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Electrochemical synthesis of alkali-intercalated iron selenide
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Electrochemical method has been used to insert K/Na into FeSe lattice to prepare alkali-intercalated iron selenides
at room temperature. Magnetization measurement reveals that KxFe2Se2 and NaxFe2Se2 are superconductive at 31 K
and 46 K, respectively. This is the first successful report of obtaining metal-intercalated FeSe-based high-temperature
superconductors using electrochemical method. It provides an effective route to synthesize metal-intercalated layered
compounds for new superconductor exploration.
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1. Introduction
Novel synthetic routes are always highly desired for ex-

ploration of new superconductors and other functional mate-
rials. This is, in particular, true for new phases that are not
obtainable by conventional solid-state reaction routes, while
may possess interesting properties. For example, a series of
superconductors Ax(NH3)yFe2Se2 (A = Li, Na, Ca, Sr, Ba, Yb,
and Eu) have been successfully obtained by using liquid am-
monia method,[1–3] which otherwise cannot be synthesized by
the high-temperature route.[4–12] For Nax(NH3)yFe2Se2, en-
hanced superconducting transition temperature (Tc) of 46 K
was observed.[1] The metal intercalation by other low-
temperature methods using pyridine, ethanediamine, and hex-
amethylenediamine as solvents was then demonstrated to be
equivalently effective in inducing superconductivity with sim-
ilar Tc in Lix(C5H5N)yFe2−zSe2,[13] Ax(C2H8N2)yFe2−zSe2 (A
= Li, Na),[14,15] and Lix(C6H16N2)yFe2−zSe2.[16] Recently, a
new superconductor Li0.8Fe0.2OHFeSe with Tc = 43 K was
obtained by using a hydrothermal method.[17,18] This method
was also successfully used for obtaining superconducting
tetragonal FeS with Tc of 5 K.[19]

Electrochemical synthesis is known to be effective in in-
tercalating Li, Cu, Mg, and Zn into various parent compounds,
leading to superconductors respectively.[20–27] Moreover, elec-
trochemical method can be used to precisely control the con-
tent of inserted metals by tuning the transferred electric quan-
tity, which has an advantage over the above-mentioned meth-
ods in this context. Considering the structural feature of FeSe,

electrochemical method should be possible to intercalate met-
als in between FeSe layers. Actually, Abe et al.[28] has tried to
intercalate Li into FeSe1−xTex by this method, but failed to in-
duce superconductivity. Chen et al.[29] demonstrated the reen-
trance of superconductivity with Tc of about 8 K in FeSe-based
superconductors by lithium-ion insertion and extraction. Here
we successfully intercalate K and Na into FeSe and obtain su-
perconductors KxFe2Se2 and NaxFe2Se2 with respective Tc of
31 K and 46 K by electrochemical method, which is the first
successful report on preparation of metal-intercalated FeSe-
based high-temperature superconductors by this route. The
results demonstrate that the electrochemical synthesis is an
effective and facile route for metal-intercalated layered com-
pounds.

2. Material and methods
We firstly synthesized β -FeSe powders following the

method described in Ref. [30]. The electrochemical K in-
tercalation was performed under the constant current mode
(10 µA) and subsequent constant voltage mode (1.04 V) of an
electrochemical cell with K metal as the anode and β -FeSe
as the cathode. The details of the electrochemical cell are
as follows. Saturated KNO3 solution dissolved in a mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(EC:DMC=1:1 by molar ratio) was used as the electrolyte
and celgard 2400 as the separator. The working electrode
was made of finely ground β -FeSe powders (90 wt.%) and
polyvinylidene fluoride (PVDF) (10 wt.%) slurry (total mass is
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about 3 mg) coated onto an aluminum foil substrate. The elec-
trochemical Na intercalation was performed under a constant
current mode (2 µA) of the electrochemical cell with Na metal
as the anode and β -FeSe as the cathode. 1 mol·L−1 NaClO4

in a mixture of EC and DMC (EC:DMC = 1:1 by molar ratio)
was used as the electrolyte and celgard 2400 as the separator.
The working electrode was similarly made of finely ground
β -FeSe powders (90 wt.%) and PVDF (10 wt.%) slurry (total
mass is about 3 mg) coated onto a copper foil substrate. Room-
temperature powder x-ray diffraction (PXRD) data were col-
lected using a PANalytical X’ pert Pro diffractometer with Cu
Kα radiation. The static magnetic susceptibility was measured
using a vibrating sample magnetometer (quantum design).

3. Results and discussion
Figures 1(a) and 1(b) show the sketch of electrochemical

cell and the schematic of the K intercalation process, respec-
tively. By setting a current loop, the electrons will transfer

from K metal to FeSe. Accordingly, K is oxidized to K+ at
the surface of K metal. Meanwhile, K+ migrates to and is
inserted into FeSe at the working electrode. The concentra-
tion of K+ in the electrolyte is maintained at a certain level
before K metal is exhausted at the anode. Figures 1(c) and
1(d) show the capacity dependence of the voltage and current
measured between working and reference electrodes for these
two intercalation processes. As shown in Fig. 1(d), it is a typ-
ical discharge curve similar to the discharge reaction in Li-ion
batteries. Initially, the potential of the working electrode is
positive compared with that of the Na electrode, the current
flows from FeSe electrode to Na electrode, which corresponds
to Na intercalating to FeSe. The potential quickly decreases
down to about 1.4 V at about 20 µAh and then a plateau ap-
pears, signifying the proceeding of Na intercalation. For the
K-intercalation process, an external voltage is applied initially
as K cannot be inserted into FeSe through spontaneous dis-
charge process.
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Fig. 1. (color online) (a) Sketch of the electrochemical cell. (1) cover lid, (2) container, (3) insulator ring, (4) separator, (5) electrolyte,
(6) cylinder, (7) Al or Cu foil with FeSe film, and (8) K or Na film. (b) Schematic of the K intercalation process. (c) and (d) Voltage
of the working electrode (FeSe) against the reference electrode as a function of the capacity. The insets show the setup of respective
circuits.

Figure 2(a) shows the temperature-dependent magnetic

susceptibility of KxFe2Se2. The superconducting transition is

evident for both ZFC and FC curves. The Tc is determined

to be about 31 K, which is much higher than that of the pris-

tine FeSe, while similar to Tc obtained in solid-phase synthe-

sized K0.8Fe2Se2 at high temperature.[4,31] The positive mag-

netic susceptibility seems to be due to magnetic impurities

taken into the samples during the intercalation as in Ref. [14].

Whereas the reason for bifurcated ZFC and FC curves is still

unknown. The superconductive shielding fraction is estimated

to be about 5% at 10 K. Figure 2(b) indicates the temperature-

dependent magnetic susceptibility of NaxFe2Se2. The super-

conducting transition is determined to be 46 K from ZFC and

FC curves. It is the highest Tc in metal-intercalated iron se-

lenide superconductors under ambient pressure, which is the

same as the Tc observed in ammonia and Na co-intercalated
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FeSe.[1] It is known that there are two superconducting phases,
Kx(NH3)yFe2Se2 (x ≈ 0.3 and 0.6) in the K-intercalated iron
selenides, determined mainly by potassium concentration.[32]

Moreover, it is found that there is a lower Tc (32 K) phase
other than the 46 K phase for Nax(NH3)yFe2Se2 recently.[33]

These results indicate that the Tc of AxFe2Se2 (A represents
alkali metal) is tunable with varying content of inserted alkali
metals. We tried to tune the content of inserted Na by ad-
justing the duration of discharge process. However, the Tc is
unchanged. This may be due to that the intercalation process
is inhomogeneous. The alkali metal is only inserted into the
surface of FeSe, whereas its further intercalation toward in-
ner parts is hindered by ion diffusion. Precise control of the
content of intercalated metals in FeSe is still ongoing with the
improvement of the electrochemical process.
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Fig. 2. (color online) Temperature-dependent magnetization of (a)
KxFe2Se2 and (b) NaxFe2Se2 in an applied magnetic field of 40 Oe.
Arrows indicate the Tc.

In order to confirm that alkali metal is inserted into FeSe,
we performed the PXRD for both samples. In contrast to the
PXRD pattern of Li-intercalated FeSe1−xTex previously re-
ported by Abe et al.,[28] a new set of diffraction peaks arise
for K-intercalated FeSe sample as shown in Fig. 3(a). The new
peaks can be well indexed based on the body-centered tetrago-
nal cell (space group I4/mmm) with lattice parameters a = b =

3.898(7) Å, c = 14.07(5) Å. The lattice constants are quite
similar to those for solid-phase synthesized K0.8Fe2Se2,[4] in-
dicating that the electrolyte molecule is not intercalated into
FeSe, which is different from Kx(NH3)yFe2Se2 obtained by
liquid ammonia method.[32] In addition, the coexistence of

FeSe indicates that the intercalation is very inhomogeneous,
in consistent with the above assumption that K is only inserted
on the surface portion of FeSe cathode. For Na-intercalated
FeSe sample (Fig. 3(b)), only (002) peak around 9.5◦ (2θ)

is clearly observed. The lattice constant c given by this peak
is about 18.7 Å, which is much larger than 13.6678(4) Å of
Na0.65(1)Fe1.93(1)Se2,[34] indicating that not only Na but also
electrolyte molecule is intercalated into FeSe. The structural
difference between K and Na-intercalated FeSe samples here
implies that the size of alkali metals is a key factor in affecting
the final structure, reminiscent of the fact that K0.8Fe2Se2 ex-
ists, while Na0.8Fe2Se2 does not through solid reaction at high
temperature. The synergic effect of co-intercalated electrolyte
molecules and Na is believed to stabilize the structure, which
is consistent with other Na-intercalated FeSe samples contain-
ing both Na and solvent molecules. It should be pointed out
that Na0.65(1)Fe1.93(1)Se2 can only exist by carefully extracting
NH3 from the structure below around 240 K.[34]
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Fig. 3. (color online) (a) PXRD patterns for parent FeSe and K-
intercalated FeSe. The reflection marked by (∗) is assigned to the Al
substrate. (b) PXRD patterns for parent FeSe and Na-intercalated FeSe.
The arrow shows the (002) peak.

As presented above, electrochemical method can be used
to intercalate guest species like alkali metals into host struc-
tures like FeSe, which is complementary to the traditional
solid-state reaction. Furthermore, comparing to the liquid am-
monia and ethanediamine methods, it offers more advantages.
For example, it provides the possibility to intercalate more
guest species like Mg,[25] Cu,[23] and Zn,[26] which are not
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dissolvable in those solvent. Furthermore, it should find ap-
plications in obtaining more new materials considering its va-
riety by selecting corresponding electrodes and electrolytes.
The newly discovered superconducting tetragonal FeS offers a
promising platform to explore high-temperature superconduc-
tors by the method.[19] The experiments are in progress now.

4. Conclusion
In conclusion, we have successfully synthesized two

alkali-intercalated FeSe materials, KxFe2Se2 and NaxFe2Se2,
through electrochemical method. Na can be inserted into FeSe
through spontaneous discharge reaction. While an external
voltage is initially applied to insert K into FeSe. Structural
analysis indicates electrolyte molecules are co-intercalated
with Na but not with K into FeSe. Magnetization measurement
reveals that the obtained samples are superconducting with Tc

of 31 K and 46 K, respectively. It is the first report using this
method to get metal-intercalated FeSe high-temperature super-
conductors. This work provides an effective route to synthe-
size metal-intercalated layered compounds for new supercon-
ductors and other functional materials exploration.

References
[1] Ying T P, Chen X L, Wang G, Jin S F, Zhou T T, Lai X F, Zhang H and

Wang W Y 2012 Sci. Rep. 2 426
[2] Burrard-Lucas M, Free D G, Sedlmaier S J, Wright J D, Cassidy S J,

Hara Y, Corkett A J, Lancaster T, Baker P J, Blundell S J and Clarke S
J 2013 Nat. Mater. 12 15

[3] Ying T P, Wang G, Jin S F, Shen S J, Zhang H, Zhou T T, Lai X F,
Wang W Y and Chen X L 2013 Chin. Phys. B 22 087412

[4] Guo J G, Jin S F, Wang G, Wang S C, Zhu K X, Zhou T T, He M and
Chen X L 2010 Phys. Rev. B 82 180520

[5] Li C H, Shen B, Han F, Zhu X Y and Wen H H 2011 Phys. Rev. B 83
184521

[6] Wang H D, Dong C H, Li Z J, Mao Q H, Zhu S S, Feng C M, Yuan H
Q and Fang M H 2011 Europhys. Lett. 93 47004

[7] Ying J J, Wang X F, Luo X G, Wang A F, Zhang M, Yan Y J, Xiang Z J,
Liu R H, Cheng P, Ye G J and Chen X H 2011 Phys. Rev. B 83 212502

[8] Wang A F, Ying J J, Yan Y J, Liu R H, Luo X G, Li Z Y, Wang X F,
Zhang M, Ye G J, Cheng P, Xiang Z J and Chen X H 2011 Phys. Rev.
B 83 060512

[9] Krzton-Maziopa A, Shermadini Z, Pomjakushina E, Pomjakushin V,
Bendele M, Amato A, Khasanov R, Luetkens H and Conder K 2011 J.
Phys.-Condens. Mat. 83 052203

[10] Fang M H, Wang H D, Dong C H, Li Z J, Feng C M, Chen J and Yuan
H Q 2011 Europhys. Lett. 94 27009

[11] Ma Y C, Yan Q, Zhao J and Lu C M 2013 Chin. Phys. Lett. 30 107401
[12] Yan Q, Lu C M, Feng D W, Yang W W, Zhao J, Liu Q S and Ma Y C

2014 Acta Phys. Sin. 63 037401 (in Chinese)
[13] Krzton-Maziopa A, Pomjakushina E V, Pomjakushin V Y, von Rohr F,

Schilling A and Conder K 2012 J. Phys.-Condens. Mat. 24 6
[14] Hatakeda T, Noji T, Kawamata T, Kato M and Koike Y 2013 J. Phys.

Soc. Jpn. 82 123705
[15] Noji T, Hatakeda T, Hosono S, Kawamata T, Kato M and Koike Y 2014

Physica C 504 8
[16] Hosono S, Noji T, Hatakeda T, Kawamata T, Kato M and Koike Y 2014

J. Phys. Soc. Jpn. 83 113704
[17] Lu X F, Wang N Z, Zhang G H, Luo X G, Ma Z M, Lei B, Huang F Q

and Chen X H 2014 Phys. Rev. B 89 020507
[18] Lu X F, Wang N Z, Wu H, Wu Y P, Zhao D, Zeng X Z, Luo X G, Wu T,

Bao W, Zhang G H, Huang F Q, Huang Q Z and Chen X H 2015 Nat.
Mater. 14 325

[19] Lai X F, Zhang H, Wang Y Q, Wang X, Zhang X, Lin J H and Huang
F Q 2015 J. Am. Chem. Soc. 137 10148

[20] Fujiwara M, Nakanishi M, Kusano Y, Fujii T, Takada J, Takeda Y and
Ikeda Y 1997 Physica C 279 219

[21] Nagai I, Abe Y, Kato M, Koike Y and Kakihana M 2001 Physica C 357
393

[22] Nagai I, Abe Y, Kato M, Koike Y and Kakihana A 2002 Solid State
Ion. 151 265

[23] Kriener M, Segawa K, Ren Z, Sasaki S, Wada S, Kuwabata S and Ando
Y 2011 Phys. Rev. B 84 054513

[24] Kato M, Inoue A, Nagai I, Kakihana M, Sleight A W and Koike Y 2003
Physica C 388 445

[25] Tezuka H, Kato M, Noji T, Yamanaka S and Koike Y 2010 Jpn. J. Appl.
Phys. 49 020210

[26] de Dompablo M, Moran E, Alario-Franco M A, Drymiotis F, Bianchi
A D and Fisk Z 2000 Int. J. Inorg. Mater. 2 581

[27] Kajita T, Kato M, Suzuki T, Itoh T, Noji T and Koike Y 2005 Physica
C 426 500

[28] Abe H, Noji T, Kato M and Koike Y 2010 Physica C 470 S487
[29] Chen D, Wang X S, Chen J T, Ren Z A, Xue M Q and Chen G F 2015

Adv. Mater. 27 4224
[30] McQueen T M, Huang Q, Ksenofontov V, Felser C, Xu Q, Zandbergen

H, Hor Y S, Allred J, Williams A J, Qu D, Checkelsky J, Ong N P and
Cava R J 2009 Phys. Rev. B 79 014522

[31] Hsu F C, Luo J Y, Yeh K W, Chen T K, Huang T W, Wu P M, Lee Y
C, Huang Y L, Chu Y Y, Yan D C and Wu M K 2008 Proc. Natl. Acad.
Sci. USA 105 14262

[32] Ying T P, Chen X L, Wang G, Jin S F, Lai X F, Zhou T T, Zhang H,
Shen S J and Wang W Y 2013 J. Am. Chem. Soc. 135 2951

[33] Zheng L, Miao X, Sakai Y, Izumi M, Goto H, Nishiyama S, Uesugi E,
Kasahara Y, Iwasa Y and Kubozono Y 2015 Sci. Rep. 5 8

[34] Guo J G, Lei H C, Hayashi F and Hosono H 2014 Nat. Commun. 5
4756

117406-4

http://dx.doi.org/10.1038/srep00426
http://dx.doi.org/10.1038/NMAT3464
http://dx.doi.org/10.1088/1674-1056/22/8/087412
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevB.83.184521
http://dx.doi.org/10.1103/PhysRevB.83.184521
http://dx.doi.org/10.1209/0295-5075/93/47004
http://dx.doi.org/10.1103/PhysRevB.83.212502
http://dx.doi.org/10.1103/PhysRevB.83.060512
http://dx.doi.org/10.1103/PhysRevB.83.060512
http://dx.doi.org/10.1088/0953-8984/23/5/052203
http://dx.doi.org/10.1088/0953-8984/23/5/052203
http://dx.doi.org/10.1209/0295-5075/94/27009
http://dx.doi.org/10.1088/0256-307X/30/10/107401
http://dx.doi.org/10.7498/aps.63.037401
http://dx.doi.org/10.1088/0953-8984/24/38/382202
http://dx.doi.org/10.7566/JPSJ.82.123705
http://dx.doi.org/10.7566/JPSJ.82.123705
http://dx.doi.org/10.1016/j.physc.2014.01.007
http://dx.doi.org/10.1016/j.physc.2014.01.007
http://dx.doi.org/10.7566/jpsj.83.113704
http://dx.doi.org/10.7566/jpsj.83.113704
http://dx.doi.org/10.1103/PhysRevB.89.020507
http://dx.doi.org/10.1038/nmat4155
http://dx.doi.org/10.1038/nmat4155
http://dx.doi.org/10.1021/jacs.5b06687
http://dx.doi.org/10.1016/S0921-4534(97)00177-9
http://dx.doi.org/10.1016/S0167-2738(02)00722-1
http://dx.doi.org/10.1016/S0167-2738(02)00722-1
http://dx.doi.org/10.1103/PhysRevB.84.054513
http://dx.doi.org/10.1143/jjap.49.020210
http://dx.doi.org/10.1143/jjap.49.020210
http://dx.doi.org/10.1016/S1466-6049(00)00087-8
http://dx.doi.org/10.1016/j.physc.2009.11.002
http://dx.doi.org/10.1002/adma.v27.28
http://dx.doi.org/10.1002/adma.v27.28
http://dx.doi.org/10.1103/PhysRevB.79.014522
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1073/pnas.0807325105
http://dx.doi.org/10.1021/ja312705x
http://dx.doi.org/10.1038/srep12774
http://dx.doi.org/10.1038/ncomms5756
http://dx.doi.org/10.1038/ncomms5756

	1. Introduction
	2. Material and methods
	3. Results and discussion
	4. Conclusion
	References

