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The hydrothermal synthesis of hexagonal YMnOs and YbMnOs are reported using high KOH mineraliser concentrations (>10

M) and low temperatures (< 240 °C). The relation between reaction parameters and resulting phase purity were mapped by

ex situ and in situ X-ray diffraction. Excess Y20s resulted in two-phase product with hexagonal YMnOs with different lattice

parameters. An unusual microstructure was observed in which particles have a hexagonal shape with a highly crystalline

edge and either a hollow or polycrystalline interior. An Oswald ripening mechanism was proposed to explain this

phenomenon. Solid-state reactions and density functional theory calculations were performed to determine plausible defect

chemistry which can lead to the observed phases with different lattice parameters.

Introduction

Hexagonal manganites are a well-known class of multiferroics,
possessing both ferroelectric (Curie temperature > 950 °C) and
antiferromagnetic order (Néel temperature ~ 70 K).™ In addition,
hexagonal manganites are capable of tolerating oxygen hyper-
stoichiometry, giving potential for oxygen storage and oxygen
membrane applications.5® As with other piezoelectric materials,’
YMnOs; (h-YMnOs)
photocatalytic properties, as Wang et al. demonstrated that h-
YMnOs nanoparticles catalysed the degradation of methyl red.? In

hexagonal has been shown to display

this study, we focus on low temperature synthesis of h-YMnO; and
h-YbMnOjs through hydrothermal synthesis.

h-YMnOj; crystallises in the P63cm space group at room temperature
and consists of layers of corner sharing MnOs triangular-based
bipyramids with Y3* in between layers. This is the most
thermodynamically stable phase above 789 °C in the Y-Mn-O
system.!! Below this temperature, YMn,Os is the most stable phase.
The orthorhombic perovskite phase of YMnOs (0-YMnOs3) becomes
more stable than h-YMnOs at high pressures (~25 GPa), however, the
difference in lattice enthalpy between the two phases is small (<1 %)
over a wide pressure range (0-35 GPa) according to the model of
Jiang et al.> h-YMnOs can be converted to o-YMnOs at high
temperature and pressure.’>!* Oxidising conditions from nitrate
high
temperatures under ambient pressure also favours 0-YMnQ3.1>16 At
low temperatures 0-YMnO; possesses ferromagnetism (Néel

precursors during calcination and crystallisation at
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temperature ~ 40 K),'” and weak ferroelectricity (Curie temperature
~30K).8

h-YbMnOs is isostructural with h-YMnOs, but since Yb has a smaller
ionic radius than Y, h-YbMnO3 has smaller lattice parameters than h-
YMnOs. The orthorhombic perovskite phase of o-YbMnOs is less
stable (the smaller A-site lowers tolerance factor/geometric

stability).

Hydrothermal synthesis, which uses water as a solvent, reaction
temperatures above 100 °C and pressures above 1 bar, represents a
low temperature route to crystalline materials. A mineraliser is often
used to assist in the dissolution and transport of reactants. Dissolved
material is able to crystallise when it is supersaturated and the
degree of supersaturation has an important effect on the resulting
morphology of product particles.’®! The degree of supersaturation
is defined by the ratio of the product of activities of reactants at a
given time to that at the equilibrium condition.?? h-YMnOs has been
synthesised hydrothermally at < 250 °C from salt precursors,
producing nanorod structures,?® plate-like structures?* and
nanoparticles?®. Harunsani et al.?* used very high concentration of
KOH (9.4 g in 7 mL solution) for the reaction. Using a low
concentration?® or no hydroxide mineraliser?® have also been
reported for the synthesis of h-YMnOs. Stampler et al.?® reported on
the synthesis of hexagonal manganites in 3 M KOH from oxide
precursors, at temperatures depending on the ionic radius of the
rare-earth element, synthesising h-YMnOs; at 350 °C. The
hydrothermal synthesis of h-YbMnOs is simpler due to the lower
temperatures required for the reaction as Yb(OH)s is less stable than
Y(OH)s because the smaller Yb3* cation cannot easily accommodate
9-coordination.?”28 Qur own in situ X-ray diffraction (XRD) study on
the synthesis of h-YMnOs at 300 — 350 °C and 1 — 10 M KOH showed

that, as well as temperature, the mineraliser concentration plays a



significant role in the decomposition of Y(OH)s; to the more reactive
YO(OH) as an intermediate compound.?®

Here we report on the hydrothermal synthesis of h-YMnOs3 and h-
YbMnOs from oxide precursors (Ln,O3 (Ln =Y or Yb) and Mn,0s3)
and h-YMnOs from salt precursors (Y(NOs)s, MnCl;, KMnOy).
Specifically, we have investigated the low temperature synthesis (<
240 °C) with > 10 M KOH mineraliser. From a technical point of
view, the low temperature greatly simplifies the synthesis as it
allows the use of Teflon® liners for autoclaves, which are highly
resistant to corrosion, both under acidic and basic conditions. We
have determined the lower KOH concentration ([KOH]) and
temperature limits at which h-YMnOs; can form. We then studied
the effect of excess Y,03 in the synthesis, which resulted, peculiarly,
in two distinct phases of h-YMnOs with different lattice parameters.
The differences in terms of morphology between the two synthesis
routes (from oxide and salt precursors), as well as between the
higher temperature/lower mineraliser concentration route were
also examined. The simple Y,03-H,0-KOH system was investigated
to determine the resulting phases at different [KOH] and
temperatures. We have also compared the h-YbMnOs system to
that of h-YMnOs. We have found that single phase h-YbMnO3; was
formed below 180 °C, while we do observe two-phase material of h-
YMnOs in the X-ray diffraction patterns at 240 °C, when using both
excess Yb,03 and stoichiometric precursors. In situ XRD was used to
monitor reactions between Y,0;3 or Yb,03 and Mn,0s at different
temperatures to measure the differences between Y and Yb in
terms of rate and reaction progression, and to study the impact of
addition of MnCl,. Finally, solid-state reactions and density
functional theory calculations were performed to further elucidate
the effect of non-stoichiometry on the lattice parameters. The
results presented cover a wide parameter space and display the
substantial differences that temperature, and mineraliser choice
and concentration have on outcome of the hydrothermal synthesis
of hexagonal manganites in terms of phase purity and morphology.

Results

Effect of reaction parameters

The reaction between Y,03 and Mn,03 during hydrothermal
conditions has been studied using stoichiometric precursor
mixtures, and with excess Y,0s. The reaction with stoichiometric
Y,03 and Mn,03 resulted in ~97 wt% h-YMnOs with YMn,Os as a
minor secondary phase (Figure 1 (a), Table s1 reaction Y1). h-YMnO;
synthesised from Y(NOs)s, MnCl, and KMnO4 had ~89 wt% phase
purity with YMn,0Os also as the most prominent secondary phase
(Figure 1 (b), Table s1 reaction Y2). h-YMnOs; synthesised from the
oxide precursors resulted in a product with lattice parameters close
to literature values,® while the h-YMnOjs synthesised from salt
precursors had significantly larger a and smaller ¢ parameters
(Table 1).
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Figure 1: XRD patterns and Rietveld refinement (space group
P63cm) of h-YMnOs synthesised from (a) stoichiometric Y,03 and
Mn;03 in 12.5 M KOH at 240 °C (reaction Y1 in Table s1) and (b)
stoichiometric Y(NOs)3, MnCl, and KMnOQg, solutions in 12.5 M KOH
at 240 °C (reactions Y2 in Table s1). Numbers in brackets are errors
on the last digit.

To elaborate which synthesis parameters give a phase-pure
material, the temperature/[KOH] parameter space was studied to
find the effect on the synthesisability of h-YMnOs. The h-YMnO;
phase purity resulting from reactions between Y,03 and Mn,03 with
stoichiometric ratios, from 160 to 240 °C for 20 hand 5to 12.5 M
KOH are shown in Figure 2 (a). Generally, higher phase purities
were obtained using higher temperatures and [KOH].
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Figure 2: Scatter plot of temperature/[KOH] parameter space for
reactions between (a) Y203 and Mn,03 and (b) Yb,03 an Mn;03, (1:1
precursors, ~20 h reactions), with the resulting wt% of h-YMnOs or
h-YbMnOj3 formed on the colour axis.

When performing the synthesis using 12.5 M NaOH instead of KOH
at 240 °C, no h-YMnOs was formed (Figure S1); only Y(OH)3 and
NaMn,0¢-« Were observed.
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Table 1: Lattice parameters of different h-YMnOs; and h-YbMnO; materials. 12.5 M KOH was used in all cases. Errors on last digit given in

brackets.

Material Time (h) Reaction al(A) c1(A) a2(A) c2(A)
number

h-YMnOs literature values® 6.14151 11.4013
Y stoichiometric, 240 °C 20 Y1l 6.14038(4) 11.39508(8)
From Y(NOs)s MnCl, and KMnO, 20 Y2 6.16427(8)  11.37732(8)
Excess Y, 240 °C 20 Y3 6.1472(1) 11.3879(2) 6.1944(1)  11.3594(3)
Excess Y — 240 °C 63 Y4 6.1527(3) 11.3780(3) 6.1895(2)  11.3572(4)
Y4 heat-treated 1150 °C Y4b 6.14422(8)  11.4006(2) 6.1637(2)  11.3583(7)
Excess Y, MnCl; substitution 20 Y16 6.14491(6) 11.3937(1)
h-YbMnOs literature values3® 6.0584 11.3561
Excess Yb 150 °C 64 Yb3 6.10739(9)  11.3575(3)
Excess Yb, 180 °C 20 Yb4 6.1011(2) 11.3474(5)
Yb stoichiometric, 240 °C, 20 Yb6 6.062(2) 11.353(2) 6.0897(3) 11.3600(8)
Excess Yb, 240 °C 20 Yb5 6.0767(9) 11.347(1) 6.0971(2)  11.3571(5)

Effect of excess Y

The use of 15 mol% excess Y in the precursor mixture was studied
because of the propensity for the formation of the Y-deficient phase,
YMn,0s. The use of excess Y resulted in two distinct phases of h-
YMnO; with different lattice parameters; a low-a, high-c lattice
parameter phase and a high-a and low-c parameter phase, which is
manifested by the appearance of peak splitting in the XRD patterns.
Figure 3 compares the XRD patterns of h-YMnOs; formed using excess
Y for 20 and 63 h compared to a product formed under stoichiometric
conditions (reactions Y3, Y4 and Y1 in Table sl, respectively).
Secondary phases of YMn,0s, Y(OH); and KMn,0¢« were also
present after 20 h, however, no YMn,0s was observed after 63 h.
Lattice parameters for the h-YMnOs products are included in Table 1.
The single h-YMnOs phase, resulting from the stoichiometric
precursors, has a smaller a lattice parameter and larger c lattice
parameter, closer to literature values,” than both phases observed in
the product of the excess Y reaction.
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Figure 3: XRD patterns and Rietveld refinements (space group P6scm)
of h-YMnOs3 synthesised hydrothermally at 240 °C in ~12.5 M KOH
with (a) stoichiometric precursors (20 h), (b) 15 mol% excess Y (20 h),
and (c) 15 mol% excess Y (63 h). Reactions Y1, Y3 and Y4 in Table s1.
Components shown: two calculated h-YbMnOs phases (green and
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purple), total fit (red), measured pattern (black circles), and
difference between the measured pattern and fit (blue).

Our preliminary hypothesis was that the two h-YMnO3; phases had
different oxygen stoichiometries, as tolerance for excess oxygen in
hexagonal manganites and the effect this has on the lattice
parameters is well documented (increase in a, reduction in c), due to
the ability for Mn(lll) to oxidise to Mn(IV).58 However, after
conducting in situ heating experiments on the powder, it was found
that the peak splitting resulting from different a parameters did not
disappear on heating to 600 °C, although the ¢ parameters appeared
to have converged on cooling (Figures S2 (a) and (b)). Ex situ XRD
showed that peak splitting had not completely disappeared after
heating to 1150 °C. The a parameters were reduced in both phases,
while the ¢ parameter was significantly increased in one of the
phases. Significant amounts of Y,0; also appears in this powder
(Table 1 reaction Y4b, Figure S2 (c)). The two distinct h-YMnOs phases
likely have different Y:Mn ratios, though it is unclear why they form.
On heating to 1150 °C, there is diffusion of Y out of non-
stoichiometric YMnOj3, forming Y,03, leading to the observed lattice
parameter changes. Fedorova et al. reported that the h-YMnOs
system is capable with tolerating excess Y, at least above 900 °C .3!
However, it is not stated if the samples retained the non-
stoichiometry on cooling to room temperature. Under reducing
conditions in which 5 mol% MnCl; is substituted for Mn,03 (by mole
of Mn) (reaction Y16), only a single phase of h-YMnOs is observed
with lattice parameters close to the literature values® (compared
with values in the high a, low c phases in other samples) (Table 1).

Particle morphology

h-YMnOs; formed from Y,03 and Mn;03 at 240 °C and > 10 M KOH
(Figure 4 (a) and (b)), often with
hollow or rough interior compared to those made at high
temperature (=300 °C) and moderate mineraliser concentration (<5

have a hexagonal prism shape

M), as shown in our previous work where hexagonal plate like
morphologies were formed.?® The crystals prepared at 240 °C and >
10 M KOH from the salt precursors have a polygonal plate-like

J. Name., 2013, 00, 1-3 | 3
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morphology, often with a hollow or partially hollow centre (Figure 4

(c)).
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Figure 4: SEM images of h-YMnO3 synthesised from Y,03; and Mn,03
at 240 °C in ~12.5 M KOH with (a) stoichiometric precursors (~ 20 h)
(reaction Y1), (b) 15 mol% excess Y,03 (~ 20 h) (reaction Y3) and (c)
h-YMnO; synthesised from Y(NOs);, MnCl, and KMnO4 (~ 20 h),
(reaction Y2).

To investigate the mechanism for the particle hole formation, the
reaction between Y(NOs);, MnCl; and KMnO,4 was performed at 240
°C for 6 to 72 h, and the particle and hole sizes were measured from
each sample using SEM. There was no correlation between reaction
time and particle size. There appears to be a larger proportion of
particles with holes as the reaction time increases, however, there is
no obvious correlation between the sizes of holes and reaction time
from 24 h onwards (Figures S3 and S4).

h-YbMnO;

The synthesis of h-YbMnOs from Yb,03 and Mn;,03 was studied in the
temperature range 120 — 240 °C using 1 to 12.5 M KOH. h-YbMnOs;
can be formed under milder conditions than h-YMnOj; as the data in
Figure 2 show; > 80 wt% h-YbMnO3; was synthesised at 1 M KOH and
240 °C, whereas no h-YMnOs; formed at 5 M KOH and 240 °C. The
reactions at 180 °C and 240 °C in 12.5 M KOH with 15 mol% excess
Yb,03 yielded phase purities of ~ 99 wt% after 20 h. The same
reaction at 150 °C resulted in h-YbMnOs with a phase purity of ~9
wt%, with secondary phases of YoO(OH) and Mn,0s after 20 h. At ~64
h this reaction gave 88 wt% h-YbMnQOs, and the reaction at 120 °C for
7 days resulted in ~7 wt% h-YbMnOs; with unreacted YbO(OH) and
Mn,03; comprising the rest of the product. At 240 °C, two-phase h-
YbMnOs; was obtained as seen from the diffractograms in Figure 5,
both when using excess Yb and stoichiometric precursors. Unlike in
the case of h-YMnOs, the two phases were observed when using
stoichiometric precursors, as well as when using excess Yb. Lattice
parameters of the h-YoMnOs; phases included in Table 1 show that
when excess Yb is used, the a lattice parameters are consistently
larger than the values reported by van Aken et a/.%° (a = 6.0584 A, ¢
= 11.3561 A), however, when stoichiometric Yb:Mn precursors are
used, one phase has an a lattice parameter closer to the reported
value, although there is also a second h-YbMnOs phase present with
larger lattice parameters. This may be an indication of excess Yb in

4| J. Name., 2012, 00, 1-3
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the structure analogue to what was observed for h-YMnOs, Fedorova
et al. showed that h-YbMnOs tolerates excess Yb above 900 °C.32 All
reactions from stoichiometric Yb,03 and Mn,03 using < 10 M KOH
resulted in no peak splitting in the diffractograms of the resulting h-
YbMnOs.
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Figure 5: XRD patterns and Rietveld refinements (space group P6scm)
of h-YbMnOs synthesised from Yb,03 and Mn,03; using 15 mol%
excess Yb in 12.5 M KOH at (a) 150 °C for 64 h (reaction Yb3) and (b)
180 °C for 20 h. h-YbMnOs synthesised at 240 °C for 20 h in 12.5 M
KOH (reaction Yb4) with (c) 15 mol% excess Yb,0s3 (reaction Yb5), and
(d) stoichiometric precursors (reaction Yb6). Components shown:
two calculated h-YbMnOs phases (green and purple), total fit (red),
measured pattern (black circles), and difference between the
measured pattern and fit (blue).

Yan in KOH

We now turn to the impact that mineraliser (KOH) concentration has
on the Y,03-Y(OH)3-YO(OH) system, finding that higher temperatures
and [KOH] generally leads to greater fractions of YO(OH) and smaller
fractions of Y,03. However, when no KOH was present, more YO(OH)
was observed than at low or moderate [KOH]. Weight fractions of
Y,03, Y(OH)3, and YO(OH) under different conditions are shown in
Figure 6. This is in line with our previous in situ study on the synthesis
of h-YMn03.2°

This journal is © The Royal Society of Chemistry 20xx
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Figure 6: Bar graphs of weight fractions of phases from the reaction
of Y,03 in KOH solutions of different concentrations for 5 h; 0, 1, 5,
10, 12.5, and 14.5 M, and at different temperatures; (a) 100, (b) 240,
(c) 300 and (d) 320 °C. *At 1 M KOH and 100 °C an unknown phase
appeared.

Kinetics

In situ measurements of hydrothermal reactions between Y,03; or
Yb,03 and Mn,03; were made using synchrotron XRD. Kinetic data
from these studies are shown in figures 7 and 8, with phase
evolution data shown in Figure S8. Figure 7 shows the evolution of h-
LnMnOs over reaction time (circles and lines) along with the
corresponding fits modelled using the Avrami model,333* which has
some history in the interpretation of hydrothermal kinetic data,3>
(solid lines); Y = 1 — e Kt" \where Y is the extent of reaction, K is
the rate constant, and n is an exponent related to the reaction
mechanism and crystal growth dimensionality.333> The extent of
reaction was determined from the Rietveld refined scale factor of h-
YMnOs which was normalised to the scale factor at the end of the
reaction. The sudden change in rates for Yil (240 °C) and Yi4 (300 °C)
visible in Figures 7 (a) and (c) coincide with the exhaustion of Mn,03
and a change of reaction mechanism from which Y(OH)s; or YO(OH)
and Mn,0; directly to one where the Y compounds react with
YMn,0s which is much slower due to the higher thermodynamic
stability and lower solubility product of the YMn,0s compared with
Mn,0s. The In(K) values extracted from the fits are plotted against
1/T in Figure 8 for different reactions. The time = 0 point was chosen
for each reaction such that n = 2.5 for every reaction so that the K
values were comparable. These data show that the reaction rates at
270 and 300 °C are independent of whether Y or Yb are used in the
reaction. Additionally, when Y,0s3 is used, the addition of MnCl; has
no impact on the reaction rate, although it does substantially impact
the resulting phase purity (Figures S8 (a) and (b), Table s1 reactions
Yil and Yi2). However, the rate of reaction between Yb,0; and
Mn,03 at 240 °C is substantially impacted by MnCl,, with the reaction
occurring much faster; the reaction rate is similar to the reaction
without MnCl; at 270 °C.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7: Evolution of the scale factor of h-YMnOj3 over time for the
reaction between Y,03 or Yb,03; and Mn,03 with 15 mol% excess Y
or Yb (a) with and without MnCl, added to the reaction at 240 °C
(Table s1: Yi1, Yi2, Ybil, Ybi2), (b) at 270 °C (Yi3, Ybi3), (c) at 300 °C
(Yi4, Ybi4). All reactions were done in 10 M KOH. Measured data
shown by line and symbol, fits shown by solid lines.
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Figure 8: In(K) plotted against 1/T, where K is the rate constant and
T is temperature for the reaction between Y,0;3 or Yb,03 and Mn,03
in 10 M KOH with 15 mol% excess Y or Yb unless otherwise stated.
Data taken using fitting parameters from Figure 7 (reactions Yil —
Yi4 and Ybil — Ybi4 in Table s1).

Discussion

Parameter space for YMnOj3 synthesis

Generally, high phase purity h-YMnOs can be achieved using high
temperatures and high [KOH]. From the parameter space studies
between 160 and 240 °C and 2.5 and 12.5 M KOH, at least 10 M KOH
and 220 °C are required to achieve > 90 wt% phase purity. It is worth
noting that there have been reports of low mineraliser concentration
reactions at 240 °C,>%5 however, we have not been able to
reproduce these results. Additionally, the mineraliser type is
important; we see h-YMnO3 forms when using KOH, but not using
NaOH at the same concentrations. The formability is related to the
stability of the Y(OH); transient phase, which itself is dependent on
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these factors; higher temperatures and [KOH] leads to more
dehydration of Y(OH); to YO(OH), and more hydration of Y,03 to
Y(OH)s (Figure 6). It is also evident that at 240 and 300 °C, in the
absence of KOH, more YO(OH) forms than with low or moderate
[KOH]. We also observed a similar effect in our previous in situ study,
in which 1 M KOH at 320 °C caused the concurrent formation of
YO(OH) and Y(OH)s during the reaction between Y,0; and Mn;0s3,
whereas with 5 M KOH, much less YO(OH) was formed, and it only
appeared after the appearance of Y(OH)s. This suggests that in the
absence or in low concentrations of KOH mineraliser, there can be a
1-step formation of YO(OH) from Y,03;, whereas at higher KOH
concentrations, a 2-step formation of YO(OH) (via Y(OH)s) occurs.
Figure 2 then shows how this translates into h-YMnO; formation;
there is a clear trend that high temperature and [KOH] lead to higher
h-YMnO; phase purities. However, h-YMnOs was formed under
conditions that were too mild to form YO(OH) from Y,03 in KOH
solution. Our in situ study did show that YO(OH) was present under
milder conditions in the reaction between Y,03; and Mn,03 in KOH
solution, compared with only Y,03 in KOH solution.?®

Microstructure

The microstructure of h-YMnOjs is different in the low temperature
(<240 °C), high [KOH] (= 10 M) region of parameter space (Figure 4)
from the high temperature (=300 °C) moderate [KOH] (< 10 M) as we
have seen in our prior work, in which we observed thin hexagonal
crystals ~ 10 Bm across.?® In the case of using the oxide precursors,
thick plate-like structures, often with rough or porous interiors are
formed, and in the case of using salt precursors, thin plate-like
structures often with holes in the centre are formed.

Both may have similar origins, with the different shapes originating
from different precursor particle sizes. One possible explanation is an
Ostwald ripening mechanism in which a polycrystalline core dissolves
while the more crystalline particle edge grows. Support for this
mechanism for the material synthesised by the oxide route can be
seen in the SEM image in Figure 4 (a), in which thick plate-like
particles can be seen with rough, polycrystalline cores and smoother,
more crystalline edges (annotations in figure). This type of
mechanism has been widely reported for hollow circular and
spherical polycrystalline particles.363% A schematic of the Oswald
ripening mechanism is shown in Figure 9.

An alternative mechanism for the hole formation was described by
Budhysutanto et al. for the preparation of Mg-Al double hydroxide.3®
In their work, they suggested that hollow plate-like crystals formed
by a large difference in solubility of two precursors, with the more
soluble precursor depositing around the less soluble one, causing the
reaction, and the less soluble precursor gradually eroded. This
mechanism is an attractive possibility considering the resemblance
between their Mg-Al hydroxide particles with the h-YMnOs
synthesised by the salt route (Figure 4 (c)). Y:Mn ratios measured by
energy dispersive X-ray spectroscopy (EDX) did not show any obvious
gradients, either within a sample, or between different samples
(Figures S5 and S6), showing that this mechanism is less likely to
occur. A time-dependent study on the h-YMnOj3 synthesis using salt
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precursor, showed that after 6 h, the reaction was mostly complete,
while all the thin plate-like particles were found to be dense. It was
only samples that had been reacted for longer time that holes
appeared (holes observed at 24 h), suggesting that the hole forms
after the initial reaction (Figures S3 and S4).

L K & SORS

Figure 9: Suggested mechanism for the formation of hollow plate-
like particles (such as in Figure 4(c)) by Ostwald ripening followed
by crystal growth.

Two-phase materials

The formation of two h-YMnOs phases in the reaction between
excess Y03 and Mn,0s is likely the result of different particles with
different Y:Mn ratios in the final structures, whether manifested by
manganese vacancies or yttrium antisites. Based on the lattice
parameters, it appears that both phases of h-YMnO3 have an excess
of Y, but to different extents. It is also uncertain if the Y:Mn non-
stoichiometry exists throughout the reaction, or if the excess Y is
incorporated into the structure later. Interestingly, under reducing
conditions, but with excess Y (reaction Y16), we do not observe two
phases of h-YMnOs, which implies that oxidation of Mn is also an
important factor. The ex situ powder diffraction pattern of a two-
phase h-YMnOs sample synthesised from Y,03 and Mn,05 (1.15:1) in
12.5 M KOH (repeat of Y3) was measured using synchrotron radiation
to get better resolution and signal to noise than is possible from a lab
diffractometer (zoom of the refined pattern shown in Figure S9). The
refined Mn occupancies and lattice parameters are reported in Table
2. These data show that the difference in lattice parameters from
those of the stoichiometric phase® correlates with a reduction in the
relative amount of Mn in the structure.

Table 2: Refined lattice parameters and Mn occupancy of two h-
YMnOs; phases from a hydrothermally synthesised sample from
synchrotron XRD data. Error on last digit in brackets.

Phase a(A) c(A) Mn occupancy
h-YMnO5 1 6.1501(2) 11.3782(4) 0.886(7)
h-YMnOs2  6.1917(2) 11.3524(4) 0.728(6)

To clarify the effect of excess Y on bulk h-YMnOj; for comparison with
the samples in Table 1, a series of Y1.,xMnO3; materials with x = 0,
0.014, 0.042 and 0.083 was prepared by solid-state reaction and
investigated by laboratory XRD and Rietveld refinement with results
presented in Table 2. Compositions were chosen to match the
supercell stoichiometries for the DFT calculations presented below.
Full series of XRD patterns are presented in the Supplementary
Information (Fig. S7). Compared to hydrothermal synthesis, the solid-
state reaction method offers excellent control of nominal cation
stoichiometry and the clear trend is that excess Y expands both
lattice parameters a and c. This supports the hypothesis that the two
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Table 3: Refined lattice parameters of solid-state prepared h-Y1.xMnO3 materials with different cation stoichiometries. Errors on last digits

given in brackets

xin h-Y1xMnO;  a (Np) (A) c(N2) (A) a1(0y) (A) c1(0y)(A)  a2(0y)(R)  c2(0)(A)
0.000 6.13833(5)  11.3961(1)  6.13880(5) 11.3934(1)  6.2042(6) 11.085(1)

0.042 6.14319(7)  11.4168(1)  6.15339(9) 11.3863(2)  6.1867(2) 11.2432(7)
0.167 6.14414(6)  11.4228(1)  6.1609(2) 11.3701(4)  6.1885(2) 11.2405(5)

phases observed have different lattice parameters as a consequence
of different cation stoichiometries. To assess the effect of oxygen
stoichiometry, XRD was performed after heat-treating the solid-state
samples in flowing N, at 1000 °C and O, at 300 °C, respectively. The
refined lattice parameters are presented in Table 3 and show that
regardless of the atmosphere, Y excess induces expansion of the a
lattice parameter. Interestingly, an expansion of the c lattice
parameter with Y excess in N; is observed, while a contraction is
observed in O,. After the oxidation under O, flow at 300 °C, two h-
YMnOs; phases, with large differences in lattice parameters,
especially ¢, are observed in the samples due to differing degrees of
oxidation in different particles within the samples. The sample
synthesised with 16.7 % excess Y also contained significant Y,03 after
heat treatments: 6 wt% after N, annealing, and 8 wt% after oxidising
in O, as determined by Rietveld refinement.

As the point defects resulting from Y excess are not known, DFT
calculations were performed where the geometries were optimised
for Y1.xMnOs supercells with the same x values as the solid-state
samples. Two different scenarios were investigated as described in
Kroger-Vink notation;

1. Y excess caused by Mn vacancies:

1
2

Mn,;_403

Y
Y,05 + 3Mnjy, ——— Y¥ + Viin + 3Mnjy, + 303

2. Y excess caused by Mn on Y sites:

Y14xMn;_x03 3

Viin +5

1 X

§Y203 05

The relaxed lattice parameters presented in Table 4 show that both
scenarios are predicted to expand the lattice parameters of h-
YMnOs. Comparison with the experimental data in Table 2 is non-
trivial as it is not known from experiment what the different
stoichiometries of the two phases are. It can thus not be ruled out
that both Mn vacancies and Y antisites are present, but in different
concentrations as DFT predicts Y antisites to give a much stronger
expansion than Mn vacancies. The reason for this difference is that
Y3* is larger than Mn3*, causing a strong expansion of the lattice.
Here, Mn vacancies are charge compensated by oxidising three
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adjacent Mn3* (0.58 A, C.N. = 5) to Mn* (0.46 A, CN. = 5,
interpolated)® rather than with oxygen vacancies, which would also
contribute to lattice expansion.*! Oxygen-rich conditions where a
fraction of Mn3* is oxidised to Mn* was deemed more relevant to
hydrothermal conditions than compensating Mn vacancies by
oxygen vacancies.

Table 4: DFT
concentrations (x) and mechanisms of Y excess.

calculated lattice parameters for different

X in h- a (VMn) c (VMn) (A) a (YMn) c (YMn) (A)
Y1,,MnO; (A) (A)
0.000 6.0996 11.4216 6.0996 11.4216
0.042 6.1016 11.4203 6.1087 11.4702
0.167 6.1136 11.4281 6.1346 11.6316

The appearance of two phases was observed also when h-YobMnO3;
was synthesised at 240 °C, both when prepared using excess Yb,03
and for stoichiometric precursors, however the two phases were not
observed at lower temperatures (< 220 °C). The a lattice parameters,
however, were consistently higher compared with reported values
when using excess Yb,0s. Just as with the h-YMnOs, we propose that
this is the result of non-stoichiometry between Yb and Mn in the
structure, although it is unclear how the two-phase system forms.
Jeuvery et al.*° synthesised h-YMnOs; with up to 10 mol% excess
yttrium and found that both lattice parameters increased up to an
excess of approximately 5 mol% yttrium in the precursor. The a
parameter was found to increase from 6.135 A to 6.141 A, and the ¢
parameter from 11.387 A to 11.396 A. Here, we have observed much
larger differences in lattice parameters, with a parameters ranging
from 6.140 A to 6.189 A across all samples, and from 6.145 A to 6.186
A within a single sample (Table 1).

Comparison of yttrium and ytterbium systems

The synthesis of h-YbMnOs; was investigated with [KOH] from 1 to
12.5 M, and temperature from 120 to 240 °C. A lower temperature
was used in the reaction because the Yb(OH)3; — YbO(OH) transition
temperature is lower compared with that in the Y system.
Additionally, the YoMn,0s secondary phase does not form as easily
as YMn,0s, which makes longer reaction times feasible for improving
phase purity under mild conditions. However, the kinetics are very
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different as the low temperatures reduce the overall rate of the
reaction; we observed that the reaction at 150 °C and 12.5 M KOH
still had unreacted precursor after > 60 h reaction, and at 120 °C very
little h-YbMnOs had formed after 7 days, even though the
dehydration of Yb(OH)s; to YbO(OH) did occur. The hydroxide to
oxyhydroxide transition is therefore not the only factor determining
the formability of hexagonal manganites, and precursor solubility
and diffusion length are clearly important factors as well.

Kinetics and reaction progression

In situ X-ray diffraction was used to probe reactions between Y,03 or
Yb,03 and Mn;03 in 10 M KOH between 240 and 300 °C. From the
phase evolution data in Figure S8, all reactions with Yb,03 progressed
via YbO(OH) without the appearance of Yb(OH)s, whereas the Y,03
reactions either subsequently progressed from Y(OH); to YO(OH) (at
270 and 300 °C, or no YO(OH) was observed and h-YMnOs appeared
directly from Y(OH)3 intermediate. At 270 and 300 °C there is little
difference in the rates of reaction between Yb,03 and Y,03, however
at 240 °C, larger differences appear. It is difficult to explain why the
Yb,03 reactions with and without MnCl, behave so differently, while
the reaction between Y,03; and Mn;0s is affected little in terms of
rate on addition of MnCl,.

Two-phase h-YMnOs was only observed during one in situ reaction
which was performed at 270 °C (Yi3). The two phases appear to grow
concurrently in the early phase of the reaction, but the proportion of
the minority h-YMnOj3 phase continues increasing at the expense of
the majority h-YMnOs; phase after the reactants have been depleted.
In this case the minority phase had the smaller a-parameter and
larger c-parameter, i.e. the phase closer to stoichiometric Y:Mn ratio
(h-YMnO3 1 in tables and figures). This indicates that the two phases
were not in equilibrium, and that Y may have been leaching out from
the large a small c phase (h-YMnOs 2 in tables and figures).

Conclusions

We have investigated the hydrothermal synthesis of h-YMnOs and h-
YbMnOs below 250 °C with 12.5 M KOH. Considerable differences
were observed between the reaction products when using
stoichiometric precursors and excess Y; with excess Y two distinct
phases of h-YMnO3 with different lattice parameters form. This likely
results from different Y:Mn stoichiometries in the two h-YMnOs
phases. This explanation is supported both by complimentary DFT
calculations, refinements of in situ and ex situ synchrotron powder
XRD data, and studies on Y rich bulk samples prepared by solid-state
reaction. Additionally, the morphologies are considerably different
from h-YMnOs synthesised at > 300 °C and in 5 M KOH, which has a
hexagonal plate morphology, and from that synthesised at 240 °C in
12.5 M KOH from salt precursors, which has a plate structure, often
with a hollow centre. There is a definite link between YMnOs;
formability and temperature and mineraliser concentration, which is
in turn related to the stability of Y(OH); and its transition to YO(OH).
The two-phase system is observed generally both for h-YMnO3; and
h-YbMnOs when using high temperatures and KOH concentrations.
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Experimental

Hydrothermal synthesis:

Mn,03 (99 %, Sigma Aldrich) heat-treated at 600 °C to reduce MnO,
secondary phase visible from XRD, Y03 (99.9 %, Alpha Aesar), Yb,03
(99.9 %, Sigma Aldrich), Y(NOs)s.6H,0 (99.8 %, Sigma Aldrich),
MnCl,.4H,0 (99 %, Sigma Aldrich), KMnO4(99.0 % Sigma Aldrich), and
KOH (Sigma Aldrich, 90 wt%) were used in this study.

Synthesis from oxide precursors was performed by mixing Y,03
(0.371 or 0.426 g) or Yb,05 (0.647 or 0.744 g) (1:1 or 1.15:1 molar
ratio with Mn,0s, respectively) and Mn,05 (0.259 g), with a pestle
and mortar until the mixture formed a uniform grey colour. These
were then added to a 23 mL Teflon lined steel autoclave. To this,
water (7 or 9 mL) was added (for 14.5 M and 12.5 M solutions
respectively), followed by addition of KOH flakes (10 g) over the
course of 30 min (KOH had not fully dissolved at this point). The
autoclave was then sealed and transferred to a preheated oven and
heated for the given reaction time and removed while hot. Powders
were collected by filtration, washed with deionised water, and dried
for ~5hat 110 °C, then ground using a pestle and mortar. A summary
of different reactions is shown in Table s1. Reaction Y16, in which
Y,03, Mn;03 and MnCl, were added in an ionic ratio of
1.15:0.95:0.05, was prepared similarly: Y,03 (0.426 g) and Mn,03
(0.246 g) were ground together with a pestle and mortar, then added
to a Teflon® liner. MinCl,.4H,0 (0.016 g) was then added, followed by
deionised water (9 mL) and KOH (10 g). The reaction was performed
at 240 °C for 20 h.

The heat-treatment of 2-phase h-YMnOs; was performed at 1150 °C
for 5 h using heating and cooling rates of 200 °C/h using a
Nabertherm furnace.

For reactions of Y,03 in KOH solutions below 250 °C, stock solutions
(10 mL) were used to for reactions involving 1, 5 or 10 M KOH, and
higher concentrations were prepared using solid KOH. Above this
temperature, a 100 mL Monel (Ni/Cu alloy) autoclave was used with
20 mL of solution. Reactions were run for 5 h.

Synthesis of h-YMnOs; from Y(NOs);, MnCl, and KMnO,4 was done
using stock solutions of concentrations 0.50, 0.50, and 0.12 M,
respectively in a 5:4:1 molar ratio, similar to the method of Harunsani
et al.?* Y(NOs)s solution (3 mL) and KMnOQ4 (2.5 mL) were added to a
Teflon liner, to this, deionised water (1 mL) was added, and then
KOH flakes (10 g) over the course of 30 mins. After this MnCl, solution
(2.4 mL) was added, turning the solution brown in colour. The
reactions were performed at 240 °C for ~ 20 h. A summary of this
reaction (Y2) is included in Table s1.

In situ X-ray diffraction data were taken at The Swiss-Norwegian
beamlines (BMO01) at ESRF, Grenoble, France. A 0.73074 A
wavelength beam was used. Reactions were performed in sapphire
capillaries with pressure provided using an HPLC pump connected via
steel tubing and Swagelok® parts.2>*! The capillary was held by a
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custom-built cell attached to a goniometer head. Reaction codes in
Table s1 containing an ‘i’ denote in situ reactions.

X-ray diffractograms were recorded on a Bruker D-8 Focus with Cu
Koz and ko, radiation, with a small amount of KB;. The emission
profile was calibrated with a LaBg standard. The detector was a
LynxEye SuperSpeed Detector. Rietveld refinements were performed
using Topas 5.%2 Scanning electron microscopy was done using a Zeiss
Supra 55 VP microscope. Crystallographic information files used for
refinements: h-YMnOs (P6scm),> h-YbMnOs (P6scm),°® Y(OH)s
(P63/m),** YO(OH) (P12:/m1),** YMn,0s (Pbam),*> KMn;Os
(P63/mmc),*® YbO(OH) (P12:/m1).4

Solid-state reaction:

Y1.xMnO3 bulk powders were prepared by conventional solid-state
reaction. Dried Y,03 (99.99 %, Sigma Aldrich) and Mn,053 (99 %, Sigma
Aldrich) were mixed in ethanol in a mortar. Uniaxially pressed (40
MPa) pellets (#=15 mm) were fired in air at 1450 °C for 12 h. Next,
bulk powders from crushed pellets were annealed at 1000°C in N> (g)
flow for 1h and quenched to room temperature. Subsequently, the
bulk powders were heated in O; (g) flow at 300°C for 1 h to oxidise,
and subsequently cooled to room temperature at a rate of 4.1°C/h.
X-ray diffractograms were recorded after each heat treatment using
a Bruker Davinci-1 diffractometer with Cu K, radiation collecting
data for 1h over 10-75° 260. Rietveld refinements were performed
using Topas 5.%2, with initial crystallographic data from ref. >,

Computational details:

Density functional theory calculations were carried out using VASP*8-
50 Y (4s, 4p, 5s), Mn (3s, 3p, 3d, 4s) and O (2s, 2p) were treated as
valence electrons, with a plane-wave cut-off energy of 550 eV. A
combination of PBEsol+U>>%2 with U=5 eV on Mn 3d and a frustrated
anti-ferromagnetic ordering on the Mn sublattice was used to
reproduce the experimental lattice parameters* and the electronic
band gap.>® Brillouin zone integration was performed on a T-
centered k-point grid with a density of 4x4x2 for the 30 atoms unit
cells, and 2x2x2 for the 120 atom 2x2x1 supercells. Lattice
parameters and atomic positions were relaxed until residual forces
on all atoms were below 0.005 eV/A. One manganese vacancy or Y
antisite per supercell were introduced, corresponding to the
stoichiometries YMn1403 or Y1.,Mn140s, respectively, with x=1/6
(~0.167) for the unit cell calculations and x=1/24 (~0.042) for the
2x2x1 supercell calculations.
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