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ABSTRACT 

Lithium silicates have received noteworthy interest as a class of materials with significant 

potential in lithium ion batteries, ionic conductors, optical waveguides and sensors, and efficient 

sorbents for CO2 capture. Herein we report the optical properties, electronic structures, and 

surface characteristics of two distinct lithium silicate crystal phases using first-principles hybrid 

density functional theory (DFT) calculations and in-depth experimental characterization studies. 

Orthorhombic Li2SiO3 (space group Cmc21) and Li2Si2O5 (space group Ccc2) nanoparticles 

(NPs) passivated with alkylamine and alkane surface functionalities were produced by reaction 

of SiI4 with n-butyllithium in the presence of 1,2-hexadecanediol. As-synthesized nanostructures 

exhibit poor crystallinity, which upon annealing at 600 ºC adopt phase-pure orthorhombic crystal 

structures with spherical (Li2SiO3), polyhedral or rod-shaped (Li2Si2O5) morphologies. Surface 

analysis of Li2SiO3 and Li2Si2O5 NPs reveals distinct chemical states for Li+, Sin+, and On-, 

consistent with their stoichiometry and higher binding energies for constituent elements in 

Li2Si2O5 NPs.  Hybrid functional calculations predict indirect and direct energy gaps of 7.79 and 

7.80 eV for Li2SiO3 and Li2Si2O5, respectively signifying the insulating nature of extended 

solids. Nonetheless, as-synthesized Li2SiO3 and Li2Si2O5 NPs exhibit high intensity visible 

photoluminescence (quantum yields = 10−30%) with nanosecond timescale decays at 15 K and 

295 K, which we attribute to radiative recombination from surface/interface traps. The facile 

colloidal synthesis provides control over crystal structure and composition of nanostructured 

lithium silicates, which will potentially widen their applications as visible to IR transparent 

optical materials, chromophores, waveguides, sensors, and high surface area CO2 sorbents. 

INTRODUCTION
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Silicates show a variety of stoichiometries and crystal structures that are naturally 

abundant. They form most of earth's crust and other structures in solar system including 

terrestrial planets, rocky moons, and asteroids.1 Lithium silicates are an important sub-class of 

the silicate family with potential applications in many technologies. These include but are not 

limited to lithium ion batteries,2 ionic conductors,3, 4 visible to IR transparent optical materials,5 

waveguides,6 sensors,7 and high temperature sorbents for efficient CO2 capture.8, 9 

Orthorhombic Li2SiO3 and Li2Si2O5 show noteworthy interest as solid electrolytes and 

high capacity cathode materials for lithium ion batteries.2-4 Amorphous thin films of Li2SiO3 

exhibit limited ionic conductivity at 298 K, which increases by up to two orders of magnitude at 

higher temperatures (500-700 K) compared to polycrystalline Li2SiO3.3, 4 Likewise, recent 

reports on 2-D and 3-D micro-/nano-structures and nanowires of Li2Si2O5 suggest high initial Li 

ion storage capacity than commercial Li-Mn-O and Li-Co-O cathode materials.10, 11 Among 

SiO2/Li cells reported, reversible conversion reaction of SiO2 into Li2Si2O5 results in reduction of 

charge capacity by only <0.01% during the first 100 cycles,12 making Li2Si2O5 an attractive 

material for durable and high capacity charge storage device applications.

Optical properties of lithium silicates are known and categorized as insulators. Despite 

their insulating nature, both Li2SiO3 and Li2Si2O5 exhibit intense visible (blue) absorption and 

photoluminescence (PL) that can be attributed to surface defects. Such optical activity has been 

wrongfully assumed to originate from quantum-confined Si nanoparticles (NPs) with diamond 

cubic and BC8 structure types.13-17 On the theoretical side, studies on electronic structure and 

energy gaps of lithium silicates are limited. For instance, electronic structure calculated by the 

density functional theory (DFT) using the Perdew-Burke-Ernzerhof (PBE)18 parametrization of 

the generalized gradient approximation (GGA) predicts indirect bandgaps of 4.575 and 4.776 eV 
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for Li2SiO3 and Li2Si2O5, respectively.19 In contrast, larger bandgaps of 5.7 eV for Li2SiO3 and 

5.5 eV for Li2Si2O5 were calculated by using the Perdew-Wang 9120 GGA approximation to the 

DFT.21 On the contrary, linear combination of atomic orbitals (LCAO) calculations report 

bandgaps as high as 7.26 and 7.45 eV, respectively.22 It is expected that GGA approximations to 

the DFT will significantly underestimate the values of energy gaps. On the other hand, semi-

empirical nature of the LCAO method can lead to varying results, depending on the input 

parameters. Thus, the electronic structure and optical properties of lithium silicates remain 

uncertain, despite their potential as (nano)phosphors in a number of new technologies. 

Over the past two decades, lithium silicate bulk and micron-sized crystals were produced 

by physical techniques such as laser ablation and ball milling23 and chemical routes that include 

solid state synthesis,6, 7 atomic layer deposition,3, 11 sol-gel chemistry9, 24 and hydrothermal or 

solvothermal reactions.19, 25, 26 These methods yield poor structural and morphological control 

and often result in large (1-2 µm) irregular-shaped crystals, amorphous NPs, and/or mixed 

phases of Li2SiO3, Li2Si2O5, Li4SiO4, and SiO2. Moreover, the synthesis of nanostructured 

silicates via aforementioned methods imposes a great challenge as they often fail to offer narrow 

size distribution, desired homogeneity, and phase purity. In contrast, the use of colloidal 

synthesis would eliminate such drawbacks while providing better control over physical 

properties, as it places the ability to produce size-/composition-/shape-controlled crystals. 

However, to the best of our knowledge, the synthesis of phase pure Li2SiO3 and Li2Si2O5 as 

discrete nanocrystals with varying morphology and composition has not been reported.  

Herein, we report the first colloidal synthesis of lithium metasilicate and disilicate NPs 

via reaction of SiI4 with n-butyllithium and 1,2 hexadecandiol in alkylamine/alkene solvents. As-

synthesized NPs exhibit poor crystallinity, thus were transformed into orthorhombic Li2SiO3 
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(space group Cmc21) and Li2Si2O5 (space group Ccc2) NPs with varying shapes via post-

synthetic annealing at 600 ºC.  The surface analysis of Li2SiO3 and Li2Si2O5 NPs reveals distinct 

chemical states for Li+, Sin+, and On-, consistent with their stoichiometry and higher binding 

energies for constituent elements in the later NPs. Hybrid functional calculations predict indirect 

and direct energy gaps of 7.79 and 7.80 eV for bulk orthorhombic Li2SiO3 and Li2Si2O5, 

respectively, whereas as-synthesized crystals exhibit high intensity visible PL with nanosecond 

timescale decays at 15 K and 295 K, which we attribute to emissive surface/interface traps. The 

colloidal synthesis developed in this study provides better control over size, composition, and 

crystal structure of discrete lithium silicates, specifically on the nanoscale, which will expand the 

library of highly luminescent nanophosphors beyond perovskites, lanthanides, and metal 

chalcogenide and pnictide nanostructures.27-29

EXPERIMENTAL SECTION

Materials. Silicon (IV) iodide (SiI4, 99%) was purchased from Alfa Aesar. 1,2-Hexadecanediol 

(HDD, 98%) was purchased from TCI America. Oleylamine (OLA, 98%), n-butyllithium (n-

BuLi, 1.6 M in hexane), and chloroform were purchased from Sigma-Aldrich. Toluene, acetone, 

and methanol of ACS grade were purchased from Fisher. Toluene was dried using sodium, 

distilled under nitrogen, and stored over molecular sieves. Methanol was dried over molecular 

sieves and distilled under nitrogen. Acetone and chloroform were dried over molecular sieves 

and degassed under high purity argon for 30 min. OLA was dried under vacuum at 120 °C for 1 

h prior to use. All other chemicals were used as received. 

Synthesis of Amorphous-to-Poorly Crystalline Lithium Silicate (Li2SixOy) NPs. In a typical 

synthesis of Li2SixOy NPs, 1 mmol (0.536 g) of SiI4 and 0.4 mmol (0.103 g) of HDD were 
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dissolved in 15 mL of OLA in a three-neck flask. This mixture was heated at 120 °C for 15 min 

under vacuum, flushed with high purity argon, and continuously heated to 170 °C to produce a 

homogeneous pale-yellow solution. After 10 min at 170 °C, 3.75 mmol (for Li2SiO3 NPs) or 2.25 

mmol (for Li2Si2O5 NPs) of n-BuLi was rapidly injected at which point the reaction became 

colorless. The resultant seed nuclei were grown at 250 °C for 30 min to produce a brown color 

solution of amorphous-to-poorly crystalline Li2SixOy NPs. The reaction flask was then cooled to 

100 °C using compressed air and ~5 mL of freshly distilled toluene was added. The crude 

reaction mixture was further cooled to ~40 °C using compressed air and transferred into a 

nitrogen glove box. Purification of silicate NPs was done under inert atmosphere with no 

exposure to air. The crude solution was transferred to a centrifuge tube inside a glove box and ~7 

mL of acetone or methanol was added, followed by centrifugation at 4000 rpm to obtain a brown 

precipitate of Li2SixOy NPs. The precipitated NPs were washed with toluene/(acetone or 

methanol) (1:2 v/v) 2−3 times and dispersed in CHCl3.  

Synthesis of Orthorhombic Li2SiO3 and Li2Si2O5 NPs. As-synthesized NP powders were 

annealed at 600 ºC for 2 h in an argon flow furnace to produce orthorhombic lithium silicate 

NPs. The powder samples were loaded onto platinum pans inside a nitrogen glove box and 

immediately transferred into a closed tube furnace under high purity argon. The temperature was 

raised from 25 ºC to 600 ºC within ~10 min and the samples were annealed at 600 ºC for 2 h. 

The annealed samples were cooled to 50 °C within 2 h and stored in a nitrogen glove box. 

Physical Characterization. Powder diffraction patterns of all samples were recorded using 

PANalytical powder X-ray diffractometer (XRD) equipped with a Cu Kα radiation. A Nicolet 

670 FT−IR instrument equipped with a single-reflection diamond ATR was used to record the 

infrared (IR) spectra of all samples. X-ray photoelectron spectroscopy (XPS) spectra were 
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collected using a Thermofisher ESCALAB 250 instrument equipped with an Al Kα radiation, 

0.10 eV step size, and 500 μm illumination area. Samples were prepared by pressing the NP 

powders onto indium foil purchased from Sigma-Aldrich. The holder was loaded inside the glove 

box and sealed to eliminate the exposure to air and directly mounted in the instrument. A Cary 

6000i UV−vis−near IR spectrophotometer (Agilent Technologies) equipped with an internal 

diffuse reflectance (DRA-2500) attachment was used to record the reflectance spectra of 

Li2SixOy NPs. First, diffuse reflectance (DRA) spectra of powder samples were recorded using 

BaSO4 background and then converted to absorption using Kubelka-Munk function.30 The 

energy gaps were obtained by extrapolating the first major absorption to the intersection point of 

the baseline. PL and photoluminescence excitation (PLE) spectra of NPs dispersed in CHCl3 

were recorded using a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies). PL 

and time-resolved PL (TRPL) spectra of solid NP films (drop casted on sapphire substrates) were 

recorded using a frequency doubled Ti:sapphire laser (385 nm wavelength, 150 fs pulse width, 8 

kHz to 80 MHz repetition rate). Measurements were performed at room temperature (295 K) and 

low temperature (15 K) by mounting the substrate on a closed cycle He cryostat. A liquid 

nitrogen-cooled charge coupled device (CCD) camera connected to a spectrometer was 

employed to collect the steady-state PL spectra and a Hamamatsu streak camera with 25 ps 

temporal resolution was used to analyze the PL transients. Transmission electron microscopy 

(TEM) images were recorded using a Zeiss Libra 120 microscope equipped with a Gatan 

ultrascan 4000 camera operating at 120 kV. High-resolution TEM (HRTEM) images were 

recorded using FEI model Titan 8300 microscope equipped with a Gatan 794 multiscan camera 

operating at 300 kV. Silicate NPs dispersed in CHCl3 were drop-casted on carbon coated Cu 

grids and dried in ambient air prior to TEM analysis. The PL quantum yields (QYs) were 
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measured relative to a standard dye, quinine sulfate, following a literature method.31 The optical 

densities of the dye and Li2SixOy NPs dispersed in CHCl3 were matched to 0.18 at the excitation 

energy (335 nm) and the PL QYs were calculated based on the percent ratio of the integrated 

emission spectra of NPs and the dye recorded under identical experimental conditions.

Computational Methods. Electronic structure of lithium silicates was calculated using hybrid 

density functional theory, which is beyond semi-local approximations. We used Vienna Ab-initio 

Simulation Package (VASP) code,32 with the projector augmented wave (PAW) 

pseudopotentials33 and plane wave energy cutoffs of 500 eV. The structural relaxations of 

Li2SiO3 and Li2Si2O5 were performed using PBE parameterization of the GGA approximation34 

to the DFT. Atomic coordinates and lattice constants were relaxed to minimize the forces to 0.01 

eV/Å or less. -point centered k-point grids of 425 and 415 were used for Li2SiO3 and 

Li2Si2O5 lattices, respectively. While PBE produces satisfactory values for lattice parameters, the 

computed energy gaps are significantly underestimated for wide bandgap semiconductors and 

insulators. Here we obtain PBE bandgaps as 5.13 eV (-Z indirect) and 5.22 eV (-point direct) 

for Li2SiO3 and Li2Si2O5, respectively in agreement with previous calculations.8, 19, 21 In contrast, 

Heyd-Scuseria-Ernzerhof (HSE) hybrid functional35 yields significantly more accurate bandgaps 

across a wide range of materials.36 Thus, in this work the band structures of Li2SiO3 and Li2Si2O5 

were calculated using HSE with the fraction of exact exchange adjusted to 0.375, keeping the 

exchange range separation parameter at a typical 0.2 Å-1. As previously shown37, 38 this 

parametrization of HSE reproduces the low temperature bandgaps of oxide alloys in agreement 

with experiments. To directly compare optical properties from experiments and theory, 

absorption spectra of Li2SiO3 and Li2Si2O5 were calculated using time-dependent hybrid 

functional theory (TD-HSE), as described in Paier et al.,39 based on above exchange-tuned hybrid 
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HSE functional. In the TD-HSE calculations, the excitonic effects are approximately described 

by replacing the electron-hole ladder diagrams with the screened exchange. The dielectric 

function is obtained by solving the Casida’s equation.40 It has been reported that this is 

essentially equivalent to the Bethe-Salpeter equation, with the screened interaction (W) replaced 

with one-quarter of the nonlocal screened exchange term obtained from the standard or exchange 

tuned HSE.39 

RESULTS AND DISCUSSION 

When a mixture of SiI4/OLA/HDD is heated above 120 °C, it progressively dissolves the SiI4 

powder and produces a homogeneous pale-yellow solution, consistent with the formation of 

Si4+/amine and Si4+/hydroxyl species.41 Upon injection of n-BuLi at 170 °C, the reaction turned 

colorless suggesting the production of Li2SixOy seeds. With further heating to 250 °C, an orange-

brown product is formed, which we attribute to amorphous-to-poorly crystalline Li2SixOy NPs. 

This is in sharp contrast to the reported syntheses of cubic Ge NPs, where Ge4+/2+ precursors 

dispersed in OLA are typically reduced to Ge(0) by n-BuLi with no Li incorporation.42-45 This 

drastic difference in chemistry can be attributed to more covalent character of Si4+ than Ge4+/2+, 

which prefers compound formation with smaller Li+ ions.46 The use of n-BuLi as a surface 

passivating agent for Si NPs has been known for several years.47-49 On the contrary, the direct 

reaction of n-BuLi with Sin+/hydroxyl (or silanol-like) complexes has been reported by Gilman et 

al.,50 where Li+ would bond to the oxygen of the Si-O group producing lithium silanolate (Si-O-

Li) species. Although the syntheses were performed under inert atmosphere, use of HDD as a 

potential surfactant ligand likely prompted the growth of Li2SixOy seeds and NPs. 

Powder X-ray diffraction patterns of as-synthesized Li2SixOy NPs are either amorphous or 

poor crystalline where no Bragg reflections corresponding to any known crystal phases of 
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lithium silicates were noted (Supporting Information, Figure S1). Upon annealing Li2SixOy NPs 

at 600 ºC, either orthorhombic Li2SiO3, orthorhombic Li2Si2O5, or a mixture of phases were 

obtained depending on the synthesis. The production of different crystal phases with varying 

stoichiometry is governed by the molar ratio of SiI4: n-BuLi and reactivity of n-BuLi. In our 

experiments, phase-pure orthorhombic Li2SiO3 NPs were produced with 1 : 3.75 molar 

equivalent of SiI4 : n-BuLi whereas orthorhombic Li2Si2O5 NPs were obtained with a slightly 

lower molar ratio of 1 : 2.25. In contrast, intermediate ratios of SiI4 : n-BuLi consistently 

produced mixed phases of lithium silicates. Additionally, the reactivity of n-BuLi precursor has 

an effect on the crystal structure.  It was also found that highly reactive n-BuLi (freshly 

prepared) can consistently produce Li2SiO3 NPs whereas less reactive n-BuLi (older than 2 

weeks) tends to produce Li2Si2O5 NPs. It is important to note that prior reports on lithium 

silicates point to orthorhombic crystal structure for Li2SiO3 (space group Cmc21)51 whereas the 

crystal structure of Li2Si2O5 is also orthorhombic (with Ccc2 space group),52 although it is often 

referred to as monoclinic Li2Si2O5.8 In our calculations using PBE18 parameterization of the 

GGA approximation34 to the DFT, the unit cell of Li2SiO3 is orthorhombic with a=5.455 Å, 

b=9.476 Å, c=4.742 Å, which are close to experimental values of 5.397 Å, 9.392 Å, and 4.660 Å, 

respectively.8 Likewise, for Li2Si2O5 we obtain lattice constants of a=5.896 Å, b=14.797 Å, 

c=4.855 Å, while experimental values are 5.82 Å, 14.66 Å, and 4.79 Å, respectively.8 Computed 

PBE relaxed crystal structures are shown in Figure 1, where each orthorhombic cell contains four 

formula units (vertical axis is along b lattice parameter), which are in agreement with the 

experimental diffraction patterns shown in Figure 2. 
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[B] Orthorhombic Li2Si2O5;
[space group: Ccc2]

[A] Orthorhombic Li2SiO3;
[space group: Cmc21]

Figure 1. Unit cell structures of orthorhombic [A] Li2SiO3 and [B] Li2Si2O5. The large green 

spheres are lithium, blue spheres are silicon, and small red spheres are oxygen. 
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Figure 2.  PXRD patterns of Li2SixOy NPs annealed at 600 ºC: [A] orthorhombic Li2SiO3, [B] 

orthorhombic Li2Si2O5, and [C] mixed phases of Li2SiO3 and Li2Si2O5. Orthorhombic Li2SiO3 

(JCPDS# 00-029-0829) and Li2Si2O5 (JCPDS#01-070-4856) reference patterns are shown as 

vertical black and gray lines, respectively.  

To corroborate with PXRD data, X-ray photoelectron spectra (XPS) were recorded to probe 

the chemical states of as-synthesized Li2SixOy, orthorhombic Li2SiO3 and Li2Si2O5 NPs (Figure 3 

and Supporting Information, Figure S2 and S3). Comparing the Li2SiO3 and Li2Si2O5 chemical 
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formulae, one would expect more positive character of Si and Li in the latter, which would shift 

the binding energies to higher values. Oxygen, on the other hand, is expected to have a lower 

negative character for Li2Si2O5 phase, which would shift corresponding binding energies to 

higher values. The examination of Si 2p spectra of orthorhombic Li2SiO3 NPs reveals two 

deconvoluted peaks at 101.62 and 102.96 eV, corresponding to Si-Si2O2 and Si-SiO3 bonds, 

respectively.53 In contrast, the deconvoluted Si 2p peaks of orthorhombic Li2Si2O5 NPs exhibit 

higher binding energies of 103.20 and 103.62 eV, consistent with Si-O4 and Si-O2 bonds.53,54 It is 

important to note that no peaks corresponding to Si0 (binding energy of ~99.44 eV) were 

detected in any of the samples examined. 

O 1s spectra of Li2SiO3 NPs exhibit binding energies of 529.70, 532.23, and 534.10 eV that 

can be attributed to different sub-oxides. Likewise Li2Si2O5 NPs exhibit O 1s peaks at 530.70 

and 532.90 eV, owing to different bonding environments of sub-oxides.53, 54 The binding energy 

of Li 1s peak corresponding to Li-O bond (Li+) is shifted from 55.04 eV in Li2SiO3 to 56.57 eV 

in Li2Si2O5 NPs (Figure 3A-B), which can also be attributed to increased positive character of Li 

in the latter crystals.55 To probe the differences in chemical states before and after annealing, 

XPS spectra of amorphous-to-poorly crystalline Li2SixOy NPs were also recorded (Supporting 

Information, Figure S2). Both Si 2p and Li 1s binding energies of as-synthesized Li2Si2O5 NPs 

are shifted to higher values compared to those of amorphous Li2SiO3 NPs (Supporting 

Information, Table S1), in agreement with their corresponding highly crystalline nanostructures 

(Figure 3A-B). These shifts are more pronounced in the annealed samples than in their as-

synthesized counterparts likely due to increased crystallinity and long-range order.54 Thus, it is 

likely that as-prepared poorly crystalline products of orthorhombic Li2SiO3 and Li2Si2O5 NPs are 

internally different, which in turn lead to corresponding highly crystalline nanostructures.
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Figure 3. Si (2p), O (1s), and Li (1s) XPS spectra of phase-pure, orthorhombic (A) Li2SiO3 and 

(B) Li2Si2O5 nanostructures produced via post-synthetic annealing of as-synthesized amorphous-

to-poor crystalline Li2SixOy NPs. Square symbols represent spectral data whereas the solid blue, 

green and wine lines are fitted deconvolutions. The red lines are spectral envelopes.
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Low-resolution TEM images of amorphous-to-poorly crystalline Li2SiO3 NPs indicate 

spherical morphology and narrow size dispersity with average size of 8.7 ± 1.9 nm (Figure 4A 

and Supporting Information, Figure S4). Corresponding HRTEM images reveal the 

polycrystallinity of particles with a lattice spacing of 3.3 Å, which can be assigned to (111) plane 

of orthorhombic Li2SiO3 (Figure 4E). In contrast, as-synthesized Li2Si2O5 NPs exhibit 

polyhedral morphology, a noteworthy increase in size dispersity (~2–15 nm), and a lattice 

spacing of 2.9 Å corresponding to (200) plane of orthorhombic Li2Si2O5 (Figure 4B,F and 

Supporting Information, Figure S5). The HRTEM images show polycrystalline crystal 

arrangement in as-synthesized NPs, which is likely responsible for the amorphous moiety in 

corresponding diffraction patterns. In contrast, annealed orthorhombic silicates exhibit high 

crystallinity and a noteworthy increase in particle size owing to agglomeration/growth of NPs at 

elevated temperatures.  Interestingly, annealed Li2SiO3 NPs show spherical crystals with ~10–

700 nm diameter (Figure 4C and Supporting Information, Figure S6) whereas the annealed 

Li2Si2O5 NPs show polyhedral or rod-shaped crystals (Figure 4D and Supporting Information, 

Figure S7) with ~5–80 nm. Corresponding HRTEM images indicate lattice spacing of 2.7 and 

2.9 Å that can be assigned to (310) and (200) planes of orthorhombic Li2SiO3 and Li2Si2O5, 

respectively (Figure 4G,H). It should be noted that annealed orthorhombic silicates were 

sonicated in CHCl3 for TEM grid preparation, which presumably lead to breakup of the larger 

particles further increasing the size dispersity of annealed NPs. 
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Figure 4. Low-resolution TEM and HRTEM images of as-synthesized, amorphous-to-poorly 

crystalline [A, E] Li2SiO3 and [B, F] Li2Si2O5 NPs and their annealed orthorhombic [C, G] 

Li2SiO3 and [D, H] Li2Si2O5 NP counterparts. HRTEM images show inter-planar distances of 

3.3, 2.7, and 2.9 Å, which can be assigned to orthorhombic Li2SiO3 (111), orthorhombic Li2SiO3 

(310) and orthorhombic Li2Si2O5 (200) planes, respectively. 

The surface characteristics of amorphous and crystalline lithium silicates were investigated 

using FT-IR spectroscopy (Figure 5). The IR spectra of amorphous-to-poorly crystalline Li2SixOy 

NPs reveal the presence of stretching () and bending () vibrations of alkylamine and alkane 

surface ligands and Si-O bonds in the core of silicate particles: Si-O) at ~450 cm-1, Si-O-R) at ~ 

1000 cm-1, CHx) at ~2850 cm-1, CH2) at ~1500 cm-1, C=C) at ~1600 cm-1, and Si-Si) or (Si-C) at ~ 

800 cm-1.2, 48 The CH2, CHx, and C=C vibrations are likely arise from surface bound oleylamine 

or butyl ligands whereas the Si-O and Si-O-R vibrations can be attributed to respective bonds in 

the polycrystalline core of silicate crystals (Figure 5a-b). Additionally, broad humps observed at 
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~3500 cm-1 further prove the presence of amine ligands coordinated to silicates. In contrast, 

annealed orthorhombic silicates show no peaks beyond 1300 cm-1 corresponding to amines or 

alkanes, consistent with the removal of surface ligands upon annealing at 600 ºC (Figure 5c-d).
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SiO3Li)a

b
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d

Figure 5. FT-IR spectra of as-synthesized (a) Li2SiO3 and (b) Li2Si2O5 NPs along with annealed 

orthorhombic (c) Li2SiO3 and (d) Li2Si2O5 NPs.

Colloidal solutions of amorphous-to-poorly crystalline Li2SixOy NPs exhibit intense blue PL 

with a maximum at ~406 nm and a PLE maximum at ~315 nm (Figure 6A). The observed PL is 

independent of the size, shape, and crystal structure of silicate NPs as well as the excitation 

energy and therefore assumed to originate from emissive surface/interface states. Similar high 

intensity blue PL has also been reported for a number of wet-chemically produced Si and SiOx 

crystals.14, 56-58 Compared to solution state measurements, PL spectra of the solid-state samples 

exhibit a red shifted PL maximum at ~455 nm (Figure 6B), likely due to the partial removal of 
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surfactant ligands and subsequent resonant energy transfer between NPs in solid form.59, 60 PL 

quantum yields of Li2SixOy NPs dispersed in CHCl3 were measured with respect to quinine 

sulfate and indicate values within 10–30%. The solid state TRPL spectra recorded at 15 K and 

295 K show bi-exponential decays of 2.7–10.8 and 0.8–7 ns (Figure 6C-D and Table 1), as a 

result of different radiative and nonradiative decay pathways present in the system.17, 58 The PL 

intensity at 295 K is approximately 1/10 of that at 15 K (Supporting Information, Figure S8), 

likely due to thermal activation of the nonradiative channels and subsequent reduction in surface 

emission.56, 61 In addition, PL spectra recorded at 295 K are slightly blue-shifted compared to 

those recorded at 15 K. This temperature dependent blue-shifting has also been observed by 

Chandra et al.58 for amorphous SiOx NPs and attributed to enhanced interaction of electron-

phonon scattering, which also enhances both radiative and nonradiative recombination rates. It 

has been reported that for luminescent SiOx NPs, the surface/interface states created by carbon, 

nitrogen, and oxygen centers of the ligands can produce emissive traps that are likely responsible 

for the high intensity blue PL.58, 62 In contrast, annealed orthorhombic Li2SiO3 and Li2Si2O5 NPs 

show a noticeable decrease in PL intensity owing to removal of surface passivating ligands and 

creation of more nonradiative recombination channels. It is important to note that free surface 

ligands (OLA/HDD) and those reduced with n-BuLi at 250 ºC show weak PL peaks at 356 nm 

and 354 nm (Supporting Information, Figure S9), suggesting the necessity of silicate NPs to 

observe the high intensity visible PL.
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Figure 6. Room temperature [A] solution-state PL and PLE spectra of as-synthesized Li2SixOy 

NPs. [B] Room temperature solid state PL spectra of as-synthesized Li2SixOy NPs and annealed 

orthorhombic Li2SiO3 and Li2Si2O5 NPs. [C] Room temperature (295 K) and [D] Low 

temperature (15 K) PL transients of as-synthesized Li2SiO3 and Li2Si2O5 NPs. The dotted 

symbols are experimental data and the solid lines are biexponential fits.
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Table 1. Time Constants Extracted from Biexponential Decay Fits ( ) to fast slowt t
fast slowA e A e  

PL Transients of As-Synthesized Li2SixOy NPs. 

@ 295 K τ
fast 

(ns) τ
slow 

(ns) A
fast 

/ A
slow

Li2SiO3 0.82 ± 0.01 3.83 ± 0.05 3.70

Li2Si2O5 1.72 ± 0.02 6.96 ± 0.06 2.05

@ 15 K τ
fast 

(ns) τ
slow 

(ns) A
fast 

/ A
slow

Li2SiO3 3.14 ± 0.05 10.83 ± 0.19 1.94

Li2Si2O5 2.70 ± 0.09 10.56 ± 0.26 1.63

Solid-state absorption spectra of as-synthesized Li2SiO3 and Li2Si2O5 NPs show the lowest 

energy absorption onsets at 3.47 and 3.49 eV, respectively (Figure 7). Additionally, well-defined 

absorption onsets were also noted at 5.11 eV and 5.29 eV, respectively. Literature reports on 

lithium silicates suggest controversial values for energy gaps from 4.48–7.45 eV for bulk 

orthorhombic Li2SiO3 and Li2Si2O5.19, 21, 22, 25, 63 Thus, to accurately correlate our absorption 

measurements with optical transitions, HSE calculations were performed to determine the bulk 

bandgaps of orthorhombic Li2SiO3 and Li2Si2O5. Figure 7 shows the calculated absorption 

spectra of Li2SiO3 and Li2Si2O5 using TD-HSE theory, which includes electron-hole interactions. 

In both materials, theoretically predicted absorption onsets (~7.8 eV) are significantly larger than 

the values obtained in experiments. This discrepancy seems unusual because theoretical DFT 

based methods (including hybrid functionals) tend to underestimate the bandgaps of insulators 

and semiconductors. Therefore, to further elucidate the difference between experimental and 

theoretical absorption spectra, the underlying electronic structure was examined. 
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Figure 7. Solid-state absorption spectra of as-synthesized (a) Li2SiO3 and (b) Li2Si2O5 NPs along 

with absorption spectra calculated using TD-HSE for orthorhombic (c) Li2SiO3 and (d) Li2Si2O5. 

HSE band structure calculations of bulk Li2SiO3 and Li2Si2O5 were performed on PBE 

relaxed lattice structures (Supporting Information, Figure S10). The k-point path for 

orthorhombic structures was chosen as described in Setyawan et al.54 The band structures of the 

two materials are very similar, with energy gaps of ~7.8 eV for both materials. The only 

significant difference is the nature of the bandgap, where Li2SiO3 exhibits an indirect -Z 

bandgap, while Li2Si2O5 exhibits a direct bandgap. In either case, as expected, the HSE 

computed bandgaps are significantly larger than those previously obtained with semi/local 

approximations to the DFT.8, 19, 21 This is typical for extended solids, where HSE significantly 

improves the computed electronic structure. These results suggest that the PL observed below 
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7.8 eV for Li2SiO3 and Li2Si2O5 NPs is most likely originating from the surface states or other 

defect states and not from the inter-band electronic transitions. Amorphous solids are expected to 

exhibit reduced bandgaps compared to bulk crystalline structures used in our calculations. 

However, the differences between theoretical bandgaps and measured absorption onsets and PL 

spectra are far too large to be explained by tails of densities of states due to an amorphous 

structure. Thus, the measured absorption onsets and PL do not represent energy gaps of Li2SiO3 

and Li2Si2O5 NPs, but rather transitions via defect or surface states below the bandgap. It should 

also be noted that the transition energies will be even higher when size confinement effects are 

considered for NPs of size smaller than the exciton Bohr radius.  

CONCLUSIONS 

We have successfully produced lithium metasilicate and disilicate nanostructures with 

spherical, polyhedral to rod morphology and two distinct crystal structures via a facile low 

temperature colloidal chemistry method.  As-synthesized NPs show poor crystallinity, which 

after annealing at 600 °C produced phase-pure orthorhombic Li2SiO3 and Li2Si2O5 

nanostructures. It should be noted that a similar synthetic strategy has been claimed to produce a 

new exotic phase of Si NPs (BC8 structure type).13 The amorphous and orthorhombic Li2SiO3 

and Li2Si2O5 NPs exhibit substantial differences in internal chemical structures as probed by 

XPS. The Li and Si binding energies of Li2Si2O5 NPs are significantly higher than those of the 

Li2SiO3 NPs, owing to increased positive character of constituent elements in Li2Si2O5 NPs. 

Interestingly, the as-prepared counterparts of orthorhombic Li2SiO3 and Li2Si2O5 NPs (i.e. 

Li2SixOy NPs) exhibit similar binding energies indicating that corresponding crystal structures 

are formed during the synthesis and the post-synthetic annealing step provided the 

complimentary energy to improve the crystallinity of Li2SixOy NPs. The surface of the as-
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synthesized Li2SixOy NPs is passivated with oleylamine and alkyl ligands, which completely 

decompose upon annealing and only Si-O and Si-O-R species of the core material are present in 

annealed orthorhombic Li2SiO3 and Li2Si2O5 NPs. Similar to Si QDs with diamond cubic and 

BC8 structure types, as-synthesized Li2SixOy NPs exhibit high intensity blue PL, which we 

attribute to surface/interface defects. Exchange tuned HSE hybrid functional calculations 

preformed on orthorhombic Li2SiO3 and Li2Si2O5 bulk crystals reveal indirect and direct energy 

gaps of 7.79 and 7.80 eV, respectively. With quantum confinement effects transition energies are 

expected to be even higher for orthorhombic Li2SiO3 and Li2Si2O5 NPs, which were not probed 

due to instrument limitations.

ELECTRONIC SUPPLEMENTRY INFORMATION 

The Electronic Supplementary Information (ESI) is available: Powder X-ray diffraction pattern 

and XPS survey scan of as-synthesized Li2SixOy NPs; Li (1s), O (1s), and Si (2p) XPS spectra 

and corresponding binding energies of as-synthesized Li2SixOy NPs; TEM images of as-

synthesized Li2SixOy NPs along with orthorhombic Li2SiO3 and Li2Si2O5 NPs; and solid-state PL 

spectra of Li2SiO3 and Li2Si2O5 NPs.
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Colloidal synthesis of lithium silicate nanocrystals with varying morphology, composition, crystal 

structure, and high intensity visible luminescence is reported. 
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