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Facile Solvothermal Synthesis of Uniform Iron Selenide Nanoplates
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Nanostructures of FeSe, with a tetragonal PbO-type phase
have been grown through a new and simple solvothermal
route. By adding polyvinyl pyrrolidone (PVP) as a controlling
reagent, the products change from nanoflowers to regular
square nanoplates. Both the phase and structure are iden-
tified by powder X-ray diffraction and electron microscopy.
The square nanoplates are revealed to be enclosed by two

larger (001) planes and four equivalent smaller {100} side
surfaces. The choice of the solvent is also important for the
successful synthesis of the tetragonal PbO-type phase. This
growth approach is not only facile and mild, but is also more
advantageous for obtaining uniform FeSe, nanocrystals over
other methods reported previously.

Introduction

Tetragonal PbO-type FeSe, represents an interesting
kind of material, which has been proven to have potential in
many fields because of its magnetic,[!! electrochemical,*!
optical, and electrical properties.l> Significantly, the dis-
covery of its superconductivityl”! has generated more and
more attention to the preparation, structure, and properties
of the family of FeSe, materials with tunable composi-
tion.®14 Experimental results show that the superconduc-
tivity and other physical properties are highly orientation-
and thickness-dependent.['>! Samples with a specified shape
are very necessary for scientists to study shape-related
FeSe, properties.'®) Therefore, it is of significant impor-
tance to synthesize phase-pure PbO-type FeSe, samples
with a specified shape and with uniform structure.

Many groups have been challenged by the controlled
growth of tetragonal-phase B-FeSe,, and, the samples with
regular shape and size were achieved with difficultly.l'”-!8]
To date, most products have been prepared at high tempera-
tures by a solid-state reaction,'>2!! a flux growth
method,?>?3 and by vapor self transport.?*! These routes
successfully fabricate samples with different composition,
but the particle sizes of the as-obtained samples are usually
microsized and the shapes could not be controlled. FeSe/C
core-shell nanofibers were synthesized by reaction of
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Fe(CO)s with Se powders in a closed reactor at 700 °C,>]
and stoichiometric B-FeSe superconductors with size of ca.
60 nm were prepared by mechanical alloying (MA) from
elemental powders of iron and selenium (1:1) and subse-
quent annealing at ca. 400 °C.[% but the difficulty in con-
trolling the size distribution and shape was not overcome.
Solution-based chemical routes can allow monodisperse
and shape-controllable crystal growth under facile condi-
tions. Previously, orthorhombic FeSe, nano- and microcrys-
tals have been grown by solvothermal routes, but only an
non-tetragonal phase was isolated.*”] Recently, predomi-
nantly two-dimensional multiple-crystal nanosheets were
reported by Schaak et al., who adopted Fe(CO)s as the iron
source and TOPO as the solvent.['”] We also reported a wet
chemical route to more uniform quadrangle B-FeSe, nano-
plates using oleylamine as solvent; however, in these meth-
ods, the processes are still sophisticated and costly. In ad-
dition, only very thin flakes (about 10 nm) can be obtained
by these growth routes, which limits the study of the impor-
tant dimension-dependent properties of B-FeSe,. Very re-
cently, a microwave-assisted method was used to prepare
flowerlike B-FeSe microstructures.'® Therefore, it is quite
necessary to explore a new approach to synthesize uniform
nanostructured -FeSe. Herein, we present a new and facile
solvothermal synthesis to obtain uniform square nanoplates
of tetragonal B-FeSe,, in which iron chloride (FeCl,) and Se
powders were used as the source and glycol as the solvent.

Results and Discussion

Characterization of Structure and Composition

The product generated from the reaction of iron chloride
(FeCl,) and selenium powder was analyzed by using a pow-
der X-ray diffraction (pXRD) technique. A pXRD pattern
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shown in Figure 1 matches well with the JCPDS card
No0.85-0735 for tetragonal FeSe, with a = b = 3.765 and ¢
= 5.518, which suggests that a PbO-type FeSe, (P4/nmm)
structure is present in the product.”? The complete absence
of additional diffractions because of impurity phases indi-
cates that phase-pure tetragonal FeSe, could be obtained
by using such a simple solvothermal synthesis.
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Figure 1. Powder X-ray diffraction pattern of a typical product af-
ter grinding. Information from a standard JCPDS card No. 85—
0735 is given on the bottom.

The structures of the as-prepared product were charac-
terized by SEM (Figure 2a), which shows that all of the
products were crystallized in square plates with an edge
length of about 1.0-2.0 um and thickness of about 150 nm
(Figure 2a, inset). These nanoplates were also characterized
by TEM and selective area electron diffraction (SAED)
(Figure 2b), which was taken from one part of the flake
highlighted in the white square. The zone axis of the nano-
plate is along the [001] direction when it is lying horizon-
tally, which reveals that a nanoplate is enclosed by two crys-
tallographically equivalent {001} and four equivalent {100}
lattice planes as larger top-down and smaller side surfaces,
respectively. This orientation growth of the nanoplates can
be further confirmed by another pXRD pattern (Figure 2c),
for which the sample without grinding was prepared by an
elaborate precipitation on Si substrates to ensure that most
of the nanoplates lie along the a—b plane. The significantly
improved intensity of (00X) diffraction peaks in the pXRD
confirms a preferred orientation of the as-synthesized crys-
tals, consistent with the results from TEM images and re-
lated SAED (Figure 2b). The highly retarded growth along
the ¢ direction and the enhanced growth along a-b planes
is rationalized by the inherent layer crystal structure of
FeSe,, as shown in Figure 2d in which covalently bonded
Fe and Se slabs vertically stack together along the ¢ axis
through van der Waals forces (Figure 2d). This structure is
similar to that prepared by a different synthetic route in our
previous work.[?81 Obviously, the reaction strategy presented
in this paper is much more economic and facile. Further-
more, the sample with a 140-nm thickness along the ¢ direc-
tion, which is thought as critical size,l'>! would be of great
importance to study its physical performance.
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Figure 2. (a) SEM images of some nanoplates, (b) TEM images
with a SAED pattern (inset), (c) powder X-ray diffraction pattern
of the sample lying on a Si wafer substrate, (d) layered structure
model, and (e) related EDS profile with resultant atomic percent
FeSe,.

The relative ratio of the composition of Fe and Se in the
nanoplate was determined by using an energy dispersive X-
ray spectroscopy (EDS) technique from the whole stack of
the sample in the SEM image (Figure 2¢). The atomic per-
centages of Fe and Se are 49.9 and 50.1 %, respectively. That
is, the chemical formula corresponds to FeSe; 3. When the
relative ratio was determined by using inductively coupled
plasma atomic emission spectrometry (ICP) technique, the
atomic percentages of Fe and Se are 53.1 and 46.9%,
respectively. The chemical formula is calculated to be
FeSey.g9. Both of the results indicate the product FeSe, is
nearly chemically stoichiometric. Previously, the FeSe,
product was isolated by using Fe(CO)s as the iron source.['”]
Herein, the economic and safe FeCl, and Se powders were
used as the sources, respectively, and the synthesis approach
is much more facile and economic.

The Role of PVP: The Control of the Nanostructures

PVP has successfully been used in the synthesis of nano-
materials as an important surfactant.?>-3% In the absence of
PVP, poorly defined products were harvested (Figure 3). In
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comparison with the product, which was synthesized in the
presence of 0.03 g PVP (Figure 2a), these plates appear to
be larger and thicker with more irregular shapes. Interest-
ingly, during the mixing of the starting materials, if mag-
netic stirring was not introduced, flowerlike FeSe, aggre-
gates grew in the absence of PVP. The size of each flower-
like aggregate is about 10-20 um, which was built by the
assembly of FeSe, nanosheets with a thickness of ca.
150 nm (Figure 4a). However, with the addition of trace
amounts of PVP, such as 0.01 g in the typical reaction
setup, the nanoplates do not appear as flowerlike aggre-
gates, but separate from each other (Figure 4b). With fur-
ther addition of PVP, the nanoplates tend to be more uni-
form and regular. Such an observation clearly indicates that
PVP has a great affect on the control of FeSe, growth and
promotes the dispersion of FeSe, crystals when PVP mole-
cules are adsorbed on the FeSe, crystal surfaces. During
the aging of the FeSe crystals, the formed crystal surfaces
must be stabilized through chemical interactions with the
oxygen (and/or nitrogen) atoms of the pyrrolidone groups
of PVPB! and hence agglomeration among the formed
crystals is avoided. However, in the absence of PVP, the

Figure 3. SEM image of the product grown from the starting mix-
ture in the absence of PVP.

Figure 4. SEM images of the products obtained in a typical synthe-
sis in the presence of different amounts of PVP: (a) 0.00 g, (b)
0.01 g, (¢) 0.02 g, and (d) 0.04 g.
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dispersion of the particles must be performed through mag-
netic stirring. With increasing the amount of PVP, the
square nanoplates with four {100} sides become more ap-
parent, which implies that it is likely that PVP is adsorbed
on the {100} surfaces. This confirms the study by Xia et
al., which shows that PVP binds more strongly to {100}
than to the {111} facets of Ag and can thereby reduce the
growth rate along the [100] direction.[*?l The pXRD pattern
(Figure 5) confirms that all of these products crystallize in
the phase-pure tetragonal PbO-type structure.
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Figure 5. Powder XRD patterns of the products obtained in a typi-
cal synthesis with the addition of extra PVP. (a) 0.00 g, (b) 0.01 g,
() 0.02 g, and (d) 0.04 g.

The Role of Solvent: the Control of Phase

Our previous work demonstrated that organic diol sol-
vent has a great effect on the synthesis of FeSe,.[*8! We have
successfully isolated pure-phase tetragonal FeSe, by adopt-
ing glycol as the solvent. In addition, we explored other
polyols, such as 1,2-propanediol, 1,4-butanediol, and glyc-
erol, as the solvent to prepare PbO-type FeSe,. Instead of
glycol, when 1,2-propanediol was used as solvent, the prod-
uct identified by powder XRD pattern was phase-pure
FeSe, (Figure 6a, 1#). The shape of the products was also
platelike (Figure 6b). However, when either 1,4-butanediol
or glycerol was applied as the solvent, diffraction peaks
from the PbO-type phase could not be detected (Figure 6a,
either 2# or 3#). SEM images of these products with dif-
ferent shapes were observed and are depicted in Figure 6¢
and d. These results suggest that phase-pure PbO-type
FeSe, nanoplates can only be grown in the diol solvent with
very short linear carbon chains, such as glycol and 1,2-pro-
panediol, under our current experimental conditions. This
implies a low possibility of harvesting phase-pure B-FeSe
by using a simple solvent route. This may be because the
structure of B-FeSe is not stable enough,??l and Fe;0, is
easily formed even though the experiment was executed by
standard oxygen-free techniques.[’l It was previously shown
that the chemical composition and the edge length of the
single crystalline FeSe, nanoflakes can be tailored readily
by 1,2-tetradecanediol,*8! which serves as a reducing agent
that facilitates the reduction of Se to Se? for the formation
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of FeSe,. Li and co-authors proposed that SeOs>~ anions
can be reduced by 1,2-PG to Se in alkali solution.['® They
also found that only amorphous Se could be obtained if the
reaction rate was lowered or the aging time was shortened.
Therefore, it can be believed that the reducing ability of the
used solvent is very important for the formation of B-FeSe,
with a proper proportion of Se and Fe from the reaction
system. B-FeSe could not be obtained with 1,4-butanediol,
probably because of the low reducing ability. However,
when glycerol was used as the solvent, the pXRD of the
product shows the presence of the Fe;O, phase (Figure 6a,
3#). During the experiment, it was found that magnetic stir-
ring was difficult because of the extremely strong viscidity
of glycerol. It is easily acceptable that Se*>~ and Fe?* would
be difficult to transfer and combine for the growth of (-
FeSe. Thus, the viscidity of glycerol is the key handicap for
the formation of B-FeSe. Therefore, it is considerably im-
portant to adopt an appropriate solvent for the successful
growth of phase-pure PbO-type FeSe, nanoplates.

a .'w s
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Figure 6. (a) Powder X-ray diffraction patterns and (b)-(d) SEM
images of the products obtained from the solvent of (1#, b) 1,2-
propanediol, (2#, c) 1,4-butanediol, and (3#, d) glycerol (*-Fe;0,),
respectively.

Conclusions

In summary, PbO-type, tetragonal, nearly stoichiometric
FeSe, (i.e. x = 1.0) nanoplates enclosed by (001) lattice pla-
nes as larger top-bottom surfaces and {100} as side surfaces
have been grown through a facile solvothermal route in
glycol from simple inorganic sources, i.e. FeCl, and Se pow-
ders. When the amount of PVP is increased, square nano-
flakes become more apparent and more dispersed. In ad-
dition, the correct choice of a diol with short linear carbon
chain as solvent is crucially important to facilitate phase-
pure PbO-type tetragonal FeSe, whereas phase-pure tetrag-
onal FeSe, could not be isolated when either 1,4-butanediol
or glycerol was used as solvent. The facile and mild solvent
method could be a promising new approach for the success-
ful synthesis of phase-pure and well-dispersed FeSe, nano-
plates.
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Experimental Section

Synthesis: Iron chloride (FeCl, Guangdong Guanghua Chemical
Co.), Se powders (Guangdong Guanghua Chemical Co.), glycol
(Tianjin Fuyu Chemical Co.), sodium hydroxide pellets (NaOH,
Guangdong Guanghua Chemical Co.), and polyvinyl pyrrolidone
(PVP) all in A.R. grade were used as the starting materials without
further purification. In a typical synthesis, tetragonal B-FeSe,
nanoplates, FeCl, (0.063 g, 0.5mmol), Se powder (0.040 g,
0.5 mmol), NaOH (0.120 g, 3.0 mmol), and PVP (0.030 g) were dis-
solved under vigorous magnetic stirring in glycol (10.0 mL) for
2.0 h. The mixture was sealed in a Teflon-lined stainless steel auto-
clave (25 mL) and maintained at 220 °C for 12 h for solvothermal
crystallization. Followed by natural cooling to ambient tempera-
ture, the resulting solid products were washed with distilled water
(10 mL), then absolute ethanol (10 mL) by centrifugation (two
times). The as-obtained black samples were dried in vacuo at room
temperature.

Characterization: The products were characterized by powder X-
ray diffraction (pXRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and high-resolution
TEM (HRTEM). XRD patterns were recorded with a Rigaku D/
MAX 2200 VPC diffractometer by using Cu-K, radiation (1 =
0.15045 nm) and a graphite monochromator. SEM images were
taken with FEI Quanta 400 Thermal FE Environment Scanning
Electron Microscope. Samples were gold-coated prior to SEM
analysis. TEM images were prepared on a JEM-2010HR trans-
mission electron microscope operated at an accelerating voltage of
200 kV. The microscope was equipped with a Oxford EDS spec-
trometer and Gatan GIF Tridiem systems for both structural and
chemical analysis. TEM samples were prepared by dispersing the
powders on holey carbon film supported on copper grids. The ele-
mental analysis of the as-prepared B-FeSe sample was carried out
by using inductively coupled plasma atomic emission spectrometry
(ICP-AES) on TJA IRIS (HR).
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