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Regular square FeSex nanoflakes with tetragonal PbO-type phase and selenium deficiency have been

grown from an inorganic iron source, i.e. ferrous chloride and selenium trioctylphosphine through

a simple solution-based route in the co-solvent of oleylamine and oleic acid. The phase and structure

are identified by powder X-ray diffraction and electron microscopy. The square nanoflakes are revealed

to be bound by two larger {001} planes and four equivalent smaller {100} side surfaces. The appearance

of the larger {001} planes and flaky morphology inherently results from the greatest atom density on

{001} lattice planes and the largest d001 spacing. The addition of the organic acid, i.e. oleic acid, at

a proper stage during heating of the starting materials, is of great importance to the yield of the

tetragonal PbO-type phase. Interestingly, the chemical composition and the edge length of the single

crystalline FeSex nanoflakes can be tailored readily by using an organic diol which is suggested to serve

as a reducing agent and chemical ligand. Thus, the deficiency of selenium can be highly reduced and the

top-bottom surface area be enlarged.

1. Introduction

The preparation of a solid state material with a desired crystal

phase and chemical component is of crucial importance in

traditional solid chemistry.1 Solution chemistry as a simple route

can yield a range of nanocrystals with tunable sizes and variable

shapes. Because many unique physical and chemical properties

are highly size and/or shape dependent, the controlled growth of

nanocrystals via solution chemistry has received intensive

research interest in nanochemistry.2 In addition, a specific phase

can be readily achieved by modifying growth conditions through

solution chemistry.3 Tetragonal PbO-type b-FeSex represents

a kind of interesting material that has been proven to have

potential in many fields due to its magnetic,4–6 electrochemical,7

optical and electrical properties.8,9 Significantly, the discovery of

its superconductivity10 has generated more and more attention

towards the preparations, structures, and properties of the family

with composition modification in FeSe1�y.
11–19 Both experi-

mental and theoretical studies show that the superconductivity

and other physical properties are highly dependent on selenium

deficiency deviated from the ideal stoichiometry of FeSe.10–12 In

addition, strong orientation and thickness-dependent supercon-

ductivity have been investigated for FeSex thin films with

preferred orientation growth,14 further indicating crystal-size and

growth-orientation effects.15 Therefore, it is of great importance

to synthesize phase-pure tetragonal FeSex samples with tunable

compositions, sizes and even shapes.

Many groups have been challenging the controlled growth of

b-FeSex with tetragonal phase, designed deficiencies, and speci-

fied sizes. Firstly, besides the tetragonal phase with PbO struc-

ture, FeSex appears in several other phases, such as a hexagonal

NiAs-type phase with a wide range of compositions showing

a transformation from hexagonal (e.g. FeSe and Fe7Se8) to

monoclinic (e.g. as Fe3Se4) symmetry, and orthorhombic

marcasite structured FeSe2.
15,20 Secondly, although the synthesis

of FeSex bulk materials with tunable x values has been well and

extensively documented, the preparations are generally carried

out at high temperature via solid-state reaction,12,17 a flux growth

method,18 and vapor self-transport.19 Thirdly, besides economi-

cally prohibitive high temperatures, meticulous conditions,

sophisticated facilities, inert and refractory substrates are

required during the growth of b-FeSex thin films by using

chemical vapor deposition (CVD),5 pulsed laser deposition6 and

molecular beam epitaxy (MBE).7 Actually, these routes can not

be developed as a feasible way to yield size and shape tunable

single crystals.

Solution-based chemical routes can allow for monodisperse

and shape-controllable crystal growth under facile conditions.2

Previously, orthorhombic FeSe2 nano- and micro-crystals, i.e.

a non-tetragonal phase, had been grown via solvothermal

routes.16 Recently, predominantly two-dimensional Fe0.994Se1.014
nanosheets have been reported by Raymond E. Schaak and his

colleagues, who adopted Fe(CO)5 as an iron source and tri-

octylphosphine oxide (TOPO) as solvent.15 This is an important

progression in the successful growth of FeSex via solution

chemistry. However, the FeSex sample was not Se-deficient and

the tailoring of chemical composition and size have not been

realized so far. Herein, we present a new wet-chemical strategy in

the growth of much more uniform tetragonal b-FeSex square

nanoflakes with tunable composition and size, in which iron
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chloride (FeCl2) was used as an iron source, oleylamine as

solvent, and a small amount of oleic acid as co-solvent.

2. Experimental

Chemical Synthesis

All chemicals were received from Sigma-Aldrich without further

purification. In a typical synthesis of tetragonal b-FeSex nano-

flakes, 38 mg (0.3 mmol) of FeCl2, 7.5 mL of oleylamine (70%)

were loaded into a three-neck round-bottom flask equipped with

a condenser. The mixture was heated up to 110 �C with mild

stirring and was gradually vacuumed. Standard air-free tech-

niques was used. After the temperature reached 110 �C, 0.5 mL

of oleic acid (90%) was then added into the mixture under

vigorous agitation. After the system was further vacuumed for

15 min at 110 �C, the temperature was increased to 130 �C and

0.3 mL of pre-prepared selenium trioctylphosphine (Se-TOP)

solution (90% for TOP, 1.0 mol L�1 for Se) was rapidly injected

under an argon stream. The mixture was subsequently heated to

320 �C and refluxed for 20 min. During this heating stage, the

color of the mixture turned black at about 305 �C. For the case
with the presence of 1,2-tetradecanediol (TDD), TDDwas added

together with FeCl2 into a three-neck round-bottom flask and the

reaction could be conducted at 300 �C, which also reduces the

probable evaporation of TDD. The system was cooled down to

room temperature, and the resultant black precipitates were

isolated by adding sufficient amounts of a mixture of anhydrous

ethanol and hexane and collected by subsequent centrifugation.

The as-obtained black samples were dried in a vacuum oven at

room temperature.

Characterization

Samples were characterized using a PAN analytical X-ray

diffractometer (X’Pert system) equipped with a CuKa1 radiation

source (l ¼ 0.15406 nm), a scanning electron microscope (SEM),

transmission electron microscope (TEM), and high-resolution

TEM (HRTEM). SEM images were taken with a FEI Quanta

400 Thermal FE Environment Scanning Electron Microscope.

Samples were gold-coated prior to the SEM analysis. TEM

images were prepared on a JEM-2010HR transmission electron

microscope operated at an accelerating voltage of 200 kV. The

microscope was equipped with an Oxford EDS spectrometer 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.

3. Results and discussion

Structural characterization

The typical product generated from the reaction of anhydrous

FeCl2 and selenium in the organic solvent with absence of TDD

was checked by powder X-ray diffraction (pXRD) (Fig. 1),

electron micrography and electron diffraction (Fig. 2a–c). The

pXRD pattern in Fig. 1 matches well with the JCPDS card No.

85-0735 for tetragonal FeSex with a ¼ b ¼ 0.3765 and c ¼
0.5518 nm, confirming that the product was PbO-type FeSex

(P4/nmm).10 This indicates that phase-pure tetragonal b-FeSex
could be grown by using such a simple inorganic iron source.

According to the theory of Curie and Wulff ,21 a free crystal of

tetragonal FeSex should have a plate morphology due to the

large d-spacing of 001. The TEM images of the dispersed b-FeSex
particles show that they are all crystallized in square flakes with

edge length around 110 nm and thickness around 8 nm

(Fig. 2a,c). The fast Fourier transformation (FFT) pattern

(Fig. 2b, insert) and its corresponding HRTEM image with

defined lattice fringes taken from one part of a nanoflake as

denoted inside the white square (Fig. 2c) indicate its zone axis is

along the [001] direction when it is lying horizontally. The

selected area electron diffraction (SAED) pattern (Fig. 2c, insert)

from the entire nanoflake suggests its single crystalline nature

and further manifests that it is enclosed by two �(001) and four

equivalent {100} lattice planes as larger top-bottom and thinner

side surfaces, respectively (Fig. 2c). The highly retarded growth

along the c-direction and the enhanced one along (001) planes are

rationalized by the inherent layer crystal structure of FeSe as

described previously (Fig. 2d).15 As presented in Fig. 2d, the

covalently bonded Fe and Se slabs vertically stack together along

the c-axis via van der Waals forces in (001) planes. The signifi-

cantly improved intensity of the 001 diffraction peak in pXRD

(Fig. 1) reveals a preferred orientation of the as-synthesized

crystals, which is consistent with the results from TEM images

and the related FFT pattern (Fig. 2a–c).

Influence of the addition procedure of oleic acid on the growth

The mixture of oleylamine and oleic acid has been extensively

used as a co-solvent, reducing agent and/or surfactant in the

controlled growth of monodispersed nanocrystals.2,22 An opti-

mized use of each of them is quite essential in a successful growth

of target nanocrystals. The sequence of the addition of the

solvent pair has an important influence on the nucleation and

growth of nanocrystals.22 As described in the experimental

section, oleic acid was added after the temperature reached

105 �C and the mixing of FeCl2 into oleylamine (70%). If 0.5 mL

of oleic acid was mixed with oleylamine at ambient temperature

before heating, the target tetragonal phase was hardly yielded

(Fig. 3a). After the temperature of the mixture of FeCl2 and

Fig. 1 Powder X-ray diffraction pattern of the product obtained

through the typical growth procedure. The bars are from JCPDS card

No. 85-0735 for tetragonal b-FeSe.
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oleylamine reached 60 �C at the first stage, 0.5 mL of oleic acid

was then added under vigorous agitation, the as-obtained

product can be identified as a pure tetragonal phase but poorly

crystallized as suggested by its powder XRD pattern (Fig. 3b).

Interestingly, instead of oleylamine, 7.5 mL of oleic acid was used

as solvent for FeCl2 and then instead of oleic acid, 0.5 mL of

oleylamine was added after heating to 110 �C in the typical

growth procedure, monoclinic Fe3Se4 (JCPDS card No.71-2251)

but not tetragonal FeSex phase was generated (Fig. 3c). Thus, the

addition of oleic acid should be carried out at a proper stage and

a suitable temperature. It has been broadly accepted that the

evolution of nanocrystals in a solution system consists of

a nucleation stage and a subsequent Ostwald ripening growth on

the existing seeds (or nuclei).22a The rates of nucleation and

subsequent growth are the keys to well crystalline products and

size/shape control. Oleic acid can serves as a ligand to form

a complex with iron and thus its presence can control the state of

iron in the starting mixture. In the absence of oleic acid, the

resultant nanoflakes are not so uniform (see ESI†) as those in

Fig. 2. However, the much earlier presence of oleic acid might

reduce the nucleation and consequently retard the growth of

FeSex. Thus, a poorly crystalline product is yielded if the oleic

acid is added at a much earlier stage. However, the complexing

ability between nitrogen atom in oleylamine to iron atom and

oxygen atom in oleic acid to iron atom is different. Iron(II) can

exist much more stably in amines than in organic acids. The

earlier presence of oleic acid and absence of oleylamine can not

preserve the state of the iron properly and thus other products

are yielded (Fig. 3c).

Composition and size tailoring: the use of TDD

The relative molar ratio of Fe to Se in the typical product was

checked briefly via SEM energy-dispersive X-ray spectroscopic

(EDS) analysis from the whole stack of sample (Fig. 4), in which

the nanoflakes are nearly uniformly dispersed. The percentages

of Fe and Se are 65 at% and 35 at%, respectively, corresponding

to a chemical formula of FeSe0.54, indicating a considerable

deficiency of selenium in the stoichiometry. The excess Fe is quite

evident. An effort to increase the content of Se is necessary and

practical. Previously, the product of Fe0.994Se1.014 with a slight

excess of selenium was obtained by using Fe(CO)5 as the iron

source.15 Herein, the relatively economic and safe FeCl2 was

adopted as the iron source and the growth approach was facile.

In addition, nearly uniform particles have been generated by the

present route. Significantly, the chemical composition and size

Fig. 2 (a) Low magnification, (b) high resolution TEM images with

inserted FFT pattern. (c) A single nanoflake and its SAED pattern with

[001] zone axis and (d) a schematic layer structure model.

Fig. 3 Powder X-ray diffraction patterns of the products obtained with

slightly modified conditions compared to the typical procedure as shown

in Fig. 1. (a) Adding oleic acid (0.5 mL) into the mixture of FeCl2 and

oleylamine (7.5 mL) at ambient temperature, and (b) at 60 �C, respec-
tively. (c) Mixing oleic acid (7.5 mL) with FeCl2 first at ambient

temperature and then adding oleylamine (0.5 mL) at 110 �C.
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tailoring can be achieved via a general but unique route as will be

described in this paper.

As reported in the literature, the superconducting property of

tetragonal FeSex bulk materials is dependent on the x value.10–12

Therefore, the control and tuning of the chemical composition of

FeSex is of considerable importance to optimize physical

performance. The tuning and modification of atom ratio in

a product from solution chemistry is commonly realized by

a ratio change of respective component in the starting feedstocks.

In this work, however, we demonstrate a unique method to finely

tune the chemical composition of FeSex products without

varying the amounts of source materials, i.e. iron and

selenium sources. Instead, with an employment of an organic

diol, i.e. 1,2-tetradecanediol (TDD), compounds with higher Se

components can be synthesized. TDD (1,2-tetradecanediol) has

been widely used as a mild organic reducing agent to facilitate the

nucleation process.23 We accordingly shared this insight and

employed TDD as a reducing agent. By addition of 0.07,

0.10 and 0.14 g of TDD into three reaction systems, three

tetragonal FeSex products could be obtained, respectively

(Fig. 5 and 6). Interestingly, the chemical components of FeSex
can be tailored to be FeSe0.63, FeSe0.74 and FeSe0.89, respectively,

based on the EDS results (Fig. 6d and ESI†). The controlled

growth of FeSex with tunable composition is of great importance

in the study of superconductivity. Unfortunately, the measure-

ment of superconductivity has not been successful so far prob-

ably due to a limited size (thickness).14,15

In addition, the shape and size can be modified with the

addition of TDD but the flaky shape is preserved. The larger

surface area extends with a further addition of TDD. That is the

top-bottom surfaces area of the nanoflakes increases in the

presence of more TDD (Fig. 6). The ratios of larger �(001)

surface area to thickness tend to be remarkably increased but the

square outline of the top-bottom surface remains (Fig. 6c, white

arrows).

TDD plays an important role in controlling the growth, the

size/shape and the composition. To understand this, we carefully

looked into the experimental phenomenon during heating. There

is a sudden change in the solution color from yellow to black

observed in the heating process, which can be taken as a sign of

the generation of FeSex (Scheme 1). Without addition of TDD,

a heating temperature up to 305 �C for a quick color change to

black in the hot reaction solution was required. That is, tetrag-

onal FeSex nanoflakes that are black in color could be only

formed at ca. 305 �C in the absence of TDD. This is further

Fig. 4 (a) SEM image and (b) related EDS profile with resultant atom

ratio as percentage in FeSex.

Fig. 5 Powder X-ray diffraction patterns of the products obtained after

the addition of 0.07, 0.10 and 0.14 g of TDD.

Fig. 6 SEM images of the products obtained with an addition of (a)

0.07, (b) 0.10 and (c) 0.14 g of TDD. (d) The Se/Fe ratio and larger crystal

surface size in each product with a change in the addition of TDD

(Fig. S2†).
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suggested by another experimental observation without the

formation of black solid precipitates, in which the same reaction

was conducted at 280 �C and even for 30 min. In the presence of

0.07, 0.10 or 0.14 g of TDD in a typical reaction system, however,

a color change was obvious at 297, 290 or 280 �C, implying that

TDD accelerates the initiation of FeSex.

Derived from our previous results for the synthesis of PtCu

nanocrystals, in which TDD was an efficient reducing agent for

promoting their growth,23 a possible growth mechanism of FeSex
can be addressed in a similar way. Firstly, Se is from the

decomposition of Se-TOP, which can be promoted at higher

temperature. Secondly, TDD serves as a reducing agent which

facilitates the reduction of Se to Se2� ions as an ‘‘intermediate’’

for a subsequent formation of FeSex between Se2� and Fe2+.

In the absence of TDD, it would be more difficult to produce

Se2�, resulting in a higher Se deficiency due to the high stability of

Se-TOP. As a consequence, with increasing amounts of TDD,

the Se2� content increases and the production is enhanced.

The evidence in Fig. 2b and c indicates that the larger

up-bottom surfaces are bound by terminal {001} planes. The

square flakes with two larger {001} surfaces becomes more

apparent with increasing the addition of TDD (Fig. 6). It has

been well accepted that the crystal growth rate along a crystal-

lographic orientation is proportional to the surface attachment

energy. Generally spoken, a small surface attachment is associ-

ated with a large d-spacing, herein the largest one is attributed to

001. Since the crystal growth along the <001> direction is the

slowest, a free crystal of tetragonal FeSex should have square

flake morphology as described above (Fig. 2c). As the atom

density on (001) lattice plane is greater than others on (100), (101)

and (111) ones, the enhanced growth along the (001) planes can

certainly enlarge the top-bottom surface on each nanoflake. Due

to the deficiency at Se sites and the presence of extra positively-

charged Fe2+ atoms on the (001) plane, TDD molecules can

coordinate Fe2+ and be adsorbed on (001) planes. With the

increase of TDD, the growth along the <001> direction is

significantly retarded and flaky nanostructures with larger (001)

surfaces are achieved (Fig. 6 and Scheme 1).

4. Conclusions

In summary, PbO-type tetragonal FeSex nanoflakes enclosed by

two �(001) lattice planes as top-bottom surfaces and four {100}

as side planes have been grown through a solution route by using

a simple and safe inorganic iron precursor. The successful growth

of the target product is not only dependent on the component of

the starting materials22,23 but the addition procedure of some

feedstocks such as the addition of oleic acid herein. The presence

of TDD in the reaction system can favor the growth of b-FeSex
and result in the production of b-FeSex nanoflakes with larger

top-bottom {100} surfaces and with higher Se component.

This will provide a general growth route to tailor chemical

composition, size and shape, and even to optimize the physical

performance of nanocrystals.
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