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Abstract

The local structure and thermal stability of newly synthesized PdRuIr and PdRu al-

loy nanoparticles (NPs) were studied using X-ray absorption fine structure spectroscopy
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(XAFS) and compared with those of Ru NPs. Pd K-edge XAFS reveals that a signifi-

cant fraction of Pd segregates, forming metal NP clusters. In the PdRuIr NPs, a small

fraction of Pd forms an alloy with Ir, whereas a majority phase is Ru-Ir alloy having the

novel face-centered cubic structure. Apart from the distinct local surroundings, XAFS

analysis revealed the presence of an anharmonic disorder in the PdRu and PdRuIr NPs.

The previously observed enhanced thermal stability with Pd and Ir doping was investi-

gated using temperature-dependent in− situ XAFS. In the Ru NPs, an abrupt change

in the near-edge features was observed at 673K, which was gradually suppressed for

PdRu and PdRuIr NPs. At this temperature, the dynamical fluctuations were more

pronounced in the pure Ru NPs, helping to convert surface-adsorbed O2 into the volatile

RuO4 phase, thereby leading to earlier evaporation of Ru. Dynamical fluctuation sup-

presses with alloying elements or gets extended to a higher temperature, helping to

delay the RuO4 formation process and enhancing the thermal stability of the PdRu

and PdRuIr NPs in increasing order.

Introduction

Ruthenium (Ru) nanoparticles (NPs) are known to display excellent catalytic properties

for the oxidation of CO/hydrocarbons and NOx reduction.1–5 Recently, numerous investi-

gations have been devoted to enhancing the catalytic performance of Ru NPs.6 It has been

demonstrated that the catalytic properties of bimetallic alloys such as PdRu show drastic

improvement in CO oxidation capability relative to individual Pd/Ru NPs.7–9 Although Pd

and Ru are an immiscible system in bulk form, solid-solution alloy NPs form because of the

distinct thermodynamics activity in the NP state.10 PdRu alloy NPs can be synthesized over

a wide composition range with the catalytic properties varying with the composition.7 The

observed enhanced catalytic features provide an opportunity to explore immiscible metal

alloy NPs and understand the effect of the underlying microstructures and electronic prop-
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erties on their unique catalytic properties.9,11 In addition, it paves a path for the use of the

catalytic properties of Pd in the bimetallic alloy configuration, which is known for its use in a

variety of catalytic applications such as hydrogen storage .12,13 Consequently, the bimetallic

alloy of PdRu has been shown to be very useful for three-way catalytic (TWC) applications.

Despite their marked improvement for TWC applications, PdRu alloy NPs suffer from

one significant drawback. The performance of these composites deteriorates in real-world

application in exhaust systems because of the high operating temperatures (373K–873K).

Even at moderate temperature, the critical component Ru is evaporated by converting into

the highly volatile RuO4, preventing the full utilization of the bimetallic functionality for

TWC applications. Consequently, it has been proposed that the addition of a third element

such as Ir could significantly enhance the thermal stability of the PdRu system without

adversely affecting the TWC properties.14,15 Moreover, structural analysis was carried out

using XRD, revealing that the ternary alloy sample mainly crystalizes in the fcc structure.14,15

Interestingly, PdRu and PdIr are immiscible in bulk form, and alloy formation is only

facilitated in NPs. Therefore, apart from the challenges involved in synthesizing such ternary

hybrid catalysts, several issues related to their structural and electronic properties must be

systematically investigated if they are foreseen to replace monometallic or bimetallic alloy

NPs. Consequently, investigation of the structure of these alloys to address their effect on

the stability and useful catalytic properties is necessary. In earlier reports, it was observed

that the microstructure and size of NPs have a substantial effect on the catalytic proper-

ties.3,10,16–19 In the bulk immiscible systems, because of unfavorable thermodynamics, the

formation of metastable structures can produce disorder and inhomogeneity in the sample.

The inhomogeneity can lead to compositional disorder or/and the formation of metal clusters

of different sizes.9,11 As the catalytic properties are known to be affected by the size of the

NPs, it is necessary to probe the microstructure in such a ternary alloy system. Moreover,

owing to possible alloying and hybridization of electronic states, unusual electronic proper-

ties emerge, which may correlate with the microstructure. Therefore, the local structure can
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provide crucial insight on the functioning of these novel catalysts.

As these ternary systems are affected by these limitations, it is imperative to understand

how the addition of any immiscible element in the already metastable alloy leads to enhance-

ment of the thermal stability. Therefore, the present investigation is devoted to shedding

light on the following aspects. The first is to investigate the local structure of Ru, Pd, and

Ir and observe whether they form a ternary alloy or whether any segregation occurs in the

NP state owing to their immiscible nature. Later, the thermal stability of the ternary alloy

system is reported, and the results are compared with that of monometallic Ru NPs and

bimetallic PdRu NP to obtain different dynamical parameters that govern the stability of

these systems. We propose the mechanism of the earlier evaporation or suppression of Ru

with and without the alloying elements.

The XAFS technique can effectively probe the local structure because of its elemental

sensitivity, which is advantageous for examining the local surrounding of alloying elements.

In this report, we discuss XAFS measurements performed at the Ru K-edge, Pd K-edge, and

Ir L3-edge. The XAFS measurements on the as-prepared samples provide crucial insight on

the subtle variation in the local structure of the bimetallic and ternary NP alloy system. The

NP samples of Ru, PdRu, and PdRuIr were heated from ambient temperature to 1273K

to investigate the process of Ru evaporation in pure Ru NPs and compare the effect in

the presence of different alloying elements. The observed variation in the local structure

and valence state suggest the role of dynamical fluctuation and alloying in the evaporation

process of Ru in the bimetallic and ternary alloy NPs.

Methods

XAFS spectra on all the samples were measured at the BL01B1 beamline at SPring-8, Japan.

A Si(311) double-crystal monochromator was used to monochromatize the beam, and energy

scans were performed near the Pd K-edge, Ru K-edge, and Ir L3-edge. The calibration of
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the monochromator was monitored by measuring multiple XAFS spectra on metal references

(Ru, Pd, and Ir) during the experiment and found to be not varied throughout the entire ex-

periment. The nanoparticle samples were placed in a 1-mm-diameter quartz capillary tube,

and XAFS measurements were performed in transmission mode. The capillary was placed

in the oven with the Kapton window in the beam path. The samples were radiatively heated

from ambient temperature to 1000 ◦C (1273K) in the vacuum furnace with a base pressure

on the order of 10−2mbar. The sample environment was evacuated to allow only partial oxi-

dation of Ru to precisely investigate the mechanism of thermal stability. The XAFS spectra

at each edge were collected at different temperatures after allowing the sample to equilibrate

for 10 min at each temperature. The temperature was ramped up at a rate of 20 K/min.

The total time for the measurement at one edge was approximately 20 min, and the XAFS

measurements at all the edges were completed in 90 min. The pre-edge and post-edge back-

ground subtraction of the data was performed following the standard procedure in Athena

software.20,21 The χ(k) extended X-ray absorption fine structure spectroscopy (EXAFS) sig-

nal was extracted by subtracting a background absorption function. The polynomial spline

function was estimated by connecting various third-order polynomial functions over several

positions called knots (3/4) in the k-space. Later, the positions of knots were varied to

suppress the amplitude of the Fourier-transform modulus between 0 and 1Å.21 A computer

program written by Conradson et al.22 was used to perform the EXAFS fitting. The NPs

are prepared by chemical reduction method (see Supplementary information).

Results & Discussion

In the solid-solution alloy, the alloying atoms are substituted in the solute crystal, and the

final crystallographic phase is determined by the equilibrium free energy.23 The structure of

the final phase also depends on the solute concentration. At lower concentration, the initial

crystallographic structure of the solute can be retained with either partial or no modification
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Figure 1: χ(k)×k3 EXAFS of Ru NPs (a), PdRu NPs (d,e) and PdRuIr NPs (c,e,f) measured
at Ru K-edge(a-c), Pd K-edge(d,e) and Ir L3-edge (f). FT modulus and real part of data
and fit are shown with inset showing corresponding χ(k)×k3 data and fit.

of the crystallographic parameters. Higher concentration can convert the structure into a

new crystallographic phase or heterogeneous structure.24 These sets of protocols, which are

normally attributed to bulk alloys, often break for nanosized systems.25 In the NPs, one

can vary the composition over a wide range and obtain novel crystallographic structures.7,26

Therefore, various parameters need to be considered beforehand to avoid any ambiguity in

the analysis of the local structure of the ternary alloy NPs.

The bulk crystallographic structure of Ru is hexagonal close packed (hcp), whereas Pd

and Ir crystallize in the fcc structure with first atomic pair distances in the Ru, Pd, and Ir

lattices of 2.66Å, 2.75Å, and 2.71Å, respectively. The PdRu NPs are an equiatomic alloy

with 50:50 composition, whereas in the PdRuIr NPs, each element is present as one-third

of the composition. Although the atomic composition in PdRu alloy is similar, both the
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elements have different bulk crystallographic structures. Therefore, the final alloy phase

can have either an fcc or a hcp structure. No alternative structure of PdRu alloy NPs has

been reported.7,26 However, for PdRuIr NPs, two-thirds of the composition is made up of

the elements Pd and Ir with the fcc structure and similar lattice parameters; therefore, the

alloy preferably crystallizes into the fcc structure. Recently, it was demonstrated that Ru

can crystallize into the fcc structure in the NPs and shows superior catalytic properties.26

For Pd, Ru, and Ir, as the interatomic distance is quite similar, no significant variation

in the interatomic distance is expected in the substitutionally dissolved solid-solution alloy

phase. In addition, the resolution limit for EXAFS to estimate the change in the atomic

pair distance is approximately 0.02Å. In the presence of any anharmonic disorder, the size

distribution of NPs, compositional disorder, any distinction among the closely separated shell

becomes extremely challenging to determine from EXAFS analysis. One additional caveat is

the photoelectron backscattering amplitude, which is similar for Ru and Pd because of their

similar atomic numbers.27 Consequently, one cannot distinguish the Ru–Pd atomic pairs in

the alloys. However, the atomic number and photoelectron backscattering amplitude of Ir

are very different from those of Pd and Ru, facilitating distinguishing between Pd–Ir and

Ru–Ir atomic pairs.

In the first attempt to identify the nature of alloying in the PdRuIr NPs and compare it

with that of the Ru and PdRu NPs, a first-shell fit of the EXAFS data was performed on

the spectra measured at the Ru K-edge, Pd K-edge, and Ir L3-edge under ambient condition.

Fig. 1 presents the fitted EXAFS spectra of the indicated samples, and the obtained metrical

parameters are tabulated in Table 1. For the Ru NPs (Fig. 1(a)), the first FT peak is com-

posed of Ru–Ru atomic pairs at 2.66Å and 2.70Å; however, given the very close separation,

a single shell fit with the average value of these two shells can be used to fit the χ(k) data.

Using this approach, the Ru–Ru atomic pair distance for the Ru NPs was determined to be

2.66Å as compared with the value obtained for the Ru foil of 2.68Å. A slightly smaller in-

teratomic shell distance for the NPs is expected because of the contribution from the surface
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atomic pairs with a distinct atomic pair distance compared with that of the bulk.28,29 For

the PdRu NPs (Fig. 1(b)), as the Ru–Pd atomic pairs could not be distinguished, a single

shell fit gave a Ru–Ru shell distance of 2.66 Å. The FT spectrum for the PdRuIr alloys

(Fig. 1(c)) was distinct from those for the Ru and PdRu NPs, with a broad FT peak in the

region between 1.9 and 3Å . Using this single shell fitting approach, a significant amount

of unfitted residual component was observed in the EXAFS fit. Inclusion of the Ru–Ir shell

improved the quality of the fit and reduced the χ2 (goodness of fit) value significantly. The

presence of the Ru–Ir shell indicates that Ir formed a solid-solution alloy with Ru. As the

Ru–Pd pairs were not distinguishable, the presence of PdRuIr alloy in the sample cannot be

ruled out. In addition, the presence of FT amplitude near the 1.6Å region (Fig. 1(b), (c),

and (f)) indicates some surface adsorption of PVP to the NPs which was included in the

fit as a metal-oxide shell (≈1.98±0.02Å) and found to have coordination number between

0.2–1.

Table 1: Metrical parameters such as atomic pair distance (R (Å)), coordination number (N),
root-mean-square displacement (σ (Å)), and edge shift between experimental and theoretical
EXAFS (∆E0 (eV)) are obtained from the EXAFS fitting.

Parameters Ru NPs PdRu NPs PdRu NPs PdRuIr NPs PdRuIr NPs PdRuIr NPs
Ru K Ru K Pd K Ru K Pd K Ir L3

Ru-Ru Ru-Ru Pd-Pd Ru-Ru Ru-Ir Pd-Pd Pd-Ir Ir-Ir Ir-Ru
R(Å) 2.66±0.01 2.66±0.01 2.71±0.01 2.68±0.01 2.68±0.01 2.71±0.01 2.70±0.01 2.67±0.01 2.67±0.01
N 7.6±1.8 6.7±1.5 9.0±1.9 4.0±0.9 1.5±0.4 6.0±1.4 2.8±0.8 4.3±1.0 2.6±0.6
σ 0.07±0.01 0.08±0.01 0.09±0.01 0.07±0.01 0.06±0.01 0.08±0.01 0.08±0.01 0.06±0.01 0.05±0.01
∆E0 -0.7±3 -1.2±2.5 -2.2±2.3 -0.1±3.4 0.9±4.3 -2.2±2.7 -3.2±4.4 -1.5±3.6 -2.5±3.5

The FT spectra of the PdRu NPs (Fig. 1(d)) and PdRuIr NPs (Fig. 1(e)) at the Pd K-

edge show an intense peak at 2.2Å , which was fitted with the single Pd–Pd shell. However,

for the PdRuIr NPs, a comparison of the χ(R) spectra with those of the PdRu NPs (Fig.

S1) reveals that the node positions in the real component spectra are not similar. This trend

was also observed in the χ(k) (Fig. S1) data, indicating the distinct local structure of Pd

in both samples. For the PdRuIr NPs, inclusion of the Pd–Ir shell resulted in a marginal

improvement in the quality of fit. This finding indicates that only a small fraction of Ir was

present in the local surrounding of Pd and that a significant fraction of Pd may become
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segregated in the form of Pd or PdRu NP clusters. The Pd–Pd and Pd–Ir shell distance was

≈2.7Å , which is slightly higher than that of the Ru–Ru/Ru–Ir shells (Table 1). Therefore,

the Pd K-edge data suggest that if some fraction of the sample contains PdRu as an alloy

phase, it has an atomic pair distance similar to that of fcc Pd as Pd–Ru shells cannot be

distinguished in the EXAFS. Another possibility is that PdIr has formed isolated clusters in

the sample.

The FT spectrum measured at the Ir L3-edge (Fig. 1(f)) possessed similar features as

those at the Ru K-edge. The broad first peak could be fitted with two shells (Ir–Ir and

Ir–Ru). The obtained atomic pair distances were similar to those obtained at the Ru K-

edge (Table 1), suggesting that a significant fraction of Ir had formed an alloy with Ru.

As the fraction of the Ir–Pd alloy phase was relatively small and the Ru and Pd EXAFS

signal overlapped, any attempt to fit the data with an additional Ir–Pd shell would not be

convincing. Therefore, the above analysis indicates that the ternary alloy contained the Ru–

Ir alloy, isolated Pd/PdRu clusters, and a small fraction of the Pd–Ir alloy phase. Given that

Ir surrounded both Pd and Ru and the limitation of the EXAFS technique to distinguish

between these two elements, the possibility of the formation of PdRuIr in the sample cannot

be completely ruled out.

The EXAFS fitting at different edges revealed nearly similar atomic pair distances, mak-

ing it difficult to obtain information on the possible crystallographic structure. Moreover,

Ru and Ir had distinct bulk structures but showed similar atomic pair distances in the alloy

NPs. Therefore, to obtain more information on the crystallographic phase of the PdRuIr

NPs, further analysis was performed. The use of continuous Cauchy wavelet (CCW) anal-

ysis to distinguish between different elements has been proposed.30 Such analysis provides

a three-dimensional visualization of the wave vector χ(k), the phase-shift-uncorrected inter-

atomic distance, and CCW transform (CCWT) modulus space. The applicability of this

method arises because of the variation in the photoelectron backscattering amplitude for

different elements and its dependence on the wave vector. The χ(k) amplitude decayed rela-
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tively more slowly in the high-k region for scattering elements with a higher atomic number.

This approach can thus be helpful in distinguishing among closely spaced atomic pairs con-

sisting of elements with a significant difference (±10) in atomic number.27 Fig. S2 presents

the CCWT of Ru NPs at the Ru K-edge (a) and PdRu NPs at the Ru K-edge (b) and Pd

K-edge (c). The single ridge of the CCWT modulus was attributed to the overlapping first

and second coordination shells in the hcp Ru at 2.66Å and 2.70Å, respectively. Similar

features can be seen for the PdRu NPs measured at the Ru K-edge and Pd K-edge. These

spectra are compared with Ru and Pd references in which the CCWT ridge appears at ap-

proximately 9.5Å−1 (Fig. S3) for both samples. For the Ru NPs, the ridge in the k-space

falls at a similar position as that observed for the bulk. However, for the PdRu NPs, the

ridge positions for the spectra measured at the Ru K and Pd K-edges were at 8.7Å−1 and

8.9Å−1, respectively. These results indicate that specific crystallographic disorder is present

in the sample, which causes the rapid decay of χ(k) in the high-k region and could stem

from alloying. Fig. 2 presents the CCWT spectra measured at the Ru K-edge (a,b) and Ir

L3-edge(c,d) for the Ru reference (a), Ir reference (b), and PdRuIr NPs (c,d). For the Ru

reference, a single ridge feature was present; however, for the Ir reference, two ridge features

at approximately 10.1Å−1 are present. The first feature is attributed to the first Ir–Ir shell

at the distance of 2.71Å and the second feature at 4Å can be attributed to the multiple scat-

tering paths with amplitudes that become significantly enhanced in the fcc structure owing

to the focusing effect.21 In the CCWT spectrum measured at the Ru K-edge and Ir L3-edge,

the signature of these features was present. Furthermore, the FT modulus of the Ru K-edge

(Fig. 2(c)) and Ir L3-edge (Fig. 2(d)) for the PdRuIr samples are split in two peaks near

the first coordination region as compared to the FT modulus of the corresponding reference

samples. These observations indicate that for the PdRuIr system, Ir–Ru is forming a solid

solution that that could have a long-range fcc structure similar to that of Ir. However, as

distinction between Ru and Pd is not possible, the formation of a complex solid solution of

Pd–Ru with Ir cannot be ruled out. Moreover, the X-ray diffraction results in Fig. S4 con-
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firm the formation of a fcc structure for the PdRuIr alloy NPs. Since elements with a close

atomic number are difficult to distinguish with XAFS and XRD, the anomalous scattering

approach might provide better information on the size, shape, and spatial distribution of

Ru/Pd in the nanoparticles.31
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and PdRuIr NP (c,d) NPs measured at Ru K-edge (a,c) and Ir L3-edge (b,d). The yellow
line is placed at the WT ridge (10.2Å−1) for Ir reference(b) to compare other samples.

In the next section, the thermal stability of the Ru NPs, PdRu NPs, and PdRuIr NPs

was investigated. Earlier, the evaporation of ruthenium was observed to be significantly

affected by the alloying elements. In the Ru NPs, the evaporation of Ru was much faster

and occurred at a moderate temperature of approximately 673K (400 ◦C). For the PdRu

system, the Ru evaporation was limited; however, for the ternary alloy system PdRuIr, the

evaporation of Ru was remarkably suppressed. In the present analysis, we try to understand

the mechanism for the thermal instability in the Ru NPs and the stability in the bimetallic

and ternary alloy NPs to shed light on the mechanism affecting their thermal stability.

Fig. S5 presents a XANES profile of the Ru K-edge for the Ru NPs, PdRu NPs, and

PdRuIr NPs measured at different temperatures up to 1273K (1000 ◦C). The near-edge

features after the white line at approximately 22155 eV for the Ru K-edge and 24385 eV for

the Pd K-edge are marked by ‘C’. The intensity of this feature was found to correlate with

the oxide formation at the NP surface.32–34 In general, it was observed that the for the RuO2
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Figure 3: Difference between edge position measured at different temperature with the
reference (red solid circles) and ratio of intensity of feature C with reference (blue solid
rectangles) for the spectra measured at the Ru K-edge (a,b,c), Pd K-edge (d,e) and Ir L3-
edge (f) for the Ru NP (a), PdRu NPs (b,d) and PdRuIr NPs (c,e,f). In figure (f) variation
in the white line intensity is plotted instead of feature ’C’.

or PdO, the feature C had significantly lower intensity than those of the metallic Ru/Pd;34,35

therefore it can act as a good indicator to observe the variation in the surface state of NPs

with temperature. Fig. 3 shows the shift in the edge position relative to the respective bulk

reference measured at ambient temperature (shown as red filled circles) and the intensity of

the feature ‘C’ normalized to that the same feature observed in the respective bulk (blue solid

rectangles) at different temperatures. It can be seen that for the pure Ru NPs (Fig. 3(a)),

after 673K (400 ◦C), there was a sudden variation in the edge position and the intensity

of feature ‘C’. These variations were quite substantial relative to those for the PdRu or

PdRuIr samples, which will be discussed later. Interestingly, a red-shift toward lower energy

in the edge position was observed relative to the bulk Ru with increasing temperature. Such

drastic variation in the edge position and the relative intensity of the feature ‘C’ were not

observed with the Pd/Ir alloying elements (Fig. 3(b,c)). For the PdRu NPs (Fig. 3(b)), the
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red-shift was marginal, and similar variation was observed in the intensity of the feature

‘C’. Interestingly, for the PdRuIr NPs (Fig. 3(c)), no red-shift was apparent. The edge

position remained stable with temperature and had a higher value relative to that of the Ru

reference. The intensity of the feature ‘C’ followed a similar trend. These results indicate

that the thermal instability in Ru is likely to occur at and above 673K (400 ◦C) and that

the alloying elements somehow retarded it, thus improving the stability of the systems.

Comparing the behavior with that of other alloying elements, one can see that for the

spectrum measured at the Pd K-edge (Fig. 3(d)), the trend in the edge position is similar

for the PdRu NPs, as observed for Ru K-edge. For the Pd K-edge XAFS measured on the

PdRuIr NPs (Fig. 3(e)), the red-shift was still apparent; however, the intensity of the feature

‘C’ showed a decreasing trend with temperature. This finding indicates that the Pd acts

independently compared with Ru in the PdRuIr NPs, which supports the hypothesis that

a significant fraction of Pd is segregated in the PdRuIr NPs, as discussed earlier. For the

Ir L3-XAFS (Fig. 3(f)), the white line intensity was compared instead of the feature ‘C’,

indicating the number of d-holes, and can be correlated with the formation of oxide. The

edge position remained similar to the bulk value. The white line intensity showed some

decrease above 423K (150 ◦C), which can be attributed to the desorption of PVP from the

NP surface. Between 423K and 1073K, it remained stable with only a slight decrease above

673K followed by a rapid decrease at approximately 1073K. These results indicate that

the behavior of Ir is similar to that observed for the Ru and that any suppression of Ru

evaporation can be attributed to the formation of an alloy with Ir.

To understand the observed behavior of enhanced thermal stability in the presence of

Ir, we considered the role of dynamical fluctuations. In an earlier investigation by Vila

et al. on Pt NPs supported on Al2O3, it was observed both experimentally and using density

functional theoretical simulation that the Pt L3-edge shows a red-shift at 473K relative

to the spectrum measured at 167K.36 These results are explained in terms of dynamical

fluctuation that arises from the combined effects of nanoparticle charging, chemical shift,
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and entropic effect.36 Using this model, the observed results can be explained to understand

the suppression of Ru evaporation with the alloying elements. It can be deduced that for

the Ru NPs, because of the high dynamical fluctuation, the surface of the NPs is highly

active, facilitating the formation of volatile RuO4 via conversion of the surface oxide phase

formed with the adsorbed O2. The highly active NP surface could lead to the conversion of

the Ru NPs to RuO2 to RuO4 that causes the earlier evaporation of Ru in the monometallic

state. For the PdRu system, because it is an immiscible system, the formation of an alloy

in the nanoparticle state is facilitated only by structural disorder. It was observed that with

increasing temperature, the Pd and Ru can become segregated. Therefore, the adsorbed O2

on the NPs interacts differently with monometallic clusters of Ru, Pd and the bimetallic

fraction of PdRu, which can result in a reduction of the dynamical fluctuation compared

with that of monometallic Ru. However, the suppression was not sufficient for the PdRu

system to significantly delay the evaporation of Ru. With the inclusion of third elements and

the formation of an alloy phase with Ru, the effect of dynamical fluctuation was significantly

reduced in the Ru(Pd)Ir alloy, which can retard the formation of RuO4, resulting in the

suppression of Ru evaporation. It can be postulated that the negative shift in the edge

position results from the nanoparticle charging. Thus, charged NPs could serve as active

sites for converting surface ruthenium oxide to the volatile RuO4. Additionally, the coverage

of such sites could be higher in the monometallic NPs, accelerating further oxidation of Ru.

However, a detailed surface study is required to understand the exact behavior of dynamical

fluctuation.

Fig. 4 presents the FT spectra of the indicated samples measured at the Ru K-edge,

Pd K-edge, and Ir L3-edge at different temperatures. For the spectra measured at the

Ru K-edge(a-c), Pd K-edge(d,e), and Ir L3-edge (f) for the Ru NPs (a), PdRu NPs (b,d)

and PdRuIr NPs (c,e,f) a common observation was that the intensity of the first FT peak

decreased with increasing temperature. At sufficiently high temperature of approximately

673K, the amplitude in the higher-R region above 3Å was suppressed significantly relative to
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Figure 4: FT spectra of samples measured at Ru K-edge (a,b,c), Pd K-edge (d,e) and
Ir L3-edge (f) for the Ru NP (a), PdRu NPs (b,d) and PdRuIr NPs (c,e,f) at difference
temperatures.

the FT intensity of the first peak. This result suggests that the higher-order shells are highly

affected by thermal disorder, tailing off their χ(k) signal. For the Ru NPs, the magnitude

of the FT peak slightly decreased up to 573K with an abrupt decrease after 673K. For the

PdRu NPs, the FT amplitude gradually decreased up to 423K. However, the decrease was not

abrupt as observed for the Ru NPs. The situation was further improved for the PdRuIr NPs,

where a gradual reduction of the FT peak intensity was observed with no sign of an abrupt

change as for the Ru/PdRu NPs. This behavior was also observed in the spectra measured

at the Pd K-edge for the PdRu NPs and PdRuIr NPs. For the PdRu and PdRuIr NPs, the

FT peak amplitude after 573K gradually decreased. Similarly, a non-abrupt decrease in FT

amplitude with temperature was observed in the FT spectra measured at the Ir L3-edge.

The amplitude of an FT peak is known to be correlated with the coordination number and
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Debye–Waller factor, both of which can contribute to the decrease in the FT peak intensity.

With increasing temperature, the Debye–Waller factor becomes larger, inevitably resulted

in a decrease of the FT amplitude. However, evaporation of Ru from the NP surface would

reduce the size of the NPs, which can also result in the decrease of the coordination number

with temperature. Therefore, the observed decrease in the FT amplitude can be attributed

to the combined effect of the enhanced Debye–Waller factor with temperature and/or the

decrease in the coordination number with the evaporation of Ru.

Because the coordination number and Debye–Waller factor are highly correlated, it is

difficult to separate the effects of these parameters on the FT amplitude. Additionally, the

FT amplitude is also correlated with the anharmonicity and compositional disorder, among

other properties.28,37 In addition, in stable metal NP alloys, a distribution in the cluster

size can also affect the FT amplitude. In the absence of sufficient fitting constraints, any

EXAFS modeling can give erroneous results. However, an alternative approach using ratios

can provide a more directed representation of the disorder and coordination number on the

FT amplitude.38,39 In this approach, the χ(k) data of the first shell is isolated from that

of the rest of the shells. Later, by performing Fourier back transform, the χ(k) amplitude

and corresponding phase can be determined. The logarithm ratio of the χ(k) amplitude

measured at different temperatures with the χ(k) amplitude measured at ambient temper-

ature is plotted against k2. Similarly, the difference of phases is plotted against k. Bunker

38proposed that the amplitude and phase graphs can be fitted with the following equations

to obtain information on the relative variation of different parameters of the equation with

the model spectrum.

Log −Ratio(k) = c0 + 2c2k
2 +

2

3
c4k

4

Phase−Difference(k) = 2c1k −
4

3
c3k

3

Here, c0, c1, c2, c3, and c4 are zero to fourth-order cumulants.40 c1 gives information on the
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variation in the atomic pair distance; c2 is σ; and c3 and c4 are related to the anharmonicity

in the samples, which affects the phase and amplitude, respectively. If the anharmonicity

and disorder are assumed to be constant, the log-ratio curve is a straight line when plotted

against k2. The slope of this line is related to the Debye–Waller factor, and the intercept is

related to the coordination number.
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Figure 5: Log ratio plot and fits of Ru NPs (a), PdRu NPs (b) and PdRuIr NPs (c) measured
at Ru K-edge at indicated temperatures.

For the present sample using the ratio approach, the variation of the temperature depen-

dence of the Debye–Waller factor and coordination number was investigated on the Ru NPs,

PdRu NPs, and PdRuIr NPs measured at the Ru K-edge, as shown in Figure 5. For the

Ru NPs, the region covering the first FT peak between 1.7 and 3 Å was back Fourier trans-

formed to obtain the χ(k) amplitude of the first Ru–Ru shell, which is an average of those

of the Ru–Ru shell at 2.66 Å and 2.70 Å. Fig. 5(a) shows that up to 573K, only the slope

of the line increased, whereas at 673K, there was a sudden decrease in the amplitude. After

673K, the slope of the line further increased with temperature, indicating that at higher

temperature, the disorder in the NPs is enhanced. Following a similar process for the PdRu

NPs, one can see that the only effect of the temperature was enhancing the disorder. For the

PdRuIr NPs, it is difficult to obtain the χ(k) amplitude by simply performing back Fourier

transform around the first FT peak because this region of the FT spectrum covers the Ru–

Ru and Ru–Ir shell of two distinct atomic pairs with some PVP adsorbed layer, which was
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simulated as a Ru–O shell owing to the similar shell distance of Ru–C and backscattering

amplitude and phase shift. Therefore, to obtain the amplitude of the Ru–Ru shell, the FT

spectrum measured at ambient temperature was fitted with the Ru–Ru, Ru–Ir, and Ru–O

shell. The obtained metrical parameters for the Ru–Ru and Ru–Ir shell were kept fixed to

fit the temperature-dependent FT spectra except for the atomic pair distance. The atomic

pair distance was expected to change with temperature because of thermal expansion. The

effect of the Debye–Waller factor was not removed from the temperature-dependent data by

keeping σ fixed in the fitting. The Ru–Ru χ(k) component was later separated by subtract-

ing the Ru–Ir and Ru–O components, and log ratio of the Ru–Ru shell was than obtained,

as shown in Figure 5 (c). The relative changes in the intercept and slope were small in

the PdRuIr samples compared with those for the Ru and PdRu NPs. This investigation

revealed that in the Ru NPs, 673K was the transition temperature at which the conversion

of RuO2 to RuO4 occurred, leading to the earlier evaporation of Ru. In contrast, with the

Pd and Ir doping, the formation of alloy phases reduced the probability of the formation of

RuO4 oxide, leading to the suppression of Ru evaporation. This suppression was observed

to gradually increase with Pd and PdIr doping. Moreover, the advantage of adding these

alloying elements on the catalytic properties signifies that these materials can be suited for

TWC application and simultaneously show enhanced thermal stability.

Conclusions

The thermal stability and detailed local structure of newly synthesized PdRuIr NPs were

investigated because of their better catalytic application, and a comparison was performed

with Ru NPs and PdRu NPs, which exhibited poor thermal stability because of the evap-

oration of Ru at moderate temperatures. The local structure investigation revealed that in

the PdRuIr NPs, Ir forms a solid-solution alloy with Ru and Pd. CCWT analysis showed

that the RuIr alloys may crystallize into a novel fcc structure. The thermal stability of the
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alloy NPs was investigated by annealing from RT to 1273K. XANES measurement revealed

that the edge position and intensity of the near-edge feature showed abrupt changes for the

Ru NPs at 673K, whereas this sudden change was not observed for the PdRuIr NPs and

the PdRu NPs showed slight improvement compared with the Ru NPs. The observed re-

sults were explained in terms of a dynamical fluctuation model. The dynamical fluctuation

was attributed to the combined phenomenon of NP charging, chemical shift, and entropic

effect. In the Ru NPs, the dynamical fluctuation plays a dominant role in the conversion

of adsorbed O2 to the volatile RuO4 phase, resulting in the earlier evaporation of Ru. In

the alloying phase, the dynamical fluctuation suppressed the formation of the RuO4 phase,

which eventually helped to enhance the thermal stability of the PdRuIr NPs.
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