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Ferromanganese crusts (FMCs) are abyssobenthic
chemical sediments that consist mainly of Fe and Mn
oxide and hydroxide minerals, and are enriched with
trace and precious metals.1) As a result of their simi-
lar physicochemical properties, the elements zirconium
(Zr) and hafnium (Hf), which are concentrated in FMCs,
have a theoretically uniform ratio (Zr/Hf), and this
ratio is found in numerous systems. However, re-
cent developments in analytical techniques have al-
lowed observation of significant fractionation of these el-
ements between seawater (Zr/Hf∼45–350)2) and FMCs
(Zr/Hf∼57–88).1) In this study, we conducted adsorp-
tion experiments to clarify the concentrations and frac-
tionation mechanisms of Zr-Hf in FMCs using synthe-
sized minerals (ferrihydrite and δ-MnO2) and radio-Zr
and Hf tracers.
Radiotracers of 88Zr (T1/2 = 83.4 d), 89Zr (T1/2

= 78.4 h), and 175Hf (T1/2 = 70.0 d) were produced
in 89Y(d, 3n)88Zr, 89Y(p, n)89Zr, 175Lu(d, 2n)175Hf, and
175Lu(p, n)175Hf rections using the RIKEN Azimuthally
Varying Field cyclotron. The 88Zr, 89Zr, and 175Hf were
radiochemically purified following Haba et al. (2001),3)

and mixed with stable Zr or Hf in 1-M HCl solutions.
Appropriate amounts of these solutions were added to

5 mL/0.7 M NaCl solutions containing organic chelate
desferrioxamine B (DFOB) to obtain 0 µM, 5 µM, 1 µM,
100 nM, 10 nM and 1 nM solutions. The pH values of
these solutions were all adjusted to 8. DFOB, a kind
of siderophore present in the environment, has been
reported to affect the fractionation of Zr-Hf between
crustal rock and seawater.4) The speciations of these el-
ements in the solutions were confirmed as [Zr(DFOB)]+

and [Hf(DFOB)]+ via electron spray ionization time-of-
flight mass spectrometry. The activities of 88Zr, 89Zr,
and 175Hf were measured using a Ge detector after
stirring for 1 h. Synthesized ferrihydrite or δ-MnO2

(2.50 mg) was added to the solutions and stirred for
3 h at a pH of 8. Note that this stirring time was pre-
viously confirmed to be sufficient to achieve the equi-
librium condition required for the adsorption reactions.
The activities of the 88Zr, 89Zr, and 175Hf in the fil-
tered solutions were measured using a Ge detector. The
adsorption amounts to the solid phase were calculated
using the differences in the solution radioactivity before
and after filtration.
The Zr and Hf adsorption amounts are shown in

Fig. 1. Hf to δ-MnO2 yielded the largest adsorption
rate, with Zr to δ-MnO2, Hf to ferrihydrite, and Zr to
ferrihydrite following in order. The partition coefficients
(KD values) were calculated using the Zr and Hf concen-
tration ranges of in seawater, and it was clear that the
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Fig. 1. Adsorption behavior of Zr (dashed line) and Hf (solid

line) on ferrihydrite (red) and δ-MnO2 (blue).

Table 1. Partition coefficients KD for Zr and Hf.

Hf underwent greater adsorption on both minerals than
the Zr, and that the Zr and Hf had greater adsorption
on δ-MnO2 than ferrihydrite, as apparent from Table 1.
Even though the complexation rates estimated

through radioactive isotope thin-layer chromatography
(87% for Zr and 79% for Hf) were considered, the ad-
sorption behaviors of these experiments did not change.
Furthermore, the ferrihydrite (232 m2/g) and δ-MnO2

(135 m2/g) surface areas obtained from Brunauer-
Emmett-Teller measurements did not affect the results.
It is predicted that the fractionation of Zr and Hf can be
caused by differences in the stabilities of the adsorption
processes. The binding energy differences between these
elements and DFOB/minerals are now being calculated
using density functional theory to observe their adsorp-
tion stabilities. This knowledge will allow us to discuss
the results of Zr-Hf fractionation results obtained from
our experimental systems.
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99Ru Mössbauer spectroscopy of Na-ion batteries of Na2RuO3 (IV)
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Na2RuO3 with a two-dimensional layered structure
of [RuO3]2− is expected as an electrode material for
next-generation Na-ion batteries.1–3) Until now, we
have studied the crystal structures and oxidation states
of Ru ions in Na2RuO3 and Na-Ru oxides with differ-
ent ratios of Na/Ru using X-ray diffraction patterns
and 99Ru Mössbauer spectroscopy. It was revealed
that the structures changed from two-dimensional to
three-dimensional properties with Na deficiencies. In
this paper, we report the result of the chemical states of
Ru ion in Na2RuO3 observed before and after a charg-
ing experiment. A sample of Na2RuO3 was prepared
through a solid-state reaction. A mixture of RuO2 and
NaHCO3 was pressed and sintered at 850 ◦C for 12 h in
Ar atmosphere. 95 wt% of Na2RuO3 was mixed with
5 wt% of amorphous carbon powder, and pressed to
create a pellet for electrochemical measurements. The
pellet sample and carbon rod were used as a cathode
and an anode, respectively. 1 mol/L NaPF6 in ethy-
lene carbonate and diethyl carbonate (1:1 by volume)
was used as an electrolyte. The charging experiment,
which was an anodic process (Na+ de-intercalation),
was conducted at 20 mA/g and 4.0 V for 0.5 h and
2.0 h in an Ar-filled glove box. After the charging
experiment, the Na2RuO3 electrode was washed with
anhydrous dimethyl carbonates and then dried in a
vacuum desiccator. For 99Ru Mössbauer spectroscopy,
the 99Rh (T1/2 = 15.0 d) of the source nuclide was
produced by the 99Ru(p, n)99Rh reaction in an AVF
cyclotron. 99Ru Mössbauer spectra were obtained by
employing a conventional arrangement with the source
and absorber maintained at 4.2 K in a liquid He cryo-
stat.4,5) The XRD pattern of Na2RuO3 after the charg-
ing experiment showed that interlayer distance was
significantly decreased from 5.45(1) Å to 5.18(3) Å.
It was indicated that Na+ ions were extracted from
the [Na1/3Ru2/3]O2 layers. The 99Ru Mössbauer spec-
trum of Na2RuO3 after charging for 0.5 h showed
two doublet peaks, as shown in Fig. 1. The spec-
trum was analyzed by D1 with an isomer shift (δ) of
−0.32(1) mm/s and a quadrupole splitting (∆EQ) of
0.28(2) mm/s and D2 with δ = +0.20(5) mm/s and
∆EQ = 1.52(8) mm/s. The ratio of absorption inten-
sities was D1:D2 = 85:15. The isomer shift of D2 is
a typical value of Ru5+, for example, +0.19 mm/s for
Ca2EuRuO6 and +0.11 mm/s for Na3RuO4. It was
found that the de-intercalation of Na+ ions increased
the oxidation state of the Ru ion from Ru4+ to Ru5+

and significantly distorted the octahedron of RuO6.
Further details of the electronic structure of Ru ions
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in Na2RuO3 for the electrochemical procedure will be
discussed with density functional calculations.

Fig. 1. 99Ru Mössbauer spectrum of Na2RuO3 used as a
cathode after charging (20 mA/g, 4.0 V) for 0.5 h. The
blue and green lines correspond to components of D1
and D2, respectively. The spectrum was measured at
5.0 K.

References
1) K. M. Mogare et al., Z. Anorg. Allg. Chem. 630, 547

(2004).
2) M. Tamaru et al., Electrochem. Commun. 33, 23

(2013).
3) B. M. de Boisse et al., Nat. Commun. 7, 11397,

10.1038/ncomms11397 (2016).
4) K. Takahashi et al., RIKEN Accel. Prog. Rep. 49, 242

(2015).
5) Y. Kobayashi et al., J. Phys. 217, 012023 (2010).

- 231 -

RIKEN Accel. Prog. Rep. 51 (2018)Ⅲ-3. Radiochemistry & Nuclear Chemistry




