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Solid-solution alloys based on platinum group metals and p-block metals have attracted much attention
due to their promising potential as materials with a continuously fine-tunable electronic structure. Here,
we report on the first synthesis of novel solid-solution RuSn alloy nanoparticles (NPs) by electrochemical
cyclic voltammetry sweeping of RuSn@SnO, NPs. High-angle annular dark-field scanning transmission
electron microscopy and energy-dispersive X-ray spectroscopy maps confirmed the random and
homogeneous distribution of Ru and Sn elements in the alloy NPs. Compared with monometallic Ru
NPs, the RuSn alloy NPs showed improved hydrogen evolution reaction (HER) performance. The
overpotentials of Rug.545n0.0s NPs/C and Rug g7Sno 13 NPs/C to achieve a current density of 10 mA cm™2
were 43.41 and 33.19 mV, respectively, which are lower than those of monometallic Ru NPs/C (53.53
mV) and commercial Pt NPs/C (55.77 mV). The valence-band structures of the NPs investigated by hard
X-ray photoelectron spectroscopy demonstrated that the d-band centre of RuSn NPs shifted downward
compared with that of Ru NPs. X-ray photoelectron spectroscopy and X-ray absorption near-edge
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eceived 18th December 2023 structure analyses indicated that in the RuSn alloy NPs, charge transfer occurs from Sn to Ru, which was
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considered to result in a downward shift of the d-band centre in RuSn NPs and to regulate the
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Introduction

Platinum group metals (PGMs) have been extensively studied as
catalysts in the automotive industry, petroleum refining,
hydrogen production and electronics.”” Using PGMs as
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adsorption energy of intermediate H,qs effectively, and thus enable the RuSn solid-solution alloy NPs to
exhibit excellent HER catalytic properties.

nanoparticles (NPs) is one of the effective ways to improve their
catalytic performance, because the high surface-to-volume ratio
and quantum size effect can be achieved.*® Alloying, which
means mixing the metal constituents at the atomic level, is
another effective strategy to improve the catalytic properties of
PGMs. The electronic states and properties of PGM alloys are
affected by changes in the constituent elements and/or
composition.’™ Actually, it has been reported that PGM-
based solid-solution alloy NPs showed excellent catalytic
performance, such as RuPd," Rulr," PtPd,'® RuPt,"”” RuRh"® and
PtIr*® alloy NPs. Currently, the constituent elements of reported
PGM-based solid-solution alloys are mainly precious metals.
However, PGMs are scarce and very expensive resources, and
therefore alloying with non-noble metals would be an effective
way of reducing PGM usage.

Tin (Sn) is a non-precious metal from group 14 of the peri-
odic table of the elements. In recent years, alloys based on
PGMs and Sn have been synthesised as catalysts.”*>* However,
most reported PGM-Sn alloys have intermetallic structures with
specific ordered atomic arrangements, and few reports have
been reported on solid-solution alloy system of PGMs and Sn
with disordered atomic arrangements. In contrast to interme-
tallic alloys, in which composition ratios cannot be flexibly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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changed, solid-solution alloys allow continuous control over
metal composition ratios. Due to continuous composition
control, solid-solution alloys possess the merits of precise
tuning of the electronic structure as well as properties of PGM
alloys. Thus, solid-solution alloy NPs with a continuously fine-
tunable electronic structure might be fascinating materials for
catalytic applications closely related to adsorption energy.>

In this work, we have focused on the Ru-Sn system. Although
RusSn alloy NPs have the potential to be highly efficient catalysts,
synthesising solid-solution RuSn alloy NPs remains challenges.
There are three intermetallic compound phases in the bulk Ru-
Sn system (Ru,Snz, RuSn,, and RuzSn;).”® Therefore, the ratio of
Ru/Sn is fixed to these three points and cannot be freely
controlled. Because the electronic properties of Ru (a d-block
metal) and Sn (a p-block metal) are significantly different,
they tend to form intermetallic compounds with ordered
structures, and therefore, RuSn solid-solution alloys with
disordered structures are difficult to obtain.?” In addition, the
large difference in redox potentials between Ru**/Ru’ (0.35 V vs.
the standard hydrogen electrode, SHE)*® and Sn**/Sn° (—0.14 V
vs. SHE),” making it difficult to achieve the obtainment of alloy
NPs. Furthermore, Ru has hexagonal close-packed (hcp) struc-
ture as the most stable crystal structure, and Sn has cubic or
tetragonal structure as the most stable structure. Their different
crystal structures also make the synthesis of solid-solution
RuSn alloy NPs challenging.**?*!

Herein, the novel RuSn solid-solution alloy NPs were
successfully synthesised via electrochemical cyclic voltammetry
(CV) sweeping of pre-synthesised RuSn@SnO, NPs (Scheme 1).
The RuSn alloy NPs exhibited enhanced hydrogen evolution
reaction (HER) performance compared with monometallic Ru
NPs. Hard X-ray photoelectron spectroscopy (HAXPES) showed
that RuSn alloy NPs have a deeper d-band centre in comparison
to monometallic Ru NPs. X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy revealed the charge
transfer from Sn to Ru in RuSn alloy NPs. It is considered that
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Synthesis of RuSn solid-solution alloy NPs from cyclic voltammetry sweeping of RuSn@SnO, NPs.

the charge transfer from Sn to Ru results in a downward shift of
the d-band centre in RuSn alloy NPs relative to Ru NPs, which
leads to a weakened bond strength between the metal and the
intermediate H,qs, thus enabling the RuSn alloy NPs to exhibit
excellent HER catalytic properties.

Results and discussion

RusSn solid-solution alloy NPs were obtained from CV cleaning
of the pre-synthesised RuSn solid-solution alloy NPs sur-
rounded by Sn oxide species (RuSn@SnO,. NPs) (see the details
in the ESIt). A polyol reduction method was used for the
synthesis of RuSn@SnO, NPs. Transmission electron micros-
copy (TEM), high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), energy-dispersive
X-ray spectroscopy (EDX) maps and XPS were conducted to
characterise the synthesised RuSn@SnO, NPs (Fig. S1-S4 and
Table S17). The synthesised NPs were confirmed to be RuSn
solid-solution alloy NPs surrounded by Sn oxide species. By
controlling the ratios of the Ru and Sn precursors, RuSn@SnO,
NPs with different metal composition ratios were achieved.

To remove the surface Sn oxides, the RuSn@SnO, NPs were
first loaded on carbon, and then electrochemical CV sweeping
was performed in an Ar-saturated 1.0 M KOH electrolyte with
a rate of 500 mV s~ in the potential range from 0.05 to 0.40 V
(vs. reversible hydrogen electrode, RHE) for several hundred
cycles until the obtained CV curves were stable. The HAADF-
STEM images, corresponding EDX maps and line scan profiles
indicated SnO, was removed from the surface of RuSn@SnO,
NPs, and the Ru and Sn elements were randomly and uniformly
distributed in the NPs (Fig. 1a-h, S5 and S6t). These results
confirmed that solid-solution RuSn alloy NPs were successfully
obtained. The EDX line scan analysis shows the atomic ratios of
Sn in RuSn NPs to be 6% and 12% after CV sweeping (Fig. 1i and
j)- According to the X-ray fluorescence (XRF) results, the atomic
ratios of Ru:Sn were 0.94:0.06 (Rug.0,4Sn00s NPs) and 0.87:
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(a) HAADF-STEM image of Rug 94SNg.0s NPs/C. STEM-EDX elemental mapping of Rug 94Sng .06 NPs/C showing (b) Ru (L-line), (c) Sn (L-line)

and (d) overlay images. (e) HAADF-STEM image of Rug g7Sng.13 NPs/C. STEM-EDX elemental mapping of Rug g7Sng 13 NPs/C showing (f) Ru (L-
line), (g) Sn (L-line) and (h) overlay images. EDX line scan profiles of (i) Rug.94Snp.0s NPs/C and (j) Rug g7Sng 13 NPs/C. The arrow in the inset
indicates the direction of the line scan. The scale bar in the inset is 5 nm.

0.13 (Rug g7Sng 13 NPs), respectively, which is in agreement with
the results of EDX line scan. The particle sizes of the CV-cleaned
RuSn alloy NPs were shown by TEM to be 4.9 £+ 1.5 and 5.0 +
1.7 nm for Rug94Sng0s NPs and Rug g;Sng 13 NPs, respectively
(Fig. S7t). The mean diameters of the NPs were averaged from
200 particles.

The atomic arrangements of Rugo4Snges NPs and
Ru, g7Sn0.13 NPs were characterised by HAADF-STEM (Fig. 2a
and b). The fast Fourier transform (FFT) pattern of Rug 945N 06
NPs revealed a face-centred cubic (fcc) crystal nature (Fig. 2c).
From the FFT pattern, the calculated d-spacings were estimated
to be 1.9 and 2.2 A for the {002} and {111} planes, respectively.
Fig. 2d shows the clear atomic arrangements, with measured
lattice spacing of 2.2 A, which is typical of the fcc lattice
observed from the 110 direction.*” The HAADF-STEM image of
Ruy g,Sn0.13 NPs shows a five-fold symmetric twinned nano-
particle with a decahedral structure consisting of five tetrahedra
(Fig. 2b), indicating the formation of the fcc structure.**** The
enlarged STEM image exhibited the atomic arrangement of the

7562 | Chem. Sci, 2024, 15, 7560-7567

NP with a lattice spacing of 2.2 A, further indicating a typical of
fee structure viewed along the [110] direction (Fig. 2e).
Synchrotron X-ray diffraction (XRD) was conducted to
investigate the crystal structures of the CV-cleaned RuSn NPs.
Monometallic Ru NPs were also synthesised and characterised
for comparison (Fig. S81). The XRD of the synthesised Ru NPs
exhibited a single fcc diffraction pattern (Fig. 2f). It is well
known that the most stable crystal structure of bulk Ru is hep
structure, but when the size is reduced to nanometer order, fcc
Ru NPs can be obtained.* From Rietveld refinement, the ob-
tained lattice parameter a of the Ru NPs was 3.828(3) A (Fig.-
S9at), which is in agreement with the ideal fcc lattice parameter
(3.82 A) calculated from the hcp lattice parameter, by 2 x
@nep-*® The XRD peaks of the RuSn NPs shifted towards a lower
angle than those of the monometallic Ru NPs (Fig. 2f). In
addition, the peak positions of Rug g,Sn, ;3 NPs were lower than
those of Rug.94Sng 06 NPs. These results suggested that RuSn
solid-solution alloy NPs were successfully formed. The XRD
diffraction patterns of the RuSn alloy NPs after CV cleaning were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Atomic-resolution HAADF-STEM images of (a) Rugp.94SNo.o6
NPs/C and (b) Rug g7Sng.13 NPs/C. (c) FFT pattern of (a). (d) Expanded
image of the red dashed square region in (a). () Expanded image of the
red dashed square region in (b). (f) Synchrotron XRD patterns of Ru
NPs, Rug 94Sng.0s NPs/C and Rug g7Sng.13 NPs/C. The radiation wave-
length is 0.2069(1) A.

identical to those before CV cleaning, which implies the crystal
structure of the NPs was not altered by CV scanning (Fig. S9b¥),
and metallic Sn atoms were still in the lattice of RuSn alloy NPs.
The Rietveld refinement analysis revealed that the Rug 04SN 06
NPs consisted of a major fcc phase (89.1%) and a minor hep
phase (10.9%) (Fig. S10at). For fcc component, the obtained
lattice constant was 3.861(3) A. And for hcp component, the
obtained lattice constants were 2.713(8) and 4.290(2) A for e,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and cyp, respectively. The Rietveld refinement revealed a single
fce pattern for Ru, g,Sn, 13 NPs with an obtained lattice constant
a of 3.899(8) A (Fig. S10bt). The lattice parameter ag. for the NPs
increased with an increasing proportion of Sn, which implies
successful alloying of Sn with Ru in RuSn NPs. The lattice
parameters for the hep structure in Rug 4Sng 06 NPs were also
larger than those of the value for hep Ru (a = 2.70 A, ¢ = 4.27
A),” indicating that the hcp component of Rug 94510 06 NPs also
forms a solid-solution alloy. In addition, the calculated fcc
lattice spacings of the {111}, planes of Rug¢4Sn ¢ NPs and
Rug.g,SN0.13 NPs were 2.2 A, which are in agreement with the
HAADF-STEM results. The synchrotron XRD results indicate
that solid-solution RuSn alloy NPs with different composition
ratios were successfully synthesised, which could not be ach-
ieved in intermetallic RuSn alloy NPs reported previously.””

The HER catalytic performances of the carbon-supported
NPs were recorded with a standard three-electrode system in
an Ar-saturated 1.0 M KOH electrolyte with a pH of 14.0.%®
Linear sweep voltammetry curves showed that the over-
potentials of Rug.4Sng 0 NPs/C and Rug g;Sng 13 NPs/C at the
current density of 10 mA cm™> were 43.41 and 33.19 mV,
respectively, which are lower than those of fcc Ru NPs (53.53
mvV ') and commercial Pt NPs/C (55.77 mV ') (Fig. 3a and b).
The HER properties of carbon black (Vulcan XC-72R) were also
evaluated (Fig. S111). The carbon black did not exhibit HER
catalytic properties. The results showed that carbon black is
inert for the HER catalytic reaction. To investigate the origin of
the improved HER electrocatalytic activity in the Rug 94Sng 06
NPs and Ruy g;Sn, 13 NPs, we synthesised monometallic Sn NPs
(Fig. S127) and examined their HER activity. Monometallic Sn
NPs/C did not demonstrate HER catalytic properties. Further-
more, physically mixed Ru NPs and Sn NPs were measured for
HER catalytic performance (the Ru NPs and Sn NPs were mixed
at an atomic ratio of 0.87:0.13), which exhibited a similar
catalytic property to that of monometallic Ru NPs/C. These
results indicate that Ru NPs performs a critical role in HER
catalysis, and physical mixing with Sn NPs could not improve
the catalytic performance of Ru NPs. Moreover, alloying with Sn
could improve the HER performance of Ru NPs, and the cata-
Iytic performance was further enhanced with the increase in Sn
content.

The steady-state Tafel slopes were measured by recording
HER current at the 100 seconds of chronoamperometry
responses at various potentials (—5 to —60 mV vs. RHE) with an
interval of 5 mV.* The steady-state Tafel slopes of Ru NPs/C,
Ru 04SNy 06 NPS/C and Rugg,Sng 3 NPs/C were 71.40, 56.57
and 47.56 mV decade ', respectively (Fig. 3c). The Tafel slope of
RuSn NPs decreases with increasing Sn content, which indi-
cates faster reaction kinetics of Rug g,Sng 3 NPs/C. The Tafel
slopes of the NPs also imply a Volmer-Heyrovsky mechanism,
and the Heyrovsky step is the rate-determining step of the
reaction.***

As shown in Fig. 3d and S13,t the Rug g;Sn, 13 NPs/C showed
the highest mass activity for HER catalysis (103.9 A g ' at an
overpotential 7 of 20 mV; 176.9 A g~ ' at 30 mV) compared with
RUp.04SNg.0s NPs/C (65.3 and 114.2 A g ' at 20 and 30 mV,
respectively) and Ru NPs/C (46.2 and 89.2 Ag~" at 20 and 30 mV,

Chem. Sci., 2024, 15, 7560-7567 | 7563
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Fig. 3 HER catalytic performance in Ar-saturated 1.0 M KOH. (a) Polarisation curves of Sn NPs/C, Ru NPs/C + Sn NPs/C, commercial Pt NPs/C,
fcc Ru NPs/C, Rug.94Sno.0s NPs/C and Rug g7Sho13 NPs/C. (b) Overpotentials of Ru NPs/C + Sn NPs/C, commercial Pt NPs/C, fcc Ru NPs/C,
RU0.94Sn0.06 NPs/C and Rug g7Sng 13 NPs/C. (c) Steady-state Tafel slopes of fcc Ru NPs/C, Rug 94Sno.0s NPs/C and Rug g7Sng 13 NPs/C. (d) Mass
activities (at n of 20 and 30 mV) of fcc Ru NPs/C, Rug .94Sng.0s NPs/C and Rug g7Sng.13 NPs/C. (e) Polarisation curves of Rug 94Sng ge NPs/C and
Rug 875N 13 NPs/C before and after the durability test. (f) TOF values (at  of 20 mV) of fcc Ru NPs/C, Rug 94Sng.0s NPs/C and Rug g7Sng 13 NPs/C.

respectively). Furthermore, Ru, g,Sn,13 NPs/C and Rug 945N g6
NPs/C showed excellent durability in alkaline solutions with
negligible degradation. The polarisation curves of Rugg;Sng 13
NPs/C and RugosSnges NPs/C after the 10 h chro-
noamperometry measurement did not show noticeable degra-
dation in comparison with that of monometallic Ru NPs/C
(Fig. 3e, S14 and S15f). Powder XRD measurement was
carried out on the Rug94Sng o6 NPs and Rug g;Sng 13 NPs after
the 10 h chronoamperometry measurement, and the positions
of the XRD diffraction peaks before and after the measurement
were identical, and no diffraction peaks derived from the oxides
were observed, indicating that the crystal structure was not
obviously changed after the 10 h measurement (Fig. S167).
According to the XRF results, the atomic ratios of Ru to Sn in
Ruy 04SN0 NPs and Rug g;Sn, 13 NPs after the stability test are
0.946 : 0.054 and 0.884 : 0.116, respectively. The results showed
that there is only a slight reduction in the Sn content after the
10 h reaction, with most of the Sn content remaining in the alloy
NPs. The XPS spectra of RuSn NPs after chronoamperometry
measurement were also investigated (Fig. S177). The Ru 3p and
Sn 3d XPS spectra of RuSn NPs after the measurement displayed
only XPS peaks for the metallic Ru and Sn, suggesting that the
elements remain in the metallic state in the alloy NPs. The
results showed that the crystal structure of RuSn NPs before and
after the chronoamperometry measurement were identical and
no significant oxidation of NPs was observed.

The turnover frequency (TOF) serves as an accurate
description of the intrinsic activity of a catalyst. However, the

7564 | Chem. Sci,, 2024, 15, 7560-7567

TOF is difficult to measure directly, so it is typically inferred
from the measurements of the electrochemically active surface
area (ECSA) and active sites (n). The ECSA for the catalyst was
calculated via the method of underpotential deposition of
copper (Fig. S181). The ECSA and number of active sites were
evaluated to be similar for Rug g7Sng 13 NPs/C, Rug.94Sng o NPs/
C and Ru NPs/C (Fig. S197). At an overpotential of 20 mV, the
TOF values of Rug 4Sng os NPs/C and Rug g;Sn, 13 NPs/C were
0.35 and 0.45 H, s, respectively, higher than the value for Ru
NPs/C (0.27 H, s ) (Fig. 3f). The relatively lower overpotential
and increased TOF value indicated that the RuSn solid-solution
alloy NPs possess superior HER performance, which is one of
the most promising Ru-based catalysts reported for HER under
alkaline conditions (Table S27).

To elucidate the enhanced HER activity of RuSn solid-
solution alloy NPs, HAXPES was carried out to investigate the
electronic structures of Rug ¢,Sng 0 NPS, Rug g,Sny 13 NPs and
Ru NPs. From the valence-band (VB) HAXPES spectra (Fig. 4a),
we confirmed the systematic change in the density of states,
which is caused by alloying Sn with Ru. The d-band centre,
which is known as a useful descriptor for understanding the
HER activity,*™* was estimated from the VB HAXPES spectra.
The estimated d-band centre of the Ru NPs was —3.77 eV. The d-
band centre of RuSn alloy NPs continuously decreased with
increasing Sn content, namely, —3.93 eV for Ru, 94Sng s NPs
and —4.02 eV for Ruy 4,Sn, 13 NPs (Fig. 4b), which were deeper
than that of Ru NPs. According to the d-band theory, the
downward shift of the d-band centre will increase the filling of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the anti-bonding states between the intermediate H,q4s and the
metal, which leads to a weakened hydrogen adsorption
energy.**® Considering that the adsorption energy of mono-
metallic Ru is too strong, the weakened adsorption energy
derived from alloying with Sn might contribute to the
enhancement of the HER activity in RuSn alloy NPs.

The XPS spectra of Ru NPs, Rug 94Sng 0s NPs and Rug g7Sng 13
NPs were used to investigate the change in the electronic
interaction induced by alloying Ru and Sn at the atomic level
(Fig. 5a). The Ru 3p XPS spectrum of Ru NPs exhibited two
asymmetric peaks at the binding energies of 463.6 and 486.2 eV,
which were attributed to 3ps,, and 3p;/, of metallic Ru.**> The
Ru 3p XPS peaks of RuSn alloy NPs were noticeably negatively
shifted relative to those of monometallic Ru NPs. The negatively
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Fig. 5 (a) Ru 3p XPS spectra of fcc Ru NPs, Rug.94Sng 0 NPs/C and

Rug g7SNo.13 NPs/C. The black curves serve as the background files. (b)
Ru K-edge XANES spectra of fcc Ru NPs, Rugpg4Sngoe NPs/C and
Rupg7Sno1s NPs/C. (c) Sn K-edge XANES spectra of Sn NPs,
RUO_94Sn0_Q6 NPs/C and Ruo_875n0_13 NPs/C.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

shifted Ru 3psz,, and Ru 3p;, peaks in RuSn NPs indicate the
charge transfer from Sn to Ru, making the Ru atoms negatively
charged in RuSn alloy NPs, derived from alloying Ru and Sn at
the atomic level.

This phenomenon was further confirmed by X-ray absorp-
tion fine structure analysis. The Ru K-edge X-ray absorption
near-edge structure (XANES) spectra of Rugg,Sngi; NPs,
Rup04Sng0s NPs and Ru NPs are shown in Fig. 5b. The
absorption edge gradually shifted to the lower energy side with
the increase in Sn content. This indicates that Ru in the RuSn
alloy NPs became negatively charged with Sn composition.*>>*
The absorption K-edge of Sn gradually shifted to the higher
energy side with increasing Sn content in the alloy NPs, which
suggests a reduction in the electron density of Sn in RuSn alloy
NPs (Fig. 5¢). These results were consistent with the XPS results.

It has been reported that when the p-block metal is alloyed
with the d-block metal, the charge transfer will occur from a p-
block metal to a d-block metal, and the d-band centre of the
transition metal will shift downwards.>*-*® For example, in the
Pt-Sn alloy system, the d-band centre of the PtSn alloy is deeper
than that of the monometallic Pt due to the charge transfer
from Sn to Pt, indicating the role of Sn as a modifier of the Pt
electronic band structure.’® In this work, it was assumed that
the charge transfer from Sn to Ru modifies the electronic
structure of Ru in RuSn alloy NPs, which deepens the d-band
centre of the RuSn alloy NPs compared with monometallic Ru
NPs. This weakens the interaction between adsorbed H,4s and
the metal (RuSn) surface, thus facilitating the desorption of
Ha.qs from the surface of RuSn alloy NPs.**** Therefore, the
alloying of Sn with Ru enables the enhancement of the HER
activity of Ru NPs.

Conclusions

In summary, for the first time, novel solid-solution RuSn alloy
NPs were synthesised by electrochemical CV sweeping of
RuSn@SnO, NPs. STEM-EDX mapping and synchrotron XRD
revealed that the Ru and Sn elements are randomly and
uniformly distributed in RuSn alloy NPs. The novel RuSn alloy
NPs demonstrated enhanced HER activity under alkaline
conditions, which is superior to that of monometallic Ru NPs
and commercial Pt NPs/C. VB HAXPES spectra showed that the
d-band centre of RuSn solid-solution alloy NPs shifted down-
wards compared with that of Ru NPs. XPS and XANES revealed
the charge transfer from Sn to Ru in RuSn alloy NPs. It is
considered that the charge transfer from Sn to Ru results in the
d-band centre of RuSn alloy NPs shifted downwards, which
modulates the adsorption energy of H,4s and enhances the HER
activity. This research provides a valuable perspective for the
development of higher-performance and lower-cost catalysts,
not only for the Ru-Sn system, but also for other d-block and p-
block metal systems.
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