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Tunable Potassium lon Conductivity and Magnetism in

Substituted Layered Ferrates

Ralf Albrecht,” Jens Hunger,”
Thomas Doert,* and Michael Ruck®

Five substituted oxohydroxoferrates K,_,(Fe,M),0,_,(OH), (M=Si,
Ge, Ti, Mn, Ir) were synthesized in a potassium hydroxide
hydroflux with a molar base-water ratio g(K) of about 0.9. While
the hexagonal prisms of K, (Fe,Ti),0,_(OH), crystallize in P65/
mcm, all other compounds form hexagonal plates with the
trigonal space group P31m. The crystal structure of the
oxohydroxoferrates resembles B-alumina. It consists of honey-
comb layers % Fe,O,] of edge-sharing [FeOq] octahedra, where
the hexagonal voids are capped by vertex-sharing [FeO,]
tetrahedra pairs. The cavities between the oxoferrate layers host

Introduction

Recently, we synthesized the potassium oxohydroxoferrate
K,_Fe,0,(OH), (x ~ 0.3)™ with the hydroflux method, which
uses a ultrabasic reaction medium consisting of an approx-
imately equimolar mixture of alkali metal hydroxide and
water.” In the specific case, we used potassium hydroxide for
the hydroflux and Fe(NO,);-9H,0 as iron source. The base
concentration is one of the most important reaction parame-
ters, as slight changes can cause the formation of different
products. With increasing base concentration in the range of
the molar base-water ratio q(K)=n(KOH) : n(H,0) of 0.5 to 1.4,
four different phase-pure products were obtained: a-Fe,O,,
K,_«Fe,0,_,(OH),, K,Fe,05(OH),, or KFeO,.””
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the potassium ions. Depending on M, the substitution affects
different iron positions and varies between 5 and 20%. The
magnetic structures of the antiferromagnetic compounds were
determined by neutron powder diffraction. The potassium ion
conductivity was characterized by electrochemical impedance
spectroscopy at room temperature. By storing the oxohydrox-
oferrates in air or annealing them at 700 °C the ion conductivity
was significantly increased, e.g. to 5.0-107° Scm™' for a pressed
pellet of the iridium substituted compound.

K,_Fe,0,_(OH), crystallizes in the trigonal space group P

31m with a=517.5(1) pm and ¢=692.3(1) pm at 100 K. Its
crystal structure resembles B-alumina (Figure 1). Edge-sharing
[FeO¢] octahedra form a honeycomb 2 Fe,0l net. The
hexagonal voids of this net are capped on both sides by [FeO,]
tetrahedra, which share vertices with three [FeO4] octahedra.
[FeO,] tetrahedra of neighboring layers share their apices to
form pillar-like linkers between adjacent honeycomb nets. This
kind of stacking creates an oxoferrate framework with large
interlayer voids where the potassium cations reside. The sub-
stoichiometric potassium content is compensated by hydroxide
groups, so that every iron in K, Fe,O0, (OH), is trivalent as
confirmed by MéBbauer spectroscopy.” The [FeO,] tetrahedra
pairs can be arranged in a staggered or an ecliptic config-
uration, giving rise to different polytypes." The structure motif
of K, Fe, O, (OH), was observed in other oxoferrates, like
BaFe,O, or K, ,,B,s0Fe,0,," as well as in other classes of material
like the high pressure phases A,Mg,Si,0, (A =Na, K).>®
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Figure 1. Left: Crystal structure of K, ,(Fe,M),0,.,(OH), in P31m. Ellipsoids
enclose 90% of the probability density of the atoms at 100 K. Right:
Oxoferrate layer with honeycomb nets of [FeO4] octahedra (light green) and
capping [FeO,] tetrahedra (dark green).
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Upon heating K, Fe,O0,,(OH), the potassium ions order
into a 2ax2b superstructure with empty and fully occupied K
sites, before, at higher temperature, a topotactical transforma-
tion into K, .Fe;;0,, (B-/f"-aluminate type) and finally the
thermal decomposition to Fe,0; occurs.

Magnetic measurements revealed antiferromagnetic order-
ing in K,_,Fe,0,_,(OH),. The Néel temperature Ty could not be
determined because thermal decomposition of the compounds
starts before Ty is reached. Neutron diffraction confirmed the
antiferromagnetic ordering of the iron-centered magnetic mo-
ments within the tetrahedra pairs and between [FeO,] tetrahe-
dra and adjacent [FeO4] octahedra. All moments are aligned
parallel to the ¢ axis and have the same orientation for all iron
atoms with the same z parameter.””

In this contribution, we address the question whether the
substitution of iron(lll) with magnetically active, M=Mn, Ir, and
inactive, M=Si, Ge, Ti, cations changes the magnetic coupling
between the pillared honeycomb layers and possibly generates
magnetic frustration. We synthesized various compounds K,_,
(Fe,;M),0,_,(OH), and studied their crystal structures and their
magnetic properties, the latter by magnetization and neutron
scattering experiments. In addition, we report the potassium
ion conductivity of these compounds, inspired by the recently
published oxoferrate “K,Fe,O,” with a similar structure, which
was reported to have a higher ion conductivity than any other
solid electrolyte used in batteries.”

Results and Discussion
Synthesis

The hydroflux method utilizes strongly alkaline media to
generate a unique reaction environment with moderate tem-
peratures. It is a hybrid approach between the aqueous
hydrothermal synthesis and the molten hydroxide flux techni-
que. These novel reaction conditions facilitated new discoveries
even in systems that had been studied extensively over many
decades. The advantages of a hydroflux system are the
relatively low reaction temperatures, the pressure-less setup,
the high crystallinity of the products, and the good solubility of
various oxides and hydroxides.”

For the syntheses of the substituted potassium oxohydroxofer-
rates K,_,(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Mn, Ir), we used a stainless
steel autoclave with a PTFE inlet, which is needed due to the
highly corrosive medium and the required constant water content
(i.e. base concentration), although almost no pressure was
generated during the reaction.”’ As observed in the synthesis of
K, Fe,0,,(OH),, a reaction time of 10 h and a temperature of
200°C are sufficient to obtain a phase-pure, highly crystalline
product with single-crystals of about 250 um (Figure 2)."’ Longer
reaction times promote the decomposition of the oxohydroxofer-
rates into a-Fe,0; (hematite). First hematite reflections were
observed in powder X-ray diffraction patterns (PXRD) of products
obtained with reaction times of 50 h, phase-pure hematite results
if the reaction time exceeds 100 h.
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Figure 2. Crystals of K,_x(Fe,M),0,_,(OH), (M =Si, Ge, Ti, Mn, Ir) and the
unsubstituted potassium oxohydroxoferrate. Yellow or blue shades around
some crystals are caused by the camera setup.

To produce a sufficient amount of these materials for
neutron diffraction experiments in a reasonable time, the
batches had a theoretical yield of about 8 g of the target
compound, i.e. about 25 times more than in the previous
syntheses of the unsubstituted oxohydroxoferrate. Moreover,
up-scaling of the synthesis required a readjustment of the base-
water ratio g(K). Instead of the potassium hydroxide-water ratio
g(K)=0.7, which we found appropriate for the synthesis of 0.3 g
of K, Fe,O,_(OH),, the larger batch sizes and reaction volumes
needed q(K)=0.9. Conversely, these changed conditions ap-
plied to a small batch yielded inhomogeneous reaction
products. The properties of each of the substituted compounds
presented here were measured on samples from the same
batch. The chemical composition of each compound, as
discussed below, is given in Table 1. For simplicity we will use
the general formula K,_(Fe,M),0;.,(OH), throughout this manu-
script.

In the following, we will briefly outline the synthesis
procedures and specifics for individual compounds. In all
syntheses, Fe(NO,); was used as iron source, SiO,, GeO,, TiO,,
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Table 1. Results of the energy-dispersive X-ray spectroscopy (EDX), inductively coupled plasma optical emission spectrometry (ICP-OES) and carrier gas hot
extraction (CGHE) measurements of the potassium oxohydroxoferrates K,_,(Fe,M),0,,(OH), (M=Si, Ge, Ti, Mn, Ir). The listed values for each element were
scaled to “Fe+M=4" in the sum formula K,_(Fe,M),0,. EDX analyses of several crystals were averaged. The standard deviations (in brackets) do not include
systematic errors.
K,x(Fe,M),0,_,(OH), Si Ge Ge Ti Mn Mn Mn Ir

smooth flower-like thin rough-1 rough-2
EDX
K 1.67(3) 1.51(2) 1.5(1) 1.58(4) 1.14(6) 1.38(2) 1.57(8) 1.27(5)
Fe 3.78(8) 3.71(4) 3.6(3) 3.49(9) 3.2(1) 3.34(3) 3.59(9) 3.69(9)
M 0.22(2) 0.29(2) 0.45(2) 0.51(5) 0.85(7) 0.66(2) 0.41(4) 0.31(3)
(6} 7.02(9) 7.82(5) 7.7(4) 7.9(1) 7.6(2) 7.00(5) 7.7(1) 7.7(1)
X 0.33(3) 0.49(2) 0.5(1) 0.42(4) 0.86(6) 0.63(2) 0.43(8) 0.73(5)
ICP-OES
K 1.63(1) 1.54(1) 1.49(3) 1.20(1) 1.31(1)
Fe 3.83(1) 3.93(1) 3.63(4) 3.34(2) 3.73(3)
M 0.17(1) 0.07(1) 0.37(1) 0.66(1) 0.27(1)
CGHE/wt.-% H 0.10(1) 0.14(1) 0.13(1) 0.11(1) 0.21(1)

Mn(NO),, or IrCl; as starting materials for the M element. After
the reaction, the product was quickly washed with deionized
water until pH neutrality and then stored under argon to
prevent decomposition, as had been observed for K, Fe,O,_,
(OH),.I" Each product was checked by PXRD for its purity and
with a standard optical microscope for its morphology as the
oxohydroxoferrates usually form well shaped hexagonal plates.
In the case of K, (FeTi),0;(OH),, hexagonal prismatic rods
were found in addition (Figure 2).

In first attempts to synthesize K,,(FeSi),0,,(OH),, an
equimolar ratio of iron and silicon was used, which resulted in a
red amorphous powder. By lowering the silicon-iron ratio to 0.2,
the formation of red powder could be suppressed and a phase-
pure crystalline product was obtained. The washed product
contained some crystals with a maximum edge length of
150 pm, whereas most crystals had a size of about 30 pum.
Overall, the crystals were well-shaped thin hexagonal plates.
SiO, (and GeO, as well) is well soluble in alkaline solutions. We
assume that by using high amounts of SiO, a metastable
intermediate is formed whereas the excess of SiO, remains
dissolved in the reaction mixture and is eliminated during the
washing procedure.

In the synthesis of K, (Fe,Ge),0; (OH),, starting with the
equimolar ratio of germanium and iron yielded a phase-pure
product. The crystals of K,_,(Fe,Ge),0,_,(OH), show a narrow size
distribution around 50 um and have the largest ratio of height
to basal edge length of the hexagonal plates excluding those of
the titanium compound.

For the synthesis of K,,(Fe,Mn),0,.(OH),, we obtained a
phase-pure product with a manganese-iron ratio of 0.2. The
crystals of the manganese-substituted sample often form
truncated or intergrown hexagonal plates. Even thin crystals
have black color.

The synthesis of K,,(Fe,Ti),0,.,(OH), was more challenging
because TiO, is by far less soluble in the hydroflux medium
than the other starting materials. Experiments with titanium-
iron ratios between 0.25 and 1.0 as well as attempts to pre-
dissolve TiO, by heating 10 h to 250°C, followed by adding Fe
(NO,); failed. Instead, an amorphous orange powder was
obtained. We succeeded to synthesis a phase-pure sample of
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K,«(Fe,Ti),0,_,(OH), with a titanium-iron ratio of 0.2 and by
increasing the reaction temperature to 250°C. The red crystals
of the titanium-substituted phase form hexagonal columns with
lengths up to 250 um.

For the synthesis of K, (Fe,Ir),0,_,(OH),, we used an iridium-
iron ratio of 0.1. A larger ratio was not tested, as only a small
fraction of the available iridium was incorporated in the
product. Iridium(lll) is known to be rapidly oxidized to iridium
(IV) under basic conditions."™ The grey crystals of K, (FeIr),0,.,
(OH), are the smallest and thinnest of our substitution series.
The size distribution was similar to the one observed for the
silicon substitution.

Chemical composition

A scanning electron microscope (SEM) provided more detailed
images of the crystals (Figure 3). Additionally, energy-dispersive
X-ray spectroscopy (EDX) and inductively coupled plasma
optical emission spectrometry (ICP-OES) were used to deter-
mine the composition of crystals of the substituted samples
(Table 1). As the unsubstituted potassium oxohydroxoferrate
slowly decomposes in air and forms potassium carbonate on
the surface,!" samples of all oxohydroxometalates were exposed
to ambient air for more than a month and then re-analyzed
with SEM and EDX. Remarkably, only the germanium and
titanium containing compounds showed visible signs of
decomposition in air. The tiny white crystals that formed on the
surface of the dark colored metalate crystals had high carbon
and potassium contents, indicating the segregation of potas-
sium hydroxide, which then absorbs carbon dioxide from the
air to form potassium carbonate. In contrast, none of the
crystals stored under argon showed decomposition even after
more than one year.

For K, (Fe,Si),0,_,(OH), a silicon-iron ratio of about 5% was
measured, which is four times lower than the ratios of the
respective starting materials. The standard deviation in the
determination of the iron and silicon content received from
EDX measurements are relatively high due to concentration
gradients found in the crystals: EDX line scans recorded over

© 2020 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


https://doi.org/10.1002/ejic.202000891

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]JIC . ..
doi.org/10.1002/ejic.202000891

European Journal of Inorganic Chemistry

Figure 3. SEM images of typical substituted oxohydroxoferrate K,_«(Fe,M),0,_,(OH), (M=Si, Ge, Mn, Ir). On the right side, germanium and titanium containing

crystals are shown that were exposed to air for over a month.

the hexagonal crystal faces indicate a slight depletion of silicon
in the central parts of the crystals (Figure S1, Supporting
Information). This might indicate kinetic control of the phase
formation, in which silicon is incorporated after an initial
crystallization of the oxohydroxoferrate.

Samples of K,_(Fe,Ge),0, ,(OH), contained two differently
shaped types of crystals, some with smooth surfaces and others
with curved, flower-like habit, Figure 3. The latter had a higher
germanium content. However, the germanium content found in
EDX measurements differs significantly form the ones received
by the ICP-OES method. As the latter one is a bulk method and
the EDX predominantly gives information about the surface
composition, K,_,(Fe,Ge),0; ,(OH), seems to forms gradient
crystals. Similar to the silicon substitution, the ratio of
germanium to iron in the product was considerably lower than
in the synthesis.

K,«(Fe,Ti),0,.,(OH), formed crystal with a hexagonal pris-
matic shape, which are elongated in z direction. Some crystals
had a needle like morphology, others were more compact, but
showed rough surfaces. The titanium content in the product
nearly matches the starting amount. A small excess of a
dissolved titanium species would be removed after the syn-
thesis by the washing process.

Crystals of K,,(Fe,Mn),0, (OH), exhibited a manifold of
morphologies, some with rough surfaces, but all with hexagonal
appearance. EDX measurements on several crystals revealed a
variable composition, where three kinds of crystals were found:
Thin crystals of K,_,(Fe,Mn),0,_,(OH), with smooth surfaces had
the highest manganese and lowest potassium content of all
substitutions. Most of the manganese of the starting materials
is incorporated in the crystals. The excess of manganese
containing compounds seems to be removed by the washing

Eur. J. Inorg. Chem. 2021, 364-376 www.eurjic.org

process, as no hints for manganese oxides are found in X-ray
powder diffractograms or magnetic measurements (see below).

K, «(Fe,In,0,_(OH), exhibits crystal shapes similar to those
of the silicon substitution. The Ir-substituted crystals, however,
tend to be thinner with more rounded corners of the hexagonal
plates. The iridium content of the crystals complies with the
starting composition within standard derivations. This seems to
be the maximum content, as experiments with more than 7%
of iridium indicated.

The analysis of the hydrogen content and thus the charge
balancing of the potassium deficit was discussed in detail for
the unsubstituted oxohydroxoferrate,”’ where neither NMR-,
nor IR-spectroscopy or thermogravimetry (TG) provided signifi-
cant evidence for hydrogen incorporation. The presence of
hydrogen was finally confirmed by carrier gas hot extraction
(CGHE) and the quantity was calculated from the potassium
deficit by assuming all iron to be in the oxidation state lll as
confirmed by MoBbauer spectroscopy. For the substituted
oxohydroxoferrates, we also performed CGHE to determine the
hydrogen content (Table 1). Except for the iridium substituted
sample, the results are rather similar to the unsubstituted
oxyhydroxoferrate(lll), namely about 0.13(1) wt.—% hydrogen."
The significantly higher hydrogen content of the iridium sample
is well in agreement with the high value for A.(x-M) of 0.42,
which describes the “missing” positive charge resulting from
the potassium deficit x diminished by the additional positive
charge of the substituting element in oxidation state IV as
compared to iron(lll). In fact, iridium(lV) should be preferred in
the alkaline aqueous system of the hydroflux. The mechanism
of the oxidation of iridium(lll) in the starting material to iridium
(IV) is well known, and no hints for a further oxidation were
observed in similar systems to the best of our knowledge."”
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Moreover, reactions in iron-free systems under similar con-
ditions resulted in hydroxoiridates(IV), too.""

For the other substitutions, the charge differences A-(x-M)
are close to zero. Consequently, the potassium deficit should
mainly be compensated by the substituting element M, which
results in a smaller hydrogen content as compared to
unsubstituted oxohydroxoferrate if the substituting element is
in the oxidation state IV. Besides iridium, this clearly applies to
silicon and germanium, and also the reduction of titanium(IV)
to titanium(lll) is unlikely to occur in a hydroflux. Manganese,
however, could exists in oxidation states between Il and IV, with
higher oxidation states being preferred in basic media.

Overall, the elemental composition of the oxohydroxofer-
rates is variable with respect to the potassium deficit, the
content of hydrogen, and the degree of substitution. Although
charge balance must apply, this system includes at least two
independent variables. We thus combined information from
chemical analyses and crystal structure refinements to deter-
mine the compositions of the K,_,(Fe,M),0,_,(OH), compounds.

Crystal structures and substitution behavior

X-ray diffraction on single-crystals of K,,(Fe,M),0,_(OH), with
M=Si, Ge, Mn, Ir revealed trigonal structures in the space group
P31 m (no. 162), isostructural to the unsubstituted ferrate
(Figure 1, Table 2). In contrast, K,_,(Fe,Ti),O,_,(OH), crystallizes in
the hexagonal space group in P6;/mcm (no. 193), representing
a second polytype with eclipsed tetrahedra in the pillars and
doubled ¢ axis (Figure S2, Supporting Information). The exis-
tence of two polymorphs was already observed for K,_Fe,O,_,
(OH),." The oriented intergrowth of domains of the two
polytypes can be described by order-disorder (OD) theory.”'?

In the structures of K,_(Fe,M),0,_,(OH),, the substitution can
take place on tetrahedral, on octahedral, or on both iron sites

simultaneously. For the following discussion of the results of
single-crystal X-ray diffraction (SCXRD) experiments, Table 3
provides a compilation of selected bond lengths, angles and
ionic radii. The smallest substituting element, M=Si, was
refined solely on the tetrahedral position, as a lower than
expected electron density was found for the iron position Fe2
only. This is reasonable as the tetrahedral coordination is
common for silicon in oxidic compounds. The freely refined
silicon and potassium contents are well in agreement with the
EDX results. Assuming iron(lll) and silicon(lV), the sum formula
of the investigated crystal is K, 7y Fe3401)Si0.21/06.91)(OH)o.11)-

Similar to the refinement of the silicon compound, the
substituted germanium in K,_(Fe,Ge),0,_,(OH), was refined on
the tetrahedral position, as a higher electron density was found
on the position Fe2. Moreover, residual electron density maxima
were found and interpreted as additional oxygen positions,
indicating the presence of a minor amount of the hexagonal
polytype, see above. Similarly, additional oxygen positions were
found in Rietveld refinements against neutron powder data (see
below). In the single-crystal data refinements, the second
polytype was modelled by introducing a twin domain with twin
law (010, 100, 00-1); its volume was refined to 0.7(1) %.
Assuming iron(lll) and germanium(lV), the sum formula of the
investigated crystal is K, g1, Fe371/G€03(1)06901)(OH)0.101-

The refinement of the SCXRD data of a red needle-shaped
single-crystal of K,_(Fe,Ti),0,_,(OH), showed reduced scattering
power on both M position corresponding to titanium occupan-
cies of 15(1) % on the tetrahedral site and 9(1) % on the
octahedral site. Residual electron density was found on the
corners of the unit cell, i.e. in the unoccupied octahedral void
of the honeycomb net. If this position is occupied, the two
adjacent tetrahedral iron positions Fe2 (4e, 3.m) have to be
unoccupied, as the cation distances would be too short
(Figure S3, Supporting Information). The refined occupancy of
the additional iron position Fe3 (2b, 3 .m) was 3.2(2) %. The

Table 2. Single-crystal structure data of potassium oxohydroxoferrates K,_,(Fe,M),0,,(OH), (M=Si, Ge, Ti, Mn, Ir) in comparison with the unsubstituted

structure.™

K,_«(Fe,M),0,_,(OH), unsubstituted Si Ge Ti Mn Ir

X 0.31(3) 0.35(2) 0.41(1) 0.47(1) 0.68(2) 0.66(2)

Refined M content - 0.21(1) 0.14(1) 0.48(2) al 0.27(1)

per formula unit

Crystal system trigonal trigonal trigonal hexagonal trigonal trigonal

Space group (no.) P31m (162) P31m (162) P31m (162) P65 /mcm (193) P31m (162) P31m (162)

Temperature/K 100(1) 100(1) 100(1) 100(1) 100(1) 100(1)

Lattice parameters/pm a=>517.51(1) a=>516.72(3) a=515.40(1) a=515.68(6) a=512.49(1) a=>515.41(1)
c=692.27(2) c=690.39(4) €=692.80(2) c=1387.2(2) c=697.61(2) €=699.26(2)

Volume/(10° pm?) 160.56(1) 159.64(2) 159.38(1) 319.47(9) 158.68(1) 160.87(1)

Density (calc.)/(gcm™3) 4.152 4.099 4.167 4121 3.999 4.230

20,d° 80 20 20 20 80 90

No. of independent reflections 368 502 514 514 381 517

No. of parameters 23 24 23 28 23 25

Rine Rs 0.028, 0.011 0.029, 0.012 0.032, 0.012 0.032,0.010 0.021, 0.006 0.045, 0.022

RilFy > 20(F,)], WRy(F,?) 0.012, 0.032 0.012, 0.028 0.014, 0.025 0.015, 0.034 0.027, 0.064 0.032, 0.073

GooF(F?) 1.135 1.190 1.152 1.088 1.113 1.219

Residual electron density/ +0.71 to —0.68 +0.64 to —0.38 +0.52 to —0.79 +1.15 to —0.49 +2.51to —1.57 +1.89to —1.97

(e10°pm™)

Deposition number CSD-1875190 CSD-2026748 CSD-2026745 CSD-2026746 CSD-2026749 CSD-2026747

[a] Not refined due to similar scattering factors.
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Table 3. Selected interatomic distances and angles in the crystal structures of K, ,(Fe,M),0,(OH), (M=Si, Ge, Ti, Mn, Ir) in comparison with the
unsubstituted compound.” The Fe2—02-Fe2 angle is 180° by symmetry. Additionally, relevant ionic radii for the substituted elements are provided
assuming the oxidation state -+ IV, whereas the values for iron refer to the oxidation state + II.("*!

M Fe Si Ge Ti Mn Ir

tetrahedral ionic radius/pm 49 26 39 42 39 -

octahedral ionic radius/pm - 53 60.5 53 68

Fe1-O1/pm 202.4(1) 202.4(1) 202.4(1) 201.0(1) 200.1(1) 201.5(1)
Fe2-O1/pm 187.8(1) 186.9(1) 185.7(1) 187.9(1) 187.6(2) 188.0(1)
Fe2-02/pm 184.3(1) 184.0(1) 183.9(1) 183.9(1) 183.0(1) 182.9(1)
M3-01/pm - - - 211.8(1) 210.6(2) 211.4(2)
Fel--Fel/pm 298.8(1) 298.3(1) 297.6(1) 297.7(1) 295.9(1) 297.6(1)
Fel--Fe2/pm 339.8(1) 339.1(1) 339.0(1) 339.4(1) 339.2(1) 341.1(1)
Fe2--Fe2®/pm 323.6(1) 322.5(1) 325.0(1) 325.9(1) 331.6(1) 333.5(1)
O1-Fe1-01/° 175.7(1) 176.0(1) 176.6(1) 175.7(1) 175.8(1) 176.1(1)
Fe1-O1-Fe2/° 121.1(1) 121.1(1) 121.7(1) 121.5(1) 122.0(1) 122.2(1)
K(a)—-O/pm 288.1(1) - 298.8(1)  287.3(1) - 298.3(2) - - - -

K(b)-O/pm 268.8(5) - 340.6(8)  266.0(2) - 345.1(6) 274.3(1) — 327.4(1) 275.7(1) - 327.4(1)  278.0(2) - 323.1(3) 278.1(2) - 326.1(3)
[a] Distance across the void in the honeycomb net.

stoichiometric coefficient of (Fe,M) in the sum formula, which
was four in all previous cases, is here reduced by the occupancy
of the Fe3 position. Because this value is small, it does not affect
the formula within the given accuracy. Assuming iron(lll) and
titanium(lV), the sum formula of the investigated crystal is K, 5
Fes 51 Tios51)07.00)(OH)ooq)- The refined occupancy of the potassi-
um position matches the EDX results.

The refinement of the manganese content in K,
(Fe,Mn),0,_,(OH), was not possible based on X-ray data, as iron
and manganese have very similar scattering factors. In contrast,
neutron diffraction data (see below) left no doubt that
manganese is solely found on the octahedral position. The
freely refined potassium occupancy results in a deficit of x=
0.68(1). As the manganese content is very similar to x,
manganese in oxidation state IV can be assumed. Analogous to
the titanium compound, the Fe3 position is occupied by 8.0(4)
%. With iron(lll) and manganese(lV), the sum formula of the
investigated crystal is K; 3y Fe31)Mng71,07.00)(OH)g 001

The SCXRD refinement of K, (Felr),0,.(OH), showed addi-
tional electron density on the octahedral position only. This
matches the expectations as iridium(lV) is very unlikely to adopt a
tetrahedral oxygen coordination. However, the refined iridium
content on Fel is lower than the total iridium content derived
from EDX measurements. Similar to the structure of titanium and
manganese substituted samples, additional electron density was
found on the corners of the unit cell. As iridium(IV) has a larger
ionic radius than iron(lll) and the empty octahedral void in the
honeycomb is about 5% larger, the additional position (M3) is
most likely occupied by iridium. With this slightly adjusted model,
the overall iridium content in the structure matches the EDX
results with a substitution rate of iridium of 12.0(2) % on Fe1 and
an occupancy of 2.5(2) % on the Ir3 site. The freely refined
potassium content fits to the EDX results within standard
deviations. Assuming iron(lll) and iridium(lV), the sum formula of
the investigated crystal is K 3y Fe370)Ir031)06.601)(OH)o40)-

Eur. J. Inorg. Chem. 2021, 364-376 www.eurjic.org

Potassium ordering

The potassium atoms of each structure are coordinated by nine
oxygen atoms, which form a distorted tri-capped trigonal
antiprism. Neighboring coordination polyhedra share a rectan-
gular face of about 300x400 pm? (diagonals about 500 pm).
Literature data for the effective diameters of potassium and
oxide ions are 260-300 pm and 260-280 pm, respectively.
Taking the inadequacies of a static hard sphere model into
account, the passage of a potassium cation through such a face
appears to be possible but probably hindered.

The oxohydroxoferrates can be divided in three groups
according to their potassium deficit obtained by the ICP-OES
measurements (see above). In case of the unsubstituted ferrate
as well as for M=Si, a potassium deficit of x ~1/3 is found.
These two compounds are the only ones that have two partially
occupied positions: K(a) (Wyckoff position 2d, site symmetry
3.2) and K(b) (6, ..2; Ti: 12j, m..), see Figure 1. Modelling the
potassium ordering for x~1/3 leads to a tripling of the a and b
axes (Figure 4). In this superstructure, 18 potassium positions
are included, where six potassium atoms are found on the K(a)
position and nine potassium atoms are located on the K(b)
positions with an elongated ellipsoid pointing towards the
three vacant potassium positions.

The next group with a potassium deficit of x~1/2 includes
the germanium and titanium substitutions. Here only K(b) is
occupied with an occupancy of 0.25. This corresponds with our
previously discussed 2ax2b superstructure model for a hypo-
thetical compound K, sFe,045(0H),5 (i.e. x=0.5),"" which is now
realized (Figure 4).

The third group with a potassium deficit of x=2/3
comprises the manganese and iridium substitutions. The
potassium order can again be described in a 3ax3b super-
structure, in which one of three potassium positions is vacant
and the distance between these voids is maximized (Figure 4).
In this model, one quarter of the potassium atoms has three
potassium neighbors, while the remaining three quarter have
only one neighbor.
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Figure 4. Superstructure models of K,_,(Fe,M),0,.,(OH), for potassium deficits of x=1/3 (left), x=1/2 (middle) and x=2/3 (right) with an enlarged unit cells
(dashed lines) assuming an ordering of voids and potassium positions. The arrows indicate the direction of the shift of the potassium atoms towards the

adjacent voids.
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Figure 5. Heights of the honeycomb net (black) and the potassium layer
(red) in K,_,(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Mn, Ir) in relation to the potassium
deficit x. The standard derivations of the metrical parameters are much
smaller than the symbols.

Structural details

The structure of the substituted oxohydroxoferrates is influ-
enced by several factors, where the ionic radius of the
substituted element, its content and the potassium deficit are
decisive ones. With a closer look on the lattice parameters, all
substitutions except for silicon have a longer ¢ axis. This lattice
parameter is the sum of the heights of the potassium layer and
the honeycomb net (Figure S4, Supporting Information). Both
are roughly correlated with the potassium deficit x (Figure 5):
the larger x the thicker the potassium layer. The reduced
electrostatic attraction between potassium and oxygen atoms
might be the cause. The potassium content also influences the
length of the Fe2—02 bonds, as fewer potassium atoms are
coordinated to O2 result in stronger Fe2—02 bonds.

Notably thinner honeycomb nets were found for substitu-
tions replacing Fel (M=Ti, Ir, Mn). In these cases, many
influences combine: charge and content of M, partial filling of
the M3 position and depopulation of the Fe2 position as well as

Eur. J. Inorg. Chem. 2021, 364-376 www.eurjic.org
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Figure 6. PXRD patterns of K,_,(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Ir). Additional
reflections of the hexagonal polytype are marked with an asterisk.

the potassium deficit x. Remarkably the a (and b) axes of all
substituted samples are smaller than for the unsubstituted one.

Rietveld refinements of powder X-ray diffraction data

Rietveld refinements against PXRD data of the substituted
oxohydroxoferrates were performed to gain information about
purity and homogeneity of the samples and, if possible, the bulk
composition with respect to the potassium deficit and the degree
of substitution (Table S1 and Figure S5 to Figure S9, Supporting
Information). For each substituted oxohydroxoferrate, residual
electron density maxima were found on the same positions as
already described in the SCXRD data. Twinning with sufficiently
large domains does not affect powder diffraction data, so that the
residual electron density can be attributed to an alternative
stacking sequence, i.e. the P6;/mcm polytype. Additional reflec-
tions that double the c-axis in this space group were most
intensive in the powder patterns of M=Ti or Si (Figure6,
Figure S10 and Figure S11). In contrast to the result of the SCXRD
analysis, the Rietveld refinement showed that the titanium
substituted compound also adopts both polytypes. Overall, the
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Table 4. Structure refinement data from neutron diffraction experiments on K,_,(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Ir). All structures were refined in the trigonal

space group P31c (no. 163). The results for K, ,(Fe,Mn),0,_(OH), are poor due to broad and asymmetrical reflections caused by the different phases in this

sample, see text for details.

Ky(Fe:M),0,., Si Ge Ti Ir

(OH),

Wavelength/pm 154.83 159.4 154.83 159.4

Temperature/K 4 300 5 295 4 300 5 295

a/pm 515.169(3) 515.910(4) 514.633(3) 515.313(3) 515.285(3) 515.918(3) 516.188(2) 516.90(2)

c/pm 1379.16(2) 1380.83(2) 1389.30(2) 1390.61(2) 1388.35(2) 1389.98(2) 1396.58(2) 1398.30(2)

Volume/ 316.99(1) 318.28(1) 318.66(4) 319.80(1) 319.25(1) 320.41(1) 322.26(1) 323.55(1)

(10° pm?)

Density 4.13(1) 4.11(1) 4.13(1) 4.12(1) 4.07(1) 4.05(1) 4.38(1) 4.34(1)

(calc)/(gem™3)

20,..,/° 156 156 160 160 156 156 147 160

No. of parameters 14 14 14 14 14 14 14 14

Ro WR, 0.026, 0.030, 0.043, 0.036, 0.037, 0.037, 0.043, 0.044,
0.036 0.040 0.043 0.035 0.046 0.046 0.041 0.039

gof 2.06 1.93 1.86 1.68 2.81 2.56 1.84 1.66

Resid. electron —0.67 - —0.83 - —1.05 - —0.59 - —0.95 - —0.99 - —1.40 - —0.88 -

dens./ (e +0.83 +0.78 +0.96 +0.79 +0.84 +0.77 +0.97 +1.02

10°°pm~3)

M, rer (FE1/M1) 4.24(5) 4.08(6) 4.63(3) 4.21(3) 4.31(7) 3.87(7) 4.22(8) 4.04(7)

M, fe, (Fe2) —3.83(5) —3.49(5) —3.26(3) —2.96(3) —3.92(5) —3.75(5) —3.91(6) —3.63(6)

A(M,pe1=M, o) 0.41(5) 0.59(6) 1.37(3) 1.25(3) 0.39(7) 0.12(7) 0.31(8) 0.41(7)

refined content of the respective substituted element M and the
potassium deficit were found to be in good agreement with the
ICP-OES, EDX, and SCXRD results. The powder diffraction pattern
of K, (Fe,Mn),0,_(OH), showed broad and asymmetrical reflec-
tions, probably due to different degrees of substitution (as
revealed by EDX). The homogeneity range is associated with a
slight variation of the lattice parameter.

Rietveld refinements of neutron powder diffraction data

Two neutron powder diffractograms were measured for each
substituted oxohydroxoferrate, one near room temperature and
one at 4 K (samples measured at SPODI/FRM I, Garching) or 5 K
(samples measured at D2B/ILL, Grenoble). Detailed information
can be found in Table 4. The diffraction patterns at the two
temperatures are nearly identical in each case (Figure S12,
Supporting Information), suggesting magnetic ordering Néel
temperatures (T,) above room temperature. Ty of the unsub-
stituted ferrate is at least 800 K In addition, the diffraction
patterns of all substituted phases resemble each other in
positions and intensities of their reflections (Figure 7). The
pattern of K, ,(Fe,Mn),0,_(OH), is slightly different with respect
to broadness and asymmetric shape of the reflections, as had
been observed in the PXRD measurements. Due to the assumed
presence of a mixture with different degrees of substitution in
this case, the results of the refinement are not discussed in
detail.

All neutron diffraction patterns had a relatively low back-
ground and a good signal to noise ratio, which is unusual for
hydrogen containing compounds. The relatively low hydrogen
content, but also the large coherent scattering cross section of
iron" and the high crystallinity of the products from hydroflux
syntheses might be reasons for that. Nonetheless, the positions
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Figure 7. Neutron diffraction patterns of K, (Fe,M),0,_,(OH), (M=Si, Ge, Ti,
Mn, Ir) in comparison with the unsubstituted compound.”” The measurement
temperature was 4 or 5 K. Note the slightly different wavelengths (see

Table 4).

of the hydrogen atoms could not be located from the scattering
data, probably due to disorder.

The magnetic scattering contributions indicate a magnetic
propagation vector of k=(0, 0, '/;,) for all substituted oxohy-
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droxoferrates (Figures S13-S21, Supporting Information). Fol-
lowing the group-subgroup formalism for the nuclear structure,
the doubling of the c axis of the trigonal polytype corresponds
to a klassengleich transition of index 2 from P31m to P31c (no.
163). The symmetry analysis for the magnetic data indicated
four possible Shubnikov groups compatible with the propaga-
tion vector.">'® A reasonable fit, however, was only obtained in
space group P31c (no. 163.1.1310)"" for all compositions
(Figures S14 to S21, Supporting Information). Even in case of
K,(Fe, Ti),0,,(OH),, a fitting of the magnetic scattering inten-
sities in Shubnikov groups with hexagonal symmetry failed or
gave unsatisfying R-values, so that group P31c was considered
for this compound, too.

The enlargement of the (magnetic) unit cell generated two
crystallographic inequivalent potassium positions, K1 (2d, 3.2;
2/3, 1/3, 1/4) and K2 (2¢, 3.2; 1/3, 2/3, 1/4). Both potassium
positions were refined with the same occupancy. Another
difference between the space groups P31c and P31m is the free
z parameter of the octahedral iron position Fel. Small
derivations from zero were observed during the structure
refinement of the titanium and germanium substituted samples.
A corrugation of the honeycomb net appears plausible if the
potassium atoms order along the ¢ direction. This effect is
clearly discernible in the structure of BaFe,O, where every
second position in the cavity between the ferrate layers is
unoccupied.”! However, the nuclear structure of the barium
compound was refined in P31c with a doubled c axis. As for K,_,
(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Mn, Ir) no additional reflection
were visible in the diffraction pattern of the SCXRD experi-
ments, the z parameter of the Fe1 positions was set to zero.

For the titanium and silicon substituted ferrates, the parallel
refinement of the trigonal and hexagonal polymorph against
the neutron diffraction data resulted in similar polymorph ratios
as found for the PXRD data. For K, (Fe,Ir),0, (OH), residual
electron density was found in the voids of the honeycomb nets
similar to the SCXRD refinement. The refinement of both
phenomena lead to a better fit of the diffraction pattern,
however, also introducing new correlations. To avoid additional
parameters and to obtain accurate values for the magnetic
moments of the Fel and Fe2 position, all compositions were
fixed to the values of the ICP-OES analyses.

For all substituted compounds, the magnetic vectors nearly
cancel each other out, similar to those of K, Fe,O, (OH),
(Myper =4.18(4) pg, Myre;=3.97(4) 1 at 4K).". Both magnetic
moments are significantly reduced as compared to the spin-
only value of 5 pg for iron(lll). Similar deviations had been
observed for, e.g., Sr,FeOsF or Y;Fe;0,, and might be attributed
to a covalent contribution to the Fe—O bonds."”'® Upon lifting
the symmetry restrictions for the individual moments of Fel
and Fe2, no significant contributions along the a and b
directions were computed, in contrast to the magnetic structure
of BaFe,0,.!

Eur. J. Inorg. Chem. 2021, 364-376 www.eurjic.org

Magnetic properties

The magnetic structure of the substituted oxohydroxoferrates
resembles the unsubstituted compound (Figure 8). The spins of
the iron atoms within the octahedral layer (Fel) order
ferromagnetic, while the iron atoms in the tetrahedra (Fe2) are
coupled antiferromagnetic to all adjacent Fe2 and Fel atoms.
This spin arrangement can be explained by the Goodenough-
Kanamori-Anderson rules, """ which postulate ferromagnetic
coupling between (octahedral coordinated) iron atoms if the
Fe1-O1-Fel angle is close to 90° and antiferromagnetic
interaction for angles close to 180°. Moreover, the linear
Fe2—02—Fe2 angle in the oxohydroferrates should give rise to a
strong antiferromagnetic superexchange coupling. The antifer-
romagnetic spin alignment in the iron tetrahedra leads to an
opposite orientation of the spins in adjacent octahedral layers.
Overall, all spins of iron atoms with the same z parameter point
in the same direction.

The magnetic susceptibilities y(T) of the oxohydroxoferrates
were measured between 1.8 and 300K in a field of 100 mT. In
the whole temperature range, no signs of a magnetic transition
(e.g. hinting for a weak ferromagnetism from spin canting)
were found in the temperature-depended measurements,
which is in accordance with the neutron diffraction experi-
ments. However, in every sample a small ferromagnetic
impurity was detected, which had not been visible in the
diffraction experiments. As ferromagnets saturate at high fields,
measurements were performed at various temperatures with
fields up to 9T. The magnetic susceptibilities y., was
determined from the linear part of the curve in the M-H plot at
fields above 5 T. The thereof derived magnetic susceptibility of
the oxohydroferrates is small, paramagnetic and largely temper-
ature independent (Figure 9), in accordance with the long-

Figure 8. Antiferromagnetic order in K,_,(Fe,M),0,_,(OH), (M =Si, Ge, Ti, Mn,
Ir). The refined magnetic moments are listed in Table 4.

372 © 2020 The Authors. European Journal of Inorganic Chemistry published

by Wiley-VCH GmbH


https://doi.org/10.1002/ejic.202000891

Chemistry
Europe

European Chemical
Societies Publishing

EurJIC Full Papers

European Journal of Inorganic Chemistry

doi.org/10.1002/ejic.202000891

2.0
1.8 «—\4\‘
1.6 Ko_{Fe.M),0,_,(OH),
=) —4—Fe  —®_Sj
= Mn —a—Ti
2 —e—Ge —e—Ir
: .o\\
Lst @
£ 421 \
g ﬂ\l\ >
£ e e e
1.0 e e
A
0.8
0.6 - T T T T T T
0 50 100 150 200 250 300
TIK

Figure 9. Magnetic susceptibility of K,_,(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Mn, Ir)
in comparison with the unsubstituted ferrate.™

range antiferromagnetic ordered state at temperatures well
below T,.

Potassium ion conductivity

Crystalline samples of every oxohydroxoferrate were ground to
fine powders using a ball mill and then cold pressed into
pellets. One pellet of each sample was measured immediately
after the preparation, another was annealed in air at 700°C for
12 h and measured right after. In both cases, the intermediate
contact time with air at room temperature was kept short. After
contacting with a silver paste, the potassium ion conductivity
was analyzed by electrochemical impedance spectroscopy (EIS)
in a frequency range between 1 MHz and 100 mHz at ambient
temperature. The recorded impedance was visualized in a
Nyquist plot demonstrating the expected behavior of an ion
conductor, for which a semicircle and a linear part are present
(Figure 10 and S22 to S33, Supporting Information). The semi-
circle arises from the capacitance and ohmic resistance of the
sample, while the linear part is a product of the Warburg effect.
For some samples, especially for the EIS measurements of K,_,
(Fe,Ti),0,.,(OH),, induction effects are also present leading to

1000 12 =
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Figure 10. Nyquist plots of impedance measurements recorded at room
temperature on cold pressed pellets of aged K,_,(Fe,Si),0,_,(OH), (left) and
Ky.(Fe,Ti),0,_,(OH), (right).
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distorted semicircles. The impedance of the samples was
determined, if possible, by a circle fit or, if not, by fitting the
linear part. The ion conductivity was calculated by dividing the
thickness of the pellet by the impedance and the surface area
(Table S2, Supporting Information).

The ionic conductivities of the oxohydroxoferrates are
visualized in Figure 11. Overall, an increase of the ion
conductivity is visible after the annealing process, where
oxohydroxoferrates with a higher potassium deficit tend to
have a larger ion conductivity. The largest ion conductivity was
found for annealed K sqFes70)ro300660)(OH)oaqy  With
5.0-107° Sem™" and for annealed K;s¢\Fes.o1/Ge01(066(OH)oa)
with 1.3-107Scm™". The annealed sample of K ¢ Fe;7q)Sio2
Ogg1)(OH)o,q) had an even smaller ion conductivity than the
untreated sample, which might be caused by a temperature-
induced reaction between the acidic silicate and potassium
hydroxide. Similar to the unsubstituted oxohydroxoferrate, K,_,
(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Mn, Ir) do not decompose at
700°C (Figure S34, Supporting Information).

For unsubstituted K, ,Fe,0,_(OH), it had been observed
that potassium oxide and hydroxide segregate under ambient
conditions and heating accelerates this process.” As-synthe-
sized samples of K, (Fe,Ge),0, ,(OH), and K,,(Fe,Ti),0, ,(OH),
showed the same behavior at room temperature, yet apparently
slower than the unsubstituted oxohydroxoferrate. Ball-milling
drastically increased the surface area and induced faster
segregation of potassium hydroxide, also for other M substitu-
tions. After one day in air, a pellet of freshly ground K,
(Fe,Ti),0,.,(OH), was covered with an alkaline moisture film
(Figure S35, Supporting Information). The loose ball-milled
powder got clumpy and sticky after several days in air. Pressing
of this aged powder resulted in a very dense and crack-free
pellet together with a pressed out yellowish viscous alkaline
liquid, probably a highly concentrated and partially carbonated
KOH solution (Figure S36, Supporting Information). The wetting
of the solid by liquid KOH drastically improved the measured
ion conductivity. Aged samples of K, (Fe,M),0,.,(OH), (M=Ge,
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Figure 11. Potassium ion conductivity of ball-milled samples of K,_,
(Fe,M),0,.,(OH), (M=Fe, Si, Ge, Ti, Mn, Ir) measured at room temperature. “T"
marks annealed samples and “A” stands for aged samples.
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Ti, Ir) had an up to 30 times higher ion conductivity at room
temperature than the freshly ground ones. The highest value,
42-102Scm™', was measured for a pellet of aged K,
(Fe,Ti),0,.,(OH),.

Annealing the aged pellets at 700°C decreased the ion
conductivity to less than 107 Scm™'. Obviously, the liquid
phase on the surface had been dried. Moreover, no impedance
could be determined for the samples with M=Mn or Ir.
Hydrolysis in air and subsequent annealing had further
decreased the already low potassium content so that the
structure collapsed.

The ion conductivity depends on the concentration and
mobility of the potassium cations, which is of course very high
in a liquid KOH phase wetting a compressed powder. In the
solid oxohydroxoferrates, the successful hopping transport of
potassium atoms necessitates a sufficiently high number of
unoccupied K positions. The samples with the lowest potassium
content thus show the highest conductivity. The potassium
content can be reduced by substitution, partial hydrolysis in air
at room temperature, or by annealing. However, the pillar layers
in the structure collapse if too much potassium is removed.

The potassium ion conductivity at room temperature of our
unsubstituted K, Fe,0, (OH), (3.6-107* Scm™) is two orders of
magnitude lower than the one reported for “K,Fe,O,”
(5.0-1072Scm™"), which has basically the same structure and
was annealed following a similar procedure.”” The room
temperature ion conductivity in the here presented annealed
K,_«(Fe,I),0,_,(OH), (5.0-107° Scm™") is much higher than in the
unsubstituted ferrate and equivalent or even better than in
standard sodium or potassium ion conductors, like S-aluminate-
type ferrates (K,s;Fe;;0,;, 3.5-107°Scm™),%*! B-aluminates
(polycrystalline ”-aluminate, 1-107> Scm™),** or sodium super
ionic conductors (NASICON, Na; 121, 9sMgg5Si,PO;5,
3.5-1073Scm™). =

Conclusions

Phase-pure samples (8 g) of the substituted oxohydroxoferrates
K,«(Fe,;M),0,_.,(OH), (M=Si, Ge, Ti, Mn, Ir) were obtained from
hydroflux syntheses using a potassium hydroxide hydroflux
with a base-water ratio g(K) of about 0.9. It was found that the
composition of the hydroflux medium has to be adapted to the
batch size and the autoclave type. In addition, the reaction
parameters had to be adjusted for the specific element M to
prevent side phases. X-ray and neutron diffraction revealed that
all these compounds exist in two polytypes, one crystallizing in
the trigonal space group P31m and the other in the hexagonal
space group P6;/mcm with doubled ¢ axis. Typically the
trigonal polymorph dominates, but single-crystals of the
hexagonal polymorph of K, (Fe,Ti),0,,(OH), were also found.
The achieved degrees of metal substitution vary between 5 and
20%, which basically does not affect the antiferromagnetic
long-range order in this type of ferrates. On the other hand, the
potassium content could be reduced down to x=0.8, which
increased the ion conductivity substantially. Further improve-
ments of the ion conductivity were achieved by annealing the
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samples at 700°C and hydrolysis in air; both procedures cause
the segregation of potassium oxide or hydroxide. The highest
achieved potassium ion conductivity was 5-107° Scm™ (M=1r).
Higher ion conductivity might be caused by partial hydrolysis,
which leads to wetting of compressed powders by highly
concentrated liquid KOH.

Experimental Section

Synthesis

The substituted oxohydroxoferrates K,_,(Fe,M),0,.,(OH), (M=Si, Ge,
Ti, Mn, Ir) were synthesized in potassium hydroxide hydroflux
reactions. Syntheses were carried out in PTFE-lined 250 mL Berghof
type HR-200 autoclaves to prevent loss of water. The hydroflux
consisted of 160 g potassium hydroxide (86 %, Fisher Scientific) and
48 mL deionized water, except 50 mL for the germanium and
55 mL for the titanium substitution. The potassium hydroxide has
to be added slowly in 20 g portions to avoid boiling. Additionally,
the PTFE inlet was cooled with cold water. Before adding the
potassium hydroxide, 29.5 g (73 mmol) of Fe(NO;);-9H,0 (>98%,
Sigma Aldrich) and the additional starting material (SiO,: 0.88 g,
14.6 mmol, p.a., Honeywell; GeO,: 5.23 g, 50 mmol, 99.999 %-Ge,
abcer; TiO,: 1.14 g, 14.6 mmol, 99.9%, Alfa Aesar; Mn(NO,),-6H,0:
4199, 146 mmol,>97%, Sigma Aldrich; IrCl;-3H,0: 2549,
7.2 mmol, 99.9%-Ir, abcr) were dissolved/suspended in the deion-
ized water. In the case of the germanium substitution 20.2 g
(50 mmol) of Fe(NO,);-9H,0 were added. The autoclave was heated
to 200°C with 2Kmin™' and held for 15h at this temperature
before cooling to room temperature at the rate of 0.5 Kmin™'. The
products were washed quickly with deionized water to pH neutral-
ity and once with ethanol to improve the drying process. After the
washing, the products were dried in vacuum and stored under
argon.

Crystal structure determination

Intensity data was collected at 100(1) K with the four-circle
diffractometers Kappa Apex2 (Bruker) for M=Si, Ti, Mn and
SuperNova (Rigaku Oxford Diffraction) for M=Ge, Ir equipped with
a CCD-detector using graphite-monochromated Mo—Ka radiation
(A=71.073 pm). The raw data were corrected for background,
Lorentz and polarization factors®”, and multi-scan absorption
correction was applied.” The structures were solved using
ShelXT.?? Structure refinement against F,> with ShelXL®” included
anisotropic displacement parameters for all atoms. Graphical
representations of the structure were developed with Diamond.?"
Table 2 and Table S3 to Table S7 of the Supporting Information
contains crystal structure data. Further details of the crystal
structure determination are available on quoting the depository
numbers listed in Table 2.

Deposition Numbers 1875190, 2026748, 2026745, 2026746,
2026749, and 2026747 contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service www.ccdc.cam.a-
c.uk/structures.

Powder X-ray diffraction

Phase identification and purity examinations were performed by
PXRD at room temperature on an STADI P diffractometer (Stoe &
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Cie.) equipped with a Dectris Mythen 1K detector using Ge
monochromated Mo-Ka,, radiation (1=70.932 pm). The program
package Topas-Academics v.5 was used for Rietveld refinement.?

Neutron powder diffraction

The nuclear and magnetic characterization of K,_,(Fe,M),0,.,(OH),
with M=Si, Ti was carried out on the SPODI high-resolution powder
diffractometer at the research reactor Heinz-Maier-Leibnitz (FRM II)
in Munich. Diffraction data were collected at 4 K and 300 K using a
closed-cycle cryostat and a Ge(551) monochromator with a neutron
wavelength of 1=154.83 pm and a step width of 0.05°. The
detector bank consists of 80 spatially resolved *He counter tubes
(active measuring height: 300 mm; 2° angular range).”?*** Data for
M=Ge, Mn, Ir were measured at the Institute Laue-Langevin (ILL) in
Grenoble, using the D2B instrument with a wavelength of 1=
159.4 pm and the 10” primary collimator at 5K and 298 K.
Diffraction data were collected in 25 steps with a step width of
0.05°. The refinement of the nuclear and magnetic structure was
done with Jana2006.5® To minimize correlations, the components
of the magnetic moments that were refined to 0 within 30 were
fixed at this value. Table4 and Table S8 of the Supporting
Information contains crystal structure data.

Impedance spectroscopy

The oxohydroxferrates K,_,(Fe,M),0,_,(OH), (M=Fe, Si, Ge, Ti, Mn, Ir)
were ground using a planetary ball-mill and pressed into pellets
with a diameter of 10 mm and a thickness of about T mm. Of each
kind, one pellet was measured immediately and another was
annealed in air at 700°C for 12 h. Silver paste was used for
contacting. The ion conductivity was measured with the AC
impedance method using a VMP-3 (Biologic) potentiostat. The data
were collected in the range between 1Hz and 1 MHz with an
applied AC voltage of 10 mV.

Magnetic measurements

The magnetic properties were analyzed with a CRYOGENIC Cryogen
Free Measurement System (CFMS). The measured data were
recorded using a Vibration Sample Magnetometer (VSM) in the
temperature range from 1.8K to 300 K. The compound K,
(Fe,Ti),0,.,(OH), was analyzed with a SQUID magnetometer MPMS3
from Quantum Design in VSM mode in the temperature range from
1.8 K to 300 K.

SEM and EDX analysis

Scanning electron microscopy (SEM) was performed using a
SU8020 (Hitachi) with a triple detector system for secondary and
low-energy backscattered electrons (U,=5 kV). The composition of
selected single crystals was determined by semi-quantitative
energy dispersive X-ray analysis (U,=15kV) using a Silicon Drift
Detector (SDD) X-Max" (Oxford Instruments). The data were
processed (integration, pulse-pile up correction) applying the AZtec
software package (Oxford Instruments, 2013).

ICP-OES

The ICP-OES measurements were carried out on an Optima 7000
DV optical emission spectrometer (Perkin-Elmer) that can process
the wavelength range of 160-900 nm with a high-resolution echelle
optics (30° CaF, prism) on an SCD detector (resolution <7 pm).
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Carrier gas hot extraction

The hydrogen content of K,_,(Fe,M),0,_,(OH), (M=Si, Ge, Ti, Mn, Ir)
was analyzed with a TCH600 carrier gas hot extraction system from
Leco.
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