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Introduction

Structures of mixed manganese ruthenium oxides
(Mn,_,Ru,)O, crystallised under acidic
hydrothermal conditions+t

Lucy K. McLeod, 22 Geoffrey H. Spikes,” Reza J. Kashtiban,® Marc Walker, @ ©

Alan V. Chadwick,® Jonathan D. B. Sharman® and Richard I. Walton

A synthesis method for the preparation of mixed manganese—ruthenium oxides is presented along with a
detailed characterisation of the solids produced. The use of 1 M aqueous sulfuric acid mediates the redox
reaction between KRuO,4, KMnO, and Mn?* to form ternary oxides. At reaction temperature of 100 °C the
products are mixtures of a-MnO, (hollandite-type) and -MnO, (rutile-type), with some evidence of Ru
incorporation in each from their expanded unit cell volumes. At reaction temperature of 200 °C solid-
solutions p-Mn;_,Ru,O, are formed and materials with x < 0.6 have been studied. The amount of Ru
included in the oxide is greater than expected from the ratio of metals used in the synthesis, as deter-
mined by elemental analysis, implying that some Mn remains unreacted in solution. Powder X-ray diffrac-
tion (XRD) shows that while the unit cell volume expands in a linear manner, following Vegard's law, the
tetragonal lattice parameters, and the a/c ratio, do not follow the extrapolated trends: this anisotropic
behaviour is consistent with the different local coordination of the metals in the end members. Powder
XRD patterns show increased peak broadening with increasing ruthenium content, which is corroborated
by electron microscopy that shows nanocrystalline material. X-ray absorption near-edge spectra show
that the average oxidation state of Mn in the solid solutions is reduced below +4 while that of Ru is
increased above +4, suggesting some redistribution of charge. Analysis of the extended X-ray absorption
fine structure provides complementary local structural information, confirming the formation of a solid
solution, while X-ray photoelectron spectroscopy shows that the surface oxidation states of both Ru and
Mn are on average lower than +4, suggesting a disordered surface layer may be present in the materials.

membrane electrolysers.” MnO, and RuO, have both also been
explored for use in various electrochemical storage devices

The oxides MnO, and RuO, have various applications in
heterogeneous catalysis. MnO, has been used extensively as an
oxidant in organic transformations,' in photocatalysis® and in
electrocatalysis.® RuO, is a material that has also been well-
studied because of its use in electrocatalysis.* RuO, is one of
the most active materials to catalyse electrochemical oxygen
evolution from water under acidic conditions, which is of con-
temporary interest in energy devices, such as proton exchange

“Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry CV4
7AL, UK. E-mail: r.i.walton@warwick. ac.uk

bJohnson Matthey Technology Centre, Blounts Court, Sonning Common, Reading,
RG4 9NH, UK

‘Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL,
UK

dSchool of Physical Sciences, University of Kent, Canterbury, Kent, CT2 7NH, UK
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c9dt04156g

This journal is © The Royal Society of Chemistry 2020

such as batteries and supercapacitors.®

While MnO, exists in various polymorphs and compo-
sitional variants, such as channel and layered structures that
contain alkali cations and water of crystallisation,” RuO, is
known only as a crystalline rutile structure,® although also
poorly crystalline hydrates RuO,-nH,0 (n = 0.2-2.4) have been
described, which are disordered versions of the rutile structure
containing crystal water.” In tuning the properties of RuO,
there are already a number of reports of how partial replace-
ment of the Ru by another metal cation provides a means of
chemically adjusting the reactivity and stability of the material.
For example, for electrocatalysis in acid electrolytes, it is well
established that corrosion resistance is improved by forming a
solid solution with IrO,,'° while TiO,-RuO, or SnO,-RuO,
solid solutions provide robust and stable electrodes.'” In some
cases the electrocatalytic behaviour can be favourably modified
by such alloying of oxides: for example Sn-substitution in
RuO, has been shown to improve the selectivity for electro-
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catalytic chlorine production.'® A range of lightly substituted
RuO, materials including divalent substituents such as Zn, Ni,
Mg and Co, have been reported with compositions (Ru;_,M,)
O, and x up to ~0.3, and although these are actually con-
sidered to be intergrowths rather than homogeneous solid
solutions, they do show some tuneable properties to enhance
electrocatalytic behaviour."

Wen et al. reported the mixed metal Mn;_,Ru,O, as a poten-
tial electrode material, and showed that the ruthenium substi-
tution the electrochemical properties of the
material.”® Gui et al. produced RuO,-MnO, composite nano-
wires for supercapacitance applications,'”> while Browne et al.
suggested a high activity for OER of mixed manganese ruthe-
nium oxide electrocatalysts in alkaline media.'® However, in
these examples little evidence was provided for the formation of
genuine solid solutions and a full investigation of the extent of
the atomic-scale level of elemental mixing was not performed.

In the synthesis of mixed oxide materials, solution crystalli-
sation provides the opportunity for forming nanostructured
materials, as well as compositions not accessible using calci-
nation methods, and the hydrothermal route can be particu-
larly advantageous in this respect."”” Much work, for example,
has focused on the hydrothermal preparation of TiO,, in its
various polymorphs, including the high temperature rutile
form as well as low temperature modifications.'® In the case of
ruthenium oxides, the oxidant KRuO, has proven to be a versa-
tile reagent for the hydrothermal crystallisation of a variety of
complex mixed-metal oxides, including new structure types.'®
Herein we explore the possibility of the crystallisation of mixed
ruthenium-manganese oxides in aqueous acidic media under
hydrothermal conditions using the precursor KRuO,. We
perform a comprehensive characterisation of the materials
with the aim of understanding the structures of the materials
showing how a solid-solution Mn;_,Ru,O, (x < 0.6) can be pro-
duced, but that synthesis in acid conditions is complicated by
the differing solubilities of the two metal cations, leading to a
product stoichiometry that differs from the metal ratios used
in the synthesis. This work follows from earlier work on the
formation of ternary ruthenium oxides from KRuO, in basic
hydrothermal solutions,'® and the aim here was to determine
whether materials might crystallise at low pH from water.

improves
l 14

Experimental section
Materials synthesis

Synthesis of mixed manganese-ruthenium oxides was based
on the hydrothermal route of DeGuzman et al. who prepared
manganese oxides,”® but with the addition of KRuO, as
oxidant, as well as KMnO,, to oxidise Mn**. A solution of
0.2945 g (0.001864 moles) KMnO, in 5 mL of water, was added
to a solution of 0.44 g (0.0026 moles) MnSO,-H,0 in 1.5 mL of
water and 0.7112 g concentrated H,SO, was added to give a
final concentration of 1 mol dm™ H,SO,. Varying amounts of
KRuO, were substituted for the KMnO, (as described in the
Results and Discussion section). The mixtures were then
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heated in 20 ml Teflon-lined Parr autoclaves, at a temperature
of either 100 °C or 200 °C, for 24 hours. The solid products
were recovered by centrifuge, washed with deionised water and
dried at 80 °C in air. All chemicals were used as provided by
Sigma-Aldrich. For the XANES spectroscopy experiments, the
reference materials Mn(NO3),, Mn,03;, Mnz;0,;, MnO,,
Ru(acac); were also purchased from Sigma-Aldrich at the
highest available purity and their identity confirmed using
powder XRD, while the material La, gyRu,0;, was synthesised
as in our previous work."*”

Materials characterisation

Samples were initially screened using powder X-ray diffraction
(XRD) measured using a Siemens D5000 diffractometer (un-
monochromated Cu Ko radiation). For lattice parameter refine-
ment, data were recorded using a Panalytical X'Pert Pro MPD
equipped with a curved Ge Johansson monochromator, giving
pure Cu K,; radiation, and a solid state PiXcel detector. A step
size of 0.013° was typically used with the time per step 750 s,
from the powdered sample on a spinning flat-plate. A Bruker
D8 Advance diffractometer equipped with bichromatic Cu
Koy, radiation and a VANTEC-1 high-speed detector was used
for thermodiffraction measurements: powders were heated
using an Anton Paar XRK 900 reaction chamber controlled
through a TCU 750 temperature unit.

Thermogravimetric analysis (TGA) combined with differen-
tial scanning calorimetry (DSC) was performed using a Mettler
Toledo Systems TGA/DSC 1 instrument under a constant flow
of air (50 mL min™"). Data were recorded from room tempera-
ture to 1000 °C at a rate of 10 °C min~'. Further thermo-
gravimetric experiments were performed using a coupled mass
spectrometry (MS): a Hiden HPR-20 QIC R&D specialist gas
analysis system, a triple filter mass spectrometer with SEM
detection, on heating in nitrogen was used to analyse water
evolved from the materials. Surface area measurements were
carried out using a Micrometrics Tristar 3000 porosimeter with
samples degassed under nitrogen at 200 °C for 12 hours and
surface areas were calculated from the adsorption isotherms
using BET theory. Transmission electron microscopy (TEM)
was performed using a JEOL 2000FX microscope with energy
dispersive X-ray analysis (EDXA) using an EDAX Genesis
analytical system. For ICP-OES analysis, 0.05 g of solid sample
was digested in duplicate using an Anton Paar 3000 microwave
digestor with 10 ml of aqua regia and made up to 100 ml with
water before analysing with a Thermo 6500 ICP-OES instru-
ment. Ru and Mn K-edge X-ray absorption near edge structure
(XANES) spectra were collected on Beamline B18, at Diamond
Light Source, U.K.>' Samples were diluted with polyethylene
powder and pressed into pellets approximately 1 mm thick to
optimise absorption measurements. Incident X-ray wavelengths
were selected using a fixed exit double crystal monochromator
with either Si(111) and Si(311) crystals. Data were collected in
transmission mode and were normalised using the software
ATHENA?? to produce XANES and extended X-ray absorption
fine structure (EXAFS) spectra. The &’-weighted EXAFS spectra
were modelled using the ARTEMIS software,*” which uses the

This journal is © The Royal Society of Chemistry 2020
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FEFF code for the calculation of phase shifts and effective scat-
tering amplitudes, with starting structural models produced
from published crystal structures to refine interatomic dis-
tances and thermal parameters.

Results and discussion

The synthesis method developed herein uses a redox reaction
between KRuO,, KMnO, and Mn>", as shown in eqn (1). The
ratios of reagents were chosen to give the average oxidation
state of +4 for both Mn and Ru as expected in the dioxides.

(0.4 — x)KMnOy(aq) + XKRUO(5q)
=+ 0.6MnSO, - HyO(aq) — Mn(;_y)Ru; Oy

(1)

We initially investigated the effect of reaction temperature
to explore the possibility of isolation of different polymorphs
in the ternary Mn-Ru-O system. DeGuzman et al. reported

B-MnO, calculated »

101 24

220
‘k L 092 210
T

T T
a-MnO, calculated
310

Diffracted Intensity / arbitrary units

110 200

10 20 30 40 50 60 70
Diffraction Angle (°26, Cu Kq 1)

Fig. 1 Pawley fits of powder XRD patterns of attempted synthesis of
a-(Mn,Ru)O, materials, with simulated patterns of «a-MnO, 25 and
pf-MnO, 24 for comparison. The circles are the experimental data, the red
line the fitted profile, and the grey line the difference. See Table 1 for
fitted unit cell parameters.
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that for manganese oxides prepared under hydrothermal reac-
tions in acidic media, the use of lower reaction temperatures
(~100 °C) resulted in the formation of a-Mn0,.*° This material
has the hollandite structure (cryptomelane) and variable
amounts of potassium included within the channels of in-
organic framework, so is best formulated as K,MnO,-nH,O.
For hydrothermal reactions using KRuO, aimed at making
mixed-metal hollandites, however, the materials produced at
100 °C are clearly two-phase mixtures, as evidenced by powder
XRD, Fig. 1. Here, materials with nominally 10% and 20% Ru
are shown but higher amounts of Ru also did not lead to
phase pure products. The patterns show two sets of diffraction
peaks with different peak widths, and the characteristic low-
angle Bragg peaks of the a-MnO, pattern are considerably less
intense than expected. Full pattern fitting using the Pawley
method was performed and a satisfactory fit was achieved by
modelling the materials as mixtures of «-MnO, and $-MnO,
(rutile-type). For comparison, a sample of a-K,MnO, was pre-
pared using a similar synthetic approach. The parameters
fitted from the powder XRD analysis, shown in Table 1, do
provide some evidence for inclusion of Ru in both phases by
increases in the lattice parameters compared to the pure manga-
nese material, indicating that the larger octahedral ion Ru**
(0.67 A) has been substituted for the smaller Mn"* (0.60 A).>* The
comparison with the pure manganese K,MnO, phase is not
necessarily straightforward as the lattice parameters can depend
on the potassium content, and hence Mn oxidation state. The
unit cell volume of the rutile-type beta phase, however, increases
with increasing Ru used in the synthesis.

Increasing the reaction temperature to 200 °C yielded
materials that were phase-pure rutile structure type by powder
XRD, Fig. 2. This is consistent with work on pure manganese
oxides that produced p-MnO, with increasing temperature of
hydrothermal reaction.”” For the p-Mn,_,Ru,O, materials the
Bragg peaks become broader with increasing substitution of
Mn by Ru and show a shift to lower angles indicating an
increase in lattice parameters, consistent with replacement of
Mn*" by the larger Ru"". The increase in broadness of the
peaks may indicate smaller crystallite size, greater strain due
to the mixture of cations present, or a combination of both.

The elemental compositions quoted on Fig. 1 and 2 are
taken from EDXA performed using SEM. Both ICP-OES and
EDXA were used to calculate the relative amount of ruthenium

Table 1 Pawley fitted parameters from materials from attempted synthesis of a-Mn;_,Ru,O; fitted as two-phase mixture of tetragonal alpha (space
group /4/m) and beta (space group P42/mnm) phases

Sample Phase(s) fitted Lattice parameter a/A Lattice parameter ¢/A Volume/A?
o - K,MnoO, Alpha 9.838(5) 2.8604(11) 276.8(3)
o - K,Mng oRug 10, Alpha 9.774(15) 2.856(2) 272.9(9)
Beta 4.38(2) 2.945(12) 56.5(7)
o - KyMng gRug ,0, Alpha 9.888(8) 2.8684(11) 280.4(4)
Beta 4.394(7) 2.958(8) 57.1(2)
Literature B - MnO, ** 4.40410(10) 2.87650(10) 55.793(4)
RuO, ® 4.4919(8) 3.1066(7) 62.68(4)
o - Ko 1sMnO, > 9.866(3) 2.8720(10) 279.6(3)
o -~ Mn0O,-0.154H,0%° 9.81359(10) 2.85077(2) 274.548(8)

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Pawley fits of powder XRD patterns of p-(Mn,Ru)O, materials
(rutile-type structure P42/mnm). The circles are the experimental data,
the red line the fitted profile, the grey line the difference and the green
ticks the positions of allowed Bragg peaks. See Fig. 1 for Miller indices of
Bragg peaks.

and manganese in the samples, Fig. 3, which confirmed that
both two techniques give essentially the same results (further
analysis using XPS spectroscopy provides corroboration of this
result; see below). However, the amount of ruthenium in the
samples was always significantly larger than anticipated from
the molar ratios of reagents used in the synthesis, suggesting
that manganese remains in solution after reaction. Hence the
elemental composition of every sample was analysed before
further study, and the compositions quoted throughout this
paper are those measured by EDXA.

When the fitted unit cell parameters are plotted against
ruthenium content, as shown in Fig. 4a, an increase in lattice
parameters a and ¢ can be seen with increasing ruthenium
content. The expected values for pure RuO, and pure MnO,
were taken from Bolzan et al** and Boman.® It is observed
that for the samples studied here, the lattice parameter a
increases more than expected for the given ruthenium content
and that lattice parameter ¢ increases less than expected. This
is most likely due to the differences in the two pure metal
dioxide structures, with MnO, having two long and four short
Mn-O bonds (2L + 4S) and RuO, having four long and two
short Ru-O bonds, as depicted in Fig. 4d. Furthermore, the c/a
ratio, shown in Fig. 4b, shows that RuO, has a larger c/a ratio
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present) of selected $-(Mn,Ru)O, materials as determined by ICP-OES
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used in synthesis. Error bars are estimated on the basis of experimental
accuracy of the two measurements.
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Fig. 4 Unit cell parameters of -(Mn,Ru)O, derived from powder diffr-
action: (a) lattice parameters a and c, (b) c/a ratio, (c) unit cell volume.
(d) Shows the local environment of the metals in MnO, and RuO, (black
spheres metals and green oxygens) illustrating the different pattern of
long (L, blue) and short (S, red) metal—oxygen distances, with bond dis-
tances taken from the literature (see text). The error bars on refined
lattice parameters and cell volumes are smaller than the data points.

than MnO, and this is consistent with the findings of Bolzan
et al. who studied a range of rutile dioxides, finding that a
compressed arrangement is favoured for larger c/a ratio.>* The
volumes of the fitted unit cells increase in a linear trend
expected by extrapolation of the pure end members, as shown
in Fig. 4c. The results of diffraction analysis thus show that
while the there is an anisotropic response of individual lattice
parameters, due to the local coordination preferences of each
of the ions, the unit cell volume responds in the expected
manner upon the substitution of Mn*" by the larger Ru®’,
which taken together is consistent with the formation of a
solid solution.

This journal is © The Royal Society of Chemistry 2020
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Crystallite sizes were calculated using the Scherrer equation
and are shown in Fig. 5. The crystallite size decreases with
increasing substitution of manganese with ruthenium. The
error bars are particularly large for the lower ruthenium
content materials, which are likely to contain two different
crystallite sizes, as evidenced from the peak shape seen in the
diffraction profiles, but a clear trend is still visible. The BET
surface area of the materials shows a correlation with crystal-
lite domain size, with the highest measured values found for
the higher Ru content materials, Fig. 5.

SEM images of $-MnO, and one of the ruthenium substi-
tuted materials are shown in Fig. 6a and b. The morphology of
the B-MnO, crystallised in 1 M sulfuric(vi) acid is that of
needles of ~1 pm in length. When the structure is substituted
with ruthenium the particles become significantly smaller and
form agglomerated clusters even for the smallest amount of
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Fig. 5 Scherrer crystallite size derived from analysis of powder XRD and
BET surface areas of -(Mn,Ru)O, materials.

T
100

Fig. 6 Electron microscopy of -(Mn,Ru)O, materials: (@) SEM of MnO,,
(b) SEM of Mng;Rugz0,, (c) TEM of MnggRug10, and (d) TEM of
Mno_sRUO_soz.
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Ru added. As shown by TEM in Fig. 6¢ the Mn, gRu, 0, shows
the same needle-shaped crystals as f-MnO, but of considerably
smaller size. The material Mn, sRu,;0, shows even smaller
crystallites. The particle size matches the information found
from powder XRD, with crystallite size decreasing with increas-
ing substitution of Mn by Ru, indicated by the broadening of
Bragg peaks.

TGA-DSC was used to examine the stability of the
(Mn,Ru)O, materials (ESIt). p-MnO, is stable until 550 °C,
where it undergoes a phase change indicated by loss in mass
and an endothermic feature in the heatflow. It then undergoes
a second phase change at 875 °C, where it loses mass and the
heatflow also changes; this can be assigned to the reduction of
MnO, to Mn,0; then to Mn;0,.>® The TGA indicates stability
until 550-600 °C for the (Mn,Ru)O, samples. The higher
temperature mass losses are observed in MngoRu,,0, and
Mn, ;Ru, 30,, but for the highest ruthenium content materials
these features are not seen, which may be because they are
either too small to be detected, or that with increasing
amounts of ruthenium the sample becomes more like RuO,
and the reduction of Mn does not take place. The initial mass
loss in all samples until 500 °C (ESIT) indicates a loss of water
from the sample, and the higher the ruthenium content, the
larger the loss of water. This may be due to smaller particle
size, hence more surface water, or it may also indicate that the
structure may incorporate water, similar to the hydrous ruthe-
nium oxides reported by McKeown et al.® TGA coupled with
mass spectrometry confirms that for the higher ruthenium
content materials there is indeed the presence of some tightly-
bound water within the structure (ESIf).

X-ray thermodiffractometry was used to assess the stability
and structural evolution of the materials upon heating in air to
900 °C. Fig. 7a shows thermodiffractometry of MnO,. The
sample loses oxygen and is reduced to Mn,O; at 550 °C and
then it is reduced further to Mn;0, at 875 °C. This matches to
the trends shown in the TGA-DSC (see ESIt), with an observed
initial mass loss of 9.2% and a second mass loss of 3.1%. The
powder X-ray patterns of MngoRu, 0, while heating are
shown in Fig. 7b, which shows that the structure is stable until
600 °C, whereupon it phase separates into RuO, and Mn,03;.
The RuO, then becomes more crystalline on further heating
shown by the sharpening of the peaks.

Samples with higher ruthenium content have broader XRD
patterns to begin with and this makes it difficult to determine
when the ruthenium oxide is formed. For example, in Fig. 8a
for the sample MnggRu,,0, the broadness of the peaks
remains until 600 °C, which indicates stability until then. At
600 °C the peaks shift to lower diffraction angles, as expected
with the larger unit cell of the RuO, rutile phase, and the
manganese is reduced as seen by the appearance of Mn,O;.
These results suggest that the p-(Mn,Ru)O, solid solution
would be challenging to synthesise in conventional solid-state
reactions, since phase separation at moderate temperatures
would have to be avoided by using specific gas atmospheres or
pressure. Fig. 8b shows the heating of the MnjsRuy 50,
sample, and with this higher substitution the appearance of

Dalton Trans., 2020, 49, 2661-2670 | 2665
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Fig. 7 X-ray thermodiffractometry of -(Mn,Ru)O, materials (a) MnO,
and (b) MnggRuUg1O5. In each panel the lower powder XRD pattern is
that of the starting material, and the upper ones the simulated patterns
of decomposition products.

RuO, occurs at the lower temperature of 300 °C, while Mn,0;
does not form until 600 °C. This may indicate the presence of
an amorphous hydrous ruthenium oxide in this sample with
higher Ru content that crystallises upon heating, and TGA-MS
(ESI{) would be consistent with this view, since the higher Ru
content materials contain strongly-bound water. Another
possibility is that that the some of the ruthenium in the ruthe-
nium rich materials is extruded upon heating to 300 °C to
form a new fB-(Mn,Ru)O, rutile that then phase separates on
continued heating into the separate oxides. This would be con-
sistent with the linear expansion of the lattice parameters, as
described above, that implies a solid-solution for the initial
rutile. But nevertheless the presence of some surface hydrated
ruthenium oxide phase cannot be ruled out.

Mn K edge and Ru K edge XANES spectra were used to
determine the bulk oxidation states of the manganese and
ruthenium in the mixed oxides.
known oxidation states were also studied, and edge positions
were determined and plotted against oxidation state (ESI}).
The linear trend from the reference materials was used to

Reference materials with
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pattern is that of the starting material, with greyed-out peaks due to the
sample environment, and the upper ones the simulated patterns of
decomposition products.

determine the average oxidation states of the metals of the
manganese ruthenium oxides. Fig. 9a shows the XANES of the
B-(Mn,Ru)O, materials and Fig. 9b analysis of the XANES
spectra used to determine Mn oxidation state using the edge
positions taken at normalised absorption of 0.5 as the point of
reference. This shows a decrease in the average oxidation state
of manganese with increasing ruthenium content of the
manganese ruthenium oxides.

The XANES analysis at the Ru K-edge shows a consistent
picture: as shown in Fig. 10 the average ruthenium oxidation
states increases above +4 in the mixed oxides. This suggests
that a redistribution of charge takes place upon introducing
ruthenium into MnO,, with reduction of a proportion of the
Mn and oxidation of the Ru to charge balance. It is difficult to
draw precise conclusions in the trends in calculated oxidation
state with composition, but it does appear that the higher Ru-
content materials have average Ru oxidation states of closer to
+4, which would be consistent with these materials having
some excess hydrated Ru present, as also suggested by the
thermodiffractometry and the TGA-MS experiments.
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Fig. 9 (a) Mn K-edge XANES spectra of f-(Mn,Ru)O, materials, with the
inset showing the region used to determine edge position, and (b)
determination of Mn oxidation state with reference to model com-
pounds in which the line is fitted by linear regression to the edge posi-
tions of the model compounds.

Analysis of EXAFS spectra was performed to understand
further the local atomic arrangement and to provide evidence
for the formation of a solid solution. EXAFS spectra from highly
crystalline RuO, and samples of RuO, and p-MnO, prepared
using hydrothermal synthesis were measured as reference data
to establish a data analysis protocol (ESI}). It was not possible
to resolve the long and short first metal-oxygen distances
expected from the crystal structures (see above) and instead an
average first shell of 6 M-O distances fitted the data adequately.
For the hydrothermally-prepared materials two further shells of
atoms contributed to the EXAFS signal: 2 next-nearest metals at
~3 A and 6 more distant at ~3.5 A. For a selected set of the
mixed-metal materials EXAFS at the Mn and Ru K edges were
fitted simultaneously using a single structural model. The sub-
stitution of manganese for ruthenium was achieved by using
the crystal structure of either manganese or ruthenium dioxide:
this was used to create 4 FEFF calculations of Mn-MnO,, Mn-
RuO,, Ru-RuO, and Ru-MnO,, where the first element is the
element whose absorption is being studied and the rest of the
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Fig. 10 (a) Ru K-edge XANES spectra of $-(Mn,Ru)O, materials and (b)
determination of Mn oxidation state with reference to model
compounds.

FEFF calculation was performed assuming the rest of the struc-
ture is the second element. The resulting pathways’ amplitudes
were multiplied by the occupancy for the element involved.
Fig. 11 shows the fits to the EXAFS of the material Mn, gRug >0,
as an example, with the derived structural parameters provided
in Table 2. Similar analysis of Mng 925RU¢,07502, Mg 53RU0 4705
and Mny _4;RU, 590, is presented in the ESL}

For materials with the lower ruthenium content the contri-
bution of the second Ru shell at ~3 A to the EXAFS is small,
which explains the unreliable distances fitted. The trend in
Mn-O and Ru-O distances provides the most diagnostic evi-
dence for the formation of a solid solution at the atomic scale:
these are plotted on Fig. 12. This reveals that both the Mn-O
and Ru-O bond distances increase with increasing Ru content.
This is consistent with the expected unit cell expansion, and
presumably this must dominate over any change in bond dis-
tance from the small change in average metal oxidation state
seen from XANES spectroscopy. This would be consistent with
the continued formation of a solid-solution over the compo-
sition range studied.
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See Table 2 for refined structural parameters obtained from this analysis.

Table 2 EXAFS-derived parameters for Mng gRug 2O, fitted against the
Mn K edge and Ru K edge EXAFS of MnggRup 20, with an R-factor =
0.10094, where N is the shell occupation number, fixed at the expected
value, ¢ the Debye—Waller factor, Reryst the effective path length
expected from the crystal structures of MnO; and RuO; (see text), and R
the refined distance. So? is the amplitude reduction factor and Eq the

threshold energy

Path N o*/A? Reryst/A R/A

Ru K edge (S, = 0.73(9) and E, = —1.75 €V)

Ru-O 6 0.0025(8) 1.9713 1.954(6)
Ru-Ru 0.4 0.003(3) 3.1050 2.86(9)
Mn-Ru 1.6 0.003(3) 2.926(15)
Ru-Ru 1.6 0.007(2) 3.5385 3.51(7)
Mn-Ru 6.4 0.007(2) 3.481(12)
Mn K edge (So® = 0.62(2) and E, = —6.95 €V)

Mn-O 6 0.003(2) 1.8884 1.89(2)
Mn-Mn 1.6 0.003(3) 2.8765 2.89(4)
Mn-Ru 0.4 0.003(3) 2.926(15)
Mn-Mn 6.4 0.007(2) 3.4303 3.46(3)
Mn-Ru 1.6 0.007(2) 3.481(12)

Manganese and ruthenium XPS spectra were used to
observe the surface oxidation states of the f-(Mn,Ru)O,
materials. Previous work by Morgan was used to assign the
ruthenium XPS,*® and work by Biesinger et al. was used to
assign the manganese 2p XPS region.’® The manganese XPS
(ESIt) shows that octahedral Mn®* exists in a similar environ-
ment to that seen in Mn,O; at the surface of all of the
Mn,_,Ru,O, materials, including the as made MnO, and the
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Fig. 12 Plot of Mn—O and Ru-O distances derived from EXAFS fitting
of $-(Mn,Ru)O, materials compared with literature values for the binary
oxide end members.

amount of Mn®" increases with increasing ruthenium content.
This is consistent with the XANES, which showed more Mn*"
was present with increasing ruthenium content, implying that
the lowering of average Mn oxidation state may be a surface
phenomenon. The ruthenium 3d XPS region is more complex
due to the overlapping of adventitious carbon signals.
Following the work by Morgan,” the RuO, peaks were
assigned, including satellite features along with the presence

This journal is © The Royal Society of Chemistry 2020
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of signal that matches the literature for Ru(OH);. This could
suggest that either Ru(OH); is present at the surface of the
samples or that a similar Ru** environment exists. The hydro-
thermally made RuO, shows no presence of Ru(OH);
suggesting that this is a feature of the substituted Mn,_,Ru,O,
materials. The XPS was also used to estimate the Mn : Ru ratio
in the materials by integration of the characterisation signals
(ESIf): this gave reasonably good agreement with the earlier
elemental analysis, showing that the surface metals ratios is
very similar to the bulk determined by other methods, in turn
suggesting that any additional surface species are only present
at low concentrations and do not penetrate far into the bulk
structure.

Conclusions

In this work we have reported the synthesis of the solid solu-
tion p-(Mn,Ru)O,. Earlier reports of mixed manganese-ruthe-
nium oxides do not provide compelling evidence for the for-
mation of a genuine mixed oxide. The new synthesis method
we have used successfully forms a solid solution, and the com-
prehensive range of techniques, probing long- and short-range
atomic order and surface composition/structure provide evi-
dence for the formation of mixed oxides. Powder XRD evi-
dences an expansion of the unit cell volume on replacement of
Mn by Ru in the rutile structure, but the tetragonal lattice
parameters do not change isotropcially, consistent with the
different local environments of the two cations. This con-
clusion is supported by the local structure as determined by
EXAFS. The XANES spectroscopy, independently measured at
the absorption edges of the two metals, implies a redistribu-
tion of charge in the solid solutions such that Mn is reduced
slightly and Ru oxidised to compensate, while XPS provides
evidence for some surface redox. Most reported hydrothermal
conditions used for the crystallisation of mixed-metal oxides
use highly basic conditions, but the acidic conditions used
here open the possibility of synthesis of a wider range of
materials, including compositions that may be inaccessible by
other methods, and solids that may be of relevance for practi-
cal applications where acidic conditions are used.
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