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Synthesis, Crystal Structure and Physical Properties 
of [Li0.85Fe0.15OH][FeS] 

Xian Zhang,a Xiaofang Lai,a Na Yi,b Jianqiao He,b Haijie Chen,b Hui Zhang,b Jianhua 
Lin,*a Fuqiang Huang*a,b  

The layered mixed anion compound with the formula [Li0.85Fe0.15OH][FeS] was synthesized 
via a facile hydrothermal method. [Li0.85Fe0.15OH][FeS], which is determined by single crystal 
X-ray diffraction and refined by SHELXTL program, crystallizes in the tetragonal space group 
of P4/nmm (a  b = 3.6886(3) Å, c  8.915(1) Å, V = 121.29(2) Å3, Z = 2). The structure 
features alternative packed anti-PbO-like [Li0.85Fe0.15OH] and anti-PbO [FeS] layers. The 
sample was characterized by Field Emission Scanning Electron Microscopy (FESEM), High-
Resolution Transmission Electron Microscopy (HRTEM). Powder X-ray diffraction result 
confirms the phase purity of the as-synthesized crystals. Temperature-dependent measurements 
of magnetic susceptibility reveal the presence of paramagnetic-to-ferromagnetic phase 
transition around 50 K, accompanied by the metal-to-semiconductor phase transition in the 
temperature-dependent resistance of the [Li0.85Fe0.15OH][FeS] single crystal. 
 

Introduction 

Materials with different structural/functional units can easily 
integrate the advantages of different structural/functional units, 
and thus offer multifunctional applications.1 Layered 
compounds, with van der Waals gaps between layers, have the 
naturally formed structural/functional units, due to the weak 
interaction between layers, and hence the weak impact of each 
packing habits. Among these, the layered compounds with 
mixed anions can much easier form the structure/functional 
units, for instance the transparent conductor LaOCuS,2  the 
thermoelectric BiOCuSe,3 the photoelectric Bi2O2S,4 and the 
famous superconducting LnOFeAs (Ln = La, Ce, Pr, Nd, Sm)5 
and LnOBiS2 (Ln = La, Ce, Pr, Nd, Sm),6 which results in the 
growing attention that  has been received.  

Iron-chalcogenide-based materials have received much 
more attention, due to their rich physical properties. Nowadays, 
researchers have focused on the new superconductors searching 
since the discovery of FeSe with a superconducting transition 
temperature Tc up to 9 K.7 External pressure can adjust the 
superconducting transition temperature from 8 to 37 K,8 which 
is attributed to the anion height between Fe and chalcogen 
layers.9 In addition to the external pressure, intercalation can 
also change the anion height by changing the local environment 
of FeSe slabs, and hence adjust the Tc.

10 Therefore, intercalation 
can be understood to be the internal pressure. The tetragonal 
FeS (mackinawite) is found to be semiconductor.11 Like the 
FeSe compound, the physical properties of tetragonal FeS can 
also be tuned from semiconductor to metallic character by 
external pressure.11b However, few of the intercalation for 
tetragonal FeS have been reported, which may impact its 
physical properties.12  

Recently, the layered [Li1-xFexOH][Fe1-yLiySe] compound, 
with mixed anions (OH- and Se2-) and distinct 

structural/functional layers, have been successfully synthesized 
and found to be superconducting under Tc = 43 K.12, 13 The 
compound can be seen as the intercalation of [Li0.8Fe0.2OH] 
layers into bulk FeSe. In addition to the superconducting phase 
transition, the compound also undergoes another magnetic 
phase transition around 10 K.13c, 13d However, the phase 
transition type remains controversial (ferromagnetism13d or 
anti-ferromagnetism13c). Therefore, understanding the physical 
properties of this type of materials is necessary. The sulfide 
analog of this type of compound, namely the 
[Li0.8Fe0.2OH][FeSe1-xSx] powder, also has been reported.12 
However, the crystal structure is mainly determined by powder 
X-ray diffraction. Overall, exploring new mixed anion 
compounds containing similar FeQ layers and understanding 
their physical properties would be instructive. 

In this work, we present the single crystal structure and 
ferromagnetic phase transition of [Li0.85Fe0.15OH][FeS], which 
is synthesized via the hydrothermal method. The structure 
features alternative packed [Li0.85Fe0.15OH] and FeS layers. 
Both the anti-PbO-like [Li0.85Fe0.15OH] and anti-PbO FeS 
layers undergo squashed distortion. The anion height of the FeS 
layers is 0.138 nm, which is similar to the optimum height for 
the FeSe-related superconductors. Magnetic measurements 
indicate the compound is paramagnetic at high temperature, and 
undergoes a ferromagnetic phase transition around 50 K. 
Temperature-dependent resistance reveals that the compound 
has metallic characters at high temperature. A metal-
semiconductor transition occurs, accompanying the 
ferromagnetic transition. 
 
Experimental 

Synthesis of [Li0.85Fe0.15OH][FeS] single crystals. The 
[Li0.85Fe0.15OH][FeS] single crystals were synthesized by the 
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reported method with little modification.12, 13d Ten millilitre of 
deionized water, 0.01 mol of Fe powder and 0.025 mol of 
thiourea (CH4N2S) were added into a 50 mL beaker under 
stirring. Then, 0.3 mol of LiOHH2O powders was added 
gradually into the beaker. Finally, the reaction mixture was then 
transferred into a 50-mL Teflon-lined stainless steel autoclave 
with 75% filling. The reaction was carried out under 
autogenous pressure at 200 C for 3 days. After the autoclave 
was cooled down and depressurized, the lamellar crystals were 
washed with deionized water for several times and dried with 
acetone. Then the obtained crystals were kept in the Ar-filled 
glove box. 

Single Crystal X-ray crystallography. Single crystal X-
ray diffraction data collection was performed on an Agilent 
Super Nova Diffractometer equipped with graphite-
monochromated Mo-K radiation. The structure of 
[Li0.85Fe0.15OH][FeS] was solved by direct methods and refined 
by full-matrix least-squares on F2 using the SHELXTL program 
package.14 Multi-scan absorption corrections were performed. 
H atoms in the structure are added by calculation. The crystal 
data and refinement details are presented in Table 1.  
 
Table 1. Crystallographic data and details of the structure 
refinement for [Li0.85Fe0.15OH][FeS] 
 
Compound [Li0.85Fe0.15OH][FeS] 

Chemical formula [Li0.85Fe0.15OH][FeS] 

Formula weight/gmol-1 119.19  

Crystal system Tetragonal 

a/Å 3.6886(3) 

b/Å 3.6886(3) 

c/Å 8.915(1) 

/° 90.00 

/° 90.00 

/° 90.00 

Unit cell volume/Å3 121.29(2) 

Temperature/K 180 

Space group P 4/n m m 

Z 2 

Radiation type Mo Kα 

Absorption coefficient 7.530 

Calculated density/gcm-3 3.258  

No. of reflections measured 254 

No. of independent reflections 121 

Rint 0.0476 

Final R indices [I2(I)] 0.0303 

Final wR(F2) indices [I2(I)] 0.0813 

Final R indices (all data) 0.0306 

Final wR(F2) indices (all data) 0.0815 

Goodness-of-fit on F2 1.050 

 
Characterization. Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) was used to determine the Li/Fe 
element ratio in the compound. Field Emission Scanning 

Electron Microscopy (FESEM) images were acquired using 
FEI Sirion 200 with an energy dispersive X-ray (EDX) analysis. 
High Resolution Transmission Electron Microscopy (HRTEM) 
images were taken on JEOL JEM-2100F at an accelerating 
voltage of 200 kV. HRTEM samples were prepared by dip-
casting [Li0.85Fe0.15OH][FeS] crystals (pretreated by grounding) 
dispersed in ethanol onto carbon-coated copper grids. X-ray 
diffraction (XRD) patterns were collected on a Bruker D8 
Focus X-ray diffractometer equipped with a monochromatized 
source of Cu K radiation (λ= 0.15406 nm) at 1.6 kW (40 kV, 
40 mA). The patterns were recorded in a slow-scanning mode 
with 2θ from 10 to 80 with a scan-rate of 6/min.  

Physical properties measurements. Magnetic properties 
were studied using a Quantum Design Physical Properties 
Measurement System (PPMS). Temperature-dependent direct-
current (DC) magnetic susceptibility (M-T) curve of the sample 
was measured from 300 to 2 K under 10 Oe magnetic field 
under zero field cooling (ZFC) and field cooling (FC) 
conditions. The temperature variation of the resistance, R(T), 
was measured using the standard two-probe technique by 
Resistivity model collected on the PPMS. For electric 
properties measurements, the single crystal was chosen from 
the as-synthesized crystals. The silver paste was dropped and 
acting as the contact electrode. 
 
Results and discussion  

Hydrothermal method, compared to the traditional high-
temperature solid state synthesis, has the advantages in 
synthesizing meta-stable phases for its mild reaction conditions 
and kinetics control process. The newly developed 
hydrothermal synthesis, with the assistance of concentrated 
base (LiOH) as the mineralizer, can efficiently produce the 
superconducting [Li0.8Fe0.2OH][FeSe],13a, 13c photoelectric 
Bi2O2S.4b With CH4N2S as a sulfur source, which gradually 
releases S at a relatively higher temperature of 200 C than the 
melting point of 182 C, we synthesized the 
[Li0.85Fe0.15OH][FeS] single crystals. As shown in Figure 1a, 
the SEM image indicates the crystal features well-defined 
square plates. EDX analysis (Figure 1b) of a number of 
crystals reveals the presence of the Fe, S and O elements, and 
the relative ratio is about 1.18/1/1.05. The elemental mapping 
of the single crystal of the title compound declares the uniform 
composition of the crystal, as shown in Figure 1c. The ICP-MS 
results indicate the Li/Fe element ratio is 1/1.4. The phase 
purity of the as-synthesized crystals was checked by powder X-
ray diffraction, as shown in the Figure 1d. All the peaks can be 
indexed by the P4/nmm space group with the lattice parameters 
of a = b = 3.7 Å, c = 8.9 Å, and V = 121.8 Å3, indicating its 
phase purity. Besides, the as-synthesized [Li0.85Fe0.15OH][FeS] 
may be isostructural with the reported superconducting 
[Li0.8Fe0.2OH][FeSe] (P4/nmm, a = b = 3.8038 Å. c =9.2210 
Å).13c, 13d The sharp peaks show the high degree of crystallinity 
of the [Li0.85Fe0.15OH][FeS] crystals. The HRTEM image shows 
a set of high resolution lattice planes with the inter-planar 
distance of 0.297 nm (Figure 2a), corresponding to the (003) 
plane of the model obtained by powder XRD. The independent 
well-defined diffraction points in the SAED image have four-
fold axis, consisting with the space group of P 4/nmm. The 
inter-point distance is measured, and the point can be indexed 
by the P4/nmm space group, as show in Figure 2b. 
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Figure 1. (a) FESEM of [Li0.85Fe0.15OH][FeS] single crystals. 
(b) EDX results of the single crystals. (c) Elemental distribution 
of the Fe, O and S elements in the [Li0.85Fe0.15OH][FeS] single 
crystal. (d) X-ray diffraction of [Li0.85Fe0.15OH][FeS]  

 

 

Figure 2. (a) HRTEM image and SAED (b) of 
[Li0.85Fe0.15OH][FeS] compound.  

 

The structure of the compound is shown in Figure 3. The 
compound, which is isostructural to the superconducting 
[Li0.8Fe0.2OH][FeSe] compound, crystallizes in the tetragonal 
space group P4/nmm with the lattice constant of a = b = 
3.6886(3) Å, c  8.915(1) Å. The structure features alternative 
stacked [Li0.85Fe0.15OH] and [FeS] layers, as shown in Figure 
3a. The [FeS] layer has the anti-PbO-type structure, while the 
[Li0.85Fe0.15OH] layer has the anti-PbO-like structure, as shown 
in Figure 3b & 3c. There are one unique Li Wyckoff site (2a), 
two unique Fe Wyckoff sites (Fe1 at 2b, Fe2 at 2a), one unique 
H Wyckoff sites (2c), one unique O Wyckoff sites (2c) and one 
unique S Wyckoff sites (2c). The Fe1 atom is coordinated to 
four S atoms to form the distorted tetrahedron (Figure 4a). The 
Fe-S distance is 2.2486(7) Å, which is comparable to the Fe-S 
distance in FeS (2.231 Å).15 The largest angle in the distorted 
[FeS4] tetrahedron is 110.2, meaning the [FeS4] tetrahedron is 
squashed along c axis. Those squashed [FeS4] tetrahedra 
connect with each other via edge sharing to build up the [FeS] 
layers. The anion height of the squashed FeS layers is 0.138 nm, 
which is the optimum value for the superconducting FeSe.9 
This kind of [FeS] layer also shows up in the tetragonal FeS.15a 

Note that the [FeS4] tetrahedra in the binary FeS compound also 
undergo the squashed distortion along c axis with the largest S-
Fe-S angle of 111.1. The Li atom, partially replaced by Fe2 
atom, coordinates to four O atoms to form the highly distorted 
tetrahedron (Figure 4b). The Li/Fe-O distance is 1.977(2) Å, 
which is comparable to the Li-O distance in Li2O (1.996 Å)16 
but shorter than the Fe-O distance in FeO (2.171 Å).17 The 
largest O-Li/Fe-O angle in the [Li/FeO4] tetrahedra is 137.8, 
indicating the higher degree of squashed distortion of [Li/FeO4] 
tetrahedra than [FeS4] tetrahedra. 

 
Figure 3. (a) Schematical diagram of the crystal structure of 
[Li0.85Fe0.15OH][FeS]. (b) The [FeS] layer viewed along c axis. 
(c) The [Li0.85Fe0.15OH] layer viewed along c axis. 
 

 
Figure 4. (a) The distorted [FeS4] tetrahedra. (b)  The distorted 
[Li0.85Fe0.15(OH)4] tetrahedra. 
 

The magnetic properties of the [Li0.85Fe0.15OH][FeS] 
compound are measured, and the temperature-dependent zero-
field-cooling (ZFC) and field-cooling (FC) magnetization at a 
magnetic field of 10 Oe for the compound are plotted in Figure 
5a. Clearly, no typical magnetic phase-transition occurs in the 
temperature range from 300 K to 50 K. This indicates the 
dominance of paramagnetic contribution at high temperature. 
After the temperature cooled down to 50 K, the magnetization 
increases sharply with the decrease of temperature. This implies 
the magnetic phase transition, from the paramagnetic to 
ferromagnetic phase, occurs in the low temperature region. The 
inverse magnetic susceptibility vs temperature plot (Figure 5b) 
shows linear dependence in the temperature range from 300 K 
to 50 K, indicating that the [Li0.85Fe0.15OH][FeS] is a 
paramagnetic compound. The field-dependence of the 
magnetization of the compound at 300 K and 2 K are described 
in Figure 5c. The linear relationship of H vs M at 300 K also 
confirms the paramagnetic characters at high temperature. The 
obedience of linear relationship of M vs H at 2 K, with slightly 
bending, further confirms the occurrence of magnetic phase 
transition at low temperature. The zoomed M vs H curves at 
300 K and 2 K are described in Figure 5d. Clear magnetic 
hysteresis shows up at 2 K, which is different from the M vs H 
curve at 300 K (linear). The coercive field is about 25 Oe, and 
the remanence is about 8 memu/g. Overall, the 
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[Li0.85Fe0.15OH][FeS] compound shows paramagnetic 
characters at high temperature and ferromagnetic characters at 
low temperature with the Tfm about 50 K. This ferromagnetic 
transition is also reported in the [Li0.8Fe0.2OH][FeSe] 
compound, which has a lower transition temperature (~ 10 
K).13d The absence of superconductivity of the title compound 
can attributed to local structure distortion effect or chemical 
pressure effect which arises by substituting the smaller S atoms 
for the Se atoms.12, 18, 19   

 
Figure 5. (a) Temperature-dependence of the magnetization of 
the [Li0.85Fe0.15OH][FeS] compound. (b) The inverse magnetic 
susceptibility vs temperature plot. The red line is the linear fit 
of the magnetic susceptibility data from 300 K to 50 K. (c) 
Magnetic hysteresis of the [Li0.85Fe0.15OH][FeS] compound 
under 2 K and 300 K. (d) The zoomed magnetic hysteresis of 
the [Li0.85Fe0.15OH][FeS] compound under 2 K and 300 K. 
 

Temperature-dependent resistance of the 
[Li0.85Fe0.15OH][FeS] single crystal is shown in Figure 6. The 
resistance decreases with the decrease of the temperature in the 
range of 250 K to 50 K, indicating the metallic property of the 
compound in this temperature range. However, the resistance 
increases upon further cooling of the crystal, meaning the 
semiconducting-like phase transition occurs. There are two 
well-known models that can be used to describe the 
semiconducting transport. The first one is the small polaron 
hopping (SPH) model, in which the ρ(T) is expressed as ρ(T)/T 
 exp(EP/kBT)) with the Ep being the activation energy.20 The 
other one is the variable range hopping (VRH) model, in which 
the ρ(T) is expressed as ρ(T)  exp(T0/T)1/4 with the T0 being 
the characteristic temperature.21 The resistance data in the 
temperature range from 50 K to 4 K are fitted in both SPH and 
VRH models, as shown in Figure 6b and 6c, respectively. 
Apparently, the resistivity can be fitted by using the VRH 
model but not the SPH model. This indicates the compound 
possesses a metal-to-semiconductor phase transition at low 
temperature (~ 50 K). The metal-to-semiconductor temperature 
consists with the magnetic phase transition temperature. 
Therefore, we propose that the increase of the resistance of the 
compound is caused due to the magnetic phase transition in the 
compound. 

 
Figure 6. (a) Temperature-dependence of resistance of the 
[Li0.85Fe0.15OH][FeS] single crystal. (b) ln(R/T) vs T-1 plot of 
the SPH model. (c) –ln(R) vs T-1/4 plot of the VRH model. 

Conclusions 

In summary, we have successfully synthesized the layered 
mixed anion compound with the formula [Li0.85Fe0.15OH][FeS] 
via hydrothermal method. The compound crystallized in the 
tetragonal space group of P4/nmm (a  b = 3.6886 (3) Å, c  
8.915 (1) Å). The structure features the alternative packed anti-
PbO-like [Li0.85Fe0.15OH] and anti-PbO [FeS] layers. The phase 
purity of the as-synthesized crystals is confirmed by PXRD. 
The compound shows paramagnetic properties at high 
temperature and a ferromagnetic phase transition around 50 K. 
Accordingly, the metal-to-semiconductor phase transition was 
found at this temperature in the temperature-dependent 
resistance of the [Li0.85Fe0.15OH][FeS] single crystal. 
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