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Bimetallic alloy nanoparticles (NPs) exhibit superior catalytic and chemical storage properties relative to the
monometallic NPs. Previously, it has been reported that bimetallic AgRh forms solid-solution alloy NPs that have
unusual hydrogen storage properties not commonly observed in individual Ag and Rh NPs. Here, we use a
combination of X-ray diffraction (XRD) and X-ray absorption fine structure spectroscopy (XAFS) techniques to
investigate the microstructure and unique hydrogen absorption properties of bulk immiscible AgRh alloy NPs.
Keywords: XRD analysis reveals that the long-range structure of the alloy sample can be estimated as a single fcc phase with
Ag-Rh alloy nanoparticles a slightly smaller lattice parameter than that of the bulk Ag and larger than that of bulk Rh. XAFS analysis reveals
XAFS that charge transfer between Rh and Ag occurs in this interfacial region. The near-edge profile reveals a variety of
local environments for Ag and Rh, including distinct atomic pair distances and disorder. The atomic pair distances
were compressed around Ag and elongated around Rh. A substantial fraction of the sample is an alloy phase
formed by mixing of nano/sub-nanosized domains of Rh and Ag NPs. Mixing at the atomic level mainly occurs in
the interfacial region. Consequently, the interfacial region has an important influence over the microstructure
and provides active sites for hydrogen absorption.
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1. Introduction

Nanoparticles (NPs) of noble metals are widely used in catalytic
and chemical storage applications. These materials have unique
properties that can be attributed to their electronic structure and
density of states at the Fermi level [1]. Many previous investigations
have revealed that the performance of noble metal NPs can further
be improved using oxide supports and by optimizing the particle
size and crystallographic faces taking part in the catalytic process.
The catalytic performance of NPs dispersed on oxide supports has
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been observed to vary markedly with NP size, shape, the nature of
the oxide support, and interactions between these components [2].
Similarly, catalytic properties are substantially influenced by the
microstructure, which strongly depends on the size and shape of the
NPs. Catalytic activity varies considerably at different crystal-
lographic faces taking part in the catalytic process [3]. These findings
highlight the importance of the interfacial structure between the
NPs and the oxide-support and the microstructure of the system,
which in turn are related to the NP size, shape, and inhomogeneity.
Therefore, comprehensive knowledge of the interfacial structure and
microstructure is required to understand the catalytic properties of
alloy NPs fully.

It has been frequently reported that the performance of
monometallic nanoparticles is limited under certain operating
conditions. The limitations of monometallic NPs, in terms of site
activities and selectivities, can be improved using bimetallic NPs
catalysts [4-7]. Recently, bimetallic NPs, such as Pd-Ru [8-10], Ru-
Cu [11], Pt-Ru [12,13], Au-Pt [14,15], Ag-Au [ 16,17], Ag-Rh [ 7, 18-26],
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Au-Ir [27], and Au-Ru [28] have shown better catalytic perfor-
mance, hydrogen storage capacity, and thermal stability [29,30]
compared with those properties of monometallic NP systems.
Notably, many of these bimetallic systems are immiscible in a bulk
form. The formation of a solid-solution phase only occurs in the
nanoparticles and is facilitated by thermodynamic behaviors un-
ique to nano-sized systems. Therefore, novel electronic properties
and microstructures emerge around the interfacial regions of these
bulk immiscible NP systems, which have notable effects on the
catalytic properties. These bimetallic systems suffer from thermo-
dynamical instability owing to their immiscible nature and can
therefore segregate to form isolated clusters in alloy NPs. The
transformation from a metastable to a stable phase can readily
occur if enough activation energy is provided in the form of heat,
perturbations in the catalytic process, or structural disorder.
Therefore, the observed catalytic properties in these systems
cannot be fully understood in terms of their novel electronic
properties and the role of their microstructure is equally important.
In this regard, it is essential to investigate the structure of these
materials at the interfacial region to gain a better understanding of
their catalytic and chemical storage properties. Such investigations
will also realize new materials by the engineering of the micro-
structure and interfacial structure.

X-ray absorption fine structure (XAFS) analysis is a well-known
technique that can provide local structural information around both
elements in bimetallic systems through its elemental selectivity. Here,
we use XAFS to investigate AgRh alloy NPs in the ambient and in-situ
hydrogen absorption conditions. We examined the local structure
around Ag and Rh to understand the role of the interfacial structure on
the H, absorption properties. Bimetallic alloy Rh NP catalysts are widely
used to reduce nitrogen oxides with hydrocarbons [18]. Kotsifa et al.
observed that this process is sensitive to the operating temperature and
depends strongly on the physiochemistry and type of noble metal cat-
alyst and oxide support [18]. Obuchi et al. found that Rh is highly
selective for the formation of N, relative to N,O in the NO, reduction
process compared with other metals such as Pt, Pd, Ry, and Ir [31]. The
performance of Rh NPs improves markedly for an Al,O3 support com-
pared with other oxide supports [32]. These findings reveal that
reduction of NO, with a hydrocarbon is a structurally sensitive process
that is influenced by the interfacial structure between the Rh and oxide
support and unique interactions offered by the different physiochem-
istry of NPs having distinct microstructures [18]. Recently, it has been
shown that AgRh bimetallic alloys have hydrogen storage properties
[21]. Notably, neither Rh nor Ag have any hydrogen storage properties in
their monometallic form. This result suggests that in a bimetallic alloy,
such as AgRh, unique structural properties in the interfacial region may
promote unusual catalytic properties.

Many studies have been conducted on the AgRh systems with an
emphasis on their synthesis methods [7,19,23]. Observations of su-
perior catalytic and unconventional H, storage properties are gen-
erally attributed to charge transfer from Rh to Ag, which makes it
more electropositive and enhances the NO, reduction [20]. Seo et al.
observed that the addition of Ag increases the NO bond energy, and
improves the catalytic performance towards NO, reduction [33].
Yang et al. observed that hybridization between the Ag and Rh
electronic states causes the valence band of AgRh alloys to match
well with that of Pd, which is a well-known material for the
hydrogen storage, suggesting potential for AgRh to show hydrogen
storage properties [22|. However, the structural aspects of this alloy
and their effects on the observed hydrogen storage and catalytic
performance remain poorly understood. In this report, we used a
combination of XRD and XAFS techniques to investigate the micro-
structure of AgRh alloys. Furthermore, we performed in-situ XAFS
measurements under H, to reveal the role of the interfacial structure
on the observed hydrogen storage properties.
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2. Experimental

The XAFS measurements were performed at the P64 beamline of
DESY, Hamburg [34]. The NPs samples were filled into a 1-mm
diameter capillary to perform measurements in transmission geo-
metry. The open-ended capillary was mounted onto a reactor that
allowed the gas to flow around the sample. During the XAFS data
accumulation, either He or pure H, flowed under ambient tem-
perature and pressure conditions. XAFS spectra were collected at
the Ag K-edge and Rh K-edge. Normalization and background-
subtraction of the data were performed with the use of the Athena
software, and a standard procedure was followed [35]. The fitting of
the extended X-ray absorption fine structure (EXAFS) data was
performed using a computer code written by Conradson et al. [36].
The phase shift and photoelectron backscattering amplitude were
theoretically calculated with the use of the Feff9 program [37]. The
log-ratio analysis was performed in the Athena software [35].

The powder X-ray diffraction measurements were performed at
the BL15XU NIMS beamline at SPring-8 in Japan. The synchrotron
X-ray beam energy was selected at 29.195 keV using a Si (311)
monochromator with an undulator. For the diffraction measure-
ments, AgRh NPs were placed in a Lindemann glass capillary with an
inner diameter of 0.2 mm. The X-ray diffraction signal was recorded
with a CdTe detector (XR-100CdTe, AMPTEK, Inc.) in transmission
geometry under a He gas atmosphere at room temperature.

AgRh alloy NPs with a poly(N-vinyl-2-pyrrolidone) (PVP) coating
were synthesized by a chemical reduction method. The metal pre-
cursors of AgNOs; and Rh(CH3COO); in a molar ratio of 50:50 were
dissolved in water. The metal precursor solution was injected into
ethylene glycol (EG) solution containing PVP at 170 °C. The AgRh alloy
NPs were separated by centrifugation at room temperature. The
average particle size of the AgRh alloy NPs was 12.2 + 1.6 nm, as es-
timated by transmission electron microscope (TEM) imaging (Fig. S1).

3. Results and discussion
3.1. X-ray diffraction

Fig. 1 shows the powder X-ray diffraction pattern (Black open
circle) of AgRh alloy NPs. The powder X-ray diffraction pattern was
analyzed by the Rietveld refinement method (red line). The data
were fitted assuming a single fcc crystal structure, indicating that
the Ag-Rh alloys formed solid-solution alloy NPs. The lattice con-
stant obtained from the peak positions (black marks) was
4.015 + 0.003 A. For reference, the lattice constants of bulk Ag and
Rh are 4.08 and 3.803 A, respectively, which suggests that alloy
formation shifts the value of the average lattice parameter from the
bulk values of Ag and Rh. The crystalline domain size of AgRh NPs
was 4.8 +£0.6 nm, as determined by the Debye-Scherrer equation:
D = K2[2Acos9, where D is the crystalline domain size, K is the shape
factor (0.9 for nanoparticles with the spherical shape), 1 is the X-ray
wavelength (1 = 0.4247 A), A is the full width at half maximum in
radians, and 4 is the Bragg angle. Notably, the particle size obtained
by TEM imaging was approximately 12 nm which is larger than the
crystallite size obtained from diffraction analysis. This smaller
apparent crystallite size implies that within the NPs, either multiple
domains of smaller crystallites are present, or the alloy sample
might contain a substantial fraction of non-crystalline or sub-
nanometer size domains, which are not able to diffract coherently
and hence have no XRD signal.

3.2. X-ray absorption near edge structure

Fig. 2 compare the X-ray absorption near edge structure (XANES)
profiles for AgRh alloy NPs with Ag and Rh foil of high purity
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Fig. 1. Rietveld refinement of the XRD data measured on AgRh alloy NPs under
ambient conditions.

measured at the Ag K-edge and Rh K-edge. The XANES spectra of
both edges have two near-edge features marked by A and B in
Fig. 2(a,b). The Rh K-edge spectra show that the energy separation
between the near-edge features (A-B) decreased in the alloy sample
compared with those of reference Rh foil. The opposite behavior was
observed in the spectra measured at the Ag K-edge, where the
separation between the features A and B was slightly greater for the
alloy sample than for the bulk reference foil. In general, the near
edge features A and B are attributed to the transition from s to p and
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Fig. 2. XANES profiles of AgRh alloy NPs and bulk references measured at Rh K-edge
(a) and Ag K-edge (b).
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s to f states, respectively [38,39]. In literature, it has been argued that
these features have a contribution from photoelectron back-
scattering, similar to the observation in the EXAFS [40]. Conse-
quently, the separation between these features is found to follow an
inverse relationship with the square of the atomic pair distance [40].
Therefore, the XANES results indicate that the atomic pair distances
surrounding Rh in the AgRh alloy NPs are larger than those observed
in bulk Rh. Similarly, the atomic pair distances around Ag are shorter
in the alloy sample relative to those in bulk Ag. In a perfect solid-
solution alloy with mixing at the atomic level, the atomic pair dis-
tances are expected to be similar surrounding both the Rh and Ag
environments. Therefore, the observed distinct atomic pair distances
around Ag and Rh suggest that rather than perfect atomic-level
mixing, in alloy NPs, nano or sub-nanosized clusters of Ag and Rh are
homogeneously mixed to form a nano solid-solution alloy phase.

However, the presence of an atomically mixed AgRh alloy phase
cannot be completely ruled out. We considered that opposing
changes in the atomic pair distance occur around Rh and Ag sites.
Furthermore, a substantial shift in the atomic pair distance relative
to the respective bulk phase was observed. Therefore, an interfacial
region develops between homogeneously distributed nano or sub-
nanosized clusters of Rh, and Ag can host AgRh alloy phase mixing at
the atomic level. Owing to mixing at the atomic level, the interfacial
region can propagate the epitaxial strain to nearby clusters and is
capable of modifying the average long and short-range structure
around both Ag and Rh, as observed from the XRD and XANES
analysis. Therefore, the presence of an atomically mixed AgRh alloy
phase in the sample cannot be neglected. This phase may be present
in the form of a minority phase whose weighted contribution to the
EXAFS signal is marginal. However, its effect on the long and short-
range structure can be indirectly seen in the XRD and XANES data.

Now, if we consider the probe limitations of XRD and XAFS for the
AgRh system. We know that Ag and Rh are close in the periodic table
and have similar X-ray scattering lengths. Therefore it is difficult to
distinguish between Ag and Rh atomic sites by diffraction techniques.
Moreover, these techniques provide volume-average information and
therefore provide the average values of the lattice parameters of the
bulk sample. Importantly, sub-nanosized domains may have a dis-
ordered structure with domain sizes well below the diffraction limit
that remains obscured by the XRD signal. Because of these limitations,
information such as distinct atomic pair distances around Ag and Rh
and any disordered domains cannot be obtained from XRD data.
However, XAFS analysis is sensitive for probing the local structure and
due to its elemental selectivity, any site-specific departure in the
local structure from the average long-range structure can easily be
assessed. The only caveat to this approach is that the photoelectron
backscattering amplitudes of Rh and Ag are very similar; therefore, it
is not possible to distinguish between mono- and bimetallic atomic
pairs.

It has been reported that charge transfer from Rh to Ag is possible
in an AgRh alloy [20,33]. On comparing the edge position
(Fig. 2(a,b)), it can be seen that spectra measured at both edges for
the alloy sample are shifted to higher energy, ruling out the possi-
bility of any charge transfer between Ag and Rh. However, as dis-
cussed earlier, the XAFS provides information on the weight fraction
of a particular component in the sample. The absence of a signature
of charge transfer indicates that such alloying components are not
the main phase in the sample. Such an alloying phase is likely to
result from intermixing at the atomic level, which allows for hy-
bridization between Ag and Rh electronic states. Therefore, alloy
mixing at the atomic level is likely possible in the interfacial region
between the sub-nanometer clusters of Ag and Rh. Because the rest
of the phase will dominate the XAFS signal, contributions from the
atomically mixed alloying component are minimal, preventing the
observation of charge transfer between Ag and Rh in the XANES
signal. Also, a small positive shift in the edge energy owing to



A. Tayal, O. Seo, J. Kim et al.

R RN Ry R L RN R R R R

Rh bulk (a) B

3 — Ag50Rh50

0 %
A A A
5k(A4)1O 15

1 2 3 4 5

T T T T T T T T
[ Ag bulk b ]
— Ag50Rh50 ( )

1
—~
N
4
X
—
X
=
=
x
~
=
L 5 k(A-1)10
v b b b v e
1 2 3 4 5

R-¢ (A)

Fig. 3. Fourier transform (y(R)) spectra of indicated samples measured at the Rh K-
edge (a) and Ag K-edge (b) under ambient conditions. Inset of the figures show EXAFS
(x(k)k?) spectra.

surface oxidation of the NPs may suppress any signs of charge
transfer in the XANES spectra.

3.3. Extended X-ray absorption fine structure

A further comparison of the local structure around Rh and Ag was
performed with a detailed analysis of the EXAFS data. Fig. 3(a,b)
shows Fourier transform (¢(R)) and EXAFS (y(k)k?) spectra measured
at the Rh K-edge and Ag K-edge for the alloy NPs and a reference
sample under a constant He flow. On comparing the Ag K-edge 4(k)
spectra of the AgRh sample with that of the bulk Ag, we deduced
that the FT peaks and node position of the real component spectrum
of AgRh sample shifted to a lower value than that of bulk Ag in-
dicating a reduction in the Ag-Ag/Rh atomic pair distance. Moreover,
a decrease in the FT amplitude for the first and higher-order peaks
suggested that the sample is nanocrystalline, and contributions to
the EXAFS signal from surface atoms having a lower coordination
number are relatively high as is commonly observed in NP systems
[41-43]. This behavior results in the appearance of a lower co-
ordination number in the NPs sample relative to the bulk. Such a
reduction in the FT amplitude can also correlate with the disorder
[41,42,44,45]. However, a lower coordination number and higher
disorder will affect the y(k) amplitude differently across the k-region
[41]. A smaller coordination reduces the y(k) amplitude over the
entire k-range. In contrast, the reduction in the y(k) amplitude owing
to higher disorder is greater in the high k-region. On comparing the
(k) spectra of a sample measured at ambient temperature with
respective bulk foils (Fig. 3 insets), we deduced that the y(k) am-
plitude is smaller over the entire k-region for the AgRh sample,
implying that the decrease of the FT peak amplitude is primarily
attributed to the lower coordination number.

Notably, for the AgRh sample measured at the Rh K-edge, the
decreases in the y(k) and FT amplitude were much more significant
than those of the bulk Rh. A similar decrease in the amplitude was
not observed for the spectra measured at the Ag K-edge. These
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observations suggest that Rh forms smaller clusters than does Ag.
However, the structural disorder also contributes to the reduction in
the FT and y(k) amplitude, as will be discussed later. The node po-
sition in the FT spectrum of the alloy sample is nearly identical to
that of the bulk spectrum. However, the above Rh K-edge XANES
analysis of the AgRh sample and Rh foil reveals that the separation
between the near-edge features A and B is significantly different in
both samples. Such differences in the near-edge features indicate
that the atomic pair distances around Rh are different in the bulk
and AgRh samples. Notably, XANES is less sensitive to disorder and
anharmonicity caused by the non-Gaussian distribution of atomic
pair distances [46-48]. Therefore, these parameters have a more
significant contribution to the EXAFS signal than to the XANES
signal, which results in the observed discrepancy between the
XANES and EXAFS data. As pointed out earlier, TEM measurements
of the AgRh alloy sample suggested that the bimetallic NPs were
uniform in size at approximately 12 nm. However, the crystallite size
determined from the XRD data was approximately 4.8 nm suggesting
that the alloy NP sample had a large fraction of non-crystalline or
nanosized domains, as expected for a metastable bimetallic alloy
system. Any non-crystalline domains could be a source of disorder
and contribute to structural anharmonicity.

The effects of anharmonicity in the sample were evaluated by
incorporating higher-order cumulants viz. the third and fourth in the
EXAFS analysis [42,44,45,48|. However, owing to parameter corre-
lation, the third cumulant correlates with the atomic pair distance
and the fourth cumulant correlates with the FT amplitude [49]. For
spectra measured at the Rh K-edge, a negligible difference in the FT
node positions and measurable changes in the near-edge features
indicated that the higher-order cumulants have effects in the
sample. Higher-order cumulants might correlate with the atomic
pair distances and may contribute to the inconsistent atomic pair
distances observed by XANES and EXAFS analysis. A contribution
from higher-order cumulants may also be attributed to the markedly
smaller FT and y(k) amplitude for the spectrum measured at the Rh
K-edge. The analysis of FT and y(k) spectra measured at the Ag and
Rh K-edge, however, confirmed that the contribution from structural
anharmonicity is higher in the local environment of Rh and is rela-
tively small or negligible for Ag. Additionally, the nano-sized clusters
of Rh might be smaller than those of Ag. However, to obtain more
precise information, we performed further analysis as discussed
below.

In the light of possible correlations among various parameters in
the EXAFS equation, first, we considered the effect of individual
parameters on the EXAFS data. It is helpful before approaching the
EXAFS fitting to estimate the metrical parameters. In this way, any
ambiguity in the data interpretation owing to parameter correlation
can be avoided. Various parameters, which are correlated in the
equation defining y(k), can be grouped together. It has been pro-
posed that parameters having a high correlation among them are as
follows. In the first group; R, c3, and AE, viz. atomic pair distance,
third cumulant, and relative variation in edge position and in the
second group; o, N, and S viz. root mean square relative displace-
ment, coordination number, and passive electron reduction factor,
have high correlations among them. Therefore, in the case of dif-
ferent degrees of disorder, anharmonicity, and distinct atomic pair
distances, the fitting model used to obtain metrical parameters may
not be unique and will have a certain ambiguity. In this regard, a
prior knowledge of certain parameters that strongly affect the EXAFS
results would be helpful in constraining the correlated parameters
during the EXAFS fitting. Moreover, it can also be useful to assess the
effects of individual parameters on the raw EXAFS signal.

It has been proposed that a model-independent analysis based on
ratioing and phase difference methods can be used to decouple the
correlation between o - N and R - c3, respectively [42,44,45,48,49]. In
this approach, the amplitude and phase of the isolated first shell are
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Fig. 4. Log-ratio fit (a) and phase difference fit (b) to the AgRh alloy NPs sample
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obtained by performing a backward Fourier transform of the y(R)
data. In the present case, the backward FT was performed on the
reference data and those from the AgRh alloy NP sample. The
transform range in R space was chosen to be between 1.3 and 3.3 A
for Rh and 1.6-3.6 A for Ag covering the first shell and the Hanning
window, with a sill width of 0.5. Fig. 4 shows plots of the indicated
samples measured at the Ag and Rh K-edges. The logarithm of the
amplitude ratios of the sample with the respective reference are
plotted against k? in the Fig. 4(a) and the difference of the phases
between the sample and reference is plotted against k in Fig. 4(b).
Such a transformation is expected to give a straight line for systems
free from any structural anharmonicity. By this approach, the co-
ordination number and ¢ can be uncoupled, and these variables are
respectively proportional to the intercept and slope in the amplitude
ratio plots. Similarly, the slope of the curve in the phase difference
plot measures the deviation in the atomic pair distance relative to
the standard sample. Bunker [44] proposed that for samples having
some degree of anharmonicity, the fitting of the amplitude ratio and
the phase difference curve with the following equations can provide
information on the relative variation in the parameters of the
equation with respect to the standard.

Log — Ratio(k) = co 4+ 20k* + §C4k4

Phase — Difference (k) = 2k — %c3k3

In the above equations co, ¢y, C3, €3, and ¢4, are zero to fourth-
order cumulants [49]. The obtained values of the fitting parameters
are listed in Table 1. Here cumulants with n>2 have a physical
meaning with odd and even cumulants mainly affecting the phase
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Table 1
Fitting results from ratioing analysis using Eqs. (1) and (2) for samples measured
under a He flow.

Cumulants Ag K-edge Rh K-edge
Co -0.125(8) 0.026(8)

[ -0.0414(5) 0.0520(1)
c 0.0006(1) 0.0097(2)
c3 0.000183(5) 0.00056(9)
[ 0.000009(3) 0.00009(2)

and amplitude, respectively. Consequently, the first cumulant mea-
sures the relative change in the atomic pair distance and the second
cumulant is o. The third and fourth cumulants are used to measure
the degree of anharmonicity in the sample. The value of the first
cumulant (Table 1) for the sample measured at the Ag K-edge is
negative and that for the sample measured at the Rh K-edge is po-
sitive. This result suggests that the atomic pair distance is shorter
around Ag and longer around Rh relative to the respective standards,
which is consistent with the XANES analysis. Moreover, the value of
the third cumulant in the spectrum measured at the Rh K-edge is
three times as great as that of the Ag K-edge. This result suggests
that the effect of the third-order cumulant is higher for the spectra
measured at the Rh K-edge. Therefore, we deduce that in the AgRh
alloy NPs, the local environments of Rh and Ag are very different.
The Rh environment has a considerable degree of anharmonicity
relative to the Ag.

After the above analysis, we derived the actual values of the
metrical parameters by non-linear least-square fitting of the EXAFS
data. The obtained metrical parameters are listed in Table S1, and the
representative fitting plots are presented in Fig. S2. For the spectra
measured at the Ag K-edge, initially, all the higher-order cumulants
were excluded from the fitting, which gave a reasonably good fit. The
obtained value of the atomic pair distance was found to be shorter
than that of the standard. Any attempt to include higher-order cu-
mulants in the fitting showed no improvement in the goodness of fit.
The exclusion of higher-order cumulants from the Ag K-edge EXAFS
fitting also corroborated with the ratioing analysis described above.
The ratioing analysis demonstrated that the contribution from
higher-order cumulants was less for Ag than for Rh. The EXAFS
fitting of the alloy sample showed that the atomic pair distance for
the first shell was smaller than that of the bulk. Moreover, the
coordination number for the first shell is smaller indicating the
presence of nanometer size clusters of the Ag.

Following a similar approach, we performed EXAFS fitting of the
spectrum measured at the Rh K-edge. In the first approach, the cu-
mulant was excluded from the fitting. By this approach, the atomic
pair distance for the first shell was 2.68 A which is similar to the
value for bulk Rh. However, the XANES analysis, which is less sen-
sitive to disorder, indicated that the atomic pair distance was slightly
larger in the alloy sample than in the bulk. Hence, there is a corre-
lation between the EXAFS phase with the third cumulant causing an
underestimation of the atomic pair distance. Moreover, the afore-
mentioned ratioing analysis confirms that higher-order cumulants
have a greater contribution in the EXAFS measurements at the Rh
K-edge. Consequently, the third cumulant is incorporated into the
fitting of the first shell only, and for the rest of the shells, it was kept
null. The inclusion of the third-order cumulant, yields an atomic pair
distance that was slightly higher than that of the bulk (Table S1). A
small correlation with AEy was also observed; however, the minimal
variation had no measurable effect on the atomic pair distance. In-
cluding the fourth-order cumulant provided no major improvement
in the fitting or any difference from the fitting parameters obtained
after its exclusion. Therefore, only the effects of the third-order
cumulant could be precisely assessed from the EXAFS data measured
at the Rh K-edge. A slightly smaller first shell coordination number
was observed for the EXAFS data measured at the Rh K-edge relative
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Fig. 5. EXAFS 4(k)k? (a,c) and Fourier transform x(R) (b,d) spectra of samples measured at the Rh K-edge (a,b) and Ag K-edge (c,d) under He or H, flow condition.

to the Ag K-edge, suggesting that the Rh clusters were smaller in size
than the Ag clusters in the alloy sample.

Previous results for AgRh alloy NPs indicated suitability for the
H, storage applications [21,22], although neither Ag nor Rh have H,
solubility. Therefore, to understand the observed H, solubility in this
NP alloy, we performed XAFS measurements under ambient tem-
perature and pressure conditions with He (2 sccm) and H, (1.4 sccm)
gas flows to investigate any variation in the local structure around
Rh and Ag. Fig. 5 compares y(k) (a,c) and the FT (b,d) spectra, and the
metrical parameters derived from the EXAFS fitting are listed in
Table S1. On comparing the FT and y(k) spectra measured under the
two gas flows, no noticeable changes in the variation of the atomic
pair distance were observed (Table S1). Only slight variations in the
FT and y(k) amplitude were observed. Notably, the FT amplitude of
the first peak at the Ag K-edge slightly decreased under the H, flow.
In contrast, an alternative behavior was observed for the spectra
measured at Rh K-edge. In comparing the amplitude of the y(k)
spectra, a slight decrease was observed for the Ag K-edge and the
opposite behavior was seen for the Rh K-edge. Moreover, the change
in the y(k) amplitude was uniform over the entire k-region. Thus, the
incorporation of H, induced slight growth in the particle size of Rh
clusters and the opposite behavior for the Ag clusters was observed.
Because the H, was flowed at a moderate rate (1.4 sccm) no major
changes were expected. Moreover, Kusada et al. [21] reported that
the hydrogen-to-metal ratio (H/M) for the equiatomic AgRh alloy is
approximately 0.09, which is smaller than that of conventional Pd,
and is capable of showing H/M between 0 and 1 [50]. Therefore, only
marginal changes in the XAFS data are expected under the H, flow
conditions.

Combining all the results obtained from XANES and EXAFS ana-
lysis of the samples measured under ambient, He, and H, flow
conditions, we draw the following conclusions. Despite the forma-
tion of a solid-solution alloy, the local environments around Ag and
Rh are distinct in the AgRh alloy NPs. The present XAFS analyses
reveal that the formed solid-solution is a mixture of nano/sub-

nanocrystalline Ag and Rh clusters, as schematically shown in
Fig. S3. Bimetallic shells may be present in the metallic clusters but
cannot be precisely evaluated owing to the limitations of XRD and
XAFS. However, the atomic alloying in the interfacial region between
the metal clusters have a notable effect on the local structure and
reveals distinct local environments around both Rh and Ag. Sub-
stantial contributions from the structural anharmonicity are ob-
served only around Rh. This result suggests that the Rh environment
is significantly disordered than that of the Ag. Atomic-level mixing
can take place; however, its contribution to the EXAFS signal is
minimal. Nevertheless, the indirect effects of such mixing on the
metal clusters in terms of significantly different atomic pair dis-
tances relative to the bulk can be seen. Therefore, atomically mixed
alloys are mainly present in the proximity of the interfacial region.
This interfacial region where atomic mixing occurs is important for
governing the hydrogen absorption properties of the alloy owing to
the possible emergence of unique electronic properties from hy-
bridization of Ag and Rh electronic states. Moreover, this acts as a
source of epitaxial strain that affects both the average long and
short-range structure of nearby clusters. In the present case, under a
H; flow, a slight increase in the coordination number around Rh was
observed, accompanied by a small decrease in the coordination
number around Ag. These results indicate that hydrogen is in-
corporated in the interfacial region resulting in variation of the
cluster boundary stress, which results in the growth of the particle
size of Rh and a small decrease in the Ag particle size. This effect is
similar to that observed in pure nickel, where diffusion and trapping
of hydrogen at grain boundary regions affects the grain size, grain
boundary stress, and several other parameters [51,52]. These find-
ings also indicate that the use of expensive Rh can be minimized by
preparing alloyed samples that are mixed at the atomic level. In
earlier investigations on PdPt core-shell NPs for hydrogen storage
applications, the CS structure has been reported to transform to a
solid solution phase with a greater degree of atomic-level mixing
after the process of hydrogen absorption and desorption [53]. These
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phenomena have been tested in other bimetallic systems. Further-
more, these findings indicate that in a wide range of immiscible
bimetallic NPs, catalytic and chemical storage properties can be
enhanced by the intelligent synthesis of the alloy structure. We
propose that adopting a synthesis route that provides a higher
fraction of atomically mixed alloy phase in the sample can markedly
improve the performance of materials. Moreover, an understanding
of the microstructure and electronic properties that emerge in the
interfacial region of these novel bimetallic systems is important for
tailoring of material systems to a variety of applications.

4. Conclusions

In conclusion, the microstructure and H, absorption properties of
bulk immiscible AgRh alloy NPs were investigated. The XRD data of the
alloy sample could be fitted by a single fcc structure. The value of
the lattice parameter was obtained by Rietveld refinement. The value of
the lattice parameter for the alloy sample was 4.015 + 0.003 A, which
falls between the bulk value of Ag 4.08 A and Rh 3.803 A. XANES
analysis revealed distinct local environments for Rh and Ag. In the Rh
and Ag environments, the atomic pair distances were respectively larger
and smaller than the bulk values. A notable fraction of the alloy phase
formed via mixing of nano/sub-nano-sized clusters of Rh and Ag NPs.
Mixing at the atomic level is likely possible at the interfacial region. The
interfacial region plays an important role in propagating epitaxial strain
affecting the microstructure of nearby NP clusters. Hydrogen absorption
measurements performed under ambient conditions revealed that H; is
mainly absorbed in the interfacial region where Ag and Rh form a
perfect solid solution alloy.
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