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ABSTRACT: Lithiation of hydrothermally synthesized
Li,_,Fe, (OH)Fel Se turns on high-temperature supercon-
ductivity when 1r0n ions are displaced from the hydroxide
layers by reductive lithiation to fill the vacancies in the iron
selenide layers. Further lithiation results in reductive iron
extrusion from the hydroxide layers, which turns off super-
conductivity again as the stoichiometric composition Li(OH)-
FeSe is approached. The results demonstrate the twin
requirements of stoichiometric FeSe layers and reduction of
Fe below the +2 oxidation state as found in several iron
selenide superconductors.

B INTRODUCTION

Iron selenides have emerged as an important class of iron-based
superconductor. Fe, ;Se is a superconductor with a transition
temperature T. of 8.5 K,' which is very sensitive to
composition.” KysFe, ¢Se, and related phases® contain large
concentrations of vacancies in the selenide layers,* which are
detrimental to superconductivity, but regions of these samples
may be vacancy-free and exhibit superconductivity.” Iron
selenides in which the iron selenide layers contain few or no
vacancies and in which iron is reduced below the +2 oxidation
state show high-temperature superconductmty Examples are
alkali metal/ ammonia intercalates of FeSe® ® and the recently
discovered”’ hydroxide selenides Lll_xFex(OH)Fel_ySe, synthe-
sized hydrothermally with x & 0.2 and 0.02 < y < 0.15, which
superconduct when y < 0.05."” We quantified the relationship
between composition, structure, and superconducting T, in
these hydroxide selenides and have shown that reductive
lithiation using Li in liquid ammonia (Li/NH,), following the
hydrothermal synthesis, reduces y to zero: incoming lithium
displaces iron ions from the hydroxide layers into the vacant
sites in the selenide layers (Figure 1) according to eq 1 yielding

bulk superconducting compositions Li;_,,,Fe,_,(OH)FeSe. 10

yLi + Li,_ Fe (OH)Fe,_ Se — Li_,, Fe,_ (OH)FeSe

(1)

This report of the control of these compounds was in
principle not able to disentangle the importance of reduction of
Fe below the +2 oxidation state and full occupancy of the Fe
sites in the selenide layer. Here we extend the soft chemistry of
these compounds to approach the composition Li(OH)FeSe,
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Figure 1. Structure of Li,_ Fe (OH)Fe1 Se and a schematic of the
reactions described by eq 1 (z = 0) and eq 2 (z > 0) showing the
displacement of iron by incoming Li.

which is not a superconductor, showing that reduction of iron
below the +2 oxidation state is essential for superconductivity,
in line with a recent computational report.""

Furthermore, some superconducting compositions synthe-
sized hydrothermally show an apparent magnetic ordering
transition at ~12 K, which has been ascribed to ferromagnetic
ordering of the Fe?* moments in the LiygFey,(OH) layers,12
although other experiments initially suggested that these iron
ions participate in anti—ferromagnetism.13
clarify this magnetism in the LijgFey,(OH) layers of hydro-
thermally synthesized samples that lie outside the super-

In this article we also

conducting regime.
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B EXPERIMENTAL SECTION

Synthesis. Hydrothermal synthesis of Li;_,Fe,(OH)Fe,_,Se
phases was performed using modifications of the methods reported
in the literature.”'”'* We used presynthesized2 Fe,(,Se as the source
of Se and most of the Fe and excess LIOH to provide basic conditions.
We exerted some control over the Fe/Se ratio in the products by
including additional Fe powder in the synthesis. We also tested a route
in which elemental Se and Fe were the sole sources of these elements.
This enabled products to be synthesized hydrothermally with a larger
Fe deficiency in the selenide layers of Lil_xFex(OH)Fel_ySe (y as large
as 0.2) than has been reported previously. However, the use of
elemental reagents resulted in the persistence of poorly crystalline
tetragonal FeSe as a minority phase. Further synthetic and
characterization details are reported as Supporting Information
(Tables S1 and S2; Figures S1—54).

Subsequent lithiation of hydrothermally synthesized materials
(Figure 1) proceeds according to eq 1.

The reduced products are superconducting.'® Reduction of iron
goes hand-in-hand with the filling of the vacancies in the iron selenide
layers, so it remains unclear whether both of these changes are
essential for superconductivity. We address this question by
demonstrating the different chemistry with three lithiation reagents:
Li/NHj, lithium naphthalenide (Li—Np) in tetrahydrofuran (THF),
and n-butyl lithium (n-BuLi) in hexane. The lithiations were
performed using standard Schlenk line techniques, taking into account
potential hazards. In particular, ammonia is toxic and has a high vapor
pressure, and the excess unreacted n-BuLi must be destroyed carefully
after isolation of the solid products. The products were analyzed using
in situ diffraction methods, ex situ diffraction methods, and
magnetometry as described below. Full synthetic and characterization
details and tables of results are included as Supporting Information
(Tables S3 and S4 and Figures S9—S21).

Diffraction Measurements. Ex situ powder X-ray diffraction
(PXRD) measurements (see Supporting Information) were performed
at ambient temperature on the beamline I11 at the Diamond Light
Source Ltd. Samples were ground with amorphous boron to limit X-
ray absorption and minimize preferred orientation and were sealed
inside 0.5 mm diameter borosilicate glass capillaries. Diffraction
patterns were measured using Si-calibrated X-rays with approximate
wavelength 0.82 A using the multianalyzer crystal detector bank.
Single-crystal diffraction measurements (see Supporting Information)
were performed on small (~10 X 10 X 1 ym) crystals using the I19
diffractometer at Diamond using 0.69 A X-rays. Powder neutron
diffraction (PND) measurements were performed on the D2B
instrument at the Institut Laue Langevin (ILL), Grenoble, France, in
the temperature range from 5 K to room temperature using neutrons
of wavelength 1.59 A. Additional neutron diffraction measurements at
room temperature were performed on the GEM or HRPD instruments
at the ISIS Pulsed Neutron and Muon Source, UK. Single-crystal
diffraction data were analyzed using CRYSTALS,"* and powder
diffraction data were analyzed using TOPAS Academic.”” In situ
measurement of the lithiation reactions was performed on the I12
diffractometer at Diamond using the method previously described.®
Further details are reported in the Supporting Information.

Magnetometry. Direct-current (DC) and alternating-current
(AC) magnetometry was performed on powder samples using a
Quantum Design MPMS-XL magnetometer. Samples were seques-
tered from air in gelatin capsules. DC volume magnetic susceptibilities
x were estimated as the sample magnetization (M) divided by the
applied DC field (H) using the SI unit convention and are
dimensionless. Measurements were made on warming after cooling
in zero applied field (zero-field-cooled; ZFC) and after cooling in the
measuring field (field-cooled; FC). The DC susceptibilities of the
superconducting samples were corrected for the effect of demagnet-
izing fields arising from the shape of the sample.'® AC susceptibilities
approximated as M,c/Hyc were measured in zero applied DC field
with an AC drive amplitude of 4 mT and were reported as in-phase
(r') and out-of-phase (y”) components. Drive frequencies ranged
from 10 to 1000 Hz.
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B RESULTS

Comparison of Lithiating Agents. First we compared
different lithiation reagents using a single hydrothermally
synthesized, non-superconducting sample of refined composi-
tion Liggy(1)Feq 15(1)(OH)FegosySe (ice., with a relatively low
concentration of vacancies in the iron selenide layer), which
displayed (Figure 2) the magnetic transition at 12 K discussed

10 0.05
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Figure 2. DC susceptibility measurements showing the turning on of
superconductivity with the reaction of a single sample of
Lipg(1yFeo15(1)(OH)Feggs(1)Se (red) with Li/NH, (blue) and Li—
Np (green) reagents; the absence of a superconducting transition and
the formation of elemental iron when the lithiating agent is n-BuLi
(black). The enlargement shows the magnetic transition.

further below. Structure refinements are presented in Table S3
and Figure S9; Figure 2 compares the magnetic susceptibilities
of the products. The products with Li/NH; and Li—Np had
very similar refined compositions and unit cell parameters (a ~
3.77 A, ¢ # 935 A). In both cases the ¢/a ratio increased by
1.9%, and the increase in the occupancy of the Fe site in the
selenide layer (to 1.0) was matched by the increase of the
lithium occupancy in the hydroxide layer; at the 3o level there
was no change in the refined total iron content. Both products
were bulk superconductors with T, & 40 K, in line with our
previous observations.'” The magnetic transition at ~12 K was
no longer evident. During the isolation of the products of these
reactions it was evident, from the fact that the solutions had
decolorized, that complete consumption of the solvated
electron solution or the naphthalenide radical anion occurred
in the course of the reactions even when an excess was used.

The use of n-BuLi provided a stark contrast and enabled new
compositions to be accessed through further lithiation than
seems possible using Li/NH;'* and Li—Np. The increase in the
¢ lattice parameter to ~9.6 A (Table S3) resulted in an increase
in the ¢/a ratio of 5.1%, much larger than when Li—Np or Li/
NHj; solutions were used. Furthermore, the product had a
greatly enhanced magnetic susceptibility consistent with the
presence of 2.4% by mass of ferromagnetic elemental iron
expelled according to eq 2, and there was no evidence for a
superconducting transition superimposed on this background
magnetism. It was also evident that excess n-BuLi was not
decomposed by the suspended solid.

Structure refinement (Table S3 and Figure S9) showed that
with n-BuLi, iron is again displaced into the selenide layer to fill
the vacancies, but the Li content in the hydroxide layer
increases by a larger amount: further Fe is expelled from the
hydroxide layer as a separate elemental phase according to eq 2,
extending the range of accessible phases:
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(y + 2)Li + Li,_ Fe (OH)Fe,_ Se

= Lij_y4,4.Fe,_,_.(OH)FeSe + zFe ®)
where 0 < z < x—y
In Situ Diffraction Measurements. The different

reactivities using Li—Np and n-BuLi as lithiating reagents
were probed by in situ PXRD measurements on a further two
hydrothermally synthesized samples with different Fe contents
(y = 0.05(1) and 0.14(1)) in the selenide layers (Table S4 and
Figure S10). The contrast between the lithiation using Li—Np
and n-BulLi for both cases is shown in Figure 3. With Li—Np

@ y=005) ®) y=014(1) © Normalized intensity
98 BuL]
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Figure 3. (a, b) Temporal evolution of the c lattice parameter when
two samples LigsFeq,(OH)Fe;_,Se (y = 0.05(1) or 0.14(1); Table S4)
were reacted with Li—Np (green) or 0.15 molar n-BuLi (black). The
lower plots in each case are expansions of the short time regions. (c)
The temporal evolution of the 001 reflections measured on I12 for the
y = 0.14 sample reacting with n-BuLi and (d) shows the temporal
evolution of the phase fractions during the early part of that reaction.
See Figures S11—S21 and the description of the contrasts in the text.

there is, within the resolution of the data, a continuous
transformation in both samples to a single lithiated phase
according to eq 1, and these products have different
compositions and hence different lattice parameters (Figures
3a,b and S11-S14).

In contrast, with 0.15 molar n-BuLi (Figures S15—S17), clear
differences in the reactivity are apparent. For the early stages of
the reaction with y = 0.14, two phases were resolved: a phase
corresponding to the reactant (¢ &~ 9.20 A) was consumed and
replaced by the lithiated phase (¢ > 9.4 A; Figures 3b—d and
S15) over ~100 min, with no measurable loss of crystalline
material during the reaction (Figure 3d). This reaction was
significantly slower than with Li—Np. While the reactant phase
was being consumed, the lattice parameters of the lithiated
product evolved continuously from 9.45 to over 9.5 A (Figure
3b), and after the complete consumption of the reactant phase
the evolution of the lattice parameters of the lithiated phase
continued (Figure 3b); the ¢ lattice parameter eventually
exceeded that for the product with Li—Np after 3.5 h and
continued to increase. Both reactions with n-BuLi were stirred
continuously and re-examined on the diffractometer every few
hours. After 30 h the ¢ lattice parameters in both reactions had
increased to similar values of ~9.8 A, consistent with the
further lithiation described by eq 2, resulting in compositions
close to Li(OH)FeSe irrespective of the Lil_xFex(OH)Fel_ySe
reactant composition.
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Synthesis and Characterization of Compositions
Approaching Li(OH)FeSe. Similar concentrations of n-BuLi
were reacted ex situ with hydrothermally synthesized samples
Lil_xFex(OH)Fel_ySe with x ~ 0.2 and y ~ 0.1 (Figures S22—
§29; Tables SS and S6) to probe the formation of compositions
approaching Li(OH)FeSe. Two reactions with 0.5 mol equiv of
n-BuLi at a concentration of 0.23 mol dm™ for 2 d at room
temperature yielded products with lattice parameters (a = 3.74
A and ¢ = 9.76 A) similar to those of the fully lithiated products
of the in situ reactions. The refined compositions from ambient
temperature refinements against PND (Figure 4b) and
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Figure 4. (a) Partial lithiation of a hydrothermally synthesized sample
(black) using n-BuLi turns on superconductivity (blue) and then turns
it off again (red) as the composition Li(OH)FeSe is reached with the
expulsion of elemental Fe; zero-field cooled (@) and field-cooled (O)
data are shown; (b) PND data and (c) PXRD data of the highly
lithiated sample in (a) of refined composition Liygg(s)Feps()(OH)-
F€1‘00(1>Lio‘00(1)se (Table SS)

synchrotron PXRD (Figure 4c) data produced compositions
very close to Li(OH)FeSe (Tables SS and S6). In the
refinements it was assumed that under strongly lithiating
conditions the two metal ion sites in the structure would be
fully occupied by Fe or Li, and the refined compositions of the
two samples were Li0.98(2)Fe0.02(2)(OH)Fel.OO(l)LiO.OO(l)Se (Table
SS) and LiLOO(Z)FeO.OO(Z)(OH)FeO.%(Z)LiOAOZ(Z)Se (Table S6) The
products were strongly magnetic due to the expelled elemental
Fe. The amount of Fe in the bulk samples estimated from
magnetization measurements was in line with that suggested by
eq 2 and the refined composition of the product. Small
differences in the lattice parameters of these compositions close
to Li(OH)FeSe, which are obtained in both the in situ and ex
situ reactions, suggest that incomplete lithiation of the
hydroxide layer or further lithiation to expel further Fe from
the selenide layer may occur. These products, which have the
composition Li(OH)FeSe within the uncertainty of the
refinements, showed no evidence for a superconducting
transition (Figure 4a). According to eq 2, the insertion of Li
and the reduction of Fe* with subsequent expulsion as
elemental Fe (ie., z > 0) is reductive overall but results in
oxidation of the selenide hydroxide phase to a composition
close to Li(OH)FeSe. This shows that full occupancy of the Fe
sites in the FeSe layer is insufficient to support super-
conductivity: reduction of Fe below the +2 oxidation state is
also required. A PND measurement at 5 K (Figure $29) on the
sample of refined composition Lij go(2)Feq 90(2)(OH)-
Feggs(2)Ligoy(2)Se revealed no additional scattering from a
magnetically long-range ordered state, although anti-ferromag-
netic ordering has been proposed for the composition
Li(OH)FeSe."" Reaction of the hydrothermally synthesized
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precursor with 0.5 mol equiv of more dilute n-BuLi (0.08 mol
dm™) for 6 h at room temperature yielded a product that had
not been lithiated as far as the Li(OH)FeSe point and consisted
of approximately equal amounts of two phases. It showed
evidence for superconductivity as well as enhanced magnetic
susceptibility arising from the expulsion of elemental Fe (Figure
4a and Table S5), demonstrating that the superconducting state
in these compounds is robust enough to coexist with particles
of elemental iron in the sample. The c lattice parameters of 9.56
and 9.72 A for the two phases in this product are consistent
with the apparent break in the smooth evolution of the ¢ lattice
parameter observed in the in situ reaction shown in Figure 3b.
This suggests that the lithiation reaction to expel elemental
iron, which occurs with n-BuLi (eq 2), proceeds via a region
where there are two hydroxide selenide phases present.

In situ probing of the lithiation with a large excess of a more
concentrated n-BuLi solution (1.6 mol dm™, see Supporting
Information) suggested lithiation beyond the Li(OH)FeSe
composition, likely via extrusion of Fe from the selenide layer.
However, severe loss of crystallinity hampered the analysis of
the chemical and structural changes in this process.

Magnetic Properties of Iron in the Hydroxide Layer.
Hydrothermally synthesized samples of Li;_,Fe,(OH)Fe,_,Se
often lie outside the superconducting range because they are
deficient in Fe in the selenide layer."” They show a magnetic
transition at ~12 K in the DC magnetic susceptibility, and this
is similar for non-superconducting Li_,Fe,(OH)Fe,_,Se
samples with ¥ ~ 0.2 and 0.96 > y > 0.80 synthesized from
FeSe or from elemental Fe and Se (Figure Sa) and appears in
some of the hydrothermally synthesized superconducting
samples,'”'* although not all.” We have never observed this
magnetic feature in compounds obtained by postsynthetic
lithiation where x < 0.2 as a result of displacement of Fe from
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Figure 5. (a) Magnetic susceptibility measurements (DC) between 2
and 40 K for samples of Li;_,[Fe,(OH)Fe,_Se synthesized from
preformed tetragonal FeSe (black) or elemental Fe and Se (red) with
ZFC (filled symbols) and FC (empty symbols) measurements shown.
(b) Magnetisation isotherms measured (DC) at 2 K on the same
samples as in (a). (c) Real (") and (d) imaginary (") parts of the AC
susceptibility in zero-applied DC field for the sample synthesized from
elemental reagents showing the frequency dependence of the
magnetism.
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the hydroxide layer into the selenide layer. Magnetization
isotherms measured on hydrothermally synthesized samples at
2 K (Figure Sb) show no saturation at applied fields of up to S
T suggesting the feature observed in the susceptibility
measurements at ~12 K may not be a signature of long-
range ferromagnetic order. The maximum value of the
magnetization at S K in a 5 T field was 0.8 up per formula
unit, which is consistent with the amount of Fe in the
hydroxide layer, although there is variation between samples.

PND data collected at S, 30, and S0 K (see Supporting
Information) on samples Li0_79(1)Fe0.21(1)(OH)Feol%(l)Se and
Lig 79(1yFeg21(1)(OH)Feq g31)Se revealed that any enhancement
in the intensity of the low-angle Bragg peaks in the 5 K data set
due to k = (0, 0, 0) ordering (ferromagnetism) was within the
noise level of the data (Figures S5—S8); the refined ordered
moment carried by the ions in the hydroxide layer refined to
zero within the uncertainty: 0.04(11) py per ion. No additional
Bragg peaks were visible, ruling out long-range anti-
ferromagnetic order in line with a recent report of Zhou et
al. on the deuterated analogue'” and a Mssbauer spectroscopy
study.'® Lynn et al."” concluded that there was no evidence for
long-range ferromagnetic order that would contribute to Bragg
peaks, but small-angle neutron scattering measurements
showed an onset of magnetic scattering below 12 K, which
might be characteristic of an inhomogeneous ferromagnet.
Computational investigations of Lij gFe,,(OH)FeSe using a Li/
Fe ordered superstructure in the hydroxide layer suggest that
the interactions should be ferromagnetic.20 Claims of anti-
ferromagnetic order below 120 K*' seem to be a consequence
of impure samples.'”

AC susceptometry was used to characterize the low-
temperature magnetic state. In zero applied DC field there is
a clear dependence on the AC frequency of the real (y’; Figure
5c) and imaginary (y”; Figure 5d) parts of the susceptibility
below 14 K, suggesting dynamic effects; the ' shoulder and y”
increase at ~4 K indicate additional effects. These features,
together with the absence of measurable low-temperature
magnetic Bragg scattering, show that the system does not
display long-range order of the Fe moments in the dilute
lithium iron hydroxide layers. Nor is the behavior consistent
with the paramagnetism of noninteracting Fe** moments in the
hydroxide layers, which may only show slow magnetic
relaxation in the presence of a DC field exceeding tens of
millitesla.”* The magnetometry is consistent with spin-glass
behavior arising from ferromagnetic coupling within clusters of
Fe?* moments that will inevitably occur in disordered
Li,_,Fe,(OH) layers (Figure S30). Furthermore, the value of
ATy/[T/A(In(w))] (T;is the temperature of the " peak, and @
is the AC frequency), which is used to characterize slow
magnetic relaxation, is 0.016(1), which lies in the range
characteristic of spin glasses.”” The dynamic effects warrant
further investigation with further techniques and a greater
frequency range to elucidate their exact nature and that of the
low-temperature feature.

B DISCUSSION AND CONCLUSIONS

We have shown that superconductivity in lithium iron
hydroxide selenides requires both full occupancy of the Fe
sites in the selenide layers and reduction of iron below the +2
oxidation state: the formation of the composition Li(OH)FeSe
occurs when the Lil_xFex(OH)Fel_},Se phases are lithiated with
n-BuLi, and in situ PXRD and other measurements show that
this phase, which might be considered the “parent” phase of
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these hydroxide selenide materials, does not form readily when
Li—Np or Li/NHj is used as the lithiating reagent. We presume
that this is because decomposition of the Li—Np and Li/NH;
by the products competes with further lithiation, especially
when the reaction proceeds beyond the limit of eq 1, while n-
BuLi is less readily decomposed, allowing further trans-
formation according to eq 2 with the expulsion of elemental
Fe and the formation of Li(OH)FeSe. First-principles
calculations'' have predicted that stoichiometric Li(OH)FeSe
should have an anti-ferromagnetic ground state that is
suppressed on electron doping (enabling superconductivity to
emerge); this is consistent with our observation that this parent
phase does not exhibit superconductivity, although no
indication of magnetic long-range order was observed in our
PND measurement. This transformation may be similar to that
reported by Lei et al.”* using electrochemical lithiation, which
led to enhancement of superconductivity followed, on further
lithiation, by a transition to a semiconducting state. However, in
that case the compositional and structural changes were not
quantified due to the small sample size. The formation of bulk
Li(OH)FeSe is accompanied by loss of crystallinity, which
hampers characterization using single-crystal methods. We have
examined the low-temperature magnetic transition in compo-
sitions Lil_xFex(OH)Fel_ySe with x 0.2 (ie, iron-rich
hydroxide layers), which are not superconducting, and have
shown that this transition is consistent with spin glass behavior
arising from ferromagnetic coupling of clusters of Fe®"
moments in the disordered LiyzFe,,(OH) layers, and there is
no evidence for long-range magnetic order arising from these
dilute and disordered moments.
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