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ABSTRACT: Structural changes in Ru- and Rh-loaded magnesium oxide
(MgO) subjected to thermal treatment were investigated by using X-ray
absorption spectroscopy. The thermal treatment of the MgO-loaded Ru and
Rh nanoparticles led to the formation of Ru-MgO and Rh-MgO solid
solutions, respectively. The valences of Ru and Rh in the solutions were 4+
and 3+, respectively, as determined by the Ru and Rh K-edge X-ray
absorption near-edge structure (XANES). The degree of solid solution
formation was the highest at 873 and 1073 K in Ru-MgO and Rh-MgO,
respectively, as observed in the extended X-ray absorption fine structure and
XANES analyses. The nearest neighboring Ru−O and Rh−O bond distances
were shorter than the Mg−O bond in MgO. The dispersion of Ru and Rh on the MgO surface, measured by CO adsorption,
increased for samples thermally heated at 1273 K, suggesting that the segregation of Ru or Rh from the solid solutions occurred at
this temperature. Consequently, a relatively high dispersion was realized in the sample thermally heated to 1273 K. A good
correlation was found between the dispersion value of Ru in Ru/MgO and the NH3 decomposition activity.

1. INTRODUCTION
Supported rhodium catalysts have been applied as catalysts for
purifying exhaust gas from gasoline-powered automobiles and
as catalysts for organic syntheses, such as hydrogenation,1

while supported ruthenium catalysts have been primarily
applied in steam reforming of hydrocarbons for obtaining
hydrogen.2 When these catalysts are used in the gas phase, they
are used at high temperatures, such as 773 K or higher, which
causes a problem of irreversible deterioration due to the
agglomeration of metal particles.3 One of the means for
suppressing such irreversible deterioration is by leveraging the
metal−support interaction, hindering the agglomeration of
active species.4 This interaction involves the metal species
being immobilized on the support through anchoring and
forming a solid solution on the support. Such interactions
between a metal and support are exemplified by Pt on CeO2,
and Rh or Pd supported on perovskite-based oxides commonly
employed for the catalytic conversion of automobile emission
gases.5 These atomically dispersed metal elements have been
used in various reactions.6 By the generation of such a solid
solution, it is anticipated that volatile oxides on the support can
be retained on the surface. However, in the latter case, the
dissolved metal species are inaccessible by the reactants,
rendering them ineffective as a catalyst. To activate the metal
elements in the solid solution, metal species must be deposited
on the surface to be used as catalysts. If the solid−solution
metal species can be reprecipitated on the support surface,
then well-dispersed and highly active metal species are
expected to be obtained. We have previously reported that
when metal nanoparticles or complexes of Pd, Ir, and Pt are
mixed with MgO and heated, a solid solution is formed, and at

approximately 1173 K, the dissolved metal species reprecipitate
on the surface of MgO.7−9 In this study, solid solution
formation and subsequent reprecipitation of Ru, Rh, and MgO
were investigated primarily through X-ray absorption spec-
troscopy (XAS) because XAS offers an excellent means of
investigating the valency and local structure of various
elements. Regarding Ru, while the Ru-MgO solid solution
has been partially reported, the detailed formation and
reprecipitation processes have not been well clarified. For
instance, Prieto reported that metal cations of five kinds of
elements (Ru, Rh, Pd, Ir, Pt) are located at the octahedral
coordination of MgO in step-edges.10 Tsang et al. found that
on MgO(111), well-dispersed surface Ru ensembles catalyze
ammonia decomposition effectively.11 Also, the efficiency of
the ammonia decomposition by Ru/MgO was found to be
enhanced by the addition of alkali metal salts.12 For Rh,
although the interactions between Rh with Al2O3 and CeO2
have been reported, there are no reports, to the best of our
knowledge, on the solid solution formation between Rh and
MgO. If a solid solution can be generated between Ru or Rh
and MgO and reprecipitated, it may be possible to regenerate
the catalyst deteriorated by sintering. In this study, we
investigated the interaction of polyvinylpyrrolidone (PVP)
polymer-protected Ru and Rh nanoparticles with MgO. These
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PVP polymer-protected nanoparticles have a relatively uniform
particle distribution, making them suitable precursors for
directly investigating the interaction between metal nano-
particles and MgO. When polymer-protected metal nano-
particles are supported on an oxide surface, they can be kept in
a relatively uniform dispersed state.13 We also investigated
samples prepared from the complex of each element at the
same time as for the nanoparticles. Furthermore, for Ru-MgO,
the decomposition reaction of ammonia was performed and
the correlation with the degree of dispersion was investigated,
considering that ruthenium catalysts have been extensively
researched for storing ammonia as a feedstock and extracting
hydrogen to power fuel cells on demand.14

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. PVP-stabilized Ru and Rh

nanoparticle (Ru, Rh NP) dispersions, diluted with water and
ethanol (ethanol:water = 2:8 (vol.)), were impregnated onto
MgO. The nanoparticle suspensions of Ru and Rh were
obtained from Renaissance Science Co. The diluted NP-
dispersed liquid mixed with MgO was evaporated at 313 K,
leaving behind a residue that was consequently heated in air
with an electric furnace at temperatures ranging from 773 to
1373 K for 3 h in air. MgO (500A) was obtained from Ube
Materials Co. Similarly, PVP-stabilized Ru and Rh NPs were
loaded onto γ-Al2O3 (JRC-ALO-7) and SiO2 (CARiACT Q-
10, Fuji Silisya Co.) using an identical procedure as well. The
γ-Al2O3 used in this study were sourced from the Catalysis
Society of Japan. The initial Ru and Rh loadings were ca. 0.3
wt % each. Unless otherwise noted, Ru and Rh NPs were
employed as the precursors for Ru- and Rh-supported MgO,
respectively. The samples prepared in this way will henceforth
be denoted as Ru or Rh precursor−support. For example, the
sample prepared with Ru NPs as a precursor will be denoted as
Ru NP-MgO. In the same manner, (PPh3)3RuCl2-MgO and
Rh(acac)3-MgO were prepared using tris(triphenylphosphine)-
ruthenium(II) dichloride ((PPh3)3RuCl2) and rhodium(III)
acetylacetonate (Rh(acac)3) precursors, respectively. These
precursors were sourced from Fujifilm-Wako Pure Chemical
Co. These samples were thermally treated in a manner
analogous to that of the Ru NP and Rh NP-loaded samples.
2.2. Ru and Rh K-Edge XAS: Data Collection and

Analysis. The XAS measurements of the Ru- and Rh-loaded
samples were performed on the AR-NW10A beamline using
synchrotron radiation, approved by the High Energy
Accelerator Research Organization (KEK)’s Photon Factory
(KEK-PF-AR), under proposals 2020G621 and 2022G581.
Samples were mounted in plastic tubes 6 mm in diameter and
about 30 mm long and measured. The data was collected at
298 K, utilizing a Si(311) monochromator in the quick scan
mode for 5 min. The double-crystal monochromator was set to
full tuning, and no mirrors were used. The beam dimensions
were 1.1 mm horizontally and 0.8 mm vertically. Ion chambers
filled with argon and krypton gases detected primary and
transmitted X-rays, respectively. The extended X-ray absorp-
tion fine structure (EXAFS) data were analyzed by first
extracting oscillations of k3χ(k) data utilizing a spline-
smoothing method. For the curve-fitting analysis, to transform
the data from k-space, a Fourier transform (FT) was applied to
convert the k3-weighted EXAFS oscillations and k3χ(k) data to
r-space (typical range: 3−13 Å−1). REX software developed by
Rigaku Co. was utilized for EXAFS data analysis. EXAFS
analysis was performed utilizing a curve-fitting technique with

theoretically calculated phase shift and amplitude function
using FEFF8 software.15 The parameters using FEFF were
calculated with SIG2 = 0.00360 Å2, S02 = 1.0, and ixc = 0.
2.3. Characterizations of the Samples, Excluding the

XAFS Technique. N2 adsorption/desorption isotherms were
obtained using a BELSORP-mini-X instrument (Microtrac Bel
Co.) after the samples were evacuated at 573 K. The reduction
behavior of the Ru- and Rh-loaded samples was investigated
using temperature-programmed reduction (TPR) under a 5%
H2/Ar flow (30 mL min−1) on a BELCAT II instrument
(Microtrac Bel Co.) with a temperature ramp rate of 10 K
min−1. The effluent gas analysis was conducted using a thermal
conductivity detector. Subsequently, after preheating the
samples at 923 K in a H2 flow, the dispersion of Ru and Rh
on the supports (MgO, Al2O3, and SiO2) was measured using
the BELCAT II instrument, which was used for the TPR
measurement. Ru and Rh dispersions were determined using
the CO pulse method at 323 K, assuming the CO/metal ratio
of 1.0. A JEM-2100 microscope (JEOL Co.) operated at 200
kV was used to obtain transmission electron microscopy
(TEM) images. A MiniFlex X-ray diffractometer (Rigaku Co.)
was utilized for acquiring X-ray diffraction (XRD) patterns
using Cu-Kα radiations.
2.4. Ammonia Decomposition. Ammonia decomposition

was performed by using a BELCAT II instrument. A 0.1 g Ru
NP-MgO sample mounted in a quartz tube was pretreated
under a H2 flow at 773 K, before being cooled down to 323 K.
The sample was then gradually heated to 873 K at a 10 K
min−1 rate. The reaction used a gas mixture containing 0.5%
ammonia in He, which flowed at a rate of 50 mL min−1. The
effluent gas was analyzed by using a BELMASS quadrupole
mass spectrometer to calculate the N2 yield. The BELMASS
was obtained from Microtrac Bel Co.
2.5. DFT Calculation. Density functional theory (DFT)

calculations using the Gaussian program package were carried
out to calculate the structure of the Ru-MgO crystal under
three-dimensional periodic conditions. The physical wave
functions were expanded in terms of accurate numerical basis
sets. A double numerical plus d-function was used for all
calculations, employing the generalized gradient approximation
functional developed by Perdew−Burke−Ernzerhof.16 Core
electrons were treated with effective core potentials. The
convergence tolerances for energy, maximum force, and
maximum displacement were less than 2.0 × 10−5 Ha, 0.004
Ha/Å, and 0.005 Ha/Å, respectively. A unit cell consists of
Ru1Mg30O32, where two nearest Mg atoms were deleted from
the perfect crystal of Mg32O32 and the deleted two Mg atoms
were substituted with a Ru atom to maintain a neutral charge.
The cell parameter of the cubic unit cell was 8.42240 Å, which
is the same as that for a perfect crystal MgO. Therefore, in the
following DFT calculations, the unit cell parameter was the
same as that for the original MgO crystal parameters.

3. RESULTS AND DISCUSSION
3.1. Ru and Rh K-Edge EXAFS Investigations. Figure

1a,b presents the EXAFS Fourier transform (EXAFS-FT) of
Ru and Rh NP-MgO, -Al2O3, and -SiO2, respectively, after heat
treatment in air at 973 K. The corresponding k3χ(k) data for
Ru- and Rh-loaded samples are displayed in Figure S1a,b,
respectively. Accordingly, Tables 1 and 2 list the structural
parameters calculated with EXAFS analysis of Ru-MgO and
Rh-MgO, and those of MgO, respectively.
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The spectra of Ru NP-MgO (Figure 1a) and Rh NP-MgO
(Figure 1b) exhibit two peaks at 1.7 and 2.6 Å, differing
significantly from those of Ru and Rh NP-Al2O3 and -SiO2,
whose spectra closely resemble those of RuO2 and Rh2O3,
respectively, except for Rh-Al2O3, where the Rh−(O)−Rh
bond was not observed probably owing to the formation of
well-dispersed Rh species as previously reported.17 For Ru NP-
MgO and Rh NP-MgO, the peak emerging at 1.7 Å was
associated with the Ru−O and Rh−O bonds, similar to the
bonding pattern of RuO2 and Rh2O3, respectively. The second
peak, situated at 2.6 Å, was assignable to the closest-
neighboring Ru−Mg and Rh−Mg bonds, as determined by
the curve-fitting presented in Table 1. The Ru−Mg and Rh−
Mg bond distances were 3.01 and 3.02 Å, respectively, closely
matching the closest-neighboring Mg−Mg bond in MgO’s salt
rock structure, whose bond distance is also 3.01 Å (Table 2).
Spinel (MgRh2O4) formation in Rh-MgO could be ruled out
for two reasons. First, the Rh−Mg bond distance found in Rh-
MgO was shorter than that of the closest-neighboring Rh−Mg
bond (3.40 Å) in MgRh2O4.

18 Second, EXAFS oscillations and
FT of MgRh2O4 were simulated by FEFF and compared with
those of Rh NP-MgO treated at 973 K (Figure S2). EXAFS
k3χ(k) of MgRh2O4 shows an increase in the vibration
envelope up to k = 15 (Å−1) compared to Rh NP-MgO
(Figure S2a). EXAFS-FT of MgRh2O4 shows an enhanced
peak intensity in EXAFS-FT compared with that of Rh NP-
MgO (Figure S2b). The marked difference between EXAFS
vibrations and FT confirms that the MgRh2O4 spinel was not
included in Rh NP-MgO. Then, EXAFS simulated by FEFF
based on the model optimized by DFT for Ru-MgO is shown
in Figure S3. The structure obtained with DFT calculations for

Ru-MgO is shown in Figure S4. The oscillation of EXAFS was
similar between the experimentally obtained and simulated
EXAFS (Figure S3a). The FT spectra were similar up to the
second coordination sphere at 3.0 Å, but the intensity in the
third coordination sphere at 3.2 Å was smaller than that in the
simulation (Figure S3b). This is probably due to the large
amount of Ru present close to the surface of the MgO. The
nearest neighboring coordination numbers (CNs) of the Ru−
Mg and Rh−Mg bonds were 6.4 ± 1.4 and 7.2 ± 1.0,
respectively. These values are significantly lower than those of
Mg−Mg with a CN of 12 (Table 2). This is likely because the
Ru and Rh ions primarily reside near the surface of MgO in the
solid solutions.
Figure 2a displays the EXAFS-FT analyses of the as-prepared

Ru-MgO and those subjected to temperatures ranging from

773 to 1373 K. The corresponding k3χ(k) values are presented
in Figure S5a. The EXAFS-FT spectrum of the as-prepared
sample features a peak at 1.6 Å attributed to the Ru−O bond,
indicating that the loaded Ru NP underwent oxidation during
sample preparation. Upon heating at 773 K, a new peak
emerged at 2.6 Å, corresponding to the Ru−Mg bonds,
confirming the creation of a Ru-MgO solid solution. Further

Figure 1. (a) Ru K-edge EXAFS-FT of Ru supported on MgO, Al2O3,
and SiO2, heated at 973 K, compared with authentic RuO2. (b) Rh K-
edge EXAFS-FT of Rh supported on MgO, Al2O3, and SiO2, heated at
973 K, compared with that of authentic Rh2O3. The FT was
performed over the range 3−16 Å−1.

Table 1. Curve-Fitting Parameters Derived from Ru and Rh K-Edge EXAFS Data, Collected at 298 K, for Ru NP-MgO and Rh
NP-MgO Samples Heated at 973 Ka

central atom scatterer coordination number distance/Å ΔE0/eV
b Debye−Waller factor/Å residual factor/%

Ru O 6.3 ± 1.6 2.06 ± 0.02 0 ± 4 0.094 ± 0.026 1.0
Mg 6.4 ± 1.4 3.01 ± 0.01 −5 ± 2 0.066 ± 0.026

Rh O 6.6 ± 0.6 2.06 ± 0.01 −1 ± 3 0.059 ± 0.027 1.2
Mg 7.2 ± 1.0 3.02 ± 0.01 −4 ± 2 0.068 ± 0.031

aFT and filtering range were 30−130 nm−1 and 1.3−3.5 Å. bCorrection applied to account for the energy difference of the photoelectron between
the sample and the reference.

Table 2. Structural Data for Nearest Neighboring Mg−O
and Mg−Mg of MgOa

compound
central
atom

neighboring
atom

coordination
number distance/Å

MgO Mg O 6 2.11
Mg 12 3.01

aData of X-ray crystallography.

Figure 2. (a) Ru K-edge EXAFS-FT of Ru NP-MgO, and (b) Rh K-
edge EXAFS-FT of Rh NP-MgO heated at various temperatures. The
FT was conducted over the range 3−13 Å−1.
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heating to 973 K resulted in the growth of the Ru−O bond,
while a subsequent temperature increase to 1373 K weakened
the Ru−Mg peak bond. A similar change was observed for
(PPh3)3RuCl2-MgO prepared using (PPh3)3RuCl2 as the
precursor (Figure S6a,b).
Figure 3a depicts the variation of CNs of the Ru−O and

Ru−Mg bonds in Ru-MgO with temperature. The correspond-
ing curve fittings for 773, 973, and 1373 K are displayed in
Figure S7. Ru−O and Ru−Mg bonds emerged in the samples
heated at 773 K, with the CN of the bond Ru−Mg increasing
up to 973 K and then decreasing gradually with further
temperature elevation up to 1373 K, suggesting that the Ru−
MgO bond likely segregated in this temperature range.
Additionally, the Ru−O and Ru−Mg bond distances in Ru−
MgO are plotted against temperature in Figure S8a, revealing
no change in the distances with temperature. The bond
distance of the closest-neighboring Ru−O bond (2.06 Å) was
slightly shorter compared with the Mg−O bond distance of
2.11 Å, consistent with findings in Ir-MgO, Pt-MgO, and Pd-
MgO solid solutions.7−9 This phenomenon is likely attribut-
able to the higher valence of Ru4+ compared with Mg2+, leading
to a stronger attraction to the O2− anion by the Ru4+, and
consequently a shorter Ru4+−O2− bond length in the Ru-MgO
solid solution.
Figure 2b presents the EXAFSFTs of Rh NP-MgO subjected

to temperatures ranging from 773 to 1373 K, with the
corresponding k3χ(k) data provided in Figure S5b. The
corresponding curve fittings for 773, 973, and 1373 K are
displayed in Figure S9. Rh-MgO solid solutions proceeded up
to 1073 K, as evidenced by the increased CN of the Rh−Mg
bond within this temperature range, as depicted in Figure 3b.

With further temperature increases, a decrease in the CN of
the Rh−Mg bond was observed (Figure 3b), likely because the
Rh-MgO solid solution segregated to produce dispersed Rh
species and MgO, akin to observations made for Ru-MgO. A
similar trend was observed for Rh(acac)3-MgO synthesized
using Rh(acac)3 as the precursor (Figure S6c,d). The result of
the curve-fitting for Rh-MgO heated at 973 K is included in
Table 1. The Rh−O and Rh−Mg bond distances were close to
those of Ru−O and Ru−Mg in Ru-MgO, wherein the Rh−O
and Rh−Mg bond distances were 2.06 and 3.02 Å, respectively.
The distances remained unchanged across varying treatment
temperatures, as presented in Figure S8b.
3.2. Ru and Rh K-Edge XANES Studies. Figure 4a,b

presents the Ru and Rh K-edge X-ray absorption near-edge
structure (XANES) profiles of Ru NP-MgO and Rh NP-MgO
heated at 1073 K, along with those of the reference samples,
respectively. As discussed above, the confirmation of solid
solution formation in the samples heated at 1073 K was
achieved by Ru and Rh K-edge EXAFS. Ru K-edge XANES
profiles (Figure 4a) exhibit a shift in the inflection points and
peak maxima of the white line to higher energies, correlating
with the increasing valence of Ru in the reference samples (Ru0
powder, Ru(acac)3, and RuO2). Similarly, Rh K-edge XANES
of the Rh foil and Rh2O3 (Figure 4b) show a comparable shift
in the inflection points and peak maxima, consistent with
previous reports.19 In these cases, the Ru and Rh K-edge white
lines originate from the transition from the 1s state to the
unoccupied 5p state. The inflection point energies in the
XANES profiles of Ru NP-MgO and Rh NP-MgO match those
of RuO2 (22,124 eV) and Rh2O3 (23,229 eV), respectively,
indicating that the valences of Ru and Rh in the solid solutions

Figure 3. Nearest neighboring bond CNs against treatment temperature for (a) Ru−O and Ru−Mg bonds in Ru NP-MgO determined by Ru K-
edge EXAFS and (b) Rh−O and Rh−Mg bonds in Rh NP-MgO determined by Rh K-edge EXAFS.

Figure 4. (a) Ru K-edge XANES profiles of Ru NP-MgO heated at 1073 K and reference samples (Ru0 powder, Ru(acac)3, and RuO2). (b) Rh K-
edge XANES profiles of Rh NP-MgO heated at 1073 K and reference samples (Rh foil, Rh2O3).
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are 4+ and 3+, respectively. However, the intensities of the
white lines observed for Ru NP-MgO (22,137 eV) and Rh NP-
MgO (23,234 eV) were larger than those of RuO2 and Rh2O3,
respectively. Generally, the white line intensity of the K-edge
XANES is correlated to the density of the unoccupied orbitals.
Nevertheless, the intensity and shape of the K-edge XANES
spectra exhibit variations depending on the extent of the ionic
and covalent characters of Ru and Rh.20 Likely, the strong
ionic character of Ru and Rh cations and the octahedral
symmetry around them caused the enhanced intensity of this
white line. Similar enhancements of the white line in
comparison with the corresponding oxides were found in the
Ir L3-edge of Ir-MgO,

8 the Pt L3-edge of Pt-MgO,
9 and the Pd

K-edges of Pd-MgO solid solutions.7

Figure 5a displays the plot of the white line intensities
against the treatment temperature, with the maximum
intensities observed for Ru-MgO and Rh-MgO heated at 873
and 1073 K, respectively, suggesting that solid solution
formation proceeded most at these temperatures. Additionally,
characteristic peaks appeared in the Ru- and Rh-edge XANES
profiles at 22,175 and 23,274 eV for Ru NP-MgO and Rh NP-
MgO, respectively (Figure 4a,b), similar to those found in the
L3-edge XANES of Ir-MgO,

8 Pt-MgO,9 and Pd K-edge XANES
of the Pd-MgO solid solutions7 but absent in the reference
samples. This difference suggests that the peaks originated
from the photoelectrons interfered with by Mg2+ ions closest to
the Ru4+ and Rh3+ ions. In fact, this peak was also reproduced
by XANES calculated by FEFF on the basis of the Ru-MgO
structure optimized by DFT calculations (Figure S10). The
area of the peak is depicted against the treatment temperature
in Figure 5b. An example of the area calculation for Ru NP-

MgO is shown in Figure S11. This trend was similar to that of
the white line intensity (Figure 5a), in that the highest values
were observed at 873 and 1073 K for Ru NP-MgO and Rh NP-
MgO, respectively. For Ru NP-MgO and Rh NP-MgO, the
area of this peak decreases above 873 and 1073 K, respectively,
suggesting that segregation occurred gradually with increasing
treatment temperature up to 1373 K.
3.3. Ru and Rh Loading. In Figure 6a, Ru loadings of Ru

NP-Al2O3, -SiO2, and -MgO are plotted against the treatment
temperature. The loading was determined by analyzing the
edge jump of the K-edge XANES spectrum and the sample
mass, calibrated by reference samples. The Ru loading in Ru
NP-Al2O3 and Ru NP-SiO2 significantly decreased as the
temperature rose from 773 to 1273 K. The marked decrease in
Ru loading in Ru NP-Al2O3 and Ru NP-SiO2 was caused by
the removal of the formed volatile RuO2 on the surfaces of
Al2O3 and SiO2.

21 By contrast, Ru loading in Ru NP-MgO
remained unchanged up to 1273 K due to stable Ru-MgO solid
solution formation. For the Rh-loaded samples, the loading did
not change upon heating to 1273 or 1373 K (Figure 6b). This
is due to the nonvolatile nature of Rh oxide, in contrast to Ru
oxide.22

3.4. TEM Studies. Figure 7a,b shows the TEM images of
the as-prepared and heated Ru NP-MgO samples at 1073 K,
respectively. Ru NPs were not observed in the as-prepared
sample, even though the Ru nanoparticles were supported
during preparation. The structure of the nanoparticles likely
collapsed because of the oxidation of Ru in the loading stage,
as observed in the Ru EXAFS spectrum in Figure 2a. The facile
oxidation of metal Ru agreed with the observation of scanning
tunneling microscopy.23 NPs were not observed in the 1073 K-

Figure 5. (a) Intensity of the white lines at 22,138 and 23,238 eV in the Ru-K, Rh-K edge XANES of Ru NP-MgO and Rh NP-MgO, respectively,
plotted against treatment temperature. (b) Area of the peaks appeared at 22,175 and 23,248 eV in the Ru-K, Rh-K edge XANES of Ru NP-MgO
and Rh NP-MgO, respectively, plotted against treatment temperature.

Figure 6. Dependence of (a) Ru loadings and (b) Rh loadings on the treatment temperature of MgO-, Al2O3-, and SiO2-loaded samples.
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treated samples, in which aggregated MgO crystals were
observed (Figure 7b). Regarding Rh NP-MgO, the TEM image
of the as-prepared Rh NP-MgO shows Rh particles
approximately 1−4 nm in diameter well-dispersed on the
support (Figure 7c). Rh NPs were no longer observed in the
1073 K-treated samples (Figure 7d). Instead, angular MgO
particles were observed, likely resulting from the sintering of
MgO and the concomitant Rh-MgO solid solution formation.
3.5. XRD Patterns and Nitrogen Adsorption Iso-

therms. Figure S12a−c shows the XRD patterns of Ru NP-
MgO, Rh NP-MgO, and MgO heated at various temperatures,
respectively. The XRD patterns of Ru NP-MgO and Rh NP-
MgO matched that of MgO, and no additional peaks
corresponding to RuO2 or Rh2O3 were observed.

24 Figure 8
shows the plot of the MgO(200) facet diffraction intensity
emerging at 42.8° for Ru NP-MgO, Rh NP-MgO, and
unloaded MgO against the treatment temperature. At the
same treatment temperature, the MgO(200) diffraction
intensity in Ru- and Rh NP-MgO was higher than that of
unloaded MgO, likely because the Mg2+ ions in MgO were
replaced with Ru4+ and Rh3+ ions, resulting in an enhanced

MgO lattice. This enhancement was selective to the
MgO(200) facet, consistent with observations in Ir- and Pt-
MgO solid solutions.8,9

The N2 adsorption isotherms of Ru NP-MgO, Rh NP-MgO,
and MgO are displayed in Figure S13. The Brunauer−

Figure 7. TEM images of Ru NP-MgO: (a) as-prepared sample and (b) the sample after heating at 1073 K. TEM images of Rh NP-MgO: (c) as-
prepared sample and (d) the sample after heating at 1073 K.

Figure 8. Intensity of MgO(200) diffraction in the XRD patterns of
Ru NP-MgO, Rh NP-MgO, and unloaded MgO plotted against the
treatment temperature.
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Emmett−Teller (BET) method was applied to calculate the
specific surface area, and the values are presented in Figure
S14. The higher BET surface area of the 573 K-heated samples
compared to MgO was probably attributed to the partial
Mg(OH)2 formation during Ru and Rh NP loading on the
MgO surface.25 The specific surface areas of Ru NP-MgO and
Rh NP-MgO were approximately 20 m2 g−1, and the values
remained unchanged with the treatment temperature between
673 and 1373 K, indicating a negligible surface area decrease
due to thermal sintering.
3.6. H2-TPR Profiles. Figure 9a shows the H2-TPR plots of

Ru NP-MgO heated at various temperatures. The H2

consumption was negligible for the samples heated at 773−
1073 K, evident from the flat TPR peaks. In contrast,
significant H2 consumption was observed at 690 K for the
sample heated at 1273 K, attributed to the reduction of Ru4+ to
Ru0.26 No hydrogen consumption peak was apparent below
1073 K, indicating Ru formed a nonreducible solid solution
with MgO; hence, H2 was not consumed. By contrast, Ru4+
segregated at 1273 K on the surface of MgO and was
consequently reduced with H2 during the H2-TPR measure-
ments. In the H2-TPR profiles of Rh NP-MgO heated at 1273
and 1373 K, the H2 consumption peak emerged at ∼680 K,
whereas the peak was not apparent in the samples heated at
temperatures lower than 1173 K (Figure 9b).
3.7. Dispersion of Ru and Rh Measured by CO

Adsorption. Figure 10a displays the dispersion values of Ru
loaded on MgO, Al2O3, and SiO2 plotted against the treatment

temperature. The dispersion of Ru NP-Al2O3 was <5%,
whereas that of Ru NP-SiO2 was negligible. The low dispersion
of these samples may be due to the formation of aggregated
RuO2 as observed by Ru K-edge EXAFS (Figure 1a). By
contrast, the dispersion values of Ru in Ru-MgO were
substantially larger than those in Ru NP-Al2O3 and Ru NP-
SiO2; the value tended to increase monotonically with an
increase in the treatment temperature, except for that treated at
973 K. The highest dispersion (32%) was achieved for the
sample treated at 1373 K. For the Rh-loaded samples, the
dispersions of Rh NP-Al2O3 and Rh NP-SiO2 decreased with
an increasing treatment temperature (Figure 10b). The
relatively high dispersion (67%) of Rh NP-Al2O3 treated at
773 K was consistent with the literature.27 The behavior of Rh-
MgO was significantly different from that of Rh NP-Al2O3 and
Rh NP-SiO2, in which a U-shape was observed, with the
highest dispersion value of 41% obtained at 1273 K. The
surface migration of Ru and Rh on MgO likely led to their
reduction with H2, facilitating CO adsorption on metallic Ru
and Rh in samples heated at 1173 and 1273 K. The migration
of Ru and Rh with increasing temperature was supported by
Ru and Rh K-edge EXAFS, where a decrease in the CNs of
Ru−Mg and Rh−Mg bonds was observed at the corresponding
temperatures (Figure 3a,b). A comparable change in dispersion
was observed for Ir and Pt loaded onto MgO,8,9 suggesting that
the segregation of these elements commonly occurred on
MgO. In agreement with the dispersion change, a large
consumption peak of H2 was observed in the H2-TPR profiles
of Ru NP-MgO and Rh NP-MgO at approximately 1273 K,
implying that the segregation of Ru and Rh in these solid
solutions occurred (Figure 9).
3.8. Ammonia Decomposition over Ru NP-MgO.

Ammonia decomposition was performed over Ru NP-MgO
that was thermally treated at various temperatures. The
samples underwent reduction under a H2 stream at 773 K
before the reaction based on the reported method.28 Figure
11a shows the yield of N2 plotted against the treatment
temperature. The onset temperature of NH3 decomposition
was dependent on the heat treatment temperature, with the
sample heated to 1273 K having the lowest onset temperature.
The highest activity was observed for the sample heated at
1273 K as presented in Figure 11b, in which the conversion
corresponding to a 50% N2 yield was obtained. At this
temperature, a relatively high Ru dispersion of 27% was
achieved. Therefore, the high activity of the sample at 1273 K
may be due to the relatively high degree of dispersion of Ru

Figure 9. H2-TPR profiles of (a) Ru NP-MgO and (b) Rh NP-MgO
treated at various temperatures. The numbers on the curves indicate
the treatment temperatures.

Figure 10. Dependence of (a) Ru dispersion in Ru NP-MgO, Ru NP-Al2O3, and Ru NP-SiO2 and (b) Rh dispersion in Rh NP-MgO, Rh NP-Al2O3,
and Rh NP-SiO2 on the treatment temperature.
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deposited on the MgO surface. The exceptionally low activity
of the sample treated at 1373 K may be due to the lower Ru
loading, as shown in Figure 6a, which may have been caused by
the partial sublimation of RuO2. In addition to this, a good
correlation was observed between the N2 yield in NH3
decomposition and the H2-TPR values shown in Figure 9a.
The samples heat-treated at 1173−1373 K are highly active in
ammonia decomposition, and these samples show a clear
hydrogen consumption peak in the H2-TPR. In particular, the
sample heat-treated at 1273 K exhibits the highest activity, but
this sample shows the largest hydrogen consumption peak.
These results suggest that the Ru particles redeposited by heat
treatment of the Ru-MgO solid solution with MgO above 1173
K are highly active in the decomposition of ammonia. While
most conventional catalysts are prepared by supporting Ru
species on a substrate, this study proposes a new method of
preparing highly dispersed Ru catalysts by a bottom-up
method in which Ru is precipitated after forming a solid
solution.

4. CONCLUSIONS
The formation and segregation of Ru and Rh loaded onto
MgO were monitored using XAFS. Formation of the Ru-MgO
and Rh-MgO solid solution was found after treatment of Ru-
and Rh-supported MgO at around 873−1073 K. Through
comparison of the XANES spectra of the reference samples,
the valences of Ru and Rh in Ru-MgO and Rh-MgO solid
solutions were determined to be 4+ and 3+, respectively. The
Ru and Rh species formed solid solutions segregated at
temperatures exceeding 1173 K on the surface of MgO. The
segregated samples exhibited high dispersion, as measured by
CO adsorption. The behavior observed with Ru- and Rh-
loaded MgO was significantly different from those loaded on
Al2O3 and SiO2, in which the dispersion was negligible or
decreased markedly with an increase in the treatment
temperature, probably owing to the progress of sintering.
Furthermore, we found that the treatment temperature of Ru-
MgO influenced the ammonia decomposition activity. The
formation and segregation of a solid solution with MgO are
effective methods to maintain a high dispersion of metal
species at a temperature of ∼1173 K.
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