domly and homogeneously in both fcc and hcp Ruln alloy
NPs, indicating the solid-solution alloy structures of both fcc

This journal is © The Royal Society of Chemistry 2024

and hcp Ruln alloy NPs (Fig. 2g-n). The particle size of the fcc
and hcp Ruln NPs was calculated to be 5.0 + 2.5 nm and 5.4
2.6 nm, respectively, by transmission electron microscopy
(TEM) (Fig. S67). The estimated diameter of the NPs was aver-
aged over 200 NPs.

X-ray photoelectron spectroscopy (XPS) was carried out to
determine the oxidation state of the fcc Ruln NPs, hcp Ruln
NPs and monometallic hcp Ru NPs. From the In 3d XPS
spectra, two peaks were observed at binding energies (BEs) of
451.2 and 443.6 eV for fcc Ruln NPs and 451.0 and 443.4 eV
for hcp Ruln NPs, respectively, which correspond to In 3ds.,
and In 3ds), of metallic In, respectively (Fig. S77).**** The Ru
3p spectra of fcc and hcep Ruln NPs each displayed two peaks
at BEs of 461.7 and 483.9 eV and 461.6 and 483.9 eV, respect-
ively, attributed to Ru 3ps, and Ru 3p;, of metallic Ru,

Nanoscale, 2024, 16, 9311-9316 | 9313
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respectively (Fig. S8a and $8bt).** In comparison with the XPS
results of monometallic Ru NPs (Fig. S8ct), a shift to lower
BEs of the Ru 3p XPS peaks was observed in both fcc and hep
Ruln NPs. It is assumed that this is due to the electronic
changes induced by the electron transfer from In to Ru in
Ruln NPs.*>>?° The negligible difference in the XPS peak posi-
tions of fcc and hep Ruln NPs is considered to be due to the
similar homogeneous solid-solution structures of the alloy
NPs in fcc and hep crystal structures.'® The XPS results further
suggest that the solid-solution alloy Ruln NPs with an fcc or
hcep structure was successfully formed.

We examined the HER catalytic performance of the carbon-
loaded NPs in an Ar-saturated 0.5 M H,SO, solution. The
linear sweep voltammetry (LSV) curves (Fig. 3a) revealed that
hep Ruln NPs/C can achieve a current density of 10 mA cm™>
at an overpotential (i) of 28.5 mV, which shows a higher HER
catalytic activity than commercial Pt NPs/C (35.3 mV), fcc Ruln
NPs/C (35.5 mV) and hcp Ru NPs/C (53.7 mV) (Fig. 3b). As
shown in Fig. 3c, the Tafel slope of hcp Ruln NPs/C (21.58 mV
dec™") was found to be lower than that of commercial Pt NPs/C
(22.02 mV dec™), fcc Ruln NPs/C (23.43 mV dec™ ') and hcp Ru
NPs/C (37.08 mV dec™'). The Tafel slope is an important indi-
cator of the kinetic behaviour of the catalysts—the lower the
value, the faster the reaction kinetics.>” The Tafel slope for hep
Ruln NPs/C also showed that the rate-determining step of the
HER is the Tafel step.*® The hep Ruln NPs/C also exhibited the
highest mass activity (47.98 and 177.78 A g~ for 510 and #,,,
respectively), compared with commercial Pt NPs/C (24.48 and
83.02 A g~ for 15, and 1, respectively), fcc Ruln NPs/C (24.18
and 96.08 A g~ for 771, and 1,, respectively) and hep Ru NPs/C
(15.48 and 38.08 A g™* for 75, and 1,0, respectively), as shown
in Fig. 3d and S9.7 The results suggest that hcp Ruln alloy NPs
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Fig. 3 HER catalytic activities of Ruln alloy catalysts. (a) LSV curves of
commercial Pt NPs/C, fcc Ruln NPs/C, hcp Ruln NPs/C and hcp Ru NPs/
C. (b) Overpotentials of the catalysts at a current density of 10 mA cm™2.
(c) Tafel slopes for the catalysts. (d) Mass activities of the catalysts at

10 mV and 20 mV overpotentials.
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exhibit improved HER catalytic performance. Furthermore,
chronoamperometry measurements for a durability test were
performed on the NPs (Fig. S10 and S11}). No significant
degradation of the LSV curves occurred after a 10 h durability
test, indicating the durable catalytic stability of the hcp and fcc
Ruln NPs. According to the XRF results, the atomic ratios of
Ru to In in the fcc and hep Ruln NPs after the chronoampero-
metry measurement were 0.948 to 0.052 and 0.947 to 0.053,
respectively. The results showed that after the stability test,
only a slight decrease in the In content was observed, with
most of the In content remaining in the alloy NPs. XPS
measurement was also carried out on the Ruln NPs after the
stability measurement (Fig. S12}). The Ru 3p and In 3d XPS
spectra of both fce and hep Ruln NPs after the stability test
exhibited only XPS peaks attributed to the metallic Ru and In,
suggesting that the Ru and In elements in the alloy NPs are
still in the metallic state. The results showed that the compo-
sition and oxidation state of Ruln NPs did not change signifi-
cantly before and after the chronoamperometry measurement.

Turnover frequency (TOF) is a possible descriptor of the
intrinsic activity of an electrocatalyst.***' The TOF values were
determined based on the contribution of the electrochemically
active surface area (ECSA), which was estimated by the copper
underpotential deposition method (Cu UPD) (Fig. S1371). At an
overpotential of 10 mV, the hcp Ruln NPs/C showed the
highest TOF value of 0.81 H, s~* among those of fcc Ruln alloy
NPs/C (0.44 H, s™") and hep Ru NPs/C (0.25 H, s~ (Fig. S147).
The above results indicate that hcp Ruln NPs show better HER
catalytic performance than fcc Ruln NPs and monometallic
hep Ru NPs, which indicates that the catalytic properties of the
alloy NPs are closely related to their crystal structure.

The atomic arrangement and electronic structure on the
surface of the alloy NPs are different with different crystal
structures. These variations in the geometry and electronic
structure on the surface of the catalyst will affect the adsorp-
tion behaviour of metals and intermediates.*>™** 1t is widely
recognized that HER electrocatalysts with high performance
should have a moderate binding strength between metal active
sites and intermediate H*.*>*® The concept of the d-band
centre proposed by Nerskov et al. has been proved to be an
effective indicator of the binding strength of the intermediates
during the electrocatalytic HER.*”™*° VB-XPS was carried out to
investigate the intrinsic electronic structure of the NPs. Fig. 4a
and S151 show the VB-XPS spectra of the commercial Pt NPs/
C, hep Ruln NPs, fce Ruln NPs and hep Ru NPs. The d-band
centre of the commercial Pt NPs/C calculated from the VB-XPS
spectra is —4.04 eV. As calculated from the VB-XPS spectra, the
d-band centre of hcp Ruln NPs is deeper (—3.96 eV) than that
of fcc Ruln NPs (—3.92 eV) and hcp Ru NPs (—3.86 €V)
(Fig. 4b). According to the density functional theory (DFT) cal-
culations, the Ru of the hcp structure has a lower total energy
in the valence band region than the fcc Ru.’® The results indi-
cated that hcp is the most stable phase of Ru. The different
stable states among different structures are considered to
result in a variation of the d-band centre. It is reported that
the DFT calculations reveal that the metastable fct Au has an

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) VB-XPS spectra obtained from hcp Ru NPs/C, hcp Ruln NPs/
C and fcc Ruln NPs/C and (b) d-band centres of hcp Ru NPs/C, hcp Ruln
NPs/C and fcc Ruln NPs/C calculated from the VB-XPS spectra.

upshifted d-band centre compared to the stable fcc Au.>*
Therefore, the hcp Ruln NPs show a downshifted d-band
center compared to the fcc Ruln NPs. According to the d-band
theory, a deeper d-band centre implies weaker adsorption and
better desorption of intermediate H*.*> The d-band centre of
the hep Ruln NPs is downshifted compared with that of the
fcc Ruln NPs and hep Ru NPs, suggesting that the adsorption
of the metal to intermediate H* is weakened, thus resulting in
enhanced HER performance of the hcp Ruln NPs.

In addition, metals with fec or hep crystal structures have
different crystal morphologies. It is well-known that NPs with
different crystal structures will expose different crystalline
facets, and according to the first-principles calculations, the
fcc Ru exposes mainly the {111} and {110} crystal facets and
the hcp Ru exposes mainly the {1011}, {0001} and {1010}
crystal facets.>® Furthermore, due to the heat treatment, the
hep Ruln NPs could selectively expose the stable facets with
different adsorption and dissociation behaviors in catalytic
reactions. Therefore, the catalytic properties of the alloy NPs
could be controlled by their crystal structure. In this study, the
HER performance of Ruln alloy NPs with an hcp structure is
higher than that of the alloy NPs with an fcc structure.

Conclusions

In summary, for the first time, we achieved the phase control
of solid-solution Ruln NPs from fcc to hep crystal structures by
H, heat treatment. PXRD, STEM and the corresponding EDX
maps revealed that the obtained Ruln NPs have a solid-solu-
tion fcc or hep crystal structure. The effect of the crystal struc-
ture of the alloy NPs on HER catalytic performance was also
investigated. The hcp Ruln NPs exhibited better HER catalytic
performance than the fcc Ruln NPs and monometallic Ru NPs.
VB-XPS analysis showed a deeper d-band centre of hcp Ruln
NPs compared to that of fcc Ruln NPs and monometallic Ru
NPs, which is considered to result in the improved HER cata-
lytic performance of hcp Ruln NPs. This study provides an
insightful concept for obtaining efficient catalysts through
phase control. Furthermore, such a concept is not only appli-
cable to binary alloy systems but can also be extended to
multi-constituent systems.

This journal is © The Royal Society of Chemistry 2024
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