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We synthesized a palladium–ruthenium–boron (Pd–Ru–B) solid-
solution ternary alloy. Elemental mappings confirmed successful 
alloying of B with Pd–Ru body without changing the particle sizes, 
demonstrating the first discovery of this ternery alloy. Pair 
distribution function analysis revealed a drastic decrease in atomic 
correlation in Pd–Ru nanoparticles by B doping. This result gives the 
first example of structural transformation from crystalline to 
amorphous in solid-solution alloy nanoparticles induced by the 
doping of light elements.

Crystallinity is one of the important factors that reflect the 
nature of materials. Compared with crystalline materials, 
amorphous solids or glass exhibit unique properties1 such as 
high mechanical strength, soft magnetism, and high corrosion 
resistance because of their low crystallinities.

The formation criteria of bulk metallic glasses (BMGs) have 
often been described by Inoue’s three empirical rules.2 BMGs 
mainly consist of three or more elements which have large (> 
12%) mismatching of atomic sizes, and their mixing enthalpy is 

largely negative among major constituent elements. To fulfil 
these conditions, light elements such as B, C, Si and P have been 
frequently used as alloying elements with transition metals 
and/or rare-earth metals.

Recently, amorphous metal nanoparticles (NPs), including 
light elements3–6 have attracted tremendous attention as 
functional materials. For instance, Fe–Zr–B amorphous NPs7 
afforded magnetic fluid with superior thermomagnetic properties to 
magnetic fluid based on crystalline Fe3O4. Pd–Ni–P amorphous NPs8 
exhibited a higher catalytic performance compared with Pd, Pd–Ni, 
and even Pd–Ni–P crystalline counterparts. Among light elements, 
B is often used as a constituent element of amorphous metal 
NPs. B atoms can readily be produced by the decomposition of 
the borohydride anion (BH4

−), which works as a reducing agent 
to transition metal cations, providing metal NPs. Up to now, 
many trials for the synthesis of amorphous alloy NPs consisting 
of B and transition metals such as  Fe,9–12 Co,13–15 Ni16–20 or 
Ru12,21 have been performed. However, because of the lack of 
detailed characterization, the existence or concentration of B 
atoms in their NPs is still unclear.

Here, we report Pd–Ru–B alloy NPs wherein we found a 
unique structural change from crystalline to amorphous by B 
external doping. Nanosized crystalline–amorphous structural 
change induced by B external doping has been observed only in Fe–
B amorphous NPs prepared from α-FeOOH crystalline NPs.22,23 
However, there have been no reports regarding solid-solution alloy 
NPs. Several kinds of characterizations confirmed the alloying of 
B with transition metals and the significant decrease of 
interatomic correlation after B doping. This work may propose 
a new synthetic method to fabricate amorphous metal NPs 
containing B.
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The amorphous Pd–Ru–B NPs were prepared by two-step 
synthesis. First, we prepared poly-(N-vinyl-2-pyrrolidone) 
(PVP)-coated Pd–Ru NPs by a previously reported procedure.24 
The Pd–Ru–B NPs were obtained by adding BH3–THF in the 
presence of the prepared Pd–Ru NPs at 80 ˚C under N2 flow. 
After continuous stirring for 2 days, the products were retrieved 
by centrifugation.

From transmission electron microscopy (TEM) images, the 
mean diameters of Pd–Ru and Pd–Ru–B NPs were estimated to 
be 12.9 ± 1.8 and 12.9 ± 1.9 nm, respectively (see Fig. 1(a), (b) 
and Fig. S1 in Supplementary Information). The mean diameter 
was maintained before and after the introduction of B into Pd–
Ru NPs.

To investigate the distribution of B atoms in Pd–Ru NPs, we 
combined the energy-dispersive X-ray spectroscopy (EDS) and 
electron-energy loss spectroscopy (EELS) analyses of Pd–Ru–B 

NPs. Fig. 1(c)–(e) show a high-angle annular dark-field (HAADF)-
scanning TEM (STEM) image and EDS maps of Pd-L and Ru-L for 
Pd–Ru–B NPs, respectively. Fig. 1(f) shows an overlay map of Pd 
and Ru elements. The overlay map revealed that the Pd–Ru 
solid-solution structure was maintained after B doping. From 
EDS analysis, the distribution of B atoms in Pd–Ru–B NPs could 
not be precisely determined because the B-K signal overlaps 
with the C-K signal originating from PVP. Therefore, we 
performed EELS measurement (Fig. 1(g)–(i)). An overlay map of 
Ru-L and B-K revealed that Ru and B atoms were randomly and 
homogeneously mixed. The combination of EDS and EELS maps 
demonstrated the formation of Pd–Ru–B solid-solution ternary 
alloy NPs, in which three elements were randomly and 
homogeneously distributed in each NP. The atomic ratios of Pd, 
Ru and B were estimated to be approximately 1:1:1 by X-ray 
fluorescence spectroscopy and EELS (Fig. S2 in Supplementary 
Information). 

To investigate the crystal structure of Pd–Ru–B NPs, we 
measured X-ray diffraction (XRD) at beamline BL04B2 in SPring-
8. Fig. 2(a) shows the XRD patterns of the Pd–Ru and Pd–Ru–B 
NPs. The XRD pattern of Pd–Ru NPs revealed that Pd–Ru NPs are 
crystalline and have mixture phases of face-centred cubic (fcc) 
and hexagonal close-packed (hcp) structures (see Fig. S3), which 
is consistent with the previous report.24 The existence of the 
hcp component was confirmed from the Rietveld refinement of 
Pd–Ru NPs. From the Rietveld refinement of the diffraction 
pattern for Pd0.5Ru0.5 NPs, the lattice constants for the two 
components were found to be a = 3.859(1) Å for the fcc lattice 
and a = 2.732(2) Å and c = 4.386(8) Å for the hcp lattice. In 
contrast, the diffraction peaks of Pd–Ru–B NPs were much 
broader than those of Pd–Ru NPs. The diffraction pattern of Pd–
Ru–B NPs suggests that the introduction of B atoms into Pd–Ru 
NPs induces a highly disordered structure.

As a structural characterization of poorly crystalline 
materials including amorphous25 and liquid materials,26,27 pair 
distribution function (PDF) analysis based on high-energy XRD 
(HEXRD) has been a powerful tool to determine the local 
structures. Recently, PDF analysis has also been applied to 
nanomaterials such as bimetallic NPs28 and quantum dots.29 
Here, we provide the structural information of ternary alloy NPs 
by PDF analysis. Fig. S4(a) and S4(b) show the X-ray total 
structure factor S(Q), which is a diffraction intensity normalized 

Fig. 1 Low-magnification TEM images of (a) Pd–Ru and (b) Pd–Ru–B 
NPs, respectively.  (c) HAADF-STEM image, EDS mappings of (d) Pd-L, 
(e) Ru-L, (f) overlay of Pd and Ru, EELS mappings of (g) Ru-L, (h) B-K 
and (i) overlay of Ru and B of Pd–Ru–B NPs. 

Fig. 2 (a) HEXRD intensity I(Q), total pair distribution G(r) obtained by Fourier transform of the S(Q) of (b) Pd–Ru and (c) Pd–Ru–B NPs. The insets of 
(b) and (c) are the magnified images at the range of r between 1 Å and 7 Å. Each spectrum of Pd–Ru–B NPs and Pd–Ru NPs was measured at 233 K 
and at RT, respectively.
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by the number of electrons of Pd–Ru and Pd–Ru–B NPs, 
respectively. Although the oscillation line width of Pd–Ru–B NPs 
is broader than that of Pd–Ru NPs because of the highly 
disordered structure, the oscillation of S(Q)30 of Pd–Ru–B NPs is 
observable up to a high-Q region. This result suggests that the 
interatomic correlation still exists in amorphous Pd–Ru–B NPs. 
Then, the obtained total PDF G(r) by Fourier transform of the 
S(Q) of each sample is represented in Fig. 2(b) and 2(c). The 
existence of the hcp component can be also inferred from the 
spectra of S(Q) and G(r) of Pd–Ru NPs (Figs. S5 and S6). As shown 
in Fig. 2(b) and 2(c), the first nearest-neighbour peak of Pd–Ru–
B NPs was observed as well as that of Pd–Ru NPs. The first 
nearest-neighbour peaks were located at r = 2.76 Å in Pd–Ru–B 
NPs, whereas those of Pd–Ru NPs were at r = 2.71 Å. This result 
indicates that the doping of B atoms slightly expands the 
nearest-neighbour interatomic distance between metal atoms 
in amorphous Pd–Ru–B NPs. In contrast, the peaks after the 
second nearest-neighbour position of Pd–Ru–B NPs were 
blurred, compared with those of Pd–Ru NPs. Considering that 
the oscillation of the G(r) spectrum of Pd–Ru–B NPs was 
observed up to around 16 Å, a short-range atomic order of 1.6 
nm likely exists in amorphous Pd–Ru–B NPs with a mean 
diameter of 12.9 nm.

To further confirm the highly disordered structure of Pd–
Ru–B NPs, synchrotron X-ray absorption spectroscopy was 
performed at beamline BL14B2 of SPring-8. Fig. 3 shows 
extended X-ray absorption fine structure (EXAFS) oscillation of 
the Pd–Ru and Pd–Ru–B NPs measured at room temperature. 
The results show that the oscillation amplitude of Pd–Ru–B NPs 
markedly decreased compared with that of Pd–Ru NPs. The 
decrease in oscillation amplitude originates from an increase of 
the Debye–Waller factor, supporting the formation of the 

amorphous structure of Pd–Ru–B NPs. 

These results are consistent with the selected area electron 
diffraction (SAED). Fig. S7(a) shows a TEM image of Pd–Ru–B 
NPs, and S7(b) shows an SAED pattern of the corresponding 
region. It displays the typical halo-ring character originating 
from an amorphous structure. However, some diffraction spots 
observed in Fig. S7(b) suggest that B atoms of Pd–Ru–B NPs 
were partially released to change from an amorphous Pd–Ru–B 
structure to a crystalline Pd–Ru structure. The similar trend was 
observed in HAADF-STEM image and corresponding fast Fourier 
transforms shown in Fig. S8.

Fig. 4 shows that the Pd–Ru–B amorphous structure 
gradually transforms into the Pd–Ru crystalline structure even 

under ambient conditions. It partially changed to a Pd–Ru 
structure after 3 years under air. A sharp peak is observed 
around 2 ~ 28˚ in Fig. 4(c) that might be attributed to B2O3.31 
This decomposition can be considered to result from a weak 
chemical interaction between B atoms and Pd or Ru atoms, 
suggested by an insensitivity of X-ray absorption near-edge 
structure spectra of Pd-K or Ru-K edges against B introduction 
(Fig. S9). The white lines of Pd–Ru and Pd–Ru–B NPs were 
located at almost the same energy value in both Pd-K and Ru-K 
edges. There should be a weak, or almost no electronic 
interaction between B and Pd or Ru. B atoms can easily escape 
from the ternary alloy and segregate into Pd–Ru NPs and B2O3. 
Thus far, there exist few theories32,33 that discuss the formation 
mechanism of amorphous alloy NPs. Future development of 
experimental and theoretical investigation is needed to clarify 
the amorphous formability of NPs. 

In summary, we describe the formation of amorphous Pd–
Ru–B NPs from crystalline Pd–Ru NPs. From the combined 
measurement of EDS and EELS, the distribution of each element 
was investigated. PDF analysis taken from the HEXRD pattern 
revealed the absence of long-range order but the elongation of 
the first nearest-neighbour distance. This work is the first to 
report that Pd–Ru nanosystem exhibits a crystalline–
amorphous transformation by external B doping.

This research was supported by the ACCEL program, Japan 
Science and Technology Agency (JST), JPMJAC1501 and Grant-
in-Aid for Specially Promoted Research 20H05623. STEM 
observations were performed as part of a programme 
conducted by the Advanced Characterization Nanotechnology 

Fig. 4 PXRD patterns of (a) Pd–Ru NPs (Pd53Ru47), (b) Pd–Ru–B NPs and 
(c) Pd–Ru–B NPs after 3 years under air. Markers at the bottom show 
simulated peak positions of fcc (light blue) and hcp (orange) 
component, respectively.

Fig. 3 EXAFS oscillation spectra of (a) Pd-K and (b) Ru-K edges. Red and 
blue curve corresponds to Pd–Ru–B and Pd–Ru NPs, respectively.
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