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ABSTRACT: Layered silicon nanosheets (SiNSs) have attracted
considerable attention owing to their unique combination of
chemical and physical properties, which makes them an exciting
candidate for next-generation on-chip light sources and lasers.
Despite over 150 years of research on SiNSs, the effects of the CaSi2

precursor quality on SiNSs have not been studied. Here, we report a
comparison of CaSi2 (and SiNSs derived therefrom) synthesized
from two reaction pathways: (1) melting Ca and Si (elemental
melting, or EM-CaSi2) and (2) the less-explored reaction between
CaH2 and Si (hydride synthesis, or HS-CaSi2). We demonstrate that
both reaction pathways lead to CaSi2, but the HS-CaSi2 pathway
requires only a single step without the need to melt the CaSi2

product and at a temperature below the peritectic decomposition of
CaSi2. We find that the EM-CaSi2 exhibits grains that lay flat against the substrate, whereas the HS-CaSi2 has little preferred
orientation. We deintercalated both EM- and HS-CaSi2 with HCl at −35 °C to yield hydrogen-terminated SiNSs. We characterized
the SiNSs and found that the HS-SiNSs and EM-SiNSs exhibit properties that are nearly identical, with the exception that the
morphology of the precursor is imparted to the SiNSs. These results provide the community with a one-step method to synthesize
CaSi2 and demonstrate that the morphology of CaSi2 and SiNSs can be controlled with different synthetic techniques.
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■ INTRODUCTION

Atomically thin, layered silicon nanosheets (SiNSs), sometimes
referred to as layered polysilane,1 have attracted attention for
their applications as next-generation semiconductors,2−6

catalysts,7−9 and high-capacity anodes for energy-storage
devices.10−15 Furthermore, their luminescence and electronic
transport properties have also been of particular interest due to
their potential as a two-dimensional (2D) light-emitting
semiconductor that is compatible with the existing comple-
mentary metal-oxide-semiconductor (CMOS) infrastructure.16

Such CMOS-compatible, light-emitting semiconductors that
seamlessly merge microelectronics with optical functionality
are relevant to next-generation computing technologies,38 such
as integrated photonics.17,18 Hydrogen-terminated SiNSs are
typically synthesized by topotactic deintercalation of calcium
disilicide (CaSi2) with aqueous hydrochloric acid (HCl).19

CaSi2 is a layered Zintl phase consisting of anionic, buckled-
honeycomb silicon (Si) monolayers intercalated with calcium
(Ca) cations.20 Given the potential of SiNSs for optoelec-
tronics and computing applications, the importance of high-
quality CaSi2 precursors becomes much more apparent, as

impurities in semiconductors can lead to undesirable proper-
ties.

SiNSs are frequently synthesized from a commercially
available CaSi2 precursor.8,13,21 However, commercially avail-
able CaSi2 sources are often of “technical grade”, meaning they
do not have any established purity regulations; “technical
grade” chemicals are considered the least pure grade. Often,
industrial and military production of CaSi2 utilizes the
carbothermic reduction process wherein quartzite is combined
with carbon and calcium oxide or calcium carbonate to yield
CaSi2 and carbon monoxide;22,23 these precursors often
contain impurities. Unsurprisingly, commercial sources of
CaSi2 have also been reported to contain large quantities of
impurities, including bulk silicon and iron silicides, which then
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contaminate the synthesized SiNSs.21,24 Such contamination
poses a challenge when identifying structure−property
relationships for SiNSs derived from these CaSi2 sources.
Thus, it is crucial to synthesize high-purity CaSi2 to obtain the
highest quality SiNSs.

Herein, we present a comparison of two different synthetic
approaches for generating high purity CaSi2, and thus, SiNSs
(Scheme 1): (1) melting of elemental Ca and Si (denoted as

EM-CaSi2) and (2) the less-explored, solid-state hydride
reaction between CaH2 and Si (denoted as HS-CaSi2). Our
results show that the EM-CaSi2 exhibits grains with large
aspect ratios that lay flat against the substrate, whereas the HS-
CaSi2 has more uniform grains with little preferred orientation.
These data suggest a preferential growth along the a- and b-
axes of the EM-CaSi2. We find that these morphological and
crystallographic features are imparted onto the deintercalated
SiNSs. Aside from the differing orientational crystallization of
the CaSi2 precursors, we demonstrate that all other properties
of the precursor and deintercalated nanosheets are identical.
Further, the HS-CaSi2 pathway consists of a single step that
does not require melting and crystallization of the CaSi2

product and can be conducted at a temperature below the
peritectic decomposition of CaSi2. This work provides the field
with a one-step approach for synthesizing high-purity CaSi2

consisting of smaller and more uniform crystals with physical
attributes that translate to the deintercalated SiNSs. These
results are promising for photonic and optoelectronic
applications as the smaller nanosheets should afford improved
dispersibility which can be utilized for thin film deposition.

■ METHODS

CaSi2 Synthesis. Elemental Melt Synthesis (EM-CaSi2). EM-
CaSi2 was synthesized by placing Si and Ca into a tantalum (Ta) tube,
with slight stoichiometric excess silicon to prevent the formation of
undesired phases (1:2.125 Ca:Si), and to replenish any consumed Si
that reacts with the Ta tube. All work for the synthesis of CaSi2 was
performed in a glovebox filled with argon. In a typical synthesis, 2.991

g of Si pieces (Sigma-Aldrich 99.95%) and 2.008 g of Ca granules
(Sigma-Aldrich 99%) were placed into a Ta tube (Eagle Alloys, the
tube was cut to 3.25 inch long, with a 0.500 inch outer diameter and a
0.020 inch wall thickness). Warning! The Ta tube must be long enough
to avoid overpressurization of the tube! Overpressurization can cause tube
failure and a sudden release of molten material! This reaction shall be
performed inside an inert atmosphere, such as a glovebox! The tube was
crimped and welded shut using a gas tungsten arc welder (Miller
Maxstar 210). The welded Ta tube was placed within the coil of an
induction heater and heated until the contents melted together; the
contents were kept molten for ∼1 min. Then, while the contents were
still molten, the Ta tube was removed from the induction heater,
immediately inverted, and allowed to cool for a few minutes until the
contents solidified. This melting−inverting−cooling step was repeated
for a grand total of four times. Finally, the contents were melted
together once more, and while the contents were still molten, the Ta
tube was placed into a container filled with aluminum chips to rapidly
cool the product. The tube was then removed from the glovebox and
rinsed with concentrated hydrochloric acid to remove aluminum that
adhered to the exterior of the tube. Finally, the tube was rinsed with
DI water, dried, transferred back into an Ar-filled glovebox, and
opened to yield crystals of CaSi2 that are typically 1−2 (up to ∼5)
mm wide (Figure S1). Then, the CaSi2 was ground in a mortar and
pestle to yield crystallites that were ∼0.5 mm in size. The EM-CaSi2

was stored under Ar or N2 for use.
Hydride Synthesis (HS-CaSi2). Silicon lumps (AlfaAesar,

99.9999%) were ground to a fine powder in a Plattner’s mortar and
pestle. Then, in an argon-filled glovebox, powders of CaH2 (AlfaAesar,
98%) and Si were weighed in a molar ratio of CaH2:Si = 1:2 and
loaded into a polystyrene grinding vial equipped with a slip-on cap.
After that, the vial was sealed inside two polypropylene bags under
argon atmosphere, brought out of the glovebox, and ball-milled (8000
M MIXER/MILL) for 18 min. In the glovebox, the ball-milled
powder was loaded in a Ta tube (Admat, ∼2 in. long, with a 0.375
inch outer diameter and a 0.020 inch wall thickness), which was then
welded shut using a gas tungsten arc welder and placed into a silica
reactor. The reactor was then evacuated down to 4 × 10−5 bar. These
reactors are equipped with Swagelok safety check valves to prevent
overpressurization due to the release of H2 gas during heat treatment.
The reactor was then placed in a resistance furnace (Thermo
Scientific Thermolyne type FD1500M) connected to thermocon-
trollers (Eurotherm 3216) and heated at a rate of 2.03 °C/min from
room temperature to 1000 °C and held at 1000 °C for 24 h. After 24
h, the reactor was cooled to room temperature by switching off the
furnace. The final product appeared as a fine black powder (Figure
S1). The HS-CaSi2 was stored under Ar or N2 for use.
SiNS Synthesis. Synthesis from EM-CaSi2 Precursors. In a

glovebox filled with N2, the CaSi2 synthesized above by the elemental
melt method (EM-CaSi2) was ground using a mortar and pestle.
Then, 3.05 g of the EM-CaSi2 was placed in a vial and chilled to −35
°C under N2 overnight. In a separate, 500 mL round-bottom three-
necked flask, ∼305 mL of concentrated HCl was added, placed in the
freezer, and chilled to −35 °C under flowing N2 overnight. The next
day, the CaSi2 was added to the flask under a continuous flow of N2.
The reaction contents were allowed to sit unstirred at −35 °C for 11
days. After 11 days, the contents were filtered under N2 atmosphere
and washed with ∼250 mL of anhydrous methanol, followed by a final
wash with ∼50 mL of anhydrous acetonitrile. Finally, the product was
dried under vacuum for ∼80 h. The EM-SiNSs was stored under N2

for additional characterization.
Synthesis from HS-SiNSs Precursors. The SiNSs synthesized from

HS-CaSi2 followed the same procedures as the synthesis of the EM-
SiNSs except that (1) the CaSi2 was not ground and (2) 0.245 g of
CaSi2 and 250 mL of HCl were used. The HS-CaSi2 was not ground
because the resulting product was already a fine powder. The HS-
SiNSs were stored under N2 for additional characterization.
Structural and Optical Characterization. Powder X-ray

Diffraction (pXRD). pXRD data of both types of synthesized CaSi2

precursors were collected with a Bruker DaVinci D8 Advance
diffractometer with a Cu Kα radiation source for the EM-CaSi2 and a

Scheme 1. Two Different Synthetic Pathways for CaSi2
a

a(1) Elemental melting of Ca and Si (EM-CaSi2) and (2) the solid-
state reaction between CaH2 and Si, denoted as hydride synthesis
(HS-CaSi2), were compared and employed for the production of
silicon nanosheets (SiNSs) via topotactic deintercalation. Both
reaction pathways yield high-purity CaSi2; however, the EM-CaSi2

has a preferred growth orientation, a feature that translates to the
deintercalated SiNSs, yielding sheets with large aspect ratios. Most
importantly, the HS-CaSi2 approach only requires a single heating
step at a temperature below the melting point of CaSi2, thus
mitigating the potential peritectic decomposition while the reaction
cools.
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Rigaku MiniFlex600 powder diffractometer with Cu Kα radiation and
Ni-Kβ filter for the HS-CaSi2. Rietveld refinement of both CaSi2

pXRD patterns was conducted with GSAS-II crystallography data
analysis software.25

Total X-ray Scattering. Total scattering data were collected at the
Advanced Photon Source (APS), Argonne National Laboratory at the
11-ID-B beamline with a 2D detector at two distances: 180 and 1000
mm. Pair distribution function (PDF) data were derived from the data
associated with the 180 mm distance (Qmax ≈ 24 Å−1), while the
azimuthally integrated synchrotron powder X-ray diffraction (AI-
spXRD) data were derived from the data associated with the 1000
mm distance. An X-ray energy of 86 720 eV was used. The 2D total
scattering data were azimuthally integrated with the GSAS-II
software25 after calibrating to a CeO2 standard to obtain synchrotron
total X-ray scattering data. The PDF was extracted with the
PDFgetX2 software26 by first subtracting an independently collected
polyimide background. Structural refinement was performed with the
PDFgui software.27

Fourier-Transform Infrared Spectroscopy (FTIR). FTIR data were
collected with a Nicolet iS5 FTIR spectrometer with an iD5
attenuated total reflectance (ATR) accessory.
Raman. Raman data were collected using a WITec alpha300R

confocal Raman microscope system. The wavelength of the incident
laser was 532 nm, and the objective lens was 100× with ∼1 μm
diameter spot size. The laser power was kept below ∼0.3 mW to
minimize potential damage to the SiNSs.
Solid-State NMR Spectroscopy. Solid-state NMR spectroscopy

experiments were performed on a 9.4 T (ν0(1H) = 400 MHz) Bruker
wide-bore magnet spectrometer equipped with a Bruker Avance III
HD console and a 4 mm magic-angle spinning (MAS) HXY NMR
probe configured in double resonance mode. All SiNSs were packed
into 4 mm zirconia NMR rotors inside an Ar-filled glovebox, and the
NMR rotors were spun with N2 gas to avoid oxygen and moisture
exposure. 1H chemical shifts were referenced to 1% tetramethylsilane
(TMS) in CDCl3 with adamantane (δ(1H) = 1.7 ppm) as a secondary
chemical shift reference. 29Si chemical shifts were indirectly referenced
using previously published IUPAC recommended relative NMR
frequencies.28 All NMR spectra were initially processed and
referenced using the Topspin 3.6.1 software. Car−Purcell−Mei-
boom−Gill (CPMG) echo trains were coadded using the NUTs
NMR processing software (Acorn, Inc.). All solid-state NMR
spectroscopy experimental details (MAS frequency, recycle delay,
number of scans, t1 dwell (Δt1), t1 TD points, CP contact time/J-
evolution time, and total experimental times) are given in Table S1.
The 1H π/2 and π pulse durations were 2.5 and 5.0 μs in duration,
corresponding to a 100 kHz radio frequency (RF) field. 29Si π/2 and
π pulse durations were 5.0 and 10.0 μs in duration, corresponding to a
50 kHz RF field. Direct excitation 29Si NMR spectra were recorded
utilizing a rotor synchronized spin echo NMR pulse sequence with a
10 kHz MAS frequency. All 1H−29Si heteronuclear correlation
(HETCOR) NMR experiments, cross-polarization (CP) and scalar-
based insensitive nuclei enhanced by polarization transfer (J-INEPT),
were recorded with a 8.928 kHz MAS frequency, 100 kHz 1H RF field
of eDUMBO1−22 homonuclear dipolar decoupling29 during the
indirect acquisition of 1H and during J-evolution periods (if
applicable), and Car−Purcell−Meiboom−Gill (CPMG)30 detection
for the direct acquisition of 29Si (24 rotor cycles per half echo, 8 total
echoes). 100 kHz 1H RF field of SPINAL-64 heteronuclear
decoupling was performed during the direct acquisition of 29Si.31

1H → 29Si CP was achieved with simultaneous 1H and 29Si spin-lock
pulses: ∼57 kHz 1H RF field (90−100% ramp) and ∼48 kHz 29Si RF
field.
Transmission Electron Microscopy (TEM) and Electron Diffrac-

tion. TEM images were recorded using an FEI Tecnai G2-F20
instrument operated at 200 kV. Samples for TEM were prepared by
sonicating in degassed, anhydrous toluene before depositing on lacey
carbon grids in a glovebox filled with N2.
Scanning Electron Microscopy (SEM). SEM images were acquired

with a FEI Quanta 250 field-emission scanning electron microscope.
Samples were prepared in a glovebox filled with N2 by either painting

an aluminum SEM pin stub (Ted Pella, Inc., no. 16111) with carbon
paint (Ted Pella, Inc., no.16053) or affixing a double coated, high
purity conductive carbon Spectro tab (Ted Pella, Inc., no. 16084-4)
atop the pin stub, followed by sample deposition onto the carbon
supports. Specifically, a small quantity (approximately 5−10 mg) of
dried SiNS sample was placed on a sheet of weighing paper and
uniformly spread out across an area of roughly 1.5 cm2. The carbon
covered pin stub was then carefully pressed against the sample (in the
case of the carbon paint, while the paint was still wet) until the
desired level of sample coverage was achieved. The stubs were
transferred to glass vials with an SEM pin mount gripper and were
lightly tapped against the vial wall to knock off any loosely adhered
sample. To minimize the potential for oxygen exposure during
transportation to the characterization facility, the threads of the vials
were wrapped with at least three full rotations of PTFE plumber’s tape
prior to capping. After capping, three full rotations of electrical tape
were wrapped around the cap/vial interface. For samples deposited on
carbon paint, the paint was allowed to dry before sealing the stub in a
vial. The vials were kept in the glovebox until needed and in the N2-
filled vials until immediately before loading into the SEM.
Additionally, the sample-coated stubs were briefly blown off with
compressed air prior to loading to further remove any loosely adhered
SiNSs. During the loading and instrument preparation process,
samples were exposed to air for no more than 10 min. The instrument
was operated at an electron accelerating voltage of 10 kV, and the
samples were characterized in low vacuum mode with a water vapor
pressure of 40−60 Pa to minimize charging effects.
Diffuse Reflectance. Diffuse reflectance of the SiNSs was collected

with a PerkinElmer Lambda 750 equipped with a Labsphere 100 mm
integrating sphere. To collect diffuse reflectance data, the SiNS
samples were dispensed onto the adhesive side of transparent,
colorless packaging tape (3M Scotch packaging tape), and reflectance
was collected of the exposed SiNSs. The reflectance data were then
transformed into the Kubelka−Munk function.32

Steady-State Photoluminescence (PL). PL excitation and emission
spectra were acquired with a PerkinElmer LS 55 fluorescence
spectrometer employing emission and excitation wavelengths of 525
and 370 nm, respectively. Suspensions were made at a concentration
of 0.5 mg mL−1 in methanol.
Time-Resolved Photoluminescence (TRPL). All TRPL data were

collected with a Horiba DeltaFlex TCSPC and an excitation
wavelength of 359 nm and monitored at 510 nm with a slit width
of 32 nm. The decay was fit to the following equation: I(t) = Ae−t/τ1 +
Be−t/τ2 + Ce−t/τ3, where A, B, C, τ1, τ2, and τ3 are fitting parameters.
Computational Methods. Density Functional Theory (DFT).

DFT calculations were performed with VASP.33,34 The exchange−

correlation functionals were described by the PBE-GGA.35 PAW
potentials33,36,37 approximated the core electrons. The entire unit cell
shape, volume, and atomic positions were relaxed until all forces and
the self-consistent field energies were less than 0.01 eV/Å and 10−5

eV, respectively, and the kinetic energy cutoff was 550 eV. The
Brillouin zone was sampled with a k-point density of 8 points/Å−1

with a Monkhorst−Pack grid.38

■ RESULTS AND DISCUSSION

A common approach for synthesizing CaSi2 as a precursor to
SiNSs has been to combine elemental sources of Ca and Si and
subsequently melt them together to yield CaSi2 (eq 1).39−41

Another promising yet far less-utilized approach for synthesiz-
ing CaSi2 is through the reaction of CaH2 and Si (eq 2). The
first reported synthesis of CaSi2 from the reaction of CaH2 and
Si was by L. Wöhler and F. Müller in 1921;42 however, to the
best of our knowledge, there have been no reports that
compare the properties of the SiNSs derived from these two
CaSi2 precursors. Unlike the melt-based synthesis, the hydride-
based synthesis mitigates the potential for phase segregation, as
it employs a reaction temperature of 1000 °C, which is below
the temperature at which peritectic decomposition is expected
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to occur (1030 °C).40,43,44 Synthesis of HS-CaSi2 at lower
temperatures (without melting) is facilitated by the enhanced
diffusion aided by intimate mixing between silicon and the salt-
like CaH2 precursor. The hydride-based synthesis has been
extensively utilized to prepare doped and undoped Na4Si4 and
Na4Ge4 as precursors in the solution synthesis of Si and Ge
quantum dots.45−52 We refer to products derived from the
hydride synthesis with the prefix “HS” and products derived
from the elemental-melt route with “EM”.

+
> °

Ca 2Si CaSi (EM)
Tmelt, 1150 C

2 (1)

+ +
°

CaH 2Si CaSi H (HS)2

1000 C

2 2 (2)

We characterized the phase purity of the CaSi2 products
using powder X-ray diffraction (pXRD) (Figure 1a). Upon

comparing the pXRD patterns of the EM-CaSi2 and HS-CaSi2,
we find that both pXRD patterns resemble the 6R phase of
CaSi2. The 6R phase of CaSi2 contains six Si sheets per unit
cell, where each sheet exhibits a a × (1/3) and b × (2/3)
translational shift and a 30° rotation relative to the sheet below
it (Figure 1b).53,54 We find that the reflection corresponding to
the (00 12) plane of the EM-CaSi2 has a much greater relative
intensity than in the HS-CaSi2. Furthermore, the intensity of
this peak is greater than that of the powder reference pattern,
indicating that the c-axis of the EM-CaSi2 preferentially points
perpendicular to the substrate used for pXRD measurements.
This preferred orientation likely arises from a larger aspect
ratio in the EM-CaSi2 relative to the HS-CaSi2, where the
dimensions of the CaSi2 crystallites along the a- and b-
directions are larger than the dimensions along the c-direction.
We attribute this aspect ratio to a preferential growth along the
a- and b-axes when using the EM synthetic technique or from
preferential cleavage of CaSi2 grains during the grinding
process, giving rise to plate-like grains that lay flat against the
substrate.55 We note that the preferred orientation was
reproducible among seven consecutive syntheses. Indeed,

upon normalizing both pXRD patterns to the reflection
corresponding to the (12̅0) plane of 6R CaSi2 (the only
prominent reflection that does not contain contributions from
the {hkl} (for which l > 0) set of planes), the preferred
orientation with the c-axis perpendicular to the substrate
becomes apparent (Figure 1a). The preferred orientation is the
only discernible microstructural difference between the two
products. Rietveld refinement of the pXRD data shown in
Figure 1 confirms that the synthesized precursors were indeed
6R CaSi2 (Figure S2 and Table S1). Additionally, accounting
for the preferred orientation in the refinement of EM-CaSi2 led
to a markedly improved fit, further corroborating the suspected
preferential growth; however, even after multiple refinement
attempts, the preferential orientation still could not be closely
modeled, as evidenced by the difference plot, leading to higher-
than-desired residual values. The EM- and HS-CaSi2 powders
also had a different macroscopic appearance, with the EM-
CaSi2 consisting of particles that are approximately 1−2 mm in
size and the HS-CaSi2 consisting of a very fine powder (Figure
S1). However, we find that the Scherrer grain size for EM- and
HS-CaSi2 is 0.56 and 0.44 μm, respectively. This suggests that
the larger particle size of the EM-CaSi2 is comprised of crystal
aggregates.

After confirming that both synthetic routes yield 6R CaSi2,
we then synthesized SiNSs via the deintercalation of Ca from
CaSi2 in concentrated aqueous HCl at −35 °C. Such
conditions were chosen to achieve the highest extent of
hydrogen termination possible (i.e., Si6H6, also known as
silicane or layered polysilane) since it has been reported that
deintercalation temperatures above 0 °C result in substantial
oxygen content,1,56 producing a product more reminiscent of
the historically reported siloxenes (Si6H3(OH)3),2−5 while
temperatures below approximately −20 °C yield nearly 80%
hydrogen termination with the remaining surface being
predominately functionalized by chlorine (up to 20%) and
oxygen (<10%).21,57 Note that a colder deintercalation
temperature was not employed as the reaction mixture
would likely solidify since the freezing point of concentrated
HCl (36.5−38.0%) is approximately −30 °C; our deinterca-
lations did not freeze even though the reported freezing point
of concentrated HCl is higher than the employed dein-
tercalation temperature.

We characterized the SiNSs with azimuthally integrated
synchrotron powder X-ray diffraction (AI-spXRD) at Argonne
National Lab (Figure 2). The AI-spXRD data indicate that the
SiNSs derived from the two precursors have nearly identical
structures, with the only exception being that the EM-SiNSs
exhibit an increased intensity of the reflection corresponding to
the (006) plane relative to the HS-SiNSs, indicative of
preferred orientation along the c-axis. This preferred
orientation is expected given that the EM-CaSi2 precursor
also demonstrated a structurally similar preferred orientation.
Ball and stick models of the SiNSs viewed down the c- and a-
axes are provided in Figure 2b and Figure 2c, respectively, for
reference. Note that the unit cell of the SiNSs contains six
sheets per unit cell, and as such, the d-spacing associated with
the (006) plane corresponds to the intersheet spacing.58 The
AI-spXRD also shows very small features that correspond to
residual TaSi2 at Q ≈ 2.8 Å−1 (Figure S3), which is formed
during the synthesis of CaSi2. The formation of small
quantities of TaSi2 is typical when performing reactions in
sealed tantalum tubes.52 Notably, TaSi2 is not detected with
pXRD using a laboratory diffractometer in either the EM-CaSi2

Figure 1. (a) Powder X-ray diffraction patterns of CaSi2 synthesized
from the elemental melt synthesis (EM-CaSi2, black, top) and the
hydride synthesis (HS-CaSi2, red, middle). The reference pattern at
the bottom (blue) corresponds to the 6R phase of CaSi2 (PDF no. 01-
083-6182). The data were normalized to the peak at Q ≈ 3.25 Å−1.
(b) Ball and stick model of 6R CaSi2. Silicon atoms are shown in blue
with Si−Si bonds, and Ca ions are shown in orange.
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or HS-CaSi2 precursors, and its presence only became apparent
when using synchrotron X-ray sources. This suggests that
TaSi2 exists in very low concentrations and is further supported
because the diffraction intensity of crystalline TaSi2 is expected
to be much larger than the paracrystalline SiNSs. We
previously determined that the SiNSs exhibit a large degree
of disorder along the c-axis, thereby decreasing the overall
scattering intensity relative to highly crystalline materials.58 As
a rough means to quantify the amount of TaSi2 in the SiNSs,
we took the ratio of the area of the most intense AI-spXRD
peak corresponding to TaSi2 to that of the area of the peaks
spanning 3−3.6 Å−1 in Figure 2a; we find that this ratio is
0.017 and 0.036 for EM-SiNSs and HS-SiNSs, respectively.
Thus, we conclude there is a very low concentration of TaSi2.
It should be noted that TaSi2 contamination in the HS-CaSi2

synthesis can, in principle, be avoided if the precursor powders
are loaded into an alumina boat inside a silica reactor in the
flow-furnace, as was previously done for the synthesis of
Na4Si4.45

The AI-spXRD in Figure 2a probes crystallographic
periodicity, but it is limited in its usefulness for disordered
materials. To better understand the structure of the SiNSs, we
turned to the atomic pair distribution function (PDF) analysis
of the total X-ray scattering data to identify the local and long-

range structure within the samples. Our X-ray PDF results
indicate that the SiNSs are nearly indistinguishable from each
other, implying that both the long- and short-range structure of
the EM-SiNSs are nearly identical to that of the HS-SiNSs for
length scales up to ∼50 Å (Figure 2d).

Despite the similarity in the PDF data, the 2D X-ray
scattering data (Figure 2e,f) of SiNSs packed in capillaries
reveal distinct differences in the orientation of the samples with
respect to the incident beam. The EM-SiNSs displayed a
strong scattering along QX = 0 (the vertical axis) and QY = 0
(the horizontal axis); in contrast, scattering from the HS-SiNSs
was independent of the azimuthal angle. This suggests that the
HS-SiNSs do not exhibit preferred orientation with respect to
the incident beam, unlike the EM-SiNSs. We suspect that this
long-range preferred orientation with respect to the incident X-
rays in EM-SiNSs is a result of packing the capillaries, where
the EM-SiNSs have a plate-like aspect ratio and tend to stack
with their normal vector parallel to the axis of the capillary.58

In contrast, the HS-SiNSs exhibit a smaller aspect ratio and do
not have a preferred orientation. We liken this preferred
orientation of the EM-SiNSs to how playing cards stack when
dropped onto a table.55 A detailed analysis of the preferred
orientation in the EM-SiNSs can be found in our previous
work.58

Scanning electron microscopy (SEM) images of the SiNSs
(Figure S4) reveal sample morphologies of loosely stacked
sheets, indicative of Ca2+ deintercalation, and is consistent with
our previous work.21,58 Most importantly, these imaging
studies corroborate the conclusions drawn from the diffraction
studies; that is, the EM-SiNSs exhibit large plate-like structures
with larger aspect ratios stemming from preferential growth of
the CaSi2 precursor along the a- and b-axes. Specifically, the
EM-SiNSs consist of a heterogeneous population of sheets
(and stacks thereof), often presenting with lateral dimensions
in excess of 100 μm (Figure S4a,b), whereas the HS-SiNSs
consist of a fairly uniform population of sheet stack size with
more homogeneous and substantially smaller lateral dimen-
sions not exceeding approximately 40 μm (Figure S4d,e). This
marked difference in aspect ratio accounts for the EM-SiNSs
tendency to preferentially stack with the c-axis perpendicular to
a substrate while the HS-SiNSs show no preference, as their
uniform size affords more efficient, albeit random, packing. We
note, at higher magnification, the stacks of sheets are similar in
appearance (Figure S4c,f), as expected, although the difference
in lateral dimensions is still quite apparent as almost the entire
sheet stack is visible for the HS-SiNSs (panel f) whereas only a
corner of the stack fits in the field of view for the EM-SiNSs
(panel c).

To characterize the molecular structure of the SiNSs, we
used FTIR and Raman spectroscopy (Figure 3). The
vibrational modes in the FTIR spectra include SiH at 2092,
737, 633, and 507 cm−1; SiOH at 3600 and 900 cm−1; SiO at
1177 and 1019 cm−1; OXSiH at 792 cm−1; and SiCl at 571
cm−1 (Figure 3a).21,58 We find a one-to-one correspondence in
the FTIR peaks for EM-SiNSs and HS-SiNSs. There are
differences in relative peak intensities; however, it is important
to note that the FTIR background signal makes it difficult to
compare FTIR peak intensities, particularly in the fingerprint
region, where the EM-SiNSs exhibit a more intense back-
ground. Most notably, we find that the OXSiH mode at ∼800
cm−1 in the HS-SiNSs is more intense than in the EM-SiNSs.
We previously quantified the relative sensitivity of different IR
modes in SiNSs21 and found that FTIR is extremely sensitive

Figure 2. X-ray structural characterization of SiNSs. (a) AI-spXRD of
the deintercalated SiNSs. Ball and stick models of the SiNSs viewed
(b) down the c-axis and (c) down the a-axis. Blue and white atoms
correspond to silicon and hydrogen, respectively. (d) Atomic pair
distribution function (PDF) of the deintercalated SiNSs. Panels (e)
and (f) are the 2D X-ray scattering patterns for the EM-SiNSs and
HS-SiNSs, respectively.
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to vibrational modes associated with Si−O bonds. The
observed differences in the FTIR intensities of these samples
likely arise from small differences in the synthesis, preparation,
and morphology of the SiNSs and CaSi2. We note that all
peaks present in the data presented here were also present in
our previous study that used commercially available CaSi2;21

however, the relative intensities of the features differ, with
these samples having less contributions from SiOSi. This is
likely a result of the washing procedure, where the EM- and
HS-SiNSs were washed under an inert atmosphere, and the
SiNSs derived from commercially available CaSi2 were washed
under ambient conditions.21

Raman spectroscopy is often used to characterize silicon
nanomaterials; the location and shape of the Si−Si feature at
∼500 cm−1 are used to infer crystallinity.59,60 The EM-SiNSs
and HS-SiNSs exhibit nearly identical Si−Si modes with a peak
position for both samples residing at 500 cm−1 (Figure 3b). In
addition, the relative intensities of all of the SiH (approx-
imately 640, 730, and 2120 cm−1), SiOH (∼930 cm−1), and
Si−Si (approximately 500 and 380 cm−1) Raman modes are
nearly indistinguishable between the samples, indicating that
the EM-SiNSs and HS-SiNSs have similar bonding, crystal-
linity, and surface termination. We note that the Raman
spectra presented here are nearly identical to the Raman
spectra obtained from SiNSs derived from commercially
available CaSi2 except that these spectra do not contain signals
from the bulk silicon impurity present in commercially
available CaSi2.21

Next, 1H and 29Si solid-state NMR (SSNMR) spectroscopy
was used to further probe the molecular structure of the EM-
and HS-SiNSs. The one-dimensional (1D) 1H → 29Si cross-
polarization magic-angle spinning (CPMAS; through-space)
SSNMR spectra of EM- and HS-SiNSs (acquired with Car−
Purcell−Meiboom−Gill (CPMG)30 for 29Si detection) are
nearly identical (Figure 4), corroborating our assessment
above that the two SiNSs have nearly indistinguishable local
molecular structures. Notably, the direct excitation MAS 29Si
spin echo NMR spectra do not reveal NMR signals at −80
ppm from bulk Si impurities that were previously observed
when SiNSs were synthesized from commercially available
(technical grade) CaSi2;21 however, the features that do
correspond to the SiNSs are similar to our previous study.21

Based on our prior study, we assign the 29Si NMR signals at
approximately −100 ppm to Si3SiH species.21 This assignment

was confirmed by monitoring the evolution of the 1 bond
1H−29Si J-coupling (1JH−Si) under 29Si magnetization and also
by recording 2D 1H → 29Si scalar INEPT (J-INEPT; through-
bond) and CP heteronuclear correlation (HETCOR) NMR
spectra (Figures S5 and S6, respectively).21,61,62 Notably, the
1D 1H → 29Si CPMAS and direct excitation 29Si NMR spectra
in Figure 4 reveal two additional NMR signals at approximately
10 and −5 ppm. Our prior DFT calculations predicted that
Si3SiOH and Si3SiCl groups resonate at 29Si chemical shifts of
approximately 24−32 and 15−24 ppm, respectively.21 There-
fore, we tentatively assign the 29Si NMR signals at 10 and −5
ppm to Si3SiOH and Si3SiCl, respectively. The unambiguous
identification of both Si3SiOH and Si3SiCl species is ongoing
in our lab.

We characterized the microstructure of the SiNSs with
bright field transmission electron microscopy (TEM) and
electron diffraction (ED), as shown in Figure 5. The TEM
images demonstrate the SiNSs consist of stacks of very thin
sheets. The morphology of the sheets is very similar between
the two samples. We note that the high-contrast debris (dark
spots) that was present in the EM-SiNSs shown in Figure 5a
was also observed while imaging the HS-SiNSs but is not
present in Figure 5b. We suspect that these dark spots are
either small fragments of SiNSs or TaSi2. Additionally, we find
that large, continuous flakes were qualitatively more frequent
in the EM-SiNSs sample.

The ED patterns viewed down the [001] zone axis of both
samples are shown in Figure 5c,d. We find that both samples
exhibit bright spots in a hexagonal arrangement, in addition to
lower-intensity diffuse hexagons. Though these diffuse
hexagons are more prevalent in the EM-SiNSs, they are
indeed present within HS-SiNSs as well. Trout et al. observed a
similar ED pattern in germanane and attributed these diffuse
hexagons to turbostratic twisting along the c-axis.63 It is
possible that turbostratic twisting could be present in these
TEM samples; however, the AI-spXRD data and our previous
analysis58 make it clear that SiNSs are well-registered from
sheet-to-sheet, as is made apparent by the sharp peak
corresponding to the (110) plane (Figure 2a). Alternatively,
the diffuse hexagons could arise from disorder within the unit

Figure 3. Vibrational characterization of SiNSs. (a) FTIR of the
deintercalated SiNSs with labeled peaks. Note that the x-axis is on a
logarithmic scale to aid in visualizing the peaks in the fingerprint
region. (b) Raman spectra of the SiNSs. The asterisk (∗) corresponds
to the substrate (highly oriented pyrolytic graphite, HOPG). All
vertical dashed lines are to guide the eye.

Figure 4. 29Si SSNMR spectra of SiNSs. Comparison of 1D direct
excitation 29Si spin echo and 1H → 29Si CP-CPMG NMR spectra of
EM-SiNSs (upper, black) and HS-SiNSs (lower, red) acquired with
10 kHz MAS.
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cell of isolated, individual nanosheets. Welberry demonstrated
that deviations within the lattice vector direction within a plane
of atoms can lead to these diffuse hexagons.64 Given the sharp
(110) diffraction planes in the AI-spXRD, we conclude that the
diffuse hexagons observed in Figure 5c,d arise from variations
of the unit cell lattice vector direction within an isolated
nanosheet. Moreover, we find that both EM- and HS-SiNSs are
very sensitive to the beam, with the ED patterns transforming
into diffuse rings over the course of a few seconds (Figure S7).
We attribute this transformation of the ED signal into diffuse
rings to be a result of the amorphization of the Si framework;
this beam-induced amorphization exhibits similar structural
and temporal responses to germanane.63 Given that this beam-
induced amorphization occurs on such short time scales, it is
difficult to conclusively determine if the diffuse hexagons are
true structural characteristics of the samples or are a result of
beam-induced deviations within the lattice vectors; addition-
ally, it makes it difficult to accurately compare the ED pattern
associated with the EM- and HS-SiNSs.

Both EM- and HS-SiNSs exhibit satellite diffraction spots
within the ED pattern that we attribute to shear lines in a stack
of nanosheets, whereby each half of the shear line exhibits a
small degree of rotation relative to each other. We find that
both AI-spXRD and the ED patterns are consistent with a
hexagonal unit cell with a unit cell lattice parameter a = 3.84 Å.
Our DFT calculations predict a lattice parameter of 3.89 Å
(Figure S9); this overestimation of the DFT parameter is 1.3%
and is similar to the ∼0.7% increase in lattice constant that is
found when comparing the DFT lattice parameters of bulk Si.
This overestimation is a common occurrence for the PBE
functional.65

We characterized the optical properties of the SiNSs with
diffuse reflectance and steady-state photoluminescence (PL)
spectroscopies, as well as single-wavelength, time-resolved
photoluminescence (TRPL) decays, as shown in Figure 6. The
diffuse reflectance data were transformed into the Kubelka−

Munk function (KM),32 which is analogous to absorbance and
is regularly used for highly scattering samples. The KM
functions of both samples have a sharp onset beginning at
∼500 nm and are similar in their spectral features (Figure 6a).
Relative to the HS-SiNS, the EM-SiNSs exhibit a larger
intensity at the peak centered at ∼400 nm and weaker intensity
at the peak centered at ∼200 nm. DFT simulations of the
extinction coefficient (Figures S8 and S9) of H-terminated
SiNSs demonstrate that the peak in the KM at ∼400 nm
originates from a dielectric response arising from an electric
field applied in-plane to the SiNSs (i.e., along the a- or b-axes).
Conversely, the peak at ∼200 nm arises from a dielectric
response due to an electric field applied out-of-plane to the
SiNSs (i.e., along the c-axis). Thus, the differences in relative
absorbance of these features within the experimental SiNSs can
be explained by the orientations of the samples with respect to
the incident light beam. The EM-SiNSs (consisting of sheets
that preferentially lay with their c-axes parallel to the incident
beam) will experience a greater electric field in-plane compared
to a randomly oriented sample. Thus, the EM-SiNSs are
expected to exhibit higher intensity at ∼400 nm and lower
intensity at ∼200 nm compared to the randomly oriented HS-
SiNSs, as is observed in Figure 6a.

Both of the SiNS samples have a PL emission peak that is
centered at ∼508 nm (∼2.44 eV), with an identical fwhm of
0.32 eV (Figure 6b; solid lines). This is consistent with our
previous report, which used a commercially available CaSi2

precursor.21 Similarly, both samples have nearly identical
excitation spectra that have four main features (Figure 6b;
dashed lines): (i) decreasing emission from 200 to 250 nm, (ii)
a small peak centered at ∼300 nm, (iii) a large shoulder
between 340 and 400 nm, and (iv) the maximal peak centered
at 478 nm. The poor correlation between the excitation spectra
and KM pseudoabsorbance is not at all surprising given the
highly scattering nature of the SiNS dispersions. Further, the
excitation (and emission) spectra were not corrected for
instrumental factors, which is likely playing a role in the
observed peak positions and intensities. Regardless, the
excitation and emission spectra for the EM- and HS-SiNSs
are highly consistent between the two approaches, indicating

Figure 5. (a) and (b) are TEM images of the EM-SiNSs and HS-
SiNSs, respectively. (c) and (d) are indexed electron diffractograms
viewed down the [001] zone axis for the EM-SiNSs and HS-SiNSs,
respectively.

Figure 6. Optical characterization of the deintercalated SiNSs. (a)
Kubelka−Munk transformation of diffuse reflectance data, (b) steady-
state photoluminescence, and (c) single-wavelength, time-resolved
photoluminescence decays. In panel (b), excitation spectra (dashed
lines) were collected at an emission wavelength of 525 nm while the
emission spectra (solid lines) were collected at an excitation
wavelength of 370 nm. For collection of the PL decays shown in
panel c, the samples were excited at 359 nm and emission was
monitored at 510 nm.
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that the differing synthetic approaches for CaSi2 and resulting
morphological differences in the SiNSs do not markedly
impact the photophysical properties (e.g., ground and excited
states) of the material. We fit the TRPL data (Figure 6c) to a
triexponential decay, as Si nanomaterials often require
multiexponential or stretched exponential decays.66−68 How-
ever, the lifetimes that we observe are notably shorter than
most Si nanomaterials (e.g., Si nanocrystals). Our TRPL
lifetimes (exponential coefficients) are 0.65 ns (0.87), 6.3 ns
(0.11), and 61 ns (0.2). These short lifetimes suggest direct
emission.63 Importantly, both steady-state and time-resolved
photoluminescence data were collected from dispersions in
methanol, so any effects of preferred orientation were not
detected.

■ CONCLUSION

We compare the properties of CaSi2 synthesized by two
separate reaction pathways and silicon nanosheets (SiNSs)
derived therefrom. These reaction pathways involve the
conventional technique of melting together elemental Ca and
Si, and the less-explored reaction between calcium hydride and
elemental bulk silicon. We find that the CaSi2 powder that is
derived from the hydride-based synthesis (HS-CaSi2) has a
nearly identical structure to CaSi2 derived from conventional
melting of elemental precursors (EM-CaSi2). However, EM-
CaSi2 powders exhibit preferred orientation with the c-axis
perpendicular to the substrate, whereas the HS-CaSi2 powder
has very little preferred orientation. This suggests that the EM-
CaSi2 has a larger aspect ratio which may arise from
preferential growth along the a- and b-axes when using the
EM synthetic technique or from preferential cleavage of CaSi2

grains during the grinding process. We then deintercalated
both CaSi2 precursors to form atomically thin SiNSs and
compare their properties. We found that the orientation of the
precursor (or lack thereof) is imparted to the SiNSs that are
formed upon deintercalation. Using total-scattering X-ray
diffraction, pair distribution function analysis, FTIR, Raman,
solid-state NMR spectroscopy, TEM, electron diffraction,
diffuse reflectance spectroscopy, PL, and TRPL, we demon-
strate that both SiNS samples have nearly identical micro-
structural and optical properties. The only discernible
difference between the SiNS samples is that the EM-SiNSs
exhibit small differences in the absorbance spectrum that can
be attributed to orientation-dependent differences in extinction
coefficient. These results provide the community with a
convenient method for synthesizing high-purity CaSi2 in a
single step that requires lower temperatures than the
commonly used methods. Furthermore, the nanosheets
obtained through the deintercalation of the HS-CaSi2 should
show promise in next-generation photonics and optoelec-
tronics since the smaller, more uniform sheets can be more
readily dispersed in an appropriate solvent which will yield
more optically transparent films, a prerequisite for such target
applications.
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Siloxenes. J. Electrochem. Soc. 1996, 143 (8), 2674−2677.

(3) Dettlaff-Weglikowska, U.; Hönle, W.; Molassioti-Dohms, A.;
Finkbeiner, S.; Weber, J. Structure and Optical Properties of the
Planar Silicon Compounds Polysilane and Wöhler Siloxene. Phys. Rev.
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