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ABSTRACT

Silicon nanoparticles (SiNPs) are biologically compatible, metal-free quantum dots that
exhibit size and surface tailorable photoluminescence. The nanostructure of these materials
influences their optical, chemical, and material properties and hence plays an important role in their
future-generation applications in sensors, battery electrodes, optical materials and contrast agents,
among others. In this work, we employ a complement of methods including X-ray photoelectron
spectroscopy (XPS), bright-field transmission electron microscopy (TEM), powder X-ray diffraction
(XRD), Fourier transform infrared spectroscopy, and 2°Si solid-state nuclear magnetic resonance
(NMR) spectroscopy to interrogate the bulk structure of hydride-terminated SiNPs (H-SiNPs)
ranging from 3 to 64 nm in diameter and effectively probe their surface. By applying these methods,
we have demonstrated that H-SiNPs consist of a size dependent layered structure made up of surface,
subsurface, and core silicon regimes. The surface silicon species are manifested as a broad
underlying feature in the corresponding 2°Si NMR spectra between -80 to -120 ppm for small
nanoparticles (NPs), whereas the sharp resonance at lower frequency (ca. -80.9 ppm, 1 ppm full-
width at half maximum) present in large NPs is attributed to the well-ordered crystalline silicon core.
A critical size junction has been identified for H-SiNPs, where XPS and NMR show features arising
from surface, subsurface, and core silicon species are present for 9 nm NPs. This structural insight
provides essential understanding and potential advancement in the development of SiNP-based

applications in photovoltaic, battery anodes, and sensors.



INTRODUCTION

Semiconductor nanoparticles (i.e., quantum dots; QDs) exhibit exquisitely tunable
optoelectronic properties that make them useful for a variety of applications including displays,
photovoltaics, and sensors. Unfortunately, many QDs are based upon toxic constituents (e.g., Cd) that
are regulated in many jurisdictions.! In this context, identifying, preparing, and tailoring the
properties of toxic-metal-free (TMF) QDs is of paramount importance. Silicon nanoparticles (SiNPs)
are TMF QDs that are readily prepared using abundant materials;> 3 they possess tailorable surface
chemistry, exhibit size- and surface chemistry-tunable photoluminescence that spans the visible and
near-infrared spectral regions with absolute quantum yields that compete with their CdSe-based
counterparts,* > possess long-lived (microsecond) excited states,’ are biologically compatible,” 7 and

reversibly alloy with lithium. As such, SiNPs are being explored as functional materials in
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luminescence-based biological imaging,* medical imaging,” light-emitting  diodes, !

12-14 sensors, ! solar concentrators,'® and lithium ion battery anodes.!”"!” For many of

photovoltaics,
these applications, SiNP size and surface profoundly impact material performance.?’ For example,
when employed in lithium ion battery anodes, the SiNP surface has been implicated in the formation
of the solid electrolyte interphase layer that drastically impacts device performance.! 2! Similarly,
the SiNP surface plays an important role in defining their optical properties (e.g., luminescent color,
brightness, photoluminescence (PL) quantum yield, excited state lifetime); by defining the surface
bonded moiety, the SiNPs PL can be tuned through the visible range and the excited state lifetime
can be defined within the micro- to nano-second regime.?>?* Furthermore, various ill-defined
surfaces (e.g., defects, oxidation, etc.) have been implicated in low SiNP PL quantum yields.> 2

In light of their key roles in material properties, understanding the SiNP surface and internal

structure is of paramount importance. Approaches to probing SiNP surfaces have been multifaceted.

Quantum chemical calculations provide insight into the nature of the SiNP-oxide interface for oxide-



embedded NPs.26-2® These modeling studies suggest that, when embedded in oxides, SiNPs possess a
strained structure that leads to the formation of species such as distorted (i.e., elongated or shortened)
Si-Si bonds, dangling bonds, coordination defects, and Si-O-Si bridging species.?® 27> 2% The surfaces
of SiNPs have also been interrogated directly using various spectroscopic methods. Raman

30-32 multiple Si-Si species have been identified

spectroscopy provides direct probing of Si-Si bonds;
for small particles (d ~ 3 nm) and as the particle size is increased, features associated with surface
species disappear.’® Fourier transform infrared spectroscopy (FTIR) also provides information
regarding bonding in SiNP surface species, including Si-Hy, Si-O, and Si-R (R=alkyl, aryl, etc.);3*-3
however, due to dipole considerations, FTIR does not directly probe Si-Si bonding.

Nuclear magnetic resonance (NMR) spectroscopy is a workhorse method for molecular and
materials characterization; 'H NMR spectroscopy has been applied, in combination with other
methods (e.g., Raman, FTIR, etc.) to evaluate SiNP surface derivatization.* 3746 It, as well as "°F
NMR spectroscopy, have also been used to indirectly probe the speciation of surface functionalities
on hydride-terminated SiNPs (H-SiNPs) via the evaluation of reaction byproducts.* Solid-state NMR
spectroscopy is a powerful analytical method that provides data related to atomic-level short- and
medium-range structural differences within nanomaterials.*’ Despite suffering from a low natural
abundance (4.7%), #°Si is an NMR-active nucleus with a nuclear spin, / = %4, a moderate Larmor
frequency (19.9% that of 'H), and chemical shift range. These combined properties result in
relatively narrow linewidths and good resolution for solids when using magic-angle spinning (MAS)
and allow for identification of a variety of silicon species. To date, applications of solid-state NMR

spectroscopy for SiNP evaluation have been largely confined to functionalized,® 4> 48
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ammonium/chloride capped,** 4 doped,”® porous,*® nanoclusters,’> or micron-sized high
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polarization studies,” 3> while non-doped hydride-terminated studies are less prevalent,’*>¢ due in

part to their reactivity and limited solution processibility. Previously a combination of cross-



polarization and single-pulse methods with strategic wetting aided in decoding various Si-based
surface species on d ~ 50 nm SiNPs;>* this approach was quickly expanded to assess the impact of
surface functionalization.>> These examples, and others,’ %> demonstrate the wide-ranging utility of
NMR spectroscopy and its applicability to a diverse array of Si-based nanomaterials.

In this regard, size-dependent Si NMR analyses of SiNPs is expected to provide invaluable
insight into their structure that may be used to optimize material performance in far reaching
applications. In this work, we describe a methodical investigation of H-SiNPs with predefined
dimensions ranging from 3 to 64 nm, employing a complementary suite of characterization methods
including X-ray photoelectron spectroscopy (XPS), FTIR spectroscopy, bright-field transmission
electron microscopy (TEM), powder X-ray diffraction (XRD), and 2°Si solid-state NMR
spectroscopy that reveals the size dependent order/disorder within the NPs. We further elucidate an
intermediate layer, denoted here as the subsurface, using cross-polarization NMR spectroscopy and

SiNP size dependent nuclear spin-lattice relaxation behavior.



EXPERIMENTAL SECTION

MATERIALS

Starting Materials

Hydrofluoric (Electronic grade, 48—50%) and sulfuric (reagent grade, 95-98%) acids were purchased
from Fisher Scientific and Caledon Laboratory Chemicals, respectively. Fuming sulfuric acid
(reagent grade, 20% free SOs bases), trichlorosilane (99%) and toluene (HPLC grade) were
purchased from Sigma-Aldrich. Toluene was purified using a Pure-Solv purification system and
collected immediately prior to use. Benzene was purchased from EMD Millapore (now Millapore
Sigma). All reagents and solvents were used as received unless otherwise specified.

Preparation of Hydrogen Silsesquioxane (HSQ)

HSQ was synthesized following a modified literature procedure.®® Briefly, dry toluene (45.0 mL) was
added to a mixture of concentrated (15.0 mL) and fuming (7.2 mL) sulfuric acid under an inert
atmosphere. A second solution of dry toluene (110 mL) and trichlorosilane (16 mL) was prepared
and added drop-wise to the sulfuric acid mixture over a few hours. The toluene layer was isolated and
washed with sulfuric acid solution. After drying the organic layer over MgSO4 (neutralized with
CaCO;s; overnight), the volume was initially reduced using a rotary evaporator and then evaporated to
dryness in vacuo to yield the desired product as a white solid that was stored under vacuum until use.
Preparation of the H-SiNPs

Thermally induced disproportionation of the HSQ was exploited to produce the well-defined SiNPs
used in this study.®” Briefly, six grams of HSQ was thermally processed in a standard tube furnace
under flowing 5% H2/95% Ar at 1100, 1200, 1300, 1400, or 1500 °C. This procedure yielded oxide
composites containing SiNPs of predefined sizes ranging from 3 to 64 nm. The resulting composites
containing SiNPs were ground using an agate mortar and pestle followed by shaking in a wrist action

shaker with high purity glass beads for six hours.



The resulting powder was etched using a 1:1:1 solution of ethanol:deionized water:HF to
liberate the H-SiNPs; a typical etching procedure employed ~1 g and 30 mL of composite and
etching solution, respectively. The composite was exposed to the etching solution for one hour after
which H-SiNPs were extracted into toluene and isolated by centrifugation. The H-SiNPs were then
subjected to two suspension/centrifugation cycles in toluene followed by dispersion in benzene for
freeze-drying. The benzene suspension was freeze dried to obtain a free-flowing H-SiNP powder.
Samples were packed into ZrO, NMR rotors and sealed with Kel-F drive caps. Identical samples
were also evaluated using FTIR, XPS, and bright-field TEM. All material manipulations were
performed in a nitrogen-filled dry box to ensure negligible surface oxidation or reaction with water.
CHARACTERIZATION
Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was performed on a Thermo Nicolet Continum FT-IR microscope by drop casting SiNPs onto a
silicon wafer from dry toluene suspensions.

X-ray Photoelectron Spectroscopy (XPS)

XPS was measured using a Kratos Axis 165 Ultra X-ray photoelectron spectrometer. A
monochromatic Al K, source operating at 140 W with an energy hv = 1486.6 eV was used. Survey
spectra were collected with an analyzer pass energy of 160 eV and steps of 0.3 eV (Figure S1). For
high-resolution spectra, the pass energy was 20 eV and the step was 0.1 eV with a dwell time of 200
ms. Samples were prepared by drop-coating a dry toluene dispersion of SiNPs onto a copper foil.
Spectra were calibrated to the aliphatic C component of the C Is binding energy of adventitious
carbon (284.8 V)% ¢ and fit to appropriate spin-orbit pairs using CasaXPS (VAMAS) software
taking into account a Shirley-type background. To fit the Si 2p high-resolution spectrum, the spin-
orbit couple doublet area ratio was fixed at 2:1 and the peak-to-peak separation was defined to be

0.62 eV (Figure S2). The spectral window was fit using a variant of a literature procedure.’” Briefly,



the spectral components (i.e., spin-orbit couple doublet) arising from elemental Si (near 99.4 - 99.5
eV in this work) were fit first using a symmetric Gaussian-Lorentzian line shape for small-size
particles. When splitting was observed in the envelope shape (i.e., d ~ 9, 21, and 64 nm), a
Lorentzian asymmetric (LA) line shape was applied (LA(1.93, 3.2, n) where n defines the Gaussian
width).”! To account for the decreased structural order with SiNPs arising from decreased particle
size, the full-width at half maximum (FWHM) of the spectral components used to fit the elemental Si
features were constrained as follows (d, FWHM): 3nm, 1.13 e¢V; 6 nm, 0.93 ¢V; 9 nm, 0.63 ¢V; 21
nm, 0.6 eV; 64 nm, 0.58 eV. The residual area was always fit using a Gaussian-Lorentzian line shape
with the same doublet relationship noted above.

Transmission Electron Microscopy (TEM)

TEM imaging was performed using a JEOL-2010 electron microscope equipped with a LaBe source
and an accelerating voltage of 200 kV. Specimens were prepared by drop-casting toluene suspensions
of H-SiNPs onto carbon-coated copper grids. The NP size was determined by averaging the size of
300 particles using Imagel software (version 1.51j8), Figure S3. Bright field images of d ~ 3 nm
SiNPs showed substantial aggregation making imaging impractical for sizing the material. To
overcome this, d ~ 3 nm H-SiNPs were functionalized with dodecene using established thermally-
induced hydrosilylation and subsequently imaged.”

Powder X-ray Diffraction (XRD)

Lyophilized samples were placed on a zero-background Si wafer. XRD data were acquired using a
Rigaku XRD Ultima IV equipped with a Cu K, radiation source. Data for H-SiNPs with TEM-
determined sizes 64, 21, 9, 6, and 3 nm were analyzed using a series of diffraction line-broadening
methods (i.e., integral breadth, FWHM, and Lorentzian broadening) to determine crystallite sizes.
Material properties, as well as instrumental factors contribute to diffraction peak line broadening.

Instrumental effects were accounted for by refining a NIST LaBs standard to ensure instrument



alignment and a Si standard was used as an infinitely large crystallite size reference (Figure S4).
After subtraction of instrumental contribution, line broadening was assumed to result only from
size/strain effects. The patterns were analyzed and fit using the TOPAS Academic software
package.”

Solid-state NMR Spectroscopy

Silicon-29 NMR spectra were obtained at 9.39 T (vo ("H) = 399.95 MHz, v, (*’Si) = 79.46 MHz) on a
Bruker Avance III HD 400 NMR spectrometer. All data were acquired using a 4 mm double-
resonance (H-X) Bruker MAS NMR probe. To ensure that samples had not degraded during analysis,
all samples were checked pre- and post-NMR analysis using XPS and FTIR. All NMR data were
acquired under magic-angle spinning conditions at ambient temperature with a spinning frequency of
10 + 0.002 kHz. The data for all experiments were acquired using TPPM’* 'H decoupling (yBi/2n =
62.5 kHz). Si NMR data were referenced to TMS (8 = 0) by setting the high frequency peak of
tetrakistrimethylsilylsilane to —9.8 ppm.” All spectral deconvolutions were performed with Origin
2018, 77 data were fit within MATLAB 2017 assuming mono- or bi-exponential recoveries, and
NMR data were processed within TOPSPIN using between 50 and 200 Hz Lorentizan broadening.
Unless otherwise noted, data were collected with at least 5 x 77 of the longest measured 77 time.

Analysis of H-SiNP Surface and Core: Direct excitation 2°Si MAS NMR data were acquired using a

Bloch’ pulse with a 4 us /2 pulse (yBi/2n = 62.5 kHz), optimized recycle delays (below) between
3.3 minutes and 24 hours, and between 4 and 2048 co-added transients.

Analysis of the H-SiNP Surface: Cross-polarization’” (CP) *Si['H] MAS NMR data were acquired

with a 4 us n/2 pulse (YB1/2n = 62.5 kHz) on 'H, ramped Hartman-Hahn match on ?°Si, 5 ms contact
time, 10 s recycle delay and between 7776 and 10240 co-added transients.

Deconvolution of H-SiNP Surface/Subsurface: The contact time was varied from 0.05 to 8 ms to

further elucidate spectral changes in the CP MAS data, as longer contact times provide time for



nuclear spin diffusion to propagate further into the particle. A two-dimensional *Si['H] HETCOR
spectrum was obtained on the 64 nm particle using 1024 co-added transients, 3 ms contact time
(conditions identical to CP experiments above) and 16 £ increments.

Nuclear Spin-Lattice Relaxation: Spin-lattice 2°Si relaxation data were acquired using the saturation

recovery’® experiment with a pre-saturation train of 16 pulses and a 4 us 7/2 pulse (yBi/2n = 62.5
kHz) and 1 - 1024 co-added transients. For the smaller NPs, the relaxation delay was varied from 0.5
to 1000 s (Table 1 and S5), but for the 21 and 64 nm NPs, very large relaxation times rendered this
approach impractical. Thus, for these two samples, the 2°Si nuclei were saturated with a series of
short pulses, followed by a very long delay (up to 144 h) prior to acquisition of a single free

induction delay.



RESULTS AND DISCUSSION

Solid-state NMR spectroscopy is an ensemble technique that probes comparatively large
quantities of material (i.e., tens to hundreds of mgs) and provides information regarding local
structure and dynamics. If nanomaterial structural-property relationships are to be elucidated from
such investigations, it is imperative that the NP size, shape, and composition be as uniform as
possible to allow effective differentiation/identification of the nuclear environments that are present.
To achieve this for SiNPs, we have prepared SiNP/SiO> composites that contain nanoscale inclusions
of silicon with pre-defined sizes using a well-established, scalable method involving the thermal
processing of HSQ;%* 7 7 high-quality freestanding H-SiNPs are routinely liberated from these
composites via alcoholic HF etching. In most cases, H-SiNPs are rendered solution processable and
resistant toward oxidation wupon surface derivatization using various approaches (e.g.,
hydrosilylation).*’- 8085 The focus of this study is to investigate the internal SiNP structure free from
the influences of surface functionalities; H-SiNPs provide the nearest approximation to ‘naked’
SiNPs available outside ultrahigh vacuum environments.

X-ray photoelectron spectroscopy is an information rich method that provides data related to
material composition and the constituent element chemical environment (e.g., oxidation state, nearest
neighbor bonding environment, etc.). The survey spectra of the present H-SiNPs were calibrated to
the aliphatic C 1s signal of adventitious carbon. These data indicate that all specimens contain only
Si, C, O, and F (Figure S1). Fluorine impurities, arising from the alcoholic HF etching procedure
that liberates H-SiNPs from the composite, cannot be avoided. Close examination of the C 1s high-
resolution XP spectra shows evidence of substantial oxygen-containing carbon species (i.e., C-O,
C=0, 0O-C=0, etc.; Figure S2). The relative ratios of these carbon-containing components are
consistent for all sizes of H-SiNPs and are correlated with the amount of oxygen detected in the

respective samples (Figure S1). From these analyses we conclude that the majority of the oxygen



within the present H-SiNP specimens resides within the adventitious carbon species and is not
associated with H-SiNP oxidation. This conclusion is further supported by FTIR analyses (Figure S6)
and the high-resolution Si 2p spectra (Figures 1a and S2) that are readily deconvolved into Si 2p 3/2
and Si 2p 1/2 spin-orbit couples. For all H-SiNPs, the energy separation of these doublets was fixed
at 0.62 eV, and the Si 2p 1/2 to Si 2p 3/2 area was fixed at 0.50. For small H-SiNPs (d ~ 3 and 6 nm),
all components (including minor oxide contributions denoted in green) were fit to a Voigt GL(30)
line shape (70% Gaussian; 30% Lorentzian). The rationale for applying this fitting procedure lies in
the nature of the NP sizes investigated. If NPs are small enough (<9 nm for the SiNPs in the current
study), a considerable number of atoms experience slightly different (disordered) chemical
environments (see NMR discussion below) that lead to a distribution of binding energies and
symmetric broadening that is Lorentzian in nature. As a result, the overall observed signal is
dominated by a symmetric Gaussian/Lorentzian line shape. For the largest SiNPs (d ~ 21 and 64 nm)
that represent bulk silicon (see XRD and NMR below), the spectral envelope was fit using a
Lorentzian asymmetric line shape LA(a,b,n), where a and b define the asymmetry and »n defines the
Gaussian width. Similar procedures have been employed when fitting the Si 2p data of bulk
crystalline silicon.”! The d ~ 9 nm H-SiNPs lie within an intermediate size regime where it is possible
to isolate the surface and core Si contributions to the Si 2p emission. The Si 2p spectrum of these H-
SiNPs was effectively fit by first applying the procedure noted for large NPs (highlighted in red in
Figures la and S2) and the remaining residual signal arising from surface atoms was fit using a GL
(30) line shape (highlighted in blue). Of important note, the binding energy of the surface silicon
species is shifted to higher energy as a result of electronegativity considerations arising because of
bonding interactions with surface hydride moieties (i.e., SiHx).

TEM imaging of H-SiNPs can be exceptionally challenging because of their limited electron

contrast and poor solution processability. NP dimensions determined from bright-field TEM imaging



(Figure S3) are summarized in Table 1. All H-SiNPs were readily imaged with the exception of d ~ 3
nm H-SiNPs, which were heavily agglomerated. To determine the size of these NPs, it was necessary
to render them solution processable by modifying their surfaces with dodecyl moieties using standard
non-size selective thermally-induced hydrosilylation (Figure 1b); functionalized NPs obtained from
the identical composites used to prepare those evaluated in our NMR studies showed a TEM-derived

diameter of 3.5 £ 0.9 nm.

Table 1: Particle Band Gap and Size Analysis from TEM and XRD

Nominal (nm) Annealing Temp. (°C) Band gap (eV)° TEM (nm) XRD (nm)*
3 1100 1.57 35+0.9 1.2+0.1
6 1200 1.33 55+1.2 2.5+0.1
9 1300 1.22 87+1.2 47+£02
21 1400 1.14 20.7+£4.0 102+0.3
64 1500 1.12 64.0£16.9 224+0.2
*microcrystalline - 1.12 44x10° -

a. Bulk microcrystalline (44 micron) silicon (Aldrich)
b. Band gap determined from the method described by Wheeler et al. >
c. Values determined from powder X-ray diffraction using the integral breadth method®¢

It is well-established that X-ray powder diffraction peak broadening provides an indirect
method for approximating nanocrystal/crystallite size that is complementary to direct TEM imaging.
After instrumental contributions are accounted for, only size and strain factors remain. It is possible
to qualitatively identify these contributions by considering the dependence of peak broadening on
diffraction angle; size-induced broadening follows a 1/(cos(0)) relationship while strain-induced
broadening follows a tan(0) trend. For the present NPs, the broadening distribution (i.e., FWHM)
shows what is expected for size-induced broadening (Figure S7) with deviations arising from strain
contributions being noted for smaller particles (d ~ 3 and 6 nm). In this context, the peak fits were
refined appropriately taking into account size-dependent strain contributions. Diffraction peak

geometry was successfully fit using a pseudo-Voight function. A polynomial background was also



included and no over-fitting (absolute correlation) was found for all polynomial terms. In addition, it
was necessary to include a synthetic peak 22° to effectively describe the peak shapes of the 3 nm
particle diffraction pattern. Finally, all diffraction data were analyzed using integral breadth, FWHM,
and Lorentzian broadening methods that all assume a normal distribution of spherical crystallites.®® A
straightforward comparison of TEM and XRD derived data (Figure 1, Table 1) shows that TEM
determined dimensions of H-SiNPs are consistently larger; this is not surprising, and is consistent
with present XPS and NMR analyses, given XRD peak broadening only gives a volume-average
distribution of crystallite sizes that are routinely smaller than the size of the entire NP (i.e., XRD

analyses only probe the crystalline portion of NPs).
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Figure 1: (a) High-resolution Si 2p XPS showing the 2p3/2 emission for 64, 9, and 3 nm H-SiNPs (the Si
2p1/2 component was omitted for clarity). The colored traces correspond to: grey = experimental data, dotted
black = complete fit, red = crystalline core Si, blue = surface Si, orange = disordered Si, and green = Si oxides.
(b) Bright-field TEM images of H-SiNPs (d ~ 64 and 9 nm) and dodecyl-SiNPs (d ~ 3 nm). (c) XRD patterns for
d ~ 64 (blue), 21 (red), 9 (green), 6 (cyan), and 3 (brown) nm H-SiNPs, showing characteristic Si 111, 220,
311, 400, 331, and 422 reflections.

To further evaluate the H-SiNPs, direct excitation (surface and core) and cross polarization
(surface) 2°Si MAS NMR spectroscopy was employed. Figure 2 shows the direct Si MAS NMR
data revealing a considerable evolution from ultrahigh resolution (1 ppm, FWHM) for
microcrystalline silicon to a broad resonance spanning nearly 40 ppm, from —75 to —120 ppm, for the
3 nm particles. Peak positions and linewidths in the 2°Si NMR spectra are consistent with size-

dependent changes in the atomic and/or electronic structure of the NPs. The center-of-gravity



chemical shift (d¢g) of amorphous silicon (a-Si) has been reported to be —41 + 3 ppm (with a
Gaussian-like resonance that spans 40 to —130 ppm); crystalline (c-Si) silicon appears at lower
frequency (isotropic chemical shift, 8iso = —80.9 + 1 ppm; 1 ppm FWHM).®° In this context, we
attribute the sharp resonance appearing at —81 ppm to c¢-Si (i.e., the material possesses a highly
ordered structure); this feature shifts to lower frequency with decreasing particle dimensions from 44
um to 21 nm. As the NP size decreases to below 10 nm a broad resonance emerges, eventually
replacing the sharp c-Si resonance that would be associated with highly-ordered silicon. We attribute
this change in peak shape and breadth to an increased influence of surface states with decreasing NP
size. Since the total surface area of the NPs increase as the dimensions decrease, the fraction of
silicon atoms residing in disordered atomic positions increases (see below). These NP structural
changes are manifested in the NMR spectra given the sensitivity of the 2°Si magnetic shielding to
local atomic structure (variations in bond angles and lengths, defects caused by dangling bonds,
variations in surface species (e.g., SiHn, where n = 1 to 3), and/or combinations thereof), and are
consistent with conclusions based on previous Raman® spectroscopy results. Magnetic shielding can
also be influenced by the local electronic structure, which is discussed further below. These effects
are not unique to SiNPs and have been reported for numerous nanomaterials, including InP, Zn3P>,

ZnSe, Cd, Na, Ag, Pb, etc.#7-°1-%



(o

a
c-Si, 44 ym
J\ 64 nm_

21 nm

’

|
:

nm

nm

nm

4
i

-40 -80 120 -160 -60 -80 -100 120 -1
529Si / ppm 528i/ ppm

N

0

Figure 2: Direct (a) and CP (b) 2°Si MAS NMR spectra of H-SiNPs with varying particle diameters.

To further elucidate the origin of the apparent NP size dependent #Si chemical shift,
linewidth, and shape, we employed a *Si['H] CP MAS NMR to selectively interrogate silicon atoms
at the NP surface.””> 1% This experiment depends on dipole interactions between 2°Si and 'H nuclei
and enhances signals arising from 2°Si nuclei in close proximity to hydrogen atoms (i.e., directly
bonded or through space; ca. <10 A). All CP MAS NMR spectra (Figure 2b, Figure S8) are broad
(i.e., =80 to —120 ppm) and featureless for the smallest nanoparticles; features emerge as the NP size
increases. Knowing hydride moieties are present on the SiNP surfaces (FTIR; Figure S6), we
attribute the main broad resonances to surface Si-Hy species that experience substantial structural
variability (local disorder). It is reasonable to assume that the Si atomic positions at the NP surfaces
are ill-defined (i.e., the structure lacks long-range periodicity) and exist in a distribution of chemical
environments (vide supra); doubtless the number of Si nuclei chemical environments is compounded

by the presence of a distribution, however small it may be, of NP sizes in every sample (Table 1).3+6
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Closer examination of the spectra obtained for the smallest NPs (d ~ 3 and 6 nm) reveals a
broad featureless, slightly asymmetric resonance centered at ca. =96 ppm. While crystalline and
amorphous SiO> could appear within a similar chemical shift range (diso ~ —110 ppm)®% 19 our
complementary XP analysis confirms that the amount of oxygen-bonded silicon is low (~ 0.7 to 6
atomic %) and FTIR shows no evidence of Si-bonded hydroxyl groups (e.g., Si-OH). Hence, if
present, we contend that surface oxides contribute negligibly to the NMR spectra (d ~ 6 to 64 nm)
and these features result from SiHy species (Table S1 provides a summary of common ?°Si chemical
shifts). One interesting feature worth noting is the slightly different features of the 3 nm particle,
evident when overlaying the direct and CP 2°Si NMR data. An extra signal from the direct 2°Si NMR
spectrum appears between —100 and —120 ppm, that does not have 'H’s nearby (as 2°Si nuclei will
not be detected using the CP technique if there are no nearby 'Hs). This may be due to a small
amount of the Si surface being oxidized (< 7%, SiOx) or the electronic structure further impacting the
chemical shift of these high surface area particles which have a bandgap of ~1.6 eV. As a control
illustrating the impact of oxygen on the spectra of H-SiNPs, we purposefully oxidized a sample over
a period of months, revealing the formation of SiO; (Figure S9) and analyzes the SiNPs pre- and

post-NMR analysis using XPS and FTIR (Figure S10).
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Figure 3: (a) Two-dimensional ?°Si['H] HETCOR MAS NMR spectra of 64 nm H-SiNPs with a mixing time of
3.0 ms. (b) Overlay of direct excitation 2°Si MAS NMR and 2°Si['H] CP MAS NMR with variable mixing times
for 64 nm H-SiNP to illustrate NMR features corresponding to H-SiNP surface (yellow), subsurface (red), and
core (blue) signatures. Red arrows indicate sharper subsurface NMR features present in the direct excitation
298i MAS NMR as seen with 2°Si['H] CP MAS NMR with a mixing time of 3.0 ms. Direct excitation 2°Si MAS
NMR with a relatively short recycle delay of 200 s was used to artificially enhance the surface resonance still
detectable with such short recycle delays. (c) Artistic schematic of a H-SiNP indicating the silicon surface,
subsurface, and core with a model of the first ten atomic layers of H-SiNPs.

Turning our attention to the largest NPs considered here (d ~ 21 and 64 nm), they too exhibit
a broad resonance with two superimposed sharp features. These features emerge in the 2D »°Si['H]
HETCOR spectrum (Figure 3a) and in the CP MAS NMR data (Figures 3b and S8) with longer
contact times. Closer examination of the 2°Si MAS NMR data (Figures 3b and 2a) also confirms two
new features in low intensity. Their appearance and increased intensity with longer mixing times
suggests the presence of an intermediate or subsurface of quasi-ordered Si atoms. The ?°Si MAS
NMR spectra of intermediate dimension H-SiNPs (d ~ 9 nm) show evidence of these two extremes
(Figure 2a) consistent with the presence of three structural regimes within the NPs: a crystalline core,
quasi-crystalline subsurface, and disordered surface (Figure 3c). Similar effects have been reported in
other NPs including CeO> and noble metal nanomaterials.”® 196

Building on our understanding of the underlying structure of the presented H-SiNPs, we turn

our attention to the NP size-dependence of the 2°Si chemical shift. A disturbance of the local nuclear



electronic environment about a given nucleus typically manifests itself in a change of the observed
chemical shift. The magnetic shielding interaction!?”-1® (chemical and/or Knight shift) could be
responsible for the observed effect, depending upon the nanomaterial studied. Knight shifts dominate
in metallic systems while SiNP semiconductors are impacted by diamagnetic and paramagnetic
magnetic shielding contributions.*” 1% Changes in the paramagnetic contributions can be rationalized

),’% 109 whereby decreasing NP size

by the size-dependence of the electronic excitation energy (AE
causes an increase in band gap (as the case for the SiNPs considered here). An increase in AE causes
greater magnetic shielding and the 2°Si chemical shifts appearing at lower frequencies (Figure 4a).*”
95, 98, 109-I1 Thig general reasoning is often invoked when considering the NMR spectra of
nanomaterials, originating from molecular systems that have appropriate molecular orbital
symmetries.!?”- 19 Therefore, the changes in 8cgs observed for the samples studied here appear to be

related to size-dependent electronic properties of SiNPs, and are expected to be continuous until the

band gap reaches its bulk value of 1.12 eV (8iso 0of d ~ 64 nm = bulk ¢-Si).
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Figure 4: (a) Relationship between 8cgs and the inverse bandgap of SiNPs. (b) Surface/subsurface area %
derived from NMR data (black) and a model (red), as well as the 2°Si FWHM, blue, plotted as a function of H-
SiNP size. As the H-SiNPs move from a disordered to ordered system, the corresponding surface area % and
linewidth decrease as the NP size increases.

Another notable feature of the presented Si NMR spectra is the broad underlying feature
whose intensity is inversely related to NP size for dimensions < 21 nm (Table 2). With decreasing NP
diameter, the relative contribution from surface nuclei increases such that the contribution from the
ordered core becomes minor (even negligible) for the smallest NPs - long-range order simply is not
possible within the confines of such small NPs. Nevertheless, the factors discussed previously are

still expected to play a role and give rise to a range of chemical shifts for nuclei at or near the surface.



These observations are consistent with the XRD data (Figure 1c): reflections broaden with decreasing
size, as expected with a reduction in the number of repeat units in the NP, which results in structural
strain and poorer coherence in the diffraction of the material.!!?

To investigate the impact of local structure on linewidth, we modeled and estimated (from the
2Si MAS NMR data) the surface/subsurface volume as a function of particle size (Figure 4b and
Table 2). The number of surface Si atoms on the H-SiNPs was calculated as a function of size based
on an assumed icosahedral shape for all sizes except the 64 nm (where a spherical shape was
invoked).!!* 1% This allowed us to estimate the number of surface/subsurface atoms (assuming four
layers; 5 layers total including the surface) by removing one layer at a time from the surface; the
values determined from this analysis are summarized in Table S2. Combining these estimates with
the XRD data allows an assessment of the reduction in the size of the ordered bulk lattice with the
formation of a disordered surface. With increasing surface area (decreasing NP size), the relative
contribution of the ordered core atoms to the NMR spectra at ca. =81 ppm is reduced and no longer
resolved for 3 and 6 nm NPs. These observations are consistent with the XRD and TEM particle size
determination. Considering the unit cell length for crystalline silicon is 0.54 nm and the smallest
particle investigated here has a diameter of 3.5 nm, only ~ 6 unit cell lengths would be needed for the
particle cross section. This reinforces the complementary nature of both XRD (long-range) and NMR
(short-range) for the study of materials that exhibit both structural order and local disorder. While we
cannot discount the influence of quantum confinement, computational studies show that oxide-
embedded 3 nm SiNPs have significant strain throughout the particle.?” It would follow that this
strain would manifest itself as defects including distorted Si-Si bonds, dangling bonds, and
coordination defects that are delocalized around the surface of the SiNP, as outlined by Lee et al.?®
These defects limit long-range order in the nanoparticle as is evidenced by the extreme broadening of

the XRD reflections and NMR spectra. Scherrer analysis of the XRD data reveals an average



crystallite size of 1.7 nm for 3 nm SiNPs, which correlates to just over three Si unit cell lengths,!!'

lacking long-range structure.

Table 2: Experimental 2°Si MAS NMR FWHM, nuclear spin-lattice relaxation times (71) and surface fraction
deconvolutions of the H-SiNPs with varying particle diameters.

] FWHM H-SINC, T1 29Sj Surface Fraction
PaSri'tZICe:|e (£ 10%)° /min 1%

/nm kHz Surface Core (iNI1VI0F§/‘;) Model’
64 0.3 0.9+0.1 158.2 £+ 15.0 15 7
21 0.5 3804 102.1 £ 10.1 25 23
9 1.2 1.3+0.1 6.9+0.7 60 51
6 2.1 58 +0.6° 91 71
3 2.8 1.4 +£0.1 96 93

* FWHM reported for the most intense resonances

b Experimental data were best represented using a single exponential (i.e., only a single 7; to describe the 3 and 6 nm H-
SiNPs).

°NMR surface fraction estimates were based on fitting of direct NMR data

4 Model surface fraction estimates using geometric calculations based on the SiNP structure described by Zhao et al. and
Avramov et al. and informed by Si lattice parameters.!!3 14

Further exemplifying the combined benefits of preparing well-defined H-SiNPs and
evaluating them using NMR spectroscopy, the determination of the nuclear spin lattice relaxation
times yields an intriguing size dependence (Table 2). As expected, smaller NPs (d ~ 3 and 6 nm)

exhibit shorter 7; values® 4% 33

with a mono-exponential longitudinal magnetization recovery; larger
H-SiNPs (d ~ 9, 21, and 64 nm) show bi-exponential recovery (Figure S5). We assign the rapid (i.e.,
minutes) and slow (i.e., hours) T; components of the large NPs to surface and core *°Si species,
respectively. To further elucidate the surface of the larger particles, one may select a relaxation time
(~ 200 s) which enhances the signal from the surface/subsurface nuclei that have a much shorter 77
relaxation time (on the order of minutes) than the core nuclei. The differences in 77 values for the
surface vs. core are attributed to the two chemically distinct environments: the disordered surface
allows more motion and a larger distribution of Si environments, improving the efficiency of the

relaxation, while the core aligns itself into a diamond-like structure with a rigid lattice, impeding

relaxation as the particle size increases. Another factor is the presence of unpaired electrons on the



surface (i.e., dangling bonds) would cause a reduction in 2°Si spin-lattice relaxation, therefore as the
size of the NP increases, the core nuclei become increasingly distant from the surface, resulting in an

increase in the experimentally determined nuclear 7.

CONCLUSIONS

In this work, we present a state-of-the-art multi-faceted approach to characterizing and understanding
the atomic-level structure of H-SiNPs. Using a combination of XPS, bright field TEM, XRD, FTIR
and ?°Si MAS NMR spectroscopy, we probe the complex surface and core structure of H-SiNPs.
Solid-state NMR methods allowed us to further interrogate a series of H-SiNPs with dimensions in
the range of 3 to 64 nm where three unique structural environments (surface, subsurface and core)
were identified. The surface silicon atoms are found between —80 to —120 ppm, while core Si, that
become observable in H-SiNPs > 6 nm, exhibit chemical shifts similar to that for bulk silicon. Based
upon the present experimental data, strain in the long-range periodicity emerges below 9 nm
particles, suggesting a critical size-junction; however, the NMR chemical shifts are dominated by
changes to the electronic structure of H-SiNPs. Are SiNPs crystalline to the core? Generally yes, but
below 3 nm the definition of order vs. disorder becomes unclear since the number of repeating unit
cells becomes limited, further straining the surface structure which makes up the bulk of the particle.
The structural insight obtained by this investigation provides invaluable information key to the
rational design and development of SiNP-based applications including, but not limited to, sensors,
battery electrodes, optical materials, and contrast agents.
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