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Binary (semi)metal-phosphorus compounds fascinate nowadays as
they promise high specific capacities in metal ion batteries and an
advantageous in situ formation of the electrochemically active
material inside the electrochemical cell without air exposure. Here, we
report on SiP as a new member of this material family which was
tested as an anode material in Li ion batteries due to a highly attractive
theoretical specific capacity of about 3000 mAh g~! SiP. After
synthesis by a vapour-transport reaction a cotton wool-like product
was obtained revealing a layered 2D crystalline microribbon-like
morphology, space group Cmc2;, which may allow fast Li ion inter-
calation/diffusion kinetics. SiP also opens up a novel perspective for
application in ultra-thin optoelectronics or flexible photovoltaics.
During the first discharging half-cycle the crystalline phase amorph-
izes as indicated by operando synchrotron powder diffraction fol-
lowed by an amorphous state without re-formation of any crystalline
phase, including LisP. Our investigations after 50 discharging—
charging cycles show a specific capacity of 550 mAh g~%, which
supports the trend of lifetime reduction by LiP formation. Further
optimisation is necessary to allow a broad application for novel
technologies like high performance Li ion or Li—S batteries.

Lithium ion batteries have revolutionized the mobile devices
market starting in the early 1990s and are just about to do the
same in the automotive and even in the stationary storage
sectors. To allow for higher efficiency batteries with much
increased electrical energy storage capacities, many efforts have
focused on introducing high power, high performance
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materials, e.g. to achieve customers’ range demands for
e-vehicles. Here, the classical graphite negative electrode rea-
ches its limit when much higher lithium uptake is necessary as
typical for Li-S batteries. Silicon compounds represent highly
promising candidates to replace graphite as the anode material
as already partially realized in commercial battery technology.*™*
However, volume expansion and consequently pulverization® of
the material is still the greatest obstacle to solve which, in
consequence, leads to conductivity losses in the electrode
composite and the repeated formation of new surfaces sup-
porting parasitic electrolyte consumption.® Many studies
therefore focused on the design of nano-silicon morphologies
such as nanowires,”"® nanoparticles'**> or nanopillars.****
Nanoparticles below 20 nm also serve as an easy-to-reach
alternative to the high-tech preparation of nanoarchitectures
and show similar performance in metal ion batteries. An
intelligent gimmick in the sense of nanoparticle synthesis is the
application of transition metal phosphides (MP, M = Cu, Co,
Sn)."**® By a complete conversion LizP and active metallic
nanoparticles are formed in situ.

In particular, studies regarding Sn,P; show a broad appli-
cability in lithium,"”?* sodium*>* and potassium>*** ion
batteries. Due to the similar chemical properties, the electro-
chemical behaviour of binary Si-P compounds should be
similar. However, this work focuses on lithium-based batteries
as silicon shows a high ability to form intermetallic phases with
lithium compared to sodium or potassium. To reach high
specific capacities low elemental weights are recommended and
can be realized by combining silicon and phosphorus. Si-P-
compounds represent a new class of future anode materials
where silicon diphosphide (SiP,) has already attracted high
attention due to its high theoretical capacity of 2900 mAh g~*
(Li;5Siy, LizP).262

The high abundance of silicon and phosphorus combined
with their electrochemical mechanism of alloying and conver-
sion mechanism justifies a scientific effort to implement the
material into metal ion batteries. A relatively fast deactivation of
SiP, by successive and irreversible LiP shell formation
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establishes an insulating layer around the Si particle core.”®
Reducing the phosphorus content, as in the case of silicon
monophosphide, benefits an even higher theoretical specific
capacity (3060 mAh g’l; Li;5Si4, LizP) compared to SiP, and may
avoid excessive LiP formation. Moreover, SiP is expected to
form in situ electrochemically active silicon nanoparticles at
reduced volume changes. Addressing the latter two scenarios
simultaneously, the lifetime of the battery may be significantly
increased, especially compared to SiP,.”® An interesting feature
of the used synthesis is found in the self-organization of SiP in
a layered 2D ribbon-like material in a bottom-up approach
without additional handling and forms Si nanoparticles in situ
during the electrochemical reaction, e.g. without further
temperature treatment and no complex deposition methods
are applied as needed for other nano-sized silicon
morphologies.” 114

From the Si-P binary phase diagram developed by Ole-
sinski,* silicon monophosphide is the only stable phase under
ambient pressure conditions, emphasizing its thermodynamic
stability compared to SiP,. Regarding silicon monophosphide,
only a few synthesis procedures have been described in
combination with crystal structure studies. First syntheses were
realized in the 1960s via vapour-growth reactions®***' and
recently by a high pressure-high temperature synthesis in
a cubic multi-anvil cell®* leading to bulk crystal materials for
both techniques. This group IV-V monopnictide SiP shows an
orthorhombic (Cmc2, space group) 2D layered structure, where
single layers are stacked by weak van der Waals interactions.*
First DFT calculations® demonstrated comparable exfoliation
energies as for graphite which enable exfoliation by mechanical
stress resulting in semiconducting SiP layers as an interesting
candidate for applications in thin, bendable photovoltaics and
optoelectronics.*

We report on the optimized SiP synthesis via a chemical
vapour-transport reaction obtaining layered 2D materials and
give for the first time deeper insights into the structural prop-
erties and electrochemical behaviour. This work mainly focuses
on the electrochemical properties of SiP as a negative electrode
material for lithium ion batteries. Another key point considers
the structural changes during lithiation to get an idea on
a possible structure preservation which may be reachable with
the observed layered arrangement as would be untypical for
phosphide compounds when treated under similar electro-
chemical conditions where they undergo a conversion reaction
to the elemental state and usually Li;P.

Our results reveal moderate electrochemical activity and are
still under improvement to enhance the specific capacity and
lifetime.

After synthesis with an exothermic chemical vapour-trans-
port reaction (T; — T, T, > Ty), a cotton wool-like product was
obtained at T, = 1000 °C revealing a layered 2D microribbon-
shaped morphology as photographed by SEM (Fig. 1) where the
macroscopically visible, exfoliatable layers are marked with
arrows in the inset. The corresponding EDXS mappings, dis-
played in Fig. S-1,t confirm the homogeneous distribution of Si
and P throughout the sample.
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Fig.1 SEM image of as-prepared SiP. Macroscopic exfoliatable layers
are indicated by arrows in the inset.
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Fig. 2 XRD pattern of the as-prepared SiP (red dots) with the calcu-
lated profile (black solid line) according to the Le Bail analysis of the
structural model from SiP. The difference curve resulted from the
subtraction of the observed from the calculated data (blue solid line).
Green vertical lines represent the Bragg positions of the reflections
according to the SiP-space group Cmc2;—structural model known
from the literature.>°3

The powder XRD pattern of the as-synthesized SiP (Fig. 2) is
in good agreement with literature data®*** and is analysed with
the corresponding SiP structure model with orthorhombic
space group Cmc2, as shown in Fig. S-2.7 SiP lattice parameters
were determined by a Le Bail fit to a = 3.51473(7) A, b =
20.4880(5) A, ¢ = 13.6198(4) A. The structure is described as
layered in the (001) direction. Due to the weak van der Waals
bonds between the layers, SiP may be favourable for ion inter-
calation as well as exfoliation of individual layers. Selected area
electron diffraction (SAED) (Fig. 3) shows that a ribbon of as-
prepared SiP is characterized by a single crystalline habit due to
the absence of additional, extrinsic diffraction spots or diversely
oriented individuals like typical for twins.**

Additionally, high resolution transmission electron micros-
copy (HRTEM) images (Fig. S-3 and S-4}) nicely present the
homogeneous arrangement of atoms within the layers. STEM-
EDXS measurements (Fig. S-51) were recorded to verify the
elemental composition. The spectra perfectly support the ex-
pected content of Si-to-P ratio of 1: 1 and show no signal for
iodine (transporting agent). As previously reported,?® SiP, reacts
during lithiation in a three-step mechanism: (1) a conversion
reaction to intermediate LiP, phases (1 =< x =< 7) followed by (2)
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Fig. 3 SAED pattern of as-prepared SiP with indexed diffraction spots
along the (001) zone axis.
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Fig. 4 Differential capacity plot (DCP) of SiP (black) during the first
cycle. For comparison, DCP of SiP, (grey) is given as a reference.

the formation of LizP, and, finally, (3) the alloying of Li and Si to
Li,Si. In comparison to SiP,, the differential capacity plot (DCP)
of SiP during the first cycle, displayed in Fig. 4, shows similar
redox behaviour. For further discussion, discharging is defined
as insertion of Li ions while charging describes the removal. For
better illustration, the first derivative of the current is calculated
normalized to the mass of SiP.

Comparing the potential window of 0.8-1.0 V vs. Li/Li",
various redox peaks (I+II) occur, which most likely indicate
structural changes due to the sharp signals. This is closely
associated with a relatively low kinetic barrier. Based on the
absence of both signals (Fig. S-61) in the second cycle, irre-
versible processes like the formation of a solid electrolyte
interphase (SEI) or the lithiation of a carbon additive at 0.74 V
might be possible.**

The reaction to LizP (III) proceeds around 0.4 V and nicely
fits the previous results of SiP,.”* Below 0.1 V, alloying of silicon
nanoparticles (IV, V) should occur. During delithiation, reaction
(IV) at 320 mV may correspond to the dealloying of Li,Si parti-
cles, which is also observed for pure silicon in the same
range.'** At about 0.6 V vs. Li/Li" during Li removal, the
decomposition of LizP species proceeds. Interestingly, all lith-
iation processes are slightly shifted to higher voltages whereas
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the corresponding delithiation reactions are found at somewhat
lower voltages leading to the assumption of faster kinetics.
Comparing the currents of both redox processes, a higher
current is observed during the lithiation process implying a low
coulombic efficiency in the first cycle.

For further insights on possible changes, e.g. structural
transitions, phase formations, dependent on the scanning
voltage, operando synchrotron XRD was performed and the
results are displayed in Fig. 5.

For better clarity, only the diffraction patterns between 12°
and 15° 26 are presented. The intensity of the reflections of the
crystalline SiP (indexed with red dashed lines) decreases
continuously and vanishes at voltages below 0.1 V vs. Li/Li".
During Li insertion into the active material, no shift of the
reflections to higher or lower angles is observed. According to
these results, an intercalation of Li ions in-between the SiP
layers like for graphite is excluded. Moreover, in the fully lithi-
ated state, no reflections of crystalline LizP appear, which is in
contrast to our previous study regarding SiP,. Three reasons can
explain this behaviour. (1) The Li intercalation mechanism in
the case of SiP differs from the one of SiP,. (2) LizP is formed but
the critical size of the particles to induce crystallization has not
been reached in the first discharging cycle. LizP therewith may
exist in an amorphous state. (3) Phosphorus only reacts to LiP
which, however, is amorphous as reported previously for SiP,.?®
For further analysis of the electrochemical performance,
galvanostatic cycling of SiP electrodes in a two-electrode
configuration vs. Li/Li" was conducted. The SiP cells were cycled
with a current density of 100 mA g~ ', which corresponds to
a C-rate of about C/30.

In the first charging cycle, capacities of 1000 mAh g~ (Fig. 6)
are retained which highlights the potential of this anode
material. As expected from DCP during the first cycle, low
coulombic efficiencies of 32% are observed. This observation is
most likely attributed to structural changes and irreversible
reactions, SEI formation, etc. during cycling. The formation of
an insulating LiP phase as observed for other metal phosphides
might be possible but we have not found any evidence for it.
Further investigations regarding intermediate phases are in
progress. However, after 50 cycles, delithiation capacity remains
constant at around 550 mAh g ' showing high desirable
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Fig. 5 Operando synchrotron XRD pattern collected during the first
discharging cycle. Red dashed lines indicate vanishing reflections.
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Fig. 6 Delithiation capacity and corresponding coulombic efficiencies
(green) of SiP.

coulombic efficiencies of 99.6%. Additionally, SiP offers a good
rate capability at high current densities of up to 500 mA g™, as
displayed in Fig. S-7.}

Conclusions

We herein reported an optimized synthesis of SiP via a vapour-
transport reaction using iodine as the transport agent. As
a product, microribbon-like SiP with an orthorhombic Cmc2,
space group is obtained. TEM measurements combined with
XRD confirm the crystal structure and elemental ratio of 1:1
(Si:P). First electrochemical studies highlighted its high
potential as an anode material since a capacity of 1000 mAh g™*
after the first discharging cycle was demonstrated. However, the
material suffers from fast capacity fading due to an obviously
incomplete reaction. Therefore, further conceptual develop-
ment is required to avoid the LiP insulating shell formation.

Experimental section
Synthesis of SiP

Silicon monophosphide (SiP) was synthesized via a transport
reaction of pure silicon (Aldrich, —325 mesh, 99% purity) and red
phosphorus (Alfa Aesar, —100 mesh, 98.9% purity) powders.
Todine (Merck, 99%) was added as a transporting agent. 50 mg of
a stoichiometric mixture of silicon and phosphorus and 6 mg of
iodine (placed in an extra tube) were filled in a quartz ampoule.
The ampoule was sealed under vacuum (10> mbar) and was
placed into a horizontal two-zone furnace. In a first equilibrating
step, the temperature was set to 400 °C for 16 h to guarantee an
equilibrium state of phosphorus partial pressure. In a second
step, the temperature was increased to 900 °C (Ty, source) and
1000 °C (T3, sink) and kept for 160 h to allow the exothermic
reaction to proceed. This temperature gradient was chosen based
on the studies on other metalphosphides.*® Finally, the ampoule
was cooled down naturally. All following steps to work with the
SiP were conducted under an inert gas atmosphere in a glovebox.

Material characterization

X-ray diffraction (XRD) patterns were recorded on a Stadi P
diffractometer (STOE) with a curved Ge(111)-crystal as the
monochromator. Samples were filled in a glass capillary

This journal is © The Royal Society of Chemistry 2018
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(Hilgenberg, Nr. 10, diameter 0.7 mm) and fire-sealed. Cu K4
radiation (1 = 1.54056 A) was applied. Capillaries were
measured in Debye-Scherrer mode using a step width of A26 =
0.02°. FullProf implemented into the software WinPlotR was
used for performing Le Bail analyses. The patterns were ana-
lysed according to literature data for SiP.*°

Operando powder synchrotron diffraction measurements on
SiP in a coin cell with a glass window of 3 mm in diameter were
performed at the beamline BL04-MSPD?” at ALBA (Barcelona,
Spain) in a transmission mode. A Li disk served as an anode.
The experimental setup containing a coin cell holder connected
to a VMP multichannel potentiostat is described elsewhere.*®
Data were collected every 9 minutes in steps of 0.005° at A =
0.41310(1) A, which were refined from the reflection positions of
a NIST LaBg reference material.

In order to characterize pristine SiP, a pattern was recorded
before starting the electrochemical process. The cell was then
successively discharged in galvanostatic mode at a constant
current of 100 mA g~ ". The Cu mesh current collector on the
positive electrode side was used as an internal standard during
the measurements.

Scanning electron microscopy (SEM) was performed on
a Gemini LEO 1530 (Zeiss) with an acceleration voltage of 10 kVv.

Transmission electron microscopy (TEM) experiments were
carried out on a FEI Tecnai F30 with 300 kV acceleration voltage
equipped with a field emission gun. The material was dispersed
in dimethyl carbonate (DMC) through sonication and drop
coated onto a copper grid with a lacey carbon layer as the
sample holder. Selected area electron diffraction (SAED), high
resolution transmission electron microscopy (HRTEM) images
and scanning transmission electron microscopy energy-disper-
sive X-ray spectroscopy (STEM-EDX) images were taken.

Electrode preparation

For electrode preparation, 30 wt% SiP was mixed with 60 wt%
Super P (Timcal) and 10 wt% PVDF 1013 (Solvay). The mixture
was dissolved in N-methylpyrrolidone (NMP, Sigma Aldrich),
drop-coated onto a copper foil (& 12 mm) and dried at 80 °C
overnight under vacuum. For assembling the cells in a two-
electrode configuration, a lithium metal disc (Chempur, 250 um
thickness), two glass fibre separators (Whatman) and 250 pl
electrolyte (1 M LiPFy in dimethyl carbonate (DMC)/ethylene
carbonate (EC) (1 : 1 v/v), LP30, BASF) and the SiP composite as
the working electrode were arranged in a Swagelok cell casing.
Electrochemical tests were realized with a multichannel VMP3
potentiostat (BioLogic) at a constant temperature of 25 °C.
Galvanostatic cycling with potential limitation (GCPL) was
conducted between 0.01 and 1.2 V vs. Li/Li" at a current density
of 100 mA g~ '. For further characterization, different current
densities in the range of 50-200 mA g ' were applied. The
specific capacity and current density were calculated based on
the mass of silicon monophosphide.
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