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ABSTRACT: The pyrochlore oxide (CeIV0A67Na0.33)2RuIV207 crystallizes directly as a phase-pure sample, without the need for

postsynthesis annealing, from aqueous solutions of Ru**, Ce*",

and sodium hydroxide in the presence of hydrogen peroxide as

oxidizing agent at less than 250 °C. The structure has been refined using powder neutron diffraction and is consistent with
electron diffraction and EDXA analysis performed using transmission electron microscopy (cubic Fd3m witha = 10.1659(1) A).
The pyrochlore phase is metastable and upon heating to ~400 °C begins to phase separate to ultimately yield a mixture including
Na,Ru 09, RuO,, Ce,0O3, and CeO,. Magnetization measurements confirm that the material is a new example of a B-site
magnetic pyrochlore, analogous to the known phase Y,Ru,07, but that show evidence for magnetic frustration at low
temperatures. Heat capacity measurements and low-temperature neutron diffraction indicate the possibility of spin-glass-like
behavior with no evidence of long-range magnetic order achieved at low temperature.

1. Introduction

The exploration of mild reaction conditions is an extremely
attractive way in which to search for novel oxide-based, solid-
state materials.'> This is because traditional synthesis routes
employ extreme temperatures to force interparticle diffusion
between solid reagents, therefore usually allowing only the
most thermodynamically stables phases to be isolated. Various
chimie douce® methods have now been successfully employed
in the preparation of solids and, in particular, widely applied
for isolating oxides: these include coprecipitation, sol—gel
processing, molten fluxes as reaction media, and topochemical
transformation of solid precursors.* These methods often
involve several steps in synthesis, such as the firing step of a
disordered precursor, and this may impart a lack of control
over crystallization. The hydrothermal method offers a very
attractive one-step method for the isolation of oxides; this is
well-known in silicate® and phosphate chemistry,® and that,
although it has been extended to mixed-metal oxides, is less
widely developed for such dense phases.” '* Typically, the
mixed oxides prepared so far by this method have been
already-known phases, and the advantage of solution synthesis
has been in the control over crystal form to give well-defined
morphology. This includes a number of important perovskite
materials, such as BaTiO;,!! PbZr,_, Ti,05,'” and Na,_ K-
NbO;'"? whose synthesis would usually be associated with the
traditional high temperatures used in solid-state chemistry.
For these materials hydrothermal synthesis can allow the
deposition of thin films'*~'® or the controlled formation of
nanocrystalline powders of the materials with shapes varying
from spherical to anisotropic forms, such as plates or rods.'” ="

In some cases, the isolation of new oxide phases, not seen at
high temperatures, has proved possible using hydrothermal
synthesis. This has included a layered strontium vanadate,*'
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anovel superconducting bismuthate perovskite,** a metastable
ilmenite polymorph of NaNbO;,>* and in our own work, a
Ce(IV)-containing titanate pyrochlore that has redox proper-
ties suitable for catalysis.** Given the similarity of crystal
radii of octahedral Ru** with Ti** (0.760 and 0.745 A, res-
pectively®), we considered that it might be possible to target
novel ruthenium oxide compositions using hydrothermal
synthesis based on the success of the method in the crystal-
lization of titanates. Previous work on the hydrothermal
chemistry of ruthenates has included a complex mixed-valent
pyrochlore Pb,Ru,_ ,Pb, O 5.2 poorly crystalline, hydrous
ruthenium dioxide with tin doping formed by hydrothermal
hydrolysis of chlorides,?” and lithium,* calcium® or barium™®
ruthenates prepared using high-temperature (> 600 °C) and
high-pressure (150 MPa) hydrothermal synthesis. In general,
however, no systematic study of the hydrothermal chemistry of
precious metals and their oxide products has been undertaken.
Oxides of ruthenium have important applications in redox
catalysis and electrochemistry,” ~** and hence, the investiga-
tion of the preparation of new ruthenium oxides, which may
also contain other redox-active metals, has some technological
relevance. In this paper, we describe the successful synthesis of a
phase-pure sample of a hitherto unknown complex ruthenium
oxide under subcritical hydrothermal conditions, where solu-
tion synthesis conditions allow tuning of specific metal oxida-
tion states in the product to yield a functional material, in this
case characterized by its magnetic properties.

2. Experimental Section

The compound (Ce ¢7Nag 33),Ru,07 was prepared under hydro-
thermal conditions where nominal molar ratios 1.0 RuCl;-4H,0O:
0.53 CeCl3-7H,0/21 NaOH/37 H,0,/398 H,O were used based on
0.25 g of RuCl;3.4H,0. Note that the hydrated ruthenium chloride
precursor readily takes up water from the air, as shown by repeated
TGA analysis of our precursor, explaining the need for an apparent
excess of this reagent. The reagents were stirred until homogeneous
and heated in a sealed, Teflon-lined steel autoclave at 225 °C for
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Figure 1. Powder XRD measured from the pyrochlore phase at
room temperature and in situ upon heating to 1000 °C. The Miller
indices correspond to the Fd3m pyrochlore unit cell, and the
asterisks denote peaks from the alumina sample holder. For assign-
ment of the peaks in the phase-separated product, see Supporting
Information.

5 days to yield a black powder, which was recovered by filtration and
washed with distilled water. No postsynthesis annealing is performed:
the material is fully crystallized in its as-made form. Oxidizing
conditions (the use of hydrogen peroxide) are necessary for the
isolation of the new phase, otherwise mixtures of binary oxides are
formed. The alternative approach to synthesis is to use KRuO;, as
oxidant and reagent, in place of the H,O, and RuCls-4H,0. The use
of a highly concentrated NaOH solution is required to produce well-
crystallized samples of the material: at lower NaOH concentrations,
poorly crystalline samples of the material were produced, and the
same was true if the temperature was lowered below 200 °C. The use
of a large excess of NaOH meant that no compositional variants
could be isolated despite varying Ru and Ce ratios in exploratory
reactions.

Powder X-ray diffraction analysis was performed using a Bruker
D5000 powder X-ray diffractometer operating with Cu Ka radiation
and fitted with an MRI TC-Basic furnace for measurements above
room temperature, where alumina sample holders were used. Ther-
mal analysis was performed on a Mettler Toledo TGA/DSC 1 from
30—900 at 10 °C min~ " in flowing air, with ~10 mg sample heated in
an alumina crucible. TEM experiments were performed usinga JEOL
3000F HR-TEM instrument. Ru K-edge XANES spectra were
measured on Station 9.3 of the Daresbury SRS in transmission mode
from samples diluted with polyproplyene powder and pressed in
~1 mm think pellets. The SRS (now permanently closed) operated
with at 2 GeV with an average stored current of 2 mA. In our the
incident X-ray energy was selected using a Si(111) double-crystal
monochromator. Powder neutron diffraction experiments were made
on the POLARIS diffractometer at ISIS, the U.K.’s spallation
neutron source, from samples contained in thin-walled vanadium
cans. Structural analysis of the neutron data was performed using the
GSAS suite of software.>®> DC magnetization measurements were
carried out using a Quantum Design Magnetic Property Measure-
ment System (MPMS) squid magnetometer. The powder sample was
placed in a gel capsule and mounted in a plastic straw. Heat capacity
(C) measurements were performed using a Quantum Design Physical
Property Measurement System (PPMS) calorimeter. The C(7) data
were collected using a 27 relaxation method. The polycrystalline
powder was pressed into the form of flat disk (2.6 x 2.6 x 0.4 mm®)
using a uniaxial press. The heat capacity of the empty sample plat-
form and the grease used to attach the sample to the platform was
collected prior to the measurement of the sample. The data were
collected on cooling and between 50 and 10 K, points were taken
every 1 K with a temperature rise of ~2% of the set point temperature
for each measurement.
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Figure 2. (a) The main figure shows an EDXA spectrum obtained
from an agglomeration of ~50 of the smallest crystallites of
(Nag33Ceq67)2Ru,07 (TEM image, left inset). Right inset shows
an indexed SAED pattern from the same agglomerate. (b) HR-
TEM image of a ca. 30 nm diameter particle showing a well-ordered
microstructure. (¢) FFT produced from (b) indexed according to a
[110] projection of the Fa3m unit cell. Panels d and e show a detail
from b and corresponding image simulation computed for the [110]
projection and for —494 nm defocus using imaging parameters
representative for the instrument used (i.e., 300 kV; Cy = 0.6 mm).
Note that in b the sample is located on a background of amorphous
carbon support; this accounts for some of the diffuse rings seen in c.

3. Results and Discussion

Powder X-ray diffraction revealed a phase-pure sample of a
material with a pattern characteristic of a face-centered cubic
A,B,0; pyrochlore.*® The new pyrochlore is metastable with
respect to collapse into binary and ternary oxides: variable-
temperature XRD measurements show that phase separation
begins as low as 400 °C with appearance of binary crystal-
line oxides of Ru and Ce along with Na,Ru4O,, Figure 1
(see Supporting Information for phase identification after
heating). TEM shows that the smallest crystallites of the
new material are around 10 nm in diameter, although more
typically 50 nm crystals are observed, Figure 2. This is
consistent with Scherrer analysis of the powder XRD data
that gave a typical average crystal dimension of 50 nm.
Extended reaction periods were found to give no further
increase in crystal size. Using the TEM, EDXA of 50 crystal-
lites showed the presence of Na, Ru, and Ce in the oxide with a
ratio of Na/Ce of ~1:2 (Figure 2a). The TEM also showed the
individual particles to be highly crystalline and SAED from
regions of groups of crystals can be indexed on a face-centered
cubic unit cell, consistent with the diffraction analysis below
(see also Figure 2a and corresponding inset). High-resolution
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Figure 3. Ru K-edge XANES spectra. The inset shows the first
derivative of the near-edge region where the dashed line indicates
the position of the maximum in the curve for (Nag 33Ceg ¢7)2Ru,07.
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Figure 4. Rietveld refinement of powder neutron data (POLARIS
A-bank at4.2 K). The tick marks denote positions of Bragg peaks of
(Na0‘33C60.67)2Ru207 Fd3ma = 101652(4) A.

TEM also reveals that individual crystallites of (Ceg 67Nag 33)-
Ru,0; show a high degree of crystalline order (Figures 2b—e)
that is consistent with the refined structural model described
below.

The compositional information from laboratory powder
XRD and TEM allowed a structural model to be constructed
based on the known cubic pyrochlore Y,Ru,0-,773 with the
presence of both sodium and cerium(IV) on the A-site. The
presence of cerium(IV) is anticipated by analogy with the
related Ce(IV) phase (Nag 33Ceg 47),Ti,0-, which also crystal-
lizes from CeCls in the presence of oxidizing H,0,.>* The
valence of ruthenium was measured by Ru K-edge XANES,
Figure 3, where an edge shift from Ru metal characteristic of
Ru(IV) is observed (12.6 eV) similar to BaRu'VO; (12.4 eV)
and the previously reported La,Ru™Os (12.5 eV).** This
shows that our new material is a new member of a family of
cubic pyrochlores M,Ru',0, (M = Y** or Ln*").*! For the
Na—Ce—Ru material, although the A-site contains Ce(IV),
the presence of sodium maintains charge balance, as shown by
the EDXA analysis. The structure was then refined against
powder neutron diffraction data; this allowed a reliable
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Table 1. Crystal Structure Parameters for (Nag 33Ce 67)2Ru;07 Fd3ma
= 10.1659(1) A at 4.2 K*

site X y z occupancyb Biw//n\2
Na (l16a) 0.5 0.5 0.5 0.3333 0.0153(5)
Ce (16a) 0.5 0.5 0.5 0.6667 0.0153(5)
Ru(l6¢c) 0.0 0.0 0.0 1.0000 0.00004(4)
O1 (48f)  0.32330(9) 0.125 0.125 1.042(4) 0.00976(14)
02 (8b) 0.375 0.375 0.375 0.97931(9) 0.0108(4)

‘R, = 0.0170, wR,, = 0.0131. b Occupancies of metal sites were fixed
at the values stated after initial analysis (see text).
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Figure 5. Temperature dependence of the molar magnetic suscept-
ibility of (Na 33Ceq.67)»Ru,07 in zero-field-cooled (ZFC) and field-
cooled (FC) conditions. The inset shows the low temperature region
for clarity.

refinement of oxide ion content and position owing of the
favorable contrast in coherent neutron scattering lengths of
the constituent elements. Figure 4 shows a final Rietveld fit to
the neutron data, and Table 1 the refined crystal parameters.
The pyrochlore structure is known to accommodate various
forms of disorder, including mixing of A and B site metals,
migration of one oxide to a fluorite-type position and non-
stoichiometry with oxygen deficiency or partial replacement
of oxide by hydroxide, halide anions or water.*® The best
refined structural model for our material, however, gave close
to an ideal pyrochlore structure, with composition A;B,O7_s
and 6 ~ 0, asshown in Table 1. Although the presence of some
hydroxide on the O2 site might be expected from the high pH
we used in synthesis, none could be detected in the product
using any technique (IR or TGA for example), and we also
note the absence of any noticeable levels of background
scatter due to the incoherent scattering of protons in our
neutron diffraction data. The presence of chloride ions in the
product is ruled out by the absence of any characteristic
chlorine fluorescence in the EDXA spectra. In the final cycle
of refinement the occupancies of the metal sites were fixed at
values to achieve charge balance and their thermal parameters
varied to give the final crystal structure shown in Table 1.
Magnetization data from the new Na—Ce(IV)—Ru(IV)
phase, Figure 5, reveal magnetic frustration at low tempera-
ture, with distinct deviation of field-cooled and zero-field
curves below ~28 K. This is consistent with the arrangement
of Ru*" spins over the tetrahedral B site sublattice of the
pyrochlore structure.** Magnetization measurements were
made under zero-field-cooled and field-cooled conditions
with various external fields applied during the measurement.
A magnetic transition to the frustrated state occurs at 28 K,
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Figure 6. Plots of (a) remnant magnetization measured after cool-
ing the sample in zero-field and after cooling in a field of 50 kG and
(b) heat capacity versus temperature measured upon cooling the
sample.

below which there is onset of magnetic ordering between the
ruthenium centers; above 28 K, the sample behaves as a simple
paramagnet. The measurement was repeated in external fields
of 50 and 200 G resulting in little deviation of either the
transition temperature or the observed temperature vs mag-
netic susceptibility curves. To confirm the frustrated nature of
the phase below 28 K the sample was cooled to 5 K in zero
field, a 50 kG external field was introduced and then reduced
to zero, followed by measurement of the sample on warming
into the paramagnetic phase, Figure 6a. This was repeated
except with the sample initially being cooled in 50 kG field,
rather than in zero field. A remnant magnetization persisted in
zero magnetic field after the field-cooled process, but no
remnant magnetization occurred after the zero-field-cooled
process, consistent with a spin-frozen state. Finally, no mag-
netic hysteresis was observed at 5 K. The presence of magnetic
frustration is consistent with the fact that we are studying a
B-site magnetic pyrochlore, with spins located on the tetra-
hedral sublattice of the B sites.*> However, the transition
temperature for the compound reported here is significantly
lower than for the closest analogue Y,Ru,O; (~80 K),*~*
and the Weiss constant of —895 K is not as large as the value of
—1100 K reported for the yttrium material (note that although
the mean-field approach does not apply, this direct comparison
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is still a useful way of comparing the behavior of the two
materials).’’ *° The transition temperature may be corre-
lated with the cubic lattice parameter, since when Y>* is
exclusively replaced with the smaller ion Lu*", forexample, a
changes from 10.141 to 10.055 A with an increase in transi-
tion temperature to 85 K.>’~3 The fact that the cell para-
meter for the Na/Ce compound is slightly larger at 10.165 A
is consistent with the observation of a lower transition
temperature. For (Ceg ¢7Nag 33)Ru,O5 there is further clear
evidence for geometric magnetic frustration in other mea-
surements: powder neutron diffraction shows no additional
magnetic diffraction at low temperature (4.2 K) when the
data are compared to those measured at room temperature
(Supporting Information) and the heat capacity measured
on cooling, Figure 6b, shows no feature that might be
associated with spin ordering. Other B-site magnetic pyro-
chlores have been classified as spin glasses,*> such as
Y>Mo,0,,* but for the ruthenates the situation is less clear.
Although Y,Ru,0- described has been described as having a
spin glass state at low temperature,’”*® the presence of both
strong magnetic Bragg peaks at 10 K and a distinct, sharp
peak in the heat capacity on cooling shows that long-range
order is achieved.***

4. Conclusions

In summary, we have illustrated the power of hydrothermal
synthesis in the isolation of new complex oxides phases that
would be difficult to prepare using conventional approaches.
Particularly attractive is the control over metal oxidation state
offered by use of solution reagents, allowing targeted synthesis
of materials containing desired mixtures of metals in interest-
ing oxidation states to yield functional materials. The high
temperature XRD suggests that (Ceg 67Nag 33),Ru,07 would
be impossible to prepare from its constituent oxides by
traditional high temperature synthesis methods, and even if
careful sintering of sol—gel precursors proved possible at low
temperatures, it would involve a lengthy preparation, in
contrast to the one-step hydrothermal approach we have
developed. Although we have focused on the characterization
of the magnetic properties of the new material and shown it to
be distinct from known related phases prepared by solid-state
methods, given the catalytic properties of ruthenium oxides,
the material could also be of interest in other fields. Here, the
small particle size could be beneficial, and in the area of redox
catalysis the incorporation of two redox-active metals could
produce some interesting activity: this is the focus of our
current research.
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