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*Ru Synchrotron-Radiation-Based Mossbauer Spectroscopy of Na,RuQ;
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Improved *’Ru synchrotron-radiation-based (SR) Mdssbauer spectroscopy technique was applied to Ru metal and
Na,RuQs, a promising cathode material for sodium-ion rechargeable batteries. The Ru Méssbauer spectrum of
Na,RuO; exhibited an isomer shift characteristic of Ru** ions. In electrochemically desodiated Na, ,RuQs, the Na-
deficient Na;RuO; was partially formed via one-electron oxidation, and its oxidation state was identified as Ru®".
It was found that the pronounced nuclear quadrupole splitting observed in Na, ,RuO; arises from the distorted
RuOg octahedra, as confirmed in X-ray diffraction powder pattern, caused by Na deficiency. These findings
demonstrate that Ru SR-based Mgssbauer spectroscopy is a highly sensitive and effective tool for probing
electronic and structural changes induced by redox processes in ruthenium compounds.
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1. Introduction

Maossbauer spectroscopy, as an element-specific analytical
technique for chemical and physical properties, has traditionally
been conducted with radioactive sources before Ruby’s propos-
al."! Those work using radioactive sources have been prepared
commercially or produced through nuclear reactions at nuclear
reactors or accelerators. However, recent development of syn-
chrotron radiation techniques enables us to measure energy-do-
main Mdssbauer spectra like those obtained by conventional
Madssbauer spectroscopy using high-intense X-ray source deliv-
ered by synchrotron radiation facilities instead of radioactive
sources.? This method, called synchrotron-radiation-based (SR-
based) Mdssbauer spectroscopy, is applicable even in the absence
of radioactive sources as their parent nuclei. This development
has opened up new avenues for applying Mossbauer spectrosco-
py to rare yet valuable elements that have previously received
little attention. With this development, SR-based Mdossbauer
spectroscopy has been demonstrated for '“*Sm (£, = 22.5 keV)?,
®INi (E, = 67.4 keV)*, *Ir (E, = 73.0 keV)’, '7*Yb (E, = 76.5
keV)® and '58Gd (E, = 79.5 keV)’, thereby increasing the number
of accessible Mossbauer transitions and broadening the fields of
related scientific and industrial applications.

Ruthenium, one of the elements extensively employed in func-
tional materials of catalysts, battery materials, electronic devices,
and so on, exhibits a wide variety of chemically stable oxidation
states ranging from -2 to +8. The information provided by *’Ru
Maéssbauer spectra should be highly valuable for materials sci-
ence research. The Mossbauer effect of ®Ru was first reported by
Kistner in 1963% and the detailed investigation was also pub-
lished in 1966.° Despite the usefulness of *Ru Mdssbauer spec-
troscopy, the limited number of applications reported since his
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pioneering works can be attributed to the following reasons.
First, the Mdssbauer source nuclide *Rh has a relatively short
half-life of 16 days and the production of *’Rh requires a proton
accelerator for the *Ru(p,n)’’Rh nuclear reaction.”'? Additional-
ly, since the resonant energy of the Ru Méssbauer transition is
as high as 89.6 keV, both the source and the absorber must be
cooled and maintained near liquid helium temperatures in order
to observe the resonance absorption line. These are the main rea-
sons why *’Ru Mdssbauer spectroscopy has not been as widely
utilized like ’Fe and ''°Sn Mdssbauer spectroscopy. However,
owing to the relatively long lifetime of the first excited state of
20.5 ns, a natural linewidth (/5 = 0.149 mm s™') comparable to
that of ’Fe or ''°Sn can be achieved, making *Ru Méssbauer
spectroscopy widely applicable to materials science.'® Such a rel-
atively narrow linewidth makes the technique highly sensitive to
precise observation of hyperfine interactions. In particular, be-
cause Ru atoms can occupy valence states ranging from Ru” to
Ru¥’, the resulting spread of observable isomer shifts exceeds the
natural linewidth of *Ru, allowing precise discussion of multiple
Ru valence states.

This study aims a development and an application of Ru SR-
based Mdssbauer spectroscopy to advanced material science.
First, based on the previous study by Masuda et al.,” the “’Ru SR-
based Mossbauer spectrometry was improved and optimized by
introducing a channel-cut filter and lowering the temperature of a
scatterer to obtain a high-quality spectrum. We have conducted
%Ru SR-based Mossbauer spectroscopy of Ru metal, the stand-
ard of the isomer shifts in ’Ru Mdssbauer spectroscopy. Then,
the improved *’Ru SR-based Mdssbauer spectroscopy has subse-
quently been applied to Na,RuO; as a candidate cathode material
for sodium-ion rechargeable batteries (SIB).!'"° The purpose of
this study was to elucidate the oxidation states and coordination
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environments of the Ru sites in Na,RuOs, which were closely re-
lated to the charge—discharge characteristics of the cathode mate-
rial. The change in the oxidation state of Ru after electrochemical
charging was clearly reflected in the isomer shift in the “Ru
Maéssbauer spectrum. The coordination environment around Ru
was clarified by combining the quadrupole splitting observed in
the “Ru Mossbauer spectrum with X-ray diffraction analysis.

2. Experimental Procedure

Sample Preparation

The *’Ru metal powder with an enrichment of 97.69 % was
used either as a transmitter of ®Ru SR-based Mdssbauer meas-
urement or as a starting material for the synthesis of Na,RuO;.
%Ru enriched RuQ, as a starting material for Na,RuO; was ob-
tained by heating *’Ru metal powder in air at 850 °C for 14 h.
Then, Na,RuO; was synthesized by a conventional solid-state re-
action, in which RuO, and NaHCO; were stoichiometrically
mixed, pelletized, and sintered at 850 °C for 48 h under an Ar at-
mosphere. !>

A portion of Na,RuO; was electrochemically desodiated by
charging to obtain Na-deficient Na, ,RuO;. Na,RuO; was used as
the cathode and hard carbon as the anode in a flat cell, respec-
tively, and a constant voltage of 4 V was applied for 30 min for
charging.!*?! The X-ray powder diffraction patterns (XRD) of
Na,RuO; and Na, \RuO; were measured using Rigaku SmartLab
diffractometer equipped with Cu Ka radiation

%Ru SR-based Mossbauer spectrometry

%Ru SR-based Mdssbauer spectroscopy was performed at
BL35XU of SPring-8, Japan, using an experimental setup nearly
identical to that used for S'Ni and '*Ir SR-based Mdssbauer
spectroscopy, as shown in Fig. 1.*° X-ray optics consisted of a
Si(3 3 3) double-crystal beamline monochromator and a Si(8 8 0)
channel-cut crystal. The Si(8 8 0) crystal simultaneously elimi-
nates the contribution of X-rays monochromatized by Si(1 1 1)
and also reduced the incident bandwidth of X-rays’ energy to
0.38 eV in order to prevent the overloading of the detection sys-
tem and improve the signal-to-noise ratio.

The avalanche photodiode detector (APD) with sufficient
time resolution was used to distinguish *’Ru nuclear-resonance
signals from electronic scattering ones from the sample. Since
the internal conversion coefficient o of Ru was reported to be
1.50 in the transition of 89.6 keV resonance,'*?> APD detectors
were located just over the scatterer for effectively accumulating
the signals of the conversion fluorescence X-rays, and the con-
version electrons as well as the resonant X-rays after de-exciting
%Ru nuclei.®”?324 The 11 bunch x 29 train on the operation mode
of SPring-8, whose pulse interval between each train and the cur-
rent per bunch are 145.5 ns and 0.31 mA,? was also chosen for
distinguishing the *’Ru nuclear-resonance signals from the elec-

Synchronized
—
1’;44.5 nsx:-} ‘]Imummmm
'4 .,. _.-"I. \
Viltrain [/ ‘m]ﬂﬂm]mm
~ o Si(333) Si(880)

storage ring

Yoshida

tronic scattering one, because the half-life of the first excited
state in **Ru is 20.5 ns.

Mdssbauer measurements using high-energy transitions, such
as the 89.6 keV *’Ru resonance, generally require low tempera-
tures for both source and sample because of the large recoil ener-
gies. In the present work, two closed-cycle helium cryostats were
used to cool the scatterer instead of a radioactive source in con-
ventional measurements and the sample independently. Because
the observed spectral intensity is proportional to the product of
the recoil-free fractions of the scatterer and the sample, this cool-
ing setup increases the detected spectral intensity. Placing the
scatterer and sample sufficiently far apart in this setup also re-
duces geometrical Doppler broadening. The scatterer was a pellet
of “Ru enriched metal powder with an enrichment of 97.69 %,
mixed with boron nitride to improve its thermal conductivity.
The scatterer was mounted on a copper holder in the cryostat.
The scatterer and sample temperatures were maintained at 11 K
and 7 K, respectively, allowing clear observation of hyperfine in-
teractions.

The velocity transducer was operated using triangular wave
provided by a function generator. Velocity calibration of the sys-
tem was done by the laser interferometer. Zero velocity was re-
ferred to the isomer shift of Ru metal.

3. Results and Discussion

PRu SR-based Missbauer spectroscopy of Ru metal

The *°Ru SR-based Mdssbauer spectrum of *Ru enriched
metal powder was measured at 7 K, as shown in Fig. 2. The total
acquisition time was 3.3 h. The spectrum showed a single-line
absorption peak without any sign of electric quadrupole or mag-
netic hyperfine interactions below 7 K. Although the spectral
profile can be described by the equation given in Ref. 26, this
shape is caused by the time window effect known in delayed co-
incidence Mdssbauer spectroscopy.?” 28 In the present case of
%Ru SR-based Mdssbauer spectroscopy using the 11 bunch x 29
train operation, the resonant line profile can be approximated by
a Lorentzian function because the longer X-ray pulse interval
eliminates the structure of the resonance line tail, as shown in
Ref. 3. Therefore, the obtained spectra were successfully analyz-
ed using the MossWinn program.?’

The resonance absorption peak was observed to be 8.7%,
which was approximately five times higher than 1.6 % obtained
using a radioactive *’Rh source.’® In the SR-based Mossbauer
spectroscopy, non-resonant radiations, which are present when
using a radioactive source, are effectively eliminated by means
of the beamline monochromator and channel-cut crystals. This
suppression of background radiation enhances both the energy
and spatial selectivity, resulting in an increased resonant absorp-
tion efficiency. Installation of appropriate channel-cut crystals in
the beamline optics and improvement of thermal conductivity in
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Figure 1. Schematic drawing of the setup for Ru SR-based Mdssbauer spectroscopy at BL35XU of SPring-8. The temperatures of sample
(transmitter) and *’Ru metal (scatterer) were kept at 7 K and 11 K, respectively.
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Figure 2. “Ru SR-based Mdssbauer spectrum of *’Ru enriched
metal measured at 7 K.

the scatter allow us to observe the spectral intensities in the pres-
ent work more than those in the previous work.* However, the
linewidth (FWHM) was 0.36+0.11 mm s~!, which was more than
40% broader than the 0.25+£0.01 mm s~ observed in the radioac-
tive source experiment.’® Under identical conditions of the re-
coil-free fraction, f,, the absorber thickness, #,, and measurement
temperature, the effective thickness of the Mdssbauer resonant
absorption, 7, is proportional to the areal density of the Mdssbau-
er isotope in the absorber, n,. For a thin effective thickness, the
observed spectral linewidth, /s, approaches the natural linew-
idth, I'y. According to calculations based on the description by
Greenwood et al.,’! the observed linewidth I, in this study us-
ing an enriched Ru metal was estimated to be approximately 50
% broader than that obtained with a sample of natural isotopic
abundance of 12.8 %. This indicates that the observed linewidth
broadening in our *’Ru SR-based Mdssbauer spectra originated
from the use of the enriched stable isotope. Success of observing
the ’Ru SR-based Méssbauer spectrum of Ru metal makes *’Ru
Mossbauer spectra feasible in various Ru compounds.

Characterization by XRD of Na,RuO; and Na-deficient
Na, RuOj; after charging

The X-ray powder diffraction pattern (XRD) of Na,RuO; is
shown in Fig. 3 (a). The diffraction pattern was identified as a
layered compound with a rhombohedral structure (space group
R3m), as reported by de Boisse et al.'*!® No reflections corre-
sponding to unreacted RuO,, other ruthenium compounds, oxide
or by-products were detected. The crystal structure of Na,RuO;
belongs to the O3-type layered family, in which slightly distorted
RuOg octahedral layers alternate with NaOs octahedral layers
along the c-axis. In O3-Na,RuOs;, the NaO4 octahedron in Na
layers shares edges with two NaOs and four RuOs octahedra in
the adjacent [Ruy;3Na, 3]0, layers.'*¢ From the 26 position of the
(0 0 3) reflection, the interplanar spacing was calculated to be
5.405 A. The corresponding c-axis length of the 03-Na,RuO;
unit cell was estimated as 16.21 A, which agrees with previously
reported values within a relative error of 3 %.!43

Upon charging, our XRD pattern of Na-deficient Na, (RuO;
showed the characteristic (0 0 3) reflection for the layered struc-
ture shifted to a higher 260 angle and new peaks appeared, as
shown in Fig. 3 (b). During electrochemical desodiation induced
by charging, partial deintercalation of Na* ions occurred from the
NaOs octahedron layer, leading to the formation of Na-deficient
Na;RuQs, within the [Ruy;3Na, 3]0, layers.'*!® However, since the
layered honeycomb framework was preserved, the shortening of
the interlayer spacing resulted in the (0 0 3) reflection shifting to
a higher angle. As the result, the interlayer distance decreased
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Figure 3. X-ray powder diffraction patterns of (a) Na,RuO; and (b)
Na-deficient Na, RuO; obtained after charging. The asterisks (x) and
triangles ( A\ ) indicate reflections arising from Na-deficient Na,RuO;
and ethylene carbonate, respectively.

from 5.405 A to 5.197 A. The reflection at 26 = 26° was a resi-
due of ethylene carbonate used in the electrolysis.

YRu SR-based Mossbauer spectroscopy of Na;RuQ; and
Na-deficient Na,_.RuQ; after charging

The Ru SR-based Mdssbauer spectra of Na,RuO; and Na-de-
ficient Na, \RuOj; after electrochemical charging were measured
under the same experimental conditions as for Ru metal. The
Moéssbauer spectrum of Na,RuO; at 7 K is shown in Fig. 4 (a).
The spectrum could be satisfactorily fitted with an apparent dou-
blet with a small asymmetry, characteristic of an electric quadru-
pole interaction without magnetic ordering. The derived isomer
shift 0 (relative to ruthenium metal) and the quadrupole splitting
AEq (defined by e?qQ./2) were —0.29+0.04 mm s~ and
—0.43+£0.05 mm s~!, respectively. This analysis was consistent
with the results of Veiga et al. that Na,RuO; exhibits tempera-
ture-independent Pauli paramagnetism down to 1.5 K, based on
magnetic susceptibility and neutron scattering measurements.*?
The value of the isomer shift was in the typical tetravalent state,
corresponding to a low-spin 4d* configuration,’*3* and agreed
with our previous work using *’Rh source.'*

Although the spectrum resembles a doublet, it actually com-
prises six resonance lines corresponding to the E2/M1 transition
from I, = 3/2 to I, = 5/2 of ®’Ru nuclei when the electric field
gradient (EFG) tensors are small.*!%35 However, when the elec-
tric field gradient tensor becomes sufficiently large, the contribu-
tion from the ground-state nuclear spin /, = 5/2 becomes pro-
nounced, giving rise to six asymmetric resonance lines in the
absorption spectrum. Based on the nuclear transition, the sign of
the principal axis of the EFG tensor is determined by the spectral
analyses of *Ru Méssbauer spectra. In general, the EFG origi-
nates from contribution of unpaired electrons and local coordina-
tion environment. Since Ru*" state is ignorable to contribution of
unpaired electrons to the EFG tensors,**3¢ we discuss only the
contribution of the local environment at the Ru site here. From
the analysis of the spectrum, the sign of the EFG, V,,, at “Ru nu-
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Figure 4. *Ru SR-based Mossbauer spectra of (a) Na,RuO; and (b)
Na-deficient Na, (RuOs obtained after charging measured at 7 K.

clei in Na,RuO; was derived as negative. The principal axis of
the EFG tensor was considered to be aligned with the c-axis. On
the other hand, the crystallographic analysis of Na,RuO; indicat-
ed that the RuOg octahedra had a large Jahn-Teller distortion.?
The difference of the Ru-O bond length is about 7 % between the
longest and shortest ones, suggesting that the RuOg octahedron is
distorted along c-direction. The sign of the principal axis of the
EFG tensor at Ru nuclei agrees with that expected by the dis-
tortion of the RuOs octahedra.

Next, the Ru Méssbauer spectrum of Na-deficient Na, (RuO;
obtained after charging measured at 7 K is shown in Fig. 4 (b).
The spectrum of Na, (RuO; showed significantly broader compo-
nents than that of Na,RuOs, and new components were addition-
ally observed. The differences of the spectra between them clear-
ly demonstrate change of the oxidation states of Ru ions and
coordination environment at the Ru sites due to electrochemical
desodiation by charging. The spectrum was provisionally analyz-
ed using three components of D1, D2 and D3. The obtained
Maéssbauer parameters of Na,RuO; and Na-deficient Na, \RuO;
after charging are summarized in Table 1.

D1 component, exhibiting a negative isomer shift with a small
quadrupole splitting, was assigned to Ru*" ions of the RuOs octa-
hedra forming the honeycomb layer. Both D2 and D3 compo-
nents showed positive isomer shifts and large quadrupole split-
tings. The value of the isomer shifts increases with the higher
oxidation states of the Ru ions in ®Ru Mdssbauer spectroscopy,
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because the sign of AR/R is positive. It was considered that D2
and D3 components were attributed to Ru ions in higher oxida-
tion states than the Ru4+ state. Since these isomer shifts lie be-
tween those of Ru*" and Ru®" observed in BaRuO,,*' the oxida-
tion state of the species was quantitatively determined to be
pentavalent. However, the stable compounds consisting of Ru>*
have only been reported for a limited number of systems, such as
Na;RuO,, Na,Ru,0, and M",Ln"RuO4 (M = alkaline earth met-
al, Ln = lanthanoid elements), and little information is available
regarding the isomer shifts of Ru>* species.’>-7 Recently, DeMar-
co et al. observed the temperature-dependent *’Ru Mossbauer
spectra of the ordered double perovskite Sr,YRuOs and reported
the isomer shift value of approximately +0.1 mm s~! for Ru®*
state.3* Therefore, taking into account the XRD results, D2 and
D3 components could reasonably be assigned to a chemical spe-
cies containing Ru®" ions, namely the Na-deficient Na,RuO;
formed through electrochemical desodiation after charging. It is
concluded that the oxidation state of some of Ru ions of Na,RuO;
was increased from Ru*" to Ru®* by charging.

Upon charging, the removal of Na ions from NaOg layers gen-
erated Na-vacancies and a contraction of the interlayer spacing
parallel to c-axis, which induced the distortion of the RuOg octa-
hedron that forms the honeycomb frame of [Ru,;Na,;;]O, layers.
It has been pointed out that there was significant variation in both
the Ru-O and the O-O bond lengths in Na-deficient Na,RuQs.'*
Such structural distortions were considered to be the origin of the
decrease in the quadrupole splitting of D1 component and the
large ones observed in D2 and D3 components. The quadrupole
splitting reflects both the d-electron configuration and the distor-
tion of the crystal lattice. Assuming that both Ru** (4d*) and Ru>*
(4d% form octahedral RuQs units, the octahedron of Ru*", which
contains one unpaired electron, would be expected to exhibit a
larger quadrupole splitting than that of Ru®", which has no un-
paired electrons. However, our Mossbauer spectra obtained after
charging produced the opposite result, suggesting that the contri-
bution from lattice distortion is dominant. In order to provide a
detailed interpretation of D1, D2 and D3 components, density
functional theory (DFT) calculations are currently being con-
ducted.

4. Conclusion

The improved *’Ru SR-based Mossbauer spectroscopy ena-
bled the elucidation of the local valence state and coordination
environment at the Ru sites in Na,RuOs, a candidate cathode ma-
terial for sodium-ion rechargeable batteries. Installation of appro-
priate channel-cut crystals improves the signal-to-noise ratio of
the spectra. Improved thermal contact provided by boron nitride
allowed the scatterer to be cooled to much lower temperatures,
increasing the recoil-free fraction of the *Ru nuclei. Consequent-
ly, we succeeded in measuring *’Ru Mdssbauer spectra in shorter
times and with higher statistical quality than conventional Moss-
bauer spectroscopy using a radioactive *’Rh source.

Applying this improved technique to Na,RuO; clearly re-
vealed distinct changes in the Ru sites after electrochemical des-

TABLE 1. Summary of Ru Méssbauer parameters of Na,RuQO; and Na-deficient Na, ;RuQO; obtained at 7 K

after charging.

sample 6*/mms™! AEq* /mms™! Area intensity / %
Na,RuO; ~0.29+0.06 ~0.43=0.05 100
Nodefil DI ~0.25+0.04 ~0.130.14 34.1
a-deficient D2 0.07+0.06 ~1.31£0.16 25.7
Naz XRUO3
D3 0.06+0.05 22.45+0.13 40.2

@ [somer shift relative to Ru metal. ® Quadrupole splitting defined by ¢’¢Q./2.

Linewidth /" was fixed to be 0.48 mm s .
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odiation by charging. In Na-deficient Na, RuO; formed after
charging, Ru ions were identified for the first time as pentavalent
states, resulting from one-electron oxidation. The isomer shift of
Ru’" was determined to be about 0.07 mm s~'. In addition, X-ray
diffraction and M&ssbauer data indicated that the RuOs octahedra
in Na-deficient Na, \RuO; were significantly distorted, leading to
a large electric field gradient at the Ru nuclei.

The success of this work allows us to apply *’Ru SR-based
Massbauer spectroscopy to probing redox-induced electronic and
structural changes in Ru compounds. It also demonstrates that
%Ru SR-based Mdssbauer spectroscopy can be used to elucidate
the physicochemical properties of Ru in a wide range of func-
tional materials — for example, catalysts, magnetic and optical
recording media, electronic components, and battery materials.
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