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ABSTRACT: Phosphorus-doped silicon has been reported to
exhibit improved cycling stability and/or higher capacity retention
than pure silicon as the anode in lithium-ion batteries. However,
crystallite size and particle morphology are difficult to decouple
from compositional tuning during chemical modification. In this
work, we explore direct solid-state routes to phosphorus doping of
silicon powders relevant to electrochemical applications. A wide
range of compositions are assessed, from 0.05 to 3.0 at % P, as well
as a wide range of silicon starting materials of varying crystallinity,
particle size, and particle morphology. Successful incorporation of
phosphorus into the silicon lattice is best confirmed by X-ray
diffraction; the Si(111) reflection shifts to higher angles as
consistent with the known lattice contraction of 0.002 A per 1 at
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% phosphorus. The addition of phosphorus to Si nanoparticles (100—500 nm) in the high doping regime causes grain coarsening
and catalyzes an increase in crystallinity. On the other hand, dilute doping of phosphorus can be carried out without great alteration
of the nanoparticulate morphology. The opposite effect occurs for very large microparticles (>10 pm), whereby the doping is
concomitant with a disruption of the crystal lattice and reduction of the crystallite size. These effects are borne out in both the
electrochemical stability over long-term cycling in a lithium-ion half-cell as well as in the thermal stability under high-temperature
decomposition. By comparison across a wide range of pure and P-doped materials of varying particle and crystallite sizes, the
independent effects of doping and structure on thermal and electrochemical stability are able to be decoupled herein. A stabilizing
effect is most significant when phosphorus doping is dilute and heterogeneous (surface-enriched) within the silicon nanoparticles.

1. INTRODUCTION

Silicon is a promising next-generation anode material for
lithium-ion Dbatteries (LIBs) owing to its high theoretical
capacity (3579 mAh g~ for lithiation to Li;sSi,) and high
abundance in Earth’s crust; however, many challenges remain
in realizing its widespread use in commercial batteries mainly
related to its large volume expansion (>300%) upon lithiation,
causing subsequent pulverization of the electrode, loss of
electrical contact, and solid-electrolyte interphase (SEI)
instability." Strategies such as nanosizing’~* or employing
unique morphologies (e.g,, Si needles™®) as well as embedding
the Si phase within a buffering matrix (e.g., Si—C
composites)”® have been explored as ways to mitigate
troublesome volume expansion/contraction during cycling.
Nevertheless, in all cases, the reactivity of pure silicon with
carbonate-based electrolytes commonly employed in LIBs
remains an important safety issue, potentially leading to
catastrophic thermal runaway.””'' Extensive efforts have also
been made to tailor the electrolyte for increased stability
during cycling,">™"* especially by the use of solid-state
electrolytes."® An alternative strategy is to passivate the silicon
electrode interface using artificial SEI or by chemical doping of
silicon itself. Numerous chemical dopants have been proposed
© 2023 The Authors. Published by
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in the latter strategy, including p-block elements such as
boron,'¢™*® nitrogen,19 phosphorus,s’zo_24 and sulfur,”® and
metals such as Mg, Al, Ca, and Zn.***” Nevertheless, it
generally remains unclear whether elemental substitution is the
primary cause of any resulting electrochemical or thermal
stabilization effects.

The elements with the highest equilibrium solubility in
silicon are arsenic (up to ~3.6 at %), phosphorus (up to ~3.0
at %), and boron (up to ~1.2 at %).”* Phosphorus and boron
are well-known dopants of silicon in the semiconductor
industry owing to their electron-donating and electron-
withdrawing (n- and p-type doping) characters, respectively,
and both significantly increase their electrical conductivity.””°
Arsenic is not a likely candidate for technological applications;
hence, to achieve the widest range of substitutional doping
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possible, phosphorus is the most suitable candidate for
determining the role of substitutional doping on the materials
and electrochemical properties of silicon. Past investigations of
phosphorus-doped silicon electrodes have focused on doping
as-deposited films*® or by facile but imprecise ball-milling
techniques.**' In many cases, composite structures combined
with heteroatom doping have been combined to combat the
above issues associated with silicon during electrochemical
cycling.***** For example, ball-milling of phosphorus-doped
silicon and graphite resulting in a composite material with low
charge-transfer resistance and long cyclability and stability was
explored.® Similarly, ball-milling of silicon, black phosphorus,
and MWCNTSs shows high reversible capacity (>2000 mAh
g™!) and reduced volume expansion during cycling.”’ Such
synergistic effects mask the effects due exclusively to chemical
doping.

The investigations described herein aim to shed light on
whether substitutional chemical doping, using phosphorus as
the dopant, can be used to tailor the electrochemical and
thermal properties of silicon nanoparticles (NPs) toward their
application as a LIB anode material in the presence of a
standard carbonate-based liquid electrolyte. Electrode fabrica-
tion via casting of aqueous slurries in air using standard
methods was chosen as the method of interest for highest
relevance to existing LIB manufacturing procedures; a top-
down approach to phosphorus doping of the NPs prior to
electrode fabrication was used. In this way, the resulting
changes in silicon composition, structure, and morphology
could be systematically controlled for by investigation of a
wide range of materials prepared under different dissolution
conditions. The results of this analysis give rise to basic guiding
principles as to the use of phosphorus as a substitutional
dopant in silicon electrodes, providing a foundation for further
optimization of electrochemical cells and further exploration of
suitable dopants.

2. EXPERIMENTAL METHODS

2.1. Preparation of Solid Solutions (SiP,). The solid
precursors, silicon powder and stabilized red phosphorus powder
(8.07270, Sigma-Aldrich), were mixed together by a mortar and pestle
under Ar atmosphere inside a glovebox (<0.5 ppm H,0/0,). Three
silicon powders were explored in this work as the silicon precursor:
100 nm Si NPs (98%, 633097, lot# MKCMO616, Sigma-Aldrich), 500
nm Si NPs (99.995%, US5011, U.S. Research Nanomaterials Inc.),
and 44 pm Si microparticles (MPs, 99%, 215619, lot# MKCK6629,
Sigma-Aldrich). Multiple dilutions were performed at no higher than
10:1 in any given step to ensure homogeneity of mixing; mixing was
performed for 5 min per step. The powder mixture was then
transferred into a custom-made quartz ampule (0.8 cm inner
diameter, 20 cm length), and a Swagelok ultra-torr adaptor was
placed over the opening. The ampule was flame sealed at the
preformed neck under rough vacuum. The ampule was then placed on
an elevated rack at the center of a chamber furnace (CWF12/13,
Carbolite-Gero) and heated to a final hold temperature via a PID
controller (Eurotherm 3216) for a specified hold time via a specified
ramp rate. Temperature set point (800 or 1131 °C, L or H,
respectively), hold time (0, 1, 6, 12 h), and ramp rate (S, 10, 20, 30,
50 °C min™") were varied accordingly. Finally, the samples were
cooled by natural convection to below 100 °C and then opened using
a diamond-bladed rotary saw under air. The so-obtained materials
were analyzed or further used as collected (without washing). They
are referred to herein by their nominal concentration (e.g., 0.1 at %
SiP, = 0.1P), temperature set point (e.g, 1131 °C = H), hold time
(e.g, 1 h = 1h), and ramp rate (e.g,, 10 °C min~' = 10R), as shown in
Table S1.
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2.2. Materials Characterization. Powder X-ray diffraction
(XRD) measurements were performed using a Bruker D8 Advance
diffractometer with Cu Ka,, radiation (1 = 1.54 A) in Bragg—
Brentano geometry. Samples were prepared by physically mixing with
a corundum (AL O;) internal standard and mounted on an oriented
silicon crystal (low background) holder. Raman spectroscopy was
performed using an HR Evolution spectrometer (Horiba Scientific
Ltd.) equipped with a confocal microscope using a 532 nm (2.33 eV)
frequency-doubled Nd:YAG laser with an incident power of 45 mW.
Two types of Raman measurements, referred to as “surface” and
“bulk,” were collected by adjusting the focal point to +10 gm from
the plane of focus with maximum intensity. Scanning electron
microscopy (SEM) was performed using a Zeiss Supra SSVP
microscope, operated at 1 kV. Samples were prepared for SEM by
spreading a small quantity of powder onto a conductive carbon tape.
Electrical conductivity was measured under compression within a
custom guard electrode setup using a Keithley 2450 sourcemeter as
described elsewhere.*?

2.3. Electrode Materials. The following materials were used in
the preparation of electrochemical cells: lithium hexafluorophosphate
(LiPFg, battery grade, Gotion Inc.), ethylene carbonate (EC, battery
grade, Gotion Inc.), dimethyl carbonate (DMC, battery grade, Gotion
Inc.), fluoroethylene carbonate (FEC, battery grade, Gotion Inc.),
lithium metal (chips, 99.9%, MTI Corp.), glass microfiber disks (0.67
X 257 mm? GF/D grade, catalogue number 1823-257, Whatman),
carbon black (Super P, Timcal Ltd.), carboxymethyl cellulose (CMC,
batch #0011912, MTT), and copper foil (thickness 9 gm, MTI Corp.).

2.4. Electrode Fabrication. Slurries were prepared by mixing
SiP, active material (80 wt %), conductive additive (Super P, 10 wt
%), and binder (CMC, 10 wt %) in deionized water using an
automatic mixer (Thinky AR-100). The slurry was cast onto a Cu foil
using a doctor blade and then subjected to a three-stage drying
protocol: under air at room temperature for 8 h, under air at 80 °C for
a further 8 h, and then lastly under rough vacuum (Welch Chemstar
Dry 2071B) at 100 °C for a further 10 h. Electrodes were punched
into disks with a diameter of 10 mm, and then stored under argon in a
glovebox (<0.1 ppm H,0/0,) until further use. Homogeneous
loadings of 0.75—1.00 mg cm™* were achieved across all electrodes
reported herein.

2.5. Electrochemical Cell Fabrication. Half-cells were
assembled under argon atmosphere in a glovebox (<0.1 ppm H,0/
0,) in coin-cell format (316 stainless steel, size 2032, Xiamen AOT
Electronics Technology Co.). An above-described SiP, electrode
served as the working electrode, a glass microfiber disk as the
separator (16 mm diameter), and a Li chip as the counter electrode;
the cell was flooded with 125 uL of 1.0 M LiPF4 in EC/DMC (1:1 by
weight) with 2 wt % FEC as the electrolyte and then closed.

2.6. Electrochemical Measurements. Galvanostatic charge/
discharge cycling was performed in a temperature-controlled
incubator (KB $3, Binder GmbH) at 25.0 °C using a battery cycler
(CT30001A, Landt Instruments). Charge and discharge were
performed using a constant current (CC) protocol at 1 A g~' within
the voltage range of 0.05—1.5 V vs Li*/Li.

3. RESULTS

3.1. Homogeneous SiP, Solid Solutions. Homoge-
neously doped solid solutions of phosphorus in silicon (SiP,
between 0.05 and 3.0 at % P) were first prepared via solid-state
chemical reaction between large silicon NPs (of nominal size
of 500 nm) and red phosphorus in a closed ampule under
vacuum. The hold temperature of dissolution (1131 °C) was
initially held constant between all samples and chosen based
on the eutectic temperature between the Si solid solution and
binary SiP, the equilibrium point of maximum solubility in Si.””
A ramp rate of S °C min~" and a hold time of 1 h were found
to be sufficient (the latter originally estimated based on
diffusion rates®”* of P in Si). Upon opening the ampule in air,
no further reaction of the product occurred, indicating that the
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Figure 1. (a) XRD patterns of SiP, (from 500 nm Si NP precursor) with nominal P content between 0.1 and 3.0 at % physically mixed with an
internal corundum standard. (b) Details of the Si(111) XRD peak. (c) Lattice parameter as a function of nominal P content across all three Si
precursors investigated: 100 nm NPs, 500 nm NPs, and 44 ym MPs. The experimental line for crystalline P-doped Si obtained in previous

. 383
studies®®*’

symbols that represent as-received pure Si precursors.

is shown in black. All materials in panels (a)—(c) were obtained under heating at 5 °C min~", holding at 1131 °C for 1 h, except open

formation of white phosphorus was prevented. The initial dark-
brown color of the precursor changed to dark gray as the
doping content increased (Figure S1), consistent with previous
reports for nanowires.””*” The systematic contraction of the Si
lattice upon phosphorus substitution was verified by XRD
measurements using an internal corundum standard (Figure
1); the change in the lattice parameter closely followed the
previously reported trend.”®”” Together, this is strong evidence
of complete or near-complete incorporation of the phosphorus
precursor within the silicon phase. Furthermore, the increase in
the phosphorus content was further confirmed by measuring
the electrical conductivity using a two-probe technique. The
properties of SiP, materials based on 500 nm Si NPs are
summarized in Table 1.

Further analysis of the XRD patterns of the homogeneously
doped SiP, materials reveal larger average crystallite size (as
calculated by the Scherrer equation) with increasing P content,
compared to that of pure S00 nm Si NPs (even when subjected
to the same heat treatment at 1131 °C). This effect is
corroborated by SEM analysis, showing obvious signs of grain
coarsening and faceting of the SiP, products, especially at high
P content (Figure 2).
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Raman spectroscopy of the homogeneously doped SiP,
materials reveals a slight decrease in frequency of the
Raman-active mode for Si NPs centered at ~510 cm™!
(down to ~507 cm™), indicating that the introduction of
phosphorus into silicon causes slight amorphization of the
crystal structure in the dilute P regime (Figure $2a).%* With
increasing P content, however, the peak center shifts back to
higher frequency (516 cm™), indicating higher crystallinity of
the resulting materials, as consistent with the XRD analysis. It
is important to note that the Raman spectrum varies
significantly depending on whether the focus is placed at or
below the powder surface; measurements made at the surface
(+10 pm from the focus of highest intensity) show a
monotonic increase in position from S$12 to 516 cm™' with
increasing P content, as shown in Figure S2b. This surface/
bulk variability decreases significantly in SiP, samples doped
beyond 1.0 at %, indicative of a more homogeneously
crystalline structure. Lastly, a significant increase in con-
ductivity was observed in SiP, NPs as a function of P content
(e.g, in the series xxP-SR-H-1h, Table 1) as expected for
homogeneously P-doped silicon.

https://doi.org/10.1021/acs.chemmater.2c02983
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Table 1. Materials Properties of SiP, Derived from 500 nm Si NPs, Grouped by the Synthetic Parameter Varied

synthetic parameter Si(111) 20 Si(111) FWHM lattice parameter crystallite size, L, electrical conductivity
varied material (degree) (degree) F (nm) (S em™)
(pristine control) Si (500 nm) 28.443 0.184 54309 8 8.99 x 1077
0.0P-5R-H-1h 28.430 0.112 5.4332 13 433 x 107*
P content 0.05P-5R-H-1h 28.430 0.110 5.4333 14 NM
0.1P-5R-H-1h 28.440 0.10S 5.4313 14 2.06 X 1072
0.2P-SR-H-1h 28.441 0.107 54312 14 133 X 1073
1.0P-SR-H-1h 28.454 0.064 5.4288 23 1.38 x 1072
3.0P-5R-H-1h 28.481 0.060 5.4237 25 3.85 x 10
ramp rate 0.1P-SR-H-0h 28.437 0.124 5.4319 12 3.87 x 1074
0.1P-10R-H-0h 28.436 0.139 5.4321 11 2.19 x 107*
0.1P-20R-H-0h 28.435 0.137 5.4324 11 1.03
0.1P-30R-H-0h 28.435 0.164 5.4323 9 4.99 x 1072
0.1P-S0R-H-0h 28.440 0.152 54314 10 221 x 107
temperature 0.1P-5R-H-0h 28.437 0.124 54319 12 3.87 x 107*
0.1P-SR-H-1h 28.440 0.105 5.4313 14 NM
0.1P-SR-L-0Oh 28.431 0.198 5.4330 8 3.30 x 1077
0.1P-5R-L-1h 28.440 0.190 5.4314 NM
hold time 0.1P-SR-H-0h 28.437 0.120 5.4319 12 3.87 x 1074
0.1P-5R-H-1h 28.440 0.10S 5.4313 14 3.42
0.1P-SR-H-6h 28.444 0.110 5.4307 14 1.03 x 10
0.1P-SR-H-12h 28.434 0.110 54326 14 7.51 x 10
optimal 0.1P-S0R—L-0h 28.436 0.182 5.4319 8 2.80 X 1077

While homogeneous solid solutions of SiP, across the entire
solubility range could be achieved by a facile solid-state
reaction between Si NPs and red phosphorus, P content and
crystallite/particle size were found to be convoluted within this
series. To control these effects separately, two additional Si
precursors of different nominal particle sizes (100 nm and 44
um) were also investigated. Similar changes in the lattice
parameter, color, and Raman spectral features were observed,
as summarized in Table 2 and Figure S3. Hence, these
materials were subsequently used to decouple the effects of
particle size and P content on the electrochemical behavior of
anodes based on silicon NPs and MPs. Additionally, pure 500
nm Si NPs were heat-treated under an inert atmosphere (in
identical conditions as for P-doping, except without any
phosphorus) to attempt to control for the role of the heat
treatment itself on the crystallinity and grain size. Indeed, a
slight increase in the crystallite size (from 8 to 13 nm) was
observed for heat-treated Si NPs (0.0P-SR-H-1h). However,
this effect is much smaller than that observed for heat
treatment in the presence of phosphorus (see Figure S3),
indicating that the phosphorus precursor itself catalyzed the
growth of crystallites and the associated particle size and
morphology changes.

3.2. Rapid and Low-Temperature SiP, Solid Solu-
tions. A second series of experiments were carried out to
obtain a wider variety of SiP, materials for electrochemical
analysis. Three strategies were employed to obtain materials
with a heterogeneous distribution of the dopant within the
silicon lattice: increasing the ramp rate (5—50 °C min™"),
decreasing the hold temperature (1131—800 °C), and
decreasing the hold time during solid-solution preparation
(1—0 h). The properties of the so-obtained materials are
summarized in Table 1. This work focuses on dilutely P-doped
SiP, materials (0.1 at %) that are of highest interest to the
subsequent electrochemical analyses. Generally, the results
reveal that at a fast ramp rate (>30 °C min™"), low temperature
(800 °C heat), and short time spent at the highest temperature
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(0 h hold time), the crystallite size of the resulting material is
close to that of pure 500 nm Si NPs.

Raman spectroscopy and SEM analysis further confirm that
the silicon morphology and crystallinity are minimally affected
under rapid, short hold and low-temperature dissolution
conditions. The diffusion of phosphorus within silicon
increases from ~2 X 107" to 1 X 107" m? s7' as its
concentration increases from 0.1 to 10 at % at 1131 °C.***° An
approximate estimate of diffusion depth as a function of time
reveals that the homogeneous dissolution of 0.1 at %
phosphorus in 500 nm Si NPs requires 5 h to complete.
Hence, using ramp rates up to 50 °C min~" and no hold time, a
heterogeneously distributed SiP, solution is expected to result.
Importantly, all rapidly doped SiP, materials exhibit a similar
crystal structure to the original Si NPs (Figure S4). There is no
enhancement of conductivity when phosphorus is heteroge-
neously doped at low temperatures (e.g., for 0.1P-SOR-L-Oh);
rather, a significant decrease in conductivity is observed (Table
1). At high temperatures, however, an increase in conductivity
can be observed with increasing ramp rate (e.g., for 0.1P-xxR-
H-0h) and is likely to be attributed to a surface mechanism of
these heterogeneous structures. The electrochemical properties
of such heterogeneously doped (i.e.,, surface modified) SiP,
variants are explored and compared to homogeneously doped
samples in the following section.

3.3. Electrochemical Studies. Galvanostatic charge—
discharge (GCD) cycling was used as the primary means of
assessing electrochemical effects related to P-doping (and
other concomitant changes to the materials properties such as
increased crystallite or particle size) of Si NPs. The samples of
highest interest were obtained from 500 nm Si NPs; when not
otherwise indicated, all subsequent results relate to SiP,
obtained from this precursor. Electrodes for each sample
were prepared using a standard drop-casting method to control
for effects such as adhesion and in an effort to make the results
widely generalizable to other electrode fabrication techniques
(i.e., to ensure as much as possible that the results relate to

https://doi.org/10.1021/acs.chemmater.2c02983
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Figure 2. SEM micrographs of (a) as-received pure Si, (b) 0.1 at %
SiP,, and (c) 3.0 at % SiP,, all obtained from the same precursor: 500
nm Si NPs. The SiP, materials were obtained under heating at 5 °C
min~', and holding at 1131 °C for 1 h.

materials properties and not to electrode properties). An
aqueous binder (CMC) was used and the electrodes were
fabricated under air. Half-cells were assembled under inert
argon against Li metal as the counter electrode and in flooded
electrolyte, in an effort to ensure reproducibility of the results.
A standard liquid electrolyte was chosen (1 M LiPF, in EC/

DMC) with a modest amount of FEC (2 wt %) to inhibit
excessive SEI (re)formation. Lastly, GCD cycling at a constant
current rate of 1 A g~' (~C/3) was employed between 0.05
and 1.5 V vs Li"/Li to prevent the formation of crystalline
Li,Si.

In all cases, a steep loss of capacity of the SiP, NPs was
observed in the first cycles; this was followed by a less severe
decrease in most cases until zero capacity remained (at or
before the 200th cycle in all cases herein). In general, cells
based on 500 nm NPs were observed to show more significant
capacity fading than those based on 100 nm NPs, an
expectable effect due to particle size (Figure S5).>*" Despite
the fact that electrochemical performance was not optimized in
this work, this electrode and half-cell formulation allowed for a
facile intercomparison between all of the materials investigated
and only the relative outcome of each experiment is the focus
of discussion herein. The decrease in capacity during initial
GCD cycling (1-25 cycles) is attributable to volume
expansion and contraction and subsequent loss of electrical
contact with a portion of the active SiP, material. In most
cases, this initial capacity loss diminishes for some cycles
(showing a seeming approach to a nonzero plateau), and then
capacity fade again intensifies until zero capacity is reached.
The latter effect is attributable to the formation and
nonuniform dissolution of “mossy lithium”,** which was a
well-known failure mechanism in lithium metal batteries.* The
use of a stable intercalation compound as the counter electrode
instead of Li metal (e.g, LiFePO,) would likely resolve the
latter issue and will be a focus of future investigations.

3.4. Electrochemical Effects of Homogeneous P-
Doping. The GCD voltage profiles of dilutely doped SiP,
materials obtained under conditions that lead to homogeneous
doping (i.e., high temperature, long hold time, and slow ramp
rate) with P content varying between 0.05 and 0.2 at % are
shown in Figures 3a and 4c. The corresponding capacity
retention and Coulombic efficiency within the first 200 cycles
at up to 1.0 at % is shown in Figure 3d. Higher P content
samples (>1.0 at %) did not cycle with any capacity at the
benchmark 1 A ¢! current employed in this study. All lower
concentration SiP, NPs show comparable second cycle
discharge capacities of 2.5—2.9 Ah g~'; materials doped with
1.0 at % P show grievous capacity loss upon cycling, reaching
effectively zero capacity within the first 10 cycles. This cycling
instability can likely be attributed to a larger crystallite size
than the pure Si NPs. This explanation is supported by

Table 2. Materials Properties of SiP, Derived from 100 nm Si NPs (-n) and 44 pm Si MPs (-u), Grouped by the Synthetic

Parameter Varied

synthetic parameter varied material Si(111) 20 (degree)
P content (100 nm) Si (100 nm) 28.445
0.0P-SR-H-1h-n 28.450
0.1P-SR-H-1h-n 28.455
2.0P-SR-H-1h-n 28.473
3.0P-5SR-H-1h-n 28.484
P content (44 um) Si (44 pum) 28.425
0.0P-SR-H-1h-p 28.428
0.05P-5R-H-1h-u 28.435
0.1P-SR-H-1h 28.435
0.2P-SR-H-1h-p 28.433
2.0P-SR-H-1h-u 28.456
3.0P-SR-H-1h-p 28.468

Si(111) FWHM (degree)

lattice parameter (A) crystallite size, L, (nm)

0.290 5.4303 S
0.154 5.4294 10
0.163 5.4284 9
0.060 5.4251 24
0.070 5.4230 21
0.065 5.4343 23
0.062 5.4336 24
0.074 5.4324 20
0.062 5.4323 24
0.081 5.4326 18
0.068 5.4285 22
0.067 5.4262 22
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Figure 3. (a—c) GCD lithiation voltage profiles and capacity retention of SiP, NPs synthesized under homogeneous doping conditions compared
to pure Si NPs. Three compositions of highest interest are highlighted: (a) 0.0S at %, (b) 0.1 at %, and (c) 0.2 at % P. The cycle number of each
profile is indicated. (d) GCD lithiation capacity retention and Coulombic efficiency of homogeneously doped SiP, NPs.

comparison to the cycling instability of pure Si MPs (Figure
SS). On the other hand, SiP, NPs in the most dilute doping
regime (<0.1 at % P) exhibited higher cycling stability than the
pure Si NPs. It is important to note that this difference in
stability cannot be attributed to significant lattice contraction
or to smaller crystallite size (see Table 1) and therefore must
be owed to the presence of P in the lattice. Slower ramp rates
and longer hold times during phosphorus dissolution in
general give rise to larger crystallites and grain coarsening, and
therefore to poorer cycling stability. It remains unknown
whether, if higher concentration SiP, NPs could be prepared at
the same particle size as the native Si NPs, they would show
longer cycling stability yet than the low P content SiP, NPs
that exhibit the longest cycling stability in this study.

3.5. Electrochemical Effects of Heterogeneous P-
Doping. SiP, NPs prepared using fast ramp rates, short hold
times, and low dissolution temperatures generally exhibit
improved capacity compared to pristine 500 nm Si NPs. The
effect of ramp rate (at S, 10, 20, and SO °C min~') on cycling
retention is shown in Figure 4a. SiP, NPs obtained at fast ramp
rates (>20 °C min~') maintain crystallite sizes (L, = 9—11
nm) comparable to pure Si NPs (L, = 8 nm) (see Table 1) and
also exhibit the highest capacity retention. The effect of hold
time (for 0, 1, 6, and 12 h) on capacity retention is shown in
Figure 4b. SiP, NPs with the least amount of hold time (0 and
1 h) exhibit high capacity and stability compared to pure Si
NPs, whereas longer hold times (6 and 12 h) result in earlier
capacity fading, worse than that exhibited by pure Si NPs.
Interestingly, pure Si NPs held at 0, 1, 6, or 12 h hold times

(ie, annealed at 1131 °C) exhibit no difference in the
electrochemical behavior (Figure S6) or in the crystallite size
(Figure S7) than pristine Si NPs. This is strong evidence that
the addition of phosphorus to the Si NPs is the primary cause
for grain coarsening via a catalytic (crystallization) effect,
leading to poor capacity retention when present at high
concentrations. Lastly, the effect of dissolution temperature (at
800 or 1000 °C) on capacity retention is shown in Figure 4c.
Based on the equilibrium binary Si—P phase diagram, a
temperature of 800 °C is, in principle, sufficient to achieve a
doping of 0.3 at % P.** Based on GCD cycling analysis, SiP,
NPs synthesized at a lower temperature (800 °C) with no hold
time (0 h) exhibit the highest capacity and cycling stability
compared to SiP, materials synthesized at higher temperatures
and also retain an extremely small crystallite size (L, = 8 nm)
equivalent to pure Si NPs. Interestingly, such heterogeneously
doped SiP, materials in general do not exhibit improved
electrical conductivity compared to pure Si (Table 1). Hence,
the role of improved electrical conductivity as the sole reason
for improved capacity retention can be ruled out by these
results.

The consequences of P-doping toward thermal stability were
preliminarily explored by TGA experiments of the bare SiP,
material under flowing air up to 1100 °C. In general, P-doping
was observed to increase the thermal decomposition temper-
ature, though the effects were difficult to decouple from grain
coarsening (i.e,, reduction in the surface area) effects. The
results are shown in Figure S8. Further analysis of the thermal
stabilizing effects of P-doping on SiP, anodes will be carried
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Figure 4. (a—c) GCD lithiation capacity retention of SiP, NPs synthesized under heterogeneous doping conditions. The effects of (a) ramp rate,
(b) hold time, and (c) high temperature are shown for comparison to pure Si NPs. (d) GCD lithiation voltage profiles of SiP, NPs synthesized
under optimal heterogeneous conditions. The cycle number of each profile is indicated.

out in future work in the presence of carbonate electrolytes of
highest interest to technological applications.

4. DISCUSSION

This work focuses on determining the sole effects of P-doping
on the electrochemical (and thermal) stability of Si,
independent of the effects due to altering particle morphol-
ogy/size, in a standard liquid-electrolyte cell configuration (i.e.,
neglecting to optimize for the electrolyte, binder, and other
additives). Standard electrode fabrication methods (powder
active material, liquid slurry casting, and vacuum drying in air)
were favored, requiring P-doping of existing Si nano- and
micropowders. This is distinct from previous investigations of
P-doped silicon electrodes prepared by a gas deposition (GD)
method.”” Correspondingly, there is a significant difference in
the results. While Domi and co-workers reported monotoni-
cally increasing electrochemical stability (cycling retention) as
a function of P content, this work reveals a trade-off between P
content and particle size/crystallinity that results in a
maximum electrochemical stability at an intermediate P
content. Remarkably, both studies favor an optimal P content
around 0.1 at % (though in the GD-prepared electrodes, this
was the highest P content investigated). Further differences are
revealed in the effects of P-doping on lithiation capacity. In this
work, initial capacities within the first several cycles did not
vary significantly as a function of P-doping; the effects of P-
doping (and likewise of crystallite and particle size) were only
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revealed in terms of capacity retention. In other words, P-
doping did not restrict the ultimate lithiation capacity of
silicon. In the results reported by Domi and co-workers, P-
doping seemed to decrease the ultimate lithiation capacity of
GD-prepared electrodes, though cycling retention was
improved. These differences persist despite both studies
using the same current rate of 1 A g~'. Other past studies
(theoretical and experimental) of P-doping silicon anodes for
LIBs place a high emphasis on the effects due to enhanced
electrical conductivity over that of pure silicon."*** Interest-
ingly, while an increase in conductivity as a function of P-
doping was measured and might help explain electrochemical
differences within the homogeneously doped (e.g., xxP-SR-H-
1h) series in this work, only very low conductivities were
measured in the heterogeneously doped samples that had the
highest overall electrochemical stability (e.g., 0.1P-SOR-L-Oh).
Hence, we cannot attribute improved electrochemical stability
to increased conductivity within the range of conditions
explored herein, and future work is needed to decouple these
properties.

Within the synthetic conditions explored in this study, low P
content (<0.1 at % P), fast ramp rate (e.g, 50 °C min™"), short
hold time (0 h), and low dissolution temperature (800 °C)
together give rise to the highest capacity retention of SiP, NPs
within the electrochemical conditions of interest in this study:
~C/3 cycling between 0.05 and 1.5 V vs Li*/Li in a standard
carbonate electrolyte. The low phosphorus concentrations
inherent to the top-performing materials within each para-
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metric study (typically 0.1 at % P) make direct confirmation of
the homogeneity of doping a significant challenge. Two
methods were attempted to be used herein: X-ray photo-
electron spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS). Unfortunately, neither
method was reliably successful at determining the P content
homogeneity as a function of depth below the NP surface.
Nevertheless, there is strong evidence in the overall body of
work reported herein that a heterogeneous distribution of
dilute phosphorus within SiP, NPs (possibly a core—shell
structure) is favorable for capacity retention in LIB anode
applications. Future work should be performed to explore the
origin of these effects.

5. CONCLUSIONS

Homogeneous and heterogeneous doping of phosphorus
within silicon NPs was achieved by varying a wide range of
synthetic parameters. A standard top-down solid-state
dissolution route was employed allowing for facile fine tuning
of the final SiP, product; the most important goal of this work
was to determine the role of phosphorus substitution within
the silicon lattice on electrochemical charge/discharge stability,
as decoupled from other properties such as particle size and
distribution of the dopant. To this end, it has been shown that
phosphorus substitution does in fact significantly improve the
electrochemical stability of Si NPs in a standard LIB liquid
electrolyte. A primary result of this study is that doping at
0.05—0.1 at % P gives rise to optimal charge storage capacity
and cycling stability. Further improvement can be gained by
enforcing a heterogeneous distribution of the dopant; dilute
doping in the NP shell/surface region via low-temperature set
point (800 °C), no hold time (0 h), and fast ramp rate (S0 °C
min~') give rise to optimal electrochemical cycling stability
overall. Elucidation of the precise distribution of phosphorus
within the SiP, NPs remains an important aspect of future
work.
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