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ABSTRACT: A series of complexes of the type [Ln(Se,P-
(phenyl),);(CH,CN),] (x = 1 or 2) have been synthesized and
structurally characterized for Ln = La—Lu (excluding Pm). The
complexes are straightforward to prepare and crystallize and are
soluble in solvents typically used in nanoparticle synthesis.
Solution-phase thermolysis of these complexes formed
lanthanide diselenide or LnSe,_, nanosheets, for Ln = La—
Ho, except Eu, which formed EuSe. By contrast, the smallest
lanthanides Ln = Er—Lu formed Ln,Se; nanomaterials. The
lanthanide dichalcogenides are rare-earth analogues of the
transition metal dichalcogenides and exhibit similar properties,
including small band gaps, charge density waves, antiferromag-
netism, and superconductivity. The lanthanide diselenide

nanomaterials exhibited highly anisotropic growth and were phase pure with the exception of CeSe, (which also formed a
cerium oxide and cerium ultraphosphate). The lateral nanosheet dimensions, based on transmission electron microscopy
(TEM), range from ~S0 to S00 nm, and the thickness was found to be ~4 nm for the thinnest sheets by atomic force
microscopy. The nanosheets were further characterized by powder X-ray diffraction, scanning electron microscopy, and Raman
spectroscopy. Alloy formation was also demonstrated with the combined solution thermolysis of Sm and Gd complexes to form
Sm, ,Gd,Se; g The alloy was found to have homogeneous composition on the basis of powder X-ray diffraction and TEM.

B INTRODUCTION

Layered materials have long been studied for the novel
properties that result from structural anisotropy,' ™ and
recently, excitement has been generated by the ability to
prepare atomically thin nanosheets, termed “two-dimensional”
materials.” Two-dimensional (2D) materials have attracted
interest because of properties that differentiate them from the
bulk,” as well as improved mechanical flexibility, and enhanced
electrical and optoelectronic properties.”™® In addition to
fundamental knowledge, there is the potential for a wide range
of applications from batteries to photodetectors, thermo-
electrics, catalysis,” and new device development.'’ Layered
materials also open synthetic opportunities to tune properties
through intercalation, exfoliation, reassembly of sheets of two
different materials, or alloying within the layer."" Changes from
direct to indirect band gaps as well as valley polarization have
drawn significant attention to the transition metal dichalcoge-
nides (TMDs)."> Among new classes of 2D materials, there has
been growing interest in 2D rare-earth nanomaterials'* because
of the novel luminescent, magnetic, and catalytic properties
conferred by the nonbonding nature of the 4f electrons.'*
The lanthanide dichalcogenides, LnX,_, (Ln = lanthanide,
and X = S, Se, or Te), are an underexplored class of rare-earth
materials that form novel analogues of the TMDs, and the
structures are compared in Figure 1. Like the TMDs, the
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LnX,_, materials are anisotropic layered materials with sheets
of metal chalcogenide.”> The structure of the lanthanide
dichalcogenides is derived from the ZrSSi aristotype and
contains distorted rock salt double layers of [Ln**X>7]* that
alternate with sheets of chalcogenide [X,,] ~'® The exception is
europium, EuSe,, where the metal is divalent and the structure
is more isotropic.'” One difference between the two classes is
that the TMDs have neutral layers and van der Waals
interactions between the sheets, while the lanthanide
dichalcogenides have a charged interlayer interaction that is
more similar to ionic layered materials such as the “layered
double hydroxides”."® In addition to the formation of structural
analogues of the TMD materials,'” the properties are quite
similar. For example, the LnX, , electronic properties range
from semimetals to semiconductors’’ and exhibit charge
density waves,”"*” antiferromagnetism,” and superconductiv-
ity.”* Unfortunately, the solid-state synthesis of these materials
is challenging and requires increasingly high pressures across
the series””® due to the decomposition of LnX,_, to form
X,(g) and Ln,X,* although polychalcogenide fluxes may
provide a general route.
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Figure 1. Comparison of the lanthanide dichalcogenide structure (left) with the transition metal dichalcogenide structure (right). The black atoms

are metals, and the yellow atoms are chalcogens in both structures.

The synthesis of rare-earth chalcogenides is also challenging
at the nanoscale. Despite the advantages of incorporating
lanthanides into nanocrystalline metal chalcogenide hosts with
intermediate band gaps,” the synthesis is hindered by the
chemistry of the hard trivalent lanthanides, which have little
affinity for the soft chalcogenides. There are many
chalcogenide precursors that have been developed for elegant
control of II—VI nanoparticle synthesis, such as the thio- and
seleno-ureas.’””' These may be paired with a wide range of
metal salts for the transition and main group metals used in
nanoparticle synthesis, but the corresponding lanthanide salts
are insoluble in nanoparticle solvents (e.g., halide salts) or use
carboxylate ligands that inevitably lead to oxides or oxy-
chalcogenide products. For example, the solution synthesis of
LnSe, for (Ln = La—Nd and Eu) was reported using Ln(acac),
(acac = acetylacetonate) and SeO,; however, this approach led
to mixed-phase materials with Ln,O,Se;. The smaller
lanthanides (Ln = Sm—Ho) with this synthesis formed only
Ln,0,Se;.”” Alternatively, nanoparticles of NdS, have been
reported from the conversion of Nd,O; nanoparticles using
boron sulfides®® but are unfortunately not solution processable.
Brennan has synthesized a large number of novel lanthanide
chalcogenide molecules and clusters, but they have not been
adopted as precursors for nanoparticle synthesis because they
are air-sensitive and synthetically demanding.**™*® Single-
source precursors for EuS have been dominated by the
dithiocarbamates,®”~*° but recently, the precursor Eu-
(X,PPh,),(THE), for X = S and Se (THF = tetrahydrofuran)
was reported to form EuS and EuSe nanomaterials.*" While the
dithiocarbamate chemistry has been extended to other
lanthanides,** we were interested in determining the range of
materials formed from the diphenyl-diselenophosphinate
complexes and discovered a general route to LnSe,_,
nanosheets.

Here, we report the synthesis and single-crystal structures of
[Ln(Se,PPh,);(CH;CN),]for Ln = La—Ho (excluding Pm)
and Ln(Se,PPh,);(CH;CN) for Ln = Er—Lu. Heating these
precursors in solution under an inert environment led to phase
pure nanosheets of the corresponding LnSe,_, for Ln = La—
Ho, with two exceptions. The first was CeSe,_, that, on the
basis of powder X-ray diffraction, also contained impurities of

cerium oxide and cerium ultraphosphate. Second, although
phase pure, the europium complex formed EuSe as reported
previously.41 Transmission electron microscopy (TEM)
studies provided insight into the mechanism of nanosheet
growth and, combined with atomic force microscopy (AFM),
show that the thinnest materials were ~4 nm. Raman
spectroscopy was used to evaluate layer breathing modes,*
as both peak 4position and intensity can vary due to interlayer
interactions.”” To demonstrate the synthetic feasibility, we also
prepared the alloy, Sm,_,Gd,Se, s, which also formed nano-
sheets with a uniform composition.

B EXPERIMENTAL SECTION

Materials. Oleylamine (>70%, Sigma), lanthanide(IIl) triflate
[Ln(OTF),, where Ln = La, Ce, Sm, Eu, Dy, or Yb; 98%, Alfa Aesar],
lanthanide(III) triflate [Ln(OTF),, where Ln = Pr, Nd Gd, Tb, Ho,
Er, or Lu; 98%, Sigma], diethylamine (>99%, Sigma), diphenylphos-
phine (98%, Sigma), acetonitrile (>99%), absolute ethanol (>99.7%),
and hexanes (>99.5%) were used as received. Quartz tubes were
purchased from ChemGlass.

Synthesis of the Ligand and Complexes. [Et,NH,][Se,PPh,]
(DSP salt) (1). In an air-free atmosphere, selenium (7.894 g 0.10 mol)
was mixed with anhydrous ethanol (40 mL, 0.66 mol). Diphenyl-
phosphine (8.7 mL, 0.05 mol) was added to the slurry. Excess
diethylamine (5.3 mL, 0.051 mol) was injected into the reaction
mixture, and it was lowered into a water bath at 60 °C and stirred for
60 min. The solution turned from black to a rust-red color over the
course of the reaction. The reaction mixture was cooled to room
temperature and then placed in a =30 °C freezer. A white precipitate
formed and was vacuum filtered and washed with ethanol and diethyl
ether to isolate the product in 58% yield. FTIR (cm™): 2990 (w),
2769 (w), 1539 (w), 1435 (w), 1088 (w), 750 (m), 694 (m), 537
(m), 512 (m), 470 (w), 449 (w). Anal. Cald. for C[Et,NH,]-
[Se,PPh,]: C, 46.0S; H, 5.33; N, 3.36. Found: C, 46.09; H, 5.30; N,
3.3S.

Ln(Se,PPh,);(MeCN),. In an air-free atmosphere, [Et,NH]-
[Se,PPh,] (1) (1.252 g, 3.0 mmol) was dissolved in acetonitrile
(25 mL, 0.48 mol). Ln(OTF), (1.0 mmol) was added directly to the
ligand solution. The solution started to form a precipitate upon
addition of the triflate salt and was stirred for 30 min. The product
was isolated via gravity filtration and washed with acetonitrile. Details,
including yields, FTIR data, elemental analysis, and observations, are
provided in Supporting Information (sections S1 and S2) for Ln = La
(2), Ce (3), Pr (4), Nd (5), Sm (6), Eu (7), Gd (8), Tb (9), Dy
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Figure 2. Representative structures of Ln(Se,PPh,);(CH;CN), (left) for Ln = La—Ho, but not Pm, and Ln(Se,PPh,);(CH;CN) (right) for Ln =

Er—Lu.

(10), Ho (11), Er (12), Tm (13), Yb (14), and Lu (15). Note that
synthesis and structures for [Ln(Se,PPh,);(THF),] for Ln = La, Ce,
and Nd were reported previously (THF = tetrahydrofuran),* and
[Ln(S,PPh,);(CH,CN),] for Ln = Gd and Dy.*

Solventless Thermolysis. The complexes (~0.20 g) were loaded
into 8 in. quartz tubes. The tubes were evacuated and then sealed.
The sealed tubes were heated in a furnace to 650 °C at a rate of 5 °C/
min, kept at that temperature for 1 h, and cooled to 25 °C at a rate of
0.5 °C/min. The thermolysis product was collected and stored in a
nitrogen glovebox.

Nanoparticle Synthesis. Oleylamine (10 mL) was degassed
under vacuum at 110 °C for 1 h. The solution was switched from
under vacuum to nitrogen, and the temperature of the reaction
mixture was increased to 315—330 °C. The complex Ln-
(Se,PPh,);(CH,CN), (x = 1 or 2) (0.2 mmol) was dissolved in
oleylamine (S mL) under an inert atmosphere and injected into the
hot oleylamine solution. A dark-colored precipitate (red for EuSe)
formed within 1 min. The reaction occurred for 1 h at 330 °C, and
then the mixture was cooled to room temperature. The precipitate
was washed in hexanes and ethanol in four cycles and stored in
hexanes.

Characterization. Elemental analysis (C, H, N) was performed
on a PerkinElmer 2400 microanalyzer using acetanilide as a standard.
FTIR measurements were recorded in the range of 400—4000 cm ™,
from pressed pellets in KBr on a PerkinElmer FTIR instrument.
Thermal analysis was performed on a model QS0 TA Instruments
thermogravimetric analysis (TGA) instrument. Simultaneous TGA-
DTA data were measured on samples in a platinum pan from 25 to
800 °C under a N, flow of 10 mL/min. The heating rate was 5 °C/
min. X-ray powder diffraction patterns were obtained using a Rigaku
Ultima IV X-ray powder diffractometer with Cu Ka radiation at 40 kV
and 30 mA and a D/teX silicon strip detector. Samples were prepared
for TEM measurements by drop casting dilute nanomaterial solutions
on carbon-coated copper TEM grids. High-resolution TEM
(HRTEM) and energy dispersive X-ray spectroscopy (EDS) analyses
were performed on a JEOL JEM-2100F FEG TEM instrument
operated at 200 kV at the Advanced Imaging and Microscopy Lab at
the University of Maryland. Scanning electron microscopy (SEM)
images were taken with a Zeiss SUPRA 55-VP scanning electron
microscope, at an acceleration voltage of 20 kV with an in-lens
detector. Raman spectroscopy was performed with a Horiba Raman
microscope equipped with a 532 nm laser and a 1800 line/mm grating
and calibrated against a diamond standard. The instrument was
interfaced with an Olympus BH2-UMA optical microscope, and a
magnification factor of 100X was typically used. Spectra were
recorded in extended scan mode from 100 to 3200 cm™ and
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analyzed using the WIiRE 2.0 software package. The surface
topography was acquired with an NTEGRA scanning probe
microscope (NT-MDT) operated in semicontact/tapping mode.
The probe is made from single-crystal silicon with a nominal
cantilever spring constant of ~12 N/m.

X-ray Crystallography. Intensity data were collected on a Bruker
D8 Quest CMOS diffractometer using Mo Ko radiation (1 = 0.71073
A). The data were integrated using the SAINT suite of software, and
absorption corrections were calculated using SADABS. Crystal
structures were determined and refined using the SHELX-2013 and
-2016 packages, with the assistance of X-Seed. The structures were
determined using direct methods and refined by full-matrix least-
squares methods with anisotropic thermal parameters for all non-
hydrogen atoms. Hydrogen atoms were located in calculated positions
and refined isotropically. Crystallographic details and additional
refinement information are provided in section S2 of the Supporting
Information. A summary of structural details is provided in Table S3.

B RESULTS AND DISCUSSION

Synthesis and Structures of [Ln(Se,P(Ph),);(CH;CN),]
(x = 1 or 2). The bidentate diselenophosphinate ligand,
[Se,PR,]7, can be prepared from a variety of secondary
phosphines, as described by Artem’ev,*” and in principle, the R
group can be tailored to tune solubility. The complexes formed
almost immediately upon addition of the ligand, and crystals
grew easily. Although air-sensitive, they can be prepared under
inert conditions and stored in a glovebox. In contrast to the
dithiocarbamate ligand, which forms complexes of the type
Ln(S,CNEt,);L. (L = phenanthroline or bipyridine), the
diselenophosphinate can fill the coordination sphere with
solvent to vyield complexes of the type Ln-
(Se,PPh,);(CH;CN),, shown in Figure 2. The coordination
number of 8 is the same for complexes of both ligands and
higher than for transition metals, as expected for the larger
lanthanides. It appears the dithiocarbamate can bridge two
metals more easily, leading to catenation and an amorphous
precipitate that does not occur with the diselenophosphinate.
The dithiocarbamate complexes require a planar bidentate
ligand, whereas the diselenophosphinate complexes complete
the coordination number with the solvent. The individual
structures of the lanthanide diselenophosphinates were
unsurprisingly similar. The single-crystal structure of the first
in the series La(Se,PPh,);(CH;CN), and the THF versions
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Ln(Se,PPh,),(THF), for La, Ce, and Nd have been
reported,*® as have the structures of [Ln(S,PPh,);(CH;CN),]
for Ln = Gd and Dy.*

The reason for determining the structures for the entire
series was to observe periodic trends for complexes with the
same ligand (diphenyl-diselenophosphinate) and the same
solvent (acetonitrile). The series provided insight into phase
formation because the coordination number of the precursors
exhibits a break that has not been reported for these complexes
between Ln = La—Ho forming [Ln(Se,PPh,);(CH;CN),] (8-
coordinate) and Ln Er—Lu forming [Ln-
(Se,PPh,);(CH;CN)] (7-coordinate). The lanthanide con-
traction causes a systematic change in ionic radii, but the
change in coordination number leads to an offset in the
average Ln—Se bond lengths for Ln = Er—Lu, as shown in
Figure 3. In a study of the high-temperature solid-state
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Figure 3. Average Ln—Se bond length vs Ln for the Ln-

(Se,PPh,);(CH;CN), structures that have been determined. The
vertical bar indicates the range of Ln—Se bond lengths observed in
each complex. The color and shape indicate the phase formed under
nanoparticle conditions; the lanthanides with red squares form LnSe,,
the blue triangle LnSe, and green circles Ln,Se;.

synthesis of LnSe, materials, Doert was unable to prepare the
LnSe,_, beyond Ho (at 8 GPa), presumably because the
thermodynamic stability for the sesquiselenide is greater than
that for the diselenide for Er—Lu."” We also observe a break
between Ho and Er in our nanoparticle synthesis (vide infra)
leading to the stabilization of a different phase for the smaller
lanthanides, demonstrating the value of structural comparisons
across molecules, solid-state bulk, and nanomaterials.

Thermolysis Studies. To evaluate the thermal stability of
the precursors, we used TGA and found that all of the
precursors lose acetonitrile at ~100 °C, followed by a second
thermal decomposition between 200 and 400 °C. Air-stable
precursors of the dithiocarbamate, [Ln(S,CNEt,),;Phen]
(Phen = phenanthroline), thermally decompose with an
onset temperature that decreased as the lanthanide ionic
radius decreased.*” However, the trend for the [Ln-
(Se,PPh,);(CH;CN),] complexes was complicated by oxida-
tion of the precursors during our TGA measurements,
confounding the product formed by weight loss as well as
the temperature of decomposition.

We frequently use solventless solid-state thermolysis of
precursors to determine the thermodynamic product formed at
high temperatures to compare with solution reactions under
nanoparticle synthetic conditions. Both the solventless
thermolysis and the nanoparticle syntheses gave the same
product in all cases but for europium. When [Eu-
(Se,PPh,);(CH;CN),] was thermally decomposed, the
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product identified by X-ray powder diffraction was Eu,P,Seq
(see S5 of the Supporting Information),”® whereas under
nanoparticle solution conditions, the product was EuSe (S6 of
the Supporting Information). Similarly, O’Brien has shown
that conditions like temperature and ligand structure for
nanoparticle or chemical vapor deposition affect whether a
metal phosphide or selenide phase is stabilized for nickel and
cobalt diselenophosphinate precursors.”' ~>* Europium is
distinct for the preference of the divalent state when bonded
to soft donors, as found for EuSe and Eu,P,Se,, but the final
phase formed may reflect a different mechanism of bond
dissociation in the solid state versus in solution. What is
interesting is that europium in EuSe, is also divalent yet not
observed under these conditions. It is worth noting that cerium
diselenide exhibited two impurity phases (see S4 of the
Supporting Information), one containing a mixed valent oxide
(Ce**),(Ce*);0,,>" and the second an oxidized phosphorus,
Ce(P;0,,), emphasizing the role both valence and ligand
stability play in product formation.

For the four smallest lanthanides, Ln Er—Lu, the
solventless thermolysis produced what appears to be the
Ln,Se; structure. There is an ambiguity for the redox active
lanthanides, which can form divalent rock salt LnSe or trivalent
Ln,Se;. Because Tm,Se; and Yb,Se; exhibit the Sc,S;
structure, a superstructure with ordered cation voids of the
NaCl structure,” it is very difficult to distinguish from the
monochalcogenide on the basis of powder diffraction (see S10
of the Supporting Information). We attempted to use EDS to
determine the composition, but the Ln:Se ratios were not
clear-cut. The oxidation state is another way of distinguishing
the two materials, Ln"™,Se; and Ln"Se. The stability of the
divalent state is generally thought to decrease in the following
order: Eu** > Yb** > Sm?* > Tm*".*° This brackets the
reducing ability of the ligand by the products formed. The
ligand is strong enough to reduce Eu(III) in the complex to
Eu(Il) in EuSe (the easiest metal to reduce); however, in the
case of samarium, the trivalent complex forms Sm™"Se,_,,
indicating the ligand is not strong enough to reduce Sm(III).
Of the four redox active lanthanides, Tm is the most
challenging to reduce, so it seems unlikely that Tm would be
reduced to form TmSe if Sm is not reduced by the
diselenophosphinate. Therefore, the phase is assumed to be
Tm,Se;, following reasoning similar to that used to explain the
formation of Tm,Se; from thermolysis of Tm(SePh),.>° The
reduction potential for Yb lies between those of Eu and Sm, so
the question of whether our products are YbSe or Yb,Se;
remains without X-ray absorption studies or another technique
used to determine the oxidation state.

Nanosheet Synthesis. The synthesis of TMD nanosheets
is achieved through the careful control of the nucleation rate,
either by slow injection or by the use of slowly decomposing
precursors, as well as solvents that selectively favor lateral
growth.”” LnSe,_, nanosheets were observed for a wide range
of lanthanides (Ln = La—Ho) as shown in Figure 4 and were
all synthesized under the same conditions via hot injection of
Ln(Se,PPh,);(CH,CN), (x = 1 or 2) in oleylamine (330 °C, 1
h). Under these conditions, the reaction is quite rapid. The
solution color changes from orange to dark red after injection
followed by a dark brown-black precipitate. For the smallest
lanthanides, Er—Lu, higher concentrations of the complex were
required for product formation and the material formed was
too poorly crystalline for phase determination. The mechanism
of conversion kinetics of this ligand can be altered by the
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200 nm//'

Figure 4. TEM of the LnSe,_, nanosheets for (a) LaSe,_,, (b) CeSe,_,, (c) PrSe,_,, (d) NdSe,_,, (e) SmSe,_,, (f) GdSe,_,, (g) TbSe,_,, (h)

DySe,_,, and (i) HoSe,_,.

addition of a carboxylate, as Owen has demonstrated using
[Cd(S,PPh,),];>® however, this approach would inevitably
lead to oxidation here.

Phase Stability. Phase control is a fundamental question
that has gained importance as the synthesis of nanomaterials
has extended beyond II-VI semiconductor materials. The
formation of LnSe, , rather than Ln,Se; was somewhat
surprising because we have previously reported that the
thermolysis of [Ln(S,CNEt,);Phen] complexes forms poly-
types of Ln,S; for all lanthanides. Unfortunately, the sulfur
version of Ln(S,PPh,);(solvent), complexes (under solventless
thermolysis in sealed tubes) led to amorphous products
preventing a direct comparison with the dithiocarbamate.
Phase control has been linked to the reactivity of the precursor
in kinetically controlled systems. For example, different chain
length dialkyl disulfides and thiols can be used with FeCl, to
control product formation to give FeS,, Fe;S,, or Fe,Sg.”’
Analogously, different dialkyl diselenide precursors were used
to control the composition of a Cu, ,Se intermediate that
dictated whether CulnSe, chalcopyrite versus wurtzite (the
metastable phase) is favored.*" Although the stoichiometry of
the complexes has chalcogen in excess for both the
dithiocarbamate and diselenophosphinate precursors (1:6
Ln:X), the higher Se concentration in LnSe,_, may be favored
as a result of the increased reactivity of selenium compared
with sulfur.”®

The nonstoichiometry of LnSe,_, in the solid state also
paralleled that of the nanosheets in the periodic trend for the
value of x. Nonstoichiometry has been explained as a result of

the mismatch of the rigid frame [Ln**Se’”], which cannot
accommodate the square lattice of Se for the smaller
lanthanides. As a result, the larger lanthanides can support a
stoichiometric Ln:Se ratio of 1:2 under pressure but otherwise
exhibit Se vacancies forming LnSe; o for Ln = La—Nd and
LnSe, g for Ln = Sm—Ho. An electronic consideration of the
selenium layer leads to a similar conclusion in which the excess
electrons can be delocalized in polyanions; otherwise,
vacancies form.'® Stoichiometric LnSe, has a square sheet of
selenium (tetragonal symmetry), but nonstoichiometry
reduces the symmetry and forms square nets of a herringbone
pattern of Se,~ dimers (for LnSe, 5)°" or vacancies that lead to
single Se”~ anions as found in LnSe, .°> With small metals, like
the diselenide DySe, 4,4, an incommensurate superstructure due
to Se defects can be observed in the electron diffraction
pattern.”’ We see this reflected in the powder diffraction
patterns that match the change in stoichiometry across the
lanthanide series prepared in the solid state. S8 and S9 of the
Supporting Information provide a comparison of the LnSe,
versus LnSe, g powder diffraction patterns.

Nanosheet Thickness. One of the reasons there have
been few reports of solution-phase synthesis of TMDs is that
controlling the growth to form single-layer 2D sheets is
challenging.”® There are examples of solution-grown nano-
sheets with thickness tuning. For example, Schaak reported a
series of SnSe nanosheets with thicknesses from 35 to 8 nm
tuned through precursor control.®* Although we have not
systematically investigated thickness tuning here, the whole
range of lanthanide diselenide materials exhibit highly
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anisotropic growth. The X-ray powder diffraction pattern of
drop-cast nanosheets exhibited a significant preferred orienta-
tion (see Figure S), confirming that the bulk material exhibits
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Figure S. X-ray powder diffraction pattern for of drop cast films of
SmSe,_,. The 00! peaks are enhanced (blue) and the hk0O peaks are
diminished due to the preferred orientation of the nanosheets.

the same nanosheet morphology observed by SEM and TEM.
The high-intensity (00!) peaks and diminished (hkO) peaks are
consistent with HRTEM analysis, which suggests that the
nanosheet face is normal to the [00l] direction and that
isolated nanosheets are single crystal from the face and side
views as shown in Figure 6.

We have used both TEM and AFM to evaluate the
nanosheet thicknesses and focused on SmSe, , as being
representative of the series. The side-view TEM image of a
single crystalline nanosheet has ~8 A per layer, as expected for
a c-axis value for SmSe, , of 8.0 A (Figures 6b and 7d). This is
consistent with the preferred orientation analysis of the powder
X-ray data. Both SEM and TEM of SmSe,_, provided examples
of isolated and aggregated nanosheets based on face and side
views, as shown in Figure 7 for SmSe, ,. By imaging a
collection of stacked nanosheets (Figure 7), we were able to
obtain histograms of the nanosheet dimensions. Only nano-
sheets with clear edges were used to define the thickness (such
as in Figure 7c), and the lengths were consistent with the TEM
image of the face of the nanosheet. After 1 h, the average
thickness was 11 & 2 nm and the lateral length was 190 + SO
nm (the histogram from 150 crystals is shown in Figure 8).
Several studies using AFM determined the nanosheets to be
~4 nm thick, as shown in Figure 9 (and S12 of the Supporting
Information), which corresponds to approximately five unit
cells.

Raman Spectroscopy. The lattice vibrations of few-layer
thick materials begin to shift in position and intensity due to

Figure 6. (a) High-resolution TEM image of the SmSe, ¢ nanosheet face with Fourier transform demonstrating the cubic symmetry with the cube
edge measured to be 4.8 A (a = 4.1 A). (b) HRTEM image of the edge or side view of the SmSe; ¢ nanosheet and Fourier transform (layer
separation close to ¢ = 8.0 A).** (c) HRTEM image of two side-view SmSe, ; nanosheets coalescing.
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Figure 7. TEM study of SmSe, ; nanosheets grown at 330 °C. (a) Dimensions of the lateral face of the nanosheet, where ~140 nm is the average of
the stacked nanosheets (a select sheet is 157 nm). (b) Nanosheets aggregate into 38 nm plates. Stacked plates are separated by a fine bright line of
~2 nm that corresponds to the length of the oleylamine. (c) Blocks of nanosheets have stepped edges, which average 4—15 nm thick nanosheets.
(d) Side edge of an ~6.7 nm thick single-crystal nanosheet with ~0.8 nm layers, which is close to the c-axis of 8.0 A.
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Figure 8. Histogram of SmSe, 3 nanosheet length and thickness (of 150 sheets).

the loss of translational symmetry in the z-axis. The only
Raman spectrum reported for the LnSe,_, materials is that of
LaSe,_,, in addition to another report of LaSe,_,S, alloys, so a
general comparison between the solid state and nanosheets

165,66
was not possible.””

The Raman spectroscopy was sharpest
for the LaSe,_, nanosheets reported here (see S14 of the
Supporting Information) and matched the reported solid-state
product. The low-energy peak, at ~80 cm™', while broad for
lanthanides smaller than La, does appear to systematically shift
to a lower energy as might be expected for the heavier metals.
By washing with trioctyl phosphine, we could remove any Se

occasionally observed in the diffraction pattern. Raman is quite
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sensitive in identifying Se®” and has peaks that overlap with the
three CeSe,_,, NdSe,_,, and HoSe,_, nanosheets.

Growth Mechanisms. There are three common mecha-
nisms for 2D nanomaterials grown from solution: growth
driven by screw dislocations, oriented attachment, and
surfactant-guided growth.68 The lanthanide diselenides have
different types of bonding within and between layers, so it is
not surprising they naturally grow anisotropically. There is
evidence of the first two growth mechanisms here. The
evidence for screw-dislocation growth is most clearly seen in
nanosheets prepared below ~315 °C, as one can see in the left
SEM image in Figure 10 (more examples are given in S13 of
the Supporting Information). Screw-dislocation growth most
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Figure 10. SEM images of SmSe,_,, exhibiting spiral nanosheet growth from solution at 315 °C (left) and flat stacked sheets from solution at 330

°C (right).

commonly occurs under low supersaturation conditions, which
may be due to the lower temperatures used.”” By contrast, the
nanosheets grown at 330 °C lack evidence of spiral growth, as
one can see in Figure 10 (right).

For reactions at higher temperatures, the lateral dimensions
of the nanosheet square face range between 100 and 300 nm,
for SmSe, ,, and exhibit evidence of nanosheet stacking. In
Figure 6a, the HRTEM image of the edge of a square with the
Fourier transform suggests the nanosheets are single-crystalline
and confirms the tetragonal symmetry of the face. We also
observe many examples of side views of 4—16 nm thick
nanosheets as shown in Figure 7. The self-assembly of the
nanosheets with a common crystallographic orientation is
consistent with an oriented attachment.”” The TEM studies
also show aggregation and joining at the planar interface as
shown in Figure 6¢, which shows two nanosheets that have
coalesced during growth. One of the distinctions between
Oswald ripening and oriented attachment is a bimodal
distribution in the size histogram.”' The histogram of
nanosheet thicknesses (Figure 8) exhibits a multimodal
character with the highest distributions for multiples of the
smallest 4 nm nanosheet (8, 12, and 16 nm), consistent with
oriented attachment growth. The two growth mechanisms are
not incompatible; spiral growth may occur during oriented
attachment when there is a small misorientation at the
interface.””
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In addition to the evidence that the nanosheets aggregate
through oriented attachment, the aggregates form ~40 nm
plates. In Figure 7a—c, aggregates of nanosheets can be seen
where the edges are stepped due to the differing dimensions of
the individual nanosheets. Interestingly, the plates are also
stacked, where the separation of plates is defined by a ~2 nm
thick bright flat line (inset of Figure 7b). The thickness of the
bright line is very close to that expected for a monolayer of
oleylamine. The range of lateral dimensions suggests the
nanosheets form first and then aggregate in solution, with the
c-axis aligned as expected from oriented attachment. However,
the plates form coherent stacks in which the c-axis is again
aligned, with a highly ordered and densely packed oleylamine
layer in the space between them. This suggests that the ligand
must play a role in the hierarchical assembly of plates. The
stacked plates are reminiscent of mesocrystals, but this is
usually thought to be an intermediate step in oriented
attachment.”” The mechanism driving nanosheet aggregation
is likely the ionic nature of the layers, but it is unclear why the
lamellar assembly of stacked “plates” separated by a capping
ligand forms so distinctly.

In-Plane Alloys of Sm,;_,Gd,Se;g. To demonstrate the
synthetic versatility of the precursors and further probe the
nanosheet growth mechanism, we have investigated Sm and
Gd metal alloy formation. For TMDs, alloys are stabilized by
having close lattice constants and similar metal—chalcogen
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bond lengths.”* Alloys of in-plane TMD nanosheets have been
formed for both anion (e.g, MoS,_,Se,) and cation alloys
(Mo,_,W,S,) to tune the band gap or conductivity.” In most
cases, alloys were synthesized by CVD, or exfoliation from
single crystals,”® with few reports of solution synthesis of
alloyed TMD nanosheets. In the case of MoSe,_,S,, the
nanosheets from oleylamine, Se, and dodecanethiol, the S
composition was quite low at ~2%.”” This is consistent with
studies of alloyed nanoparticles in which the reactivity of the
chalcogenide has an influence over the final composition, and
generally, Se is more reactive than s.® Using two precursors
that form the same nonstoichiometric LnSe, g, the Sm and Gd
complexes in a ratio of 4:1 were used to form Sm,_,Gd,Se g,
where x ~ 0.2. The rate of monomer formation for the Sm and
Gd complexes must be reasonably similar; otherwise, the
composition would reflect a higher concentration of the more
reactive metal. Using GSAS, it was possible to refine both the
cell constants and the Sm:Gd ratio (see S16 of the Supporting
Information), for which the cell constant was slightly smaller as
expected for the low composition of the smaller gadolinium,
and the composition refined to x = 0.2 like the composition
determined by EDS (78.7:21.3 Sm:Gd metal ratio). Finally, the
line scans of EDS of the alloyed nanosheets appear to be
uniform (see SIS of the Supporting Information), also
indicating that composition is homogeneous across the
nanocrystal.

Alloys are one route to tune properties, and we are also
interested in determining whether the solution synthesis can be
used to form single- and few-layer nanosheets. However,
layered materials present a wide range of synthetic
opportunities from intercalation to exfoliation and reassembly.
There are examples of solution-grown nanosheets similar to
those reported here that have been converted to single layers
and a few layers through Li intercalation and sonication.””
Recently, by taking advantage of the ability to intercalate
copper between the layers in LaSe,, Sasaki et al. were able to
topotactically convert the lanthanide diselenide in the solid
state to LaCuSe,.”" It should be possible to extend similar
reactions to solution conditions. Alternatively, for reassembly
of exfoliated nanosheets, it may be possible to reassemble
lanthanide diselenide single layers with transition metal
dichalcogenide single layers to form misfit materials as
reported for (LnS),,, TS,.*" Under certain conditions, misfit
layered compounds can also form novel nanotubes.”

B CONCLUSIONS

We have identified new precursors for synthesizing thin
LnSe,_, nanosheets for lanthanides from lanthanum to
holmium. The precursors provide a route to a class of
materials that are strongly similar to the TMDs and grow
anisotropically in oleylamine. The molecular structure, solid-
state products, and nanosheets formed from solution provide
structural evidence of a break between Ho and Er in
coordination number preference in the selenides. The products
for the nanosheets are phase pure except for cerium. Generally,
the redox active metals deviate: Ce by forming the mixed-
valent Ce;O,, and Eu by forming divalent EuSe. A question
remains whether Yb forms YbSe or Yb,Se;, which we intend to
investigate further. There is evidence of 2D growth by screw
dislocations leading to spiral nanosheet growth at lower
temperatures (T < 315 °C), while at higher temperatures,
there is evidence of oriented attachment of nanosheets to form
many-layer nanoplates. Alloy formation has been demonstrated
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for Sm, ,Gd,Se; 3 nanosheets with a homogeneous composi-
tion across the layer. Future work will explore the potential for
solution-grown single-sheet or few-layer materials and whether
alloys, intercalation, exfoliation, or reassembly can tune the
properties of these materials.
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