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Assessment on the Use of High Capacity “Sn,P;” /[NHC
Composite Electrodes for Sodium-lon Batteries with Ether

and Carbonate Electrolytes

Thangavelu Palaniselvam,* Charan Mukundan, Ivana Hasa, Aggunda L. Santhosha,
Mustafa Goktas, Hyein Moon, Mirco Ruttert, Richard Schmuch, Kilian Pollok,
Falko Langenhorst, Martin Winter, Stefano Passerini, and Philipp Adelhelm*

This work reports the facile synthesis of a Sn—P composite combined with
nitrogen doped hard carbon (NHC) obtained by ball-milling and its use as
electrode material for sodium ion batteries (SIBs). The “Sn,P;” /NHC electrode
(with nominal composition “Sn,P;”:NHC = 75:25 wt%) when coupled with a
diglyme-based electrolyte rather than the most commonly employed carbonate-
based systems, exhibits a reversible capacity of 550 mAh g,j.cirode | at 50 mA g™
and 440 mAh g, .04 OVer 500 cycles (83% capacity retention). Morphology
and solid electrolyte interphase formation of cycled “Sn,P;”/NHC electrodes

is studied via electron microscopy and X-ray photoelectron spectroscopy. The
expansion of the electrode upon sodiation (300 mAh g.jecirode ) is only about
12-14% as determined by in situ electrochemical dilatometry, giving a reason-
able explanation for the excellent cycle life despite the conversion-type storage
mechanism. In situ X-ray diffraction shows that the discharge product is
Na;;Sn,. The formation of mostly amorphous NasP is derived from the overall
(electro)chemical reactions. Upon charge the formation of Sn is observed while
amorphous P is derived, which are reversibly alloying with Na in the subse-
quent cycles. However, the formation of Sn,P; can be certainly excluded.

battery technologies in mobile and grid
storage applications.l!l' Considerable pro-
gress has been achieved in just a few years,
however, to achieve the commercialization
of SIBs in practical application, further
improvement is needed. Thus, the design
and the optimization of electrode materials
characterized by improved capacity and
cycle life are of great importance. Graphite
is the state-of-the-art anode for LIBs, yet
its use in SIBs is limited so far due to the
lack of thermodynamically stable, sodium-
rich graphite intercalation compounds
(GICs) Na,C.Zl An exception is found for
ether-based electrolytes in which solvated
sodium-ions can reversibly intercalate into
the graphite lattice.®] The obtained capacity
of 110 mAh g%, however, is too low for
high energy density application and would
restrict its use to high power devices.l
Higher storage capacities can be achieved
using other, disordered forms of carbon,
which can be produced from various pre-

1. Introduction

Sodium-ion batteries (SIBs) are electrochemical energy storage
systems aiming at complementing the lithium-ion and lead-acid

cursors such as pitch, gas, or biomaterials.”] Depending on
their local structure most of these materials can be classified as
either hard or soft carbon. The Na* storage capacity is typically
ranging between 200 and 350 mAh g > though also values
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exceeding 400 mAh g have been reached by high temperature
treatment.'!l However, a potential roadblock is that much of
the sodiation occurs close to the metal plating potential, which
compromises safety. The capacity of disordered carbons under
practical conditions might be therefore not sufficient. Another
challenge is that many disordered carbons suffer from a low
initial Coulomb efficiency (ICE) due to side reactions leading to
solid electrolyte interphase (SEI) formation and irreversible trap-
ping of sodium ions.

Research on tin (Sn) and phosphorous (P) based anodes
is largely motivated by their high theoretical Na storage
capacity!”!8 through formation of Na;sSn, (theoretical capacity
qin = 847 mAh g!) and Na;P ( gy, = 2560 mAh g7}) in a alloying
reaction, respectively.2% The combination of both elements
in tin phosphide (SnP3, gy = 1132 mAh g) has been studied
as potential anode material for SIBs as well.l?!l Upon sodiation,
Sn,P; undergoes a conversion type reaction, providing high
gravimetric and volumetric capacity with an average working
potential of around 0.3 V versus Na*/Na, thus potentially
enabling cells with high theoretical energy density.??l On the
downside, it is well known that conversion reactions typically
exhibit a large voltage hysteresis and large volume changes,
e.g., 420% and 490% for formation of Na;5Sn 23 and Na;P?4
respectively. Expansion and shrinkage of the electrode during
cycling (“breathing”) is generally linked to unstable interfaces,
particles contact loss, and hence poor cycle life. Nanosizing
and embedding Sn and P in suitable matrixes have been effec-
tive strategies to mitigate some of the mentioned issues, how-
ever not to the required level. In the specific case of Sn,Ps, the
poor electronic conductivity is an additional limitation, which
again up to now has been generally addressed by adding
carbonl®?1 or TiC as additive.l?®! Despite the slight improve-
ment in cycle life, in many cases, stable cycling could not be
achieved over more than 150 cycles, so further improvement
is needed.

A valid strategy to improve the cycle life of electrode mate-
rials is a rational design of the electrolyte solutions, especially
with respect to the SEI. Carbonate-based electrolytes are
the most commonly employed solutions for Sn,P;. Table S1
in the Supporting Information reports a comparison of the
electrochemical performance of Sn,P; based composite elec-
trodes existing in the literature. High capacities in the range
of =500-900 mAh g5, , are reported, however with limited
cycle life. The use of fluoroethylene carbonate (FEC) as elec-
trolyte additive has shown to improve cycle life although it is
known that FEC is prone to lead to the formation of a more
resistive SEI, which is detrimental to the electrochemical per-
formance.l?*3% Sakaguchi et al. reported an improvement of
the ICE in the first cycle when using an ionic liquid-based
electrolyte. Indeed, when employing a N-methyl-N-pro-
pylpyrrolidinium bis(fluorosulfonyl)amide (Py13-FSA) based
electrolyte, the ICE value reached 78% compared to 54%
obtained for a propylene carbonate (PC)-based electrolyte.3!
However, the same electrode failed to show stable cycling for
more than 50 cycles. Overall, it is clear that the electrolyte
strongly affects the cycling behavior of Sn,P; electrodes in
sodium-ion cells and that there is a need for optimized salt/
solvents combinations enabling stable cycling and high prac-
tical capacities.
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Very recently, ether-based electrolytes have been more widely
investigated for graphite,3? hard carbon,¥ Bi,?*3*l and Sn based
electrodesB®¥Il] due to their generally enhanced compatibility
with many anode materials (Sb being an exception!3®)). Note that
the stability of the electrolyte is also depending on the type of
conductive salt used with sodium trifluoromethanesulfonate
(NaOTf) and NaPF; being clearly favored (at least in half-cell
experiments).1® The use of a glyme-based electrolyte for Sn,P;
electrodes in SIBs has been suggested only very recently by
Gémez-Camer et al.?) A capacity of 900 mAh g™ with an ICE
value of =90% was reported, however the capacity dropped to
388 mAh g! after 100 cycles (43% of capacity retention). The
same report also disclosed that when coupling the Sn,P;-based
anode with a glyme-based electrolyte, superior performance was
achieved compared to carbonate-based ones, especially in terms
of specific capacity and coulomb efficiency. The beneficial prop-
erties of glyme-based electrolytes have been also reported for
TiO, anodes,*) and have been attributed to the formation of a
less resistive SELMI A similar understanding is lacking so far in
the case of Sn,P;. Moreover, although it is known that the reac-
tion of Na with Sn,P; involves the formation of several Na—-Sn
and Na-P intermediate phases,*! the overall understanding of
the reaction is still poor. X-ray diffraction (XRD) studies have
been performed in order to investigate the sodiation mecha-
nism, however only limited information can be gained due to
partial amorphization but the formation of different sodiated
phases has been reported.’] Obrovac et al. proposed Na;P,
NasSn, and Naj;5Sn, as the possible discharge products, while
Yang et al. found Na;P and Na;sSn, as the discharge prod-
ucts.*?l In some cases, XRD reflections including the ones of
Sn and P could not be detected after desodiation.l*”] Overall, the
analysis is also hampered by the fact that intermediate Na—P
and Na—Sn phases produced upon cycling are easily hydrolyzed
or oxidized during sample preparation or/and transfer for post-
mortem analysis.*d] In this scenario, the use of in situ methods
becomes a very useful strategy.

Herein, we study the properties of a composite anode mate-
rial containing Sn,P; as main active material and nitrogen
doped hard carbon (NHC) as support. NHC has been selected
due to the proven beneficial effect of N-doping on the elec-
tronic conductivity of carbon matrices, which translates in the
improved electrochemical performance, including cycle life, as
comprehensively described in literature."l¥ The preparation of
the composite material is done by ball milling Sn,P; and NHC.
The preparation method leads to a phase mixture containing
Sn,P3, beta Sn, amorphous P, and NHC, which is hence defined
as “SnyP3”/NHC (instead of stoichiometric Sn,P;/NHC)
with an overall composition of “Sn,P3”:NHC = 75:25 wt%.
In combination with the diglyme electrolyte a capacity of
550 mAh gejecrorde © at 50 mA gt and 440 mAh ggeciorge * OVEr
500 cycles (83% of capacity retention) is obtained being a
notable improvement compared to previous studies (contri-
butions of the NHC and the conductive additive being shown
to be negligible). More information on the storage behavior is
obtained from in situ electrochemical dilatometry and in situ
XRD. Moreover, XPS is applied to study the surface film forma-
tion. Overall, the present work reveals several aspects for the
improved electrochemical performance of “Sn,P;” for SIBs in
ether-based electrolytes.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. Sketch of the synthesis path of “Sn,P;” /nitrogen doped hard carbon (NHC). The nominal composition (wt%) of the composite is “Sn,P;":

NHC =75:25 wt%.

2. Results and Discussion

2.1. Synthesis and Structural Characterization

The Sn,P; composite was prepared by simple ball milling
of Sn powder and red P in Ar atmosphere. The resulting
powder was then ball milled with nitrogen-doped hard carbon
(NHC) (75:25 wt%) to produce the “Sn,P;”/NHC composite
(Scheme 1). NHC was prepared by annealing chitosan at 1100 °C
under Ar atmosphere. The detailed experimental method is
described in the Supporting Information.

Figure 1 shows transmission electron microscopy (TEM)
images of the “Sn,P;”/NHC composite. The composite consists
of irregularly shaped submicrometric agglomerates of nanopar-
ticles. Lattice fringes of Sn,P; (107)¥! in Figure 1d and the elec-
tron diffraction information (Figure le,f) from main diffraction
rings corresponding to Sn,P; and document its crystallinity. In
the XRD pattern of the “Sn,P;”/NHC composite (discussed in
later section) Sn,P; and Sn were identified as crystalline phases
which indicated that the Sn,P; phase within the “Sn,P;”/NHC
composite was partially disproportionated to Sn and P (amor-
phous) as a result of the high energy ball milling process. The
electron diffraction information is compatible with this as Sn
shows lattice spacing that are very close to those of Sn,P;. The
TEM images do not show clear regions of NHC suggesting that
NHC and Sn,P; were homogeneously mixed with each other.
This is corroborated from STEM-EDX elemental mapping
(Figure 2), which shows an overlapping distribution of carbon
with Sn and P on sub-micrometer scale.

The as synthesized material has also been characterized by
XRD and XPS. The NHC shows the two very broad (002) and
(101) reflections, respectively at around 26 = 25° and 45° due to
the presence of small graphene domains and their local ordering
(Figure S1, Supporting Information). Similarly, red P shows a
weak broad reflection due to the (013) planes (Figure S1, Sup-
porting Information).’ Figure S1 (Supporting Information) (blue
curve) and Figure 3a shows the XRD pattern of Sn,P;, which
shows a series of defined reflections. All XRD reflections can be
indexed to the Sn,P; phase (Pearson’s number-1910451) based on
the hexagonal space group of R-3m,°” which is in accordance

Adv. Funct. Mater. 2020, 30, 2004798
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to previous results (Table S1, Supporting Information).*3! In
“Sn,P3”/NHC, i.e., after ball milling of Sn,P; with NHC, some
Sn,P; converted to beta-Sn (Pearson’s number-1819724) and

o
=
o

=

@
c
]
-
=

Figure 1. a—c) TEM images of “Sn,P;”/NHC at different magnifications.
d) High-resolution TEM image showing (107) lattice fringes of Sn,Ps.
e) Selected area electron diffraction (SAED) from “Sn,P;”/NHC. The
rings mark the positions of selected strong reflections from Sn,P; that
are well displayed in an f) integrated average intensity profile calculated
from the diffraction ring pattern.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Intensity (a.u.)

carbon

Figure 2. a) STEM-HAADF image and b) EDX mapping of “SnsP3/NHC” showing the overlapping distribution of tin, phosphorous and carbon.
c) EDX spectra with corresponding elemental mapping of d) tin, e) phosphorous and f) carbon.

amorphous P (see Figure 3b). However, the reflections corre-
sponding to amorphous red P could not be distinguished clearly.
The average crystallite sizes were estimated by the Scherrer equa-
tion to be =12 nm for Sn,P; and 16 nm for “Sn,P;”/NHC.

To study the chemical environment of Sn, XPS was carried out
for “Sn,P3”/NHC. The survey spectrum presented in Figure S2a
(Supporting Information) provides clear indication of the
presence of carbon (C), nitrogen (N), tin (Sn), phosphorous
(P), and oxygen (O) in the active composite, without any addi-
tional impurity. The deconvoluted spectrum of the Sn 3d region
(Figure S2b, Supporting Information) shows a pair of peaks at
486.5 eV (Sn 3ds);) and 495.2 eV (Sn 3ds),) for Sn*, indicating
a Sn-O environment.’!l A peak at 484.3 eV is likely due to Sn°
and/or Sn,P;, which shows a metallic Sn-like bonding.”? In
addition, a peak at 492.1 eV corresponding to Sn bound with P,
indicating the coordination of Sn with P in Sn,P; phase. Accord-
ingly, the P 2p spectrum (Figure S2c, Supporting Information)
shows a peak at 128.3 eV corresponding to P coordinated with
Sn.°2 The additional peaks at 132.1 and 1374 eV can be assigned
to P bonding with carbon (C;-P groups)® or some surface
oxygen functional groups and Sn 4s electrons.’¥ Meanwhile,
the nitrogen doping in NHC was confirmed from the deconvo-
luted N 1s spectrum (Figure S2d, Supporting Information). The
nitrogen atoms are predominantly existing as graphitic nitrogen
(400.6 eV). Overall, it can be concluded that some fractions of
Sn,P; are converted into Sn and amorphous P due to the high-
energy ball milling process resulting in a mixture of Sn,P;, Sn
and P phases in the “Sn,P;”/NHC active composite.

2.2. Electrochemical Characterization of “Sn,P;” /NHC

The sodium storage behavior of “Sn,P;”/NHC was evalu-
ated by galvanostatic discharge/charge experiments at
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50 mA g ! (Figure 4). 1 m NaPF; in diglyme (2G) was employed
as electrolyte.

The electrode exhibits an initial discharge capacity around
815 mAh ggjecrroqe - (€€ Table 1) and an ICE of 67.5% (Figure 4a).
The index electrode indicates that the capacity was normal-
ized on the mass of the electroactive components of the elec-
trode, i.e., “SnyP;” (62.5 wt%), NHC (20.8 wt%) and Super P
(16.7 wt%). The low ICE is a combined effect of electrolyte
decomposition (SEI formation), and irreversible trapping of
Na ions in NHC and the conductive additive. As the composite
shows only a low BET surface area of =3 m? g! (Figure S3, Sup-
porting Information), excessive SEI formation due to a large
absolute surface area can be excluded. More relevant is the irre-
versible Na trapping in the carbon-based components of the elec-
trode. NHC and Super P as individual components exhibit ICE
values as low as 54% and 26%, respectively, when cycled under
identical conditions, see Figure S4 (Supporting Information).

Immediate stabilization of the electrode took place from the
second cycle on. The second cycle capacity was 550 mAh gejecirode
with 99.9% Coulomb efficiency. 550 mAh ggecyroqe * corresponds
to 65% of the theoretical capacity of the composite electrode
(842 mAh guecrode ' See calculation in the Supporting Informa-
tion), which indicates that the conversion reaction is incomplete.
As NHC and Super P can contribute with 212 mAh gy ! and
180 mAh g per p* at maximum (Figure S4, Supporting Infor-
mation), their contribution to the capacity in the composite (at
second cycle) is lower than 10% (see Supporting Information),
i.e., most of the capacity is due to “Sn,P3”

Compared to the previously reported values for Sn,P;/C
electrodes (500-900 mAh g, Table S1, Supporting Informa-
tion), the capacity of “Sn,P;”/NHC (550 mAh gecrode ) Used
in this work is lower, which can be related to the high carbon
content. The obtained specific capacity for “Sn,P;”/NHC can be
attributed to the formation of Sn—Na (Na;4Sn,) and Na-P (NasP)

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. a) XRD pattern of Sn,P; and b) XRD pattern of “Sn,P;”"/NHC
(showing also some Sn reflections).

compounds. In fact, the shape of the voltage profile is a direct
indication of the storage mechanism. Well-defined plateaus
are expected to appear for NaySn, particularly in desodiation
while a very sloping profile over the whole voltage window is
found for “Sn,P;”/NHC. Such sloping behavior is characteristic
for disordered carbon and phosphorous, which do not possess
crystallinity. Although, reflections corresponding to the inter-
metallic phases of Na,Sn, are clearly visible during sodiation/
desodiation by in situ XRD that is discussed in the later section.
Overall, the voltage profile indicates that several simultaneous
processes occur during Na storage and release.

To illustrate the benefit of the diglyme-based electrolyte, the
cycling experiments were carried out with carbonate-based elec-
trolytes using solvent mixtures of EC:PC (1:1 vol%) as well as
EC:PC:FEC (2% vol). The results are compared in Figure 4b.
The storage capacity with diglyme (550 mAh ggjecrode V) 1S sig-
nificantly higher compared to when EC:PC (407 mAh ggjecirode )
or EC:PC: FEC (358 mAh gjecroqe ) are used. In general, ether-
based electrolytes provide a stable and favorable SEI, hence
facilitating the charge transfer and storage processes.”® As
shown in Figure 4b, the charging of the cells with carbonate

Adv. Funct. Mater. 2020, 30, 2004798
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electrolytes occurs at higher voltages compared to when the
diglyme electrolyte is used. Such a higher overpotential sug-
gests that the resistance is larger when carbonate electrolytes
are used. This can be directly seen from the offset of around
100 mV at the beginning of charging for the cells with carbonate
electrolytes, see Figure 4b, and is supported by electrochemical
impedance spectroscopy (EIS). Figure S5 (Supporting Informa-
tion) shows impedance spectra upon cycling in the frequency
range of 1 MHz to 10 mHz of two-electrode cells cycled in both
the electrolytes. While for the cell cycled in carbonate electro-
lyte a higher electrolyte conductivity is observed (74 Q com-
pared to 12.1 Q for the diglyme-based electrolyte), the overall
impedance over the probed frequency range is notably higher
for the cell cycled in the carbonate-based electrolyte, which fur-
ther increases upon cycling (a decrease is instead observed for
the diglyme-based electrolyte). In the two-electrode cell set up,
it is worth mentioning that the sodium metal counter electrode
strongly impacts the overall impedance, however, the results
clearly show that the use of the diglyme electrolyte leads to a
much more favorable, i.e., less resistive and more stable SEI.

The cycle life of “Sn,P;”/NHC was also studied with different
electrolytes. Figure 4c shows the results for the EC:PC based
electrolyte with and without FEC additive and the glyme based
system at 500 mA g~! over 300 and 500 cycles, respectively. The
higher specific capacity was obtained using EC:PC reaching
456 mAh gglecrode © in the second cycle. However, rapid capacity
fading is observed reaching 25 mAh g™! after 20 cycles. The
voltage profile of the 100 cycle is reported in Figure S6 (Sup-
porting Information), suggesting carbon super P as the only
active material while “Sn,P;” being inactive. Komaba et al.
showed that FEC as additive can improve the cycle life for Sn
and hard carbon-based electrodes by providing a more stable
SEL[1® Using 2% of this additive, the capacity was much lower
(299 mAh guerode » second cycle) as compared to the pure
EC:PC electrolyte (456 mAh guecoqe V). The stability, however,
was greatly improved leading to 183 mAh g yroae ' after 500
cycles, i.e., retaining 61.2% of its capacity.

The by far best results were obtained for the diglyme electro-
lyte with 535 mAh guecrode - delivered in the second cycle. After
500 cycles, the composite electrode shows a specific capacity
of 440 mAh gecirode ', i.€., 83% of capacity retention. In our
experiments, the cycling stability of Sn,P; (with Super P) and
NHC was also studied separately using 1 m NaPF; in diglyme
as an electrolyte. Due to the absence of NHC, Sn,P; initially
shows a higher capacity (897 mAh gs,4p3 %) than “Sn,P;”/NHC
(731 mAh g.s,4p3 ), see Figure 5a.

However, a rapid capacity fading was observed for the former
(Figure 5b), with almost all the capacity loss occurring within
a few cycles. This attribution is due to poor conductivity of
Sn,P;, evidencing the need for hard carbon in the active com-
posite for achieving stable cycling. Under the same condi-
tions, NHC shows stable cycling with 134 mAh gy being
obtained after 500 cycles with a total capacity retention of 85%.
However, the overall capacity for NHC (134 mAh gy ) is low
as compared to “SnyP3”/NHC (731 mAh gespup3 ) and SnyP;
(897 mAh gg,4p37Y) electrodes (Figure 5a). The rate capability of
the “Sn,P;”/NHC electrode in the diglyme electrolyte was studied
between 50 mA g™ to 2 A g™ for five cycles each, see Figure S7
(Supporting Information). Up to 1 A g7, the storage capacities
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Figure 4. a) Charge—discharge curves of “Sn,P;”/NHC measured at 50 mA g™' using a diglyme-based electrolyte. b) Charge—discharge curves (second
cycle) recorded at 50 mA g™' in different electrolyte solutions. c) Cycling stability evaluated with charge/discharge rates of 500 mA g' for 500 cycles
using different electrolytes. All measurements were conducted in two-electrode cells using Na metal as with Na metal as counter electrode. NaPFg (1 m)
was used as conductive salt in all cases. Capacity values refer to all active components of the electrode (“Sn4P3” NHC, and Super P).

exceeded 400 MAh gjecrode ' At 2 A g1 still 287 mAh gyecirode
were obtained. Finally, when the current was reversed back to
50 mA g, the discharge capacity recovered its starting value of
around 520 mAh g yroqe | demonstrating an excellent stability.

2.3. Postmortem Analysis of “Sn,P;” /[NHC Electrodes

The improved performance of the “Sn,P;”/NHC electrode in
diglyme electrolyte can be understood by analyzing the SEI and
the morphology. SEM (Figure S8, Supporting Information) was
used to study the overall morphology of the electrodes cycled
in diglyme and in EC:PC:FEC electrolytes at 500 mA g for
50 cycles. Subsequently the electrodes were recovered in the
desodiated state and washed to remove electrolyte residuals.

As can be seen in Figure S8c—f (Supporting Information), both
cycled electrodes contain large amounts of polymeric surface
deposits (brighter areas). In case of the diglyme electrolyte
(Figure S8c,d, Supporting Information), these are more homog-
enously distributed, forming a continuous film covering the
particles. In contrast, the surface morphology is much more
inhomogeneous for the electrode cycled in carbonate-based
electrolyte (Figure S8e,f, Supporting Information). Note that
also the pristine electrode shows some minor polymer deposits
which are ascribed to the presence of the PVDF binder, see
Figure S8b (Supporting Information). The content, however, is
much smaller. The formation of a thick surface films on con-
version electrodes is a well-known phenomenon. The thickness
of these films can easily reach several nanometers (200 nm) um
as shown in a previous study on CuO thin films (200 nm).’!

Table 1. Composition of the “Sn,P;”/NHC electrode and contribution of the different components. The theoretical capacity of NHC and Super P was
separately determined, see Supporting Information, and assumed to remain stable during cycling. All contributions were normalized according to

their weight fraction.

Active components in electrode Weight content Theoretical capacity Discharge capacity at first cycle Discharge capacity at second cycle
[%] [mAh g7 [mAh g7 [mAh g7]

“SnyP53” (i.e., SnyP; + beta-Sn + amorphous P) 62.5 708 vz 476

NHC 20.8 44 44 44

Super P 16.7 30 30 30

Total 100 782 815 550
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Figure 5. a) Charge—discharge curves (second cycle) of “Sn,P;”"/NHC,
SnyP3, and NHC measured at 50 mA g™ in 1 M NaPFg in diglyme elec-
trolyte. b) Cycle life test for “SnyP;”/NHC, Sn,P3, and NHC electrodes at
500 mA g for 500 cycles using in 1 M NaPFg in diglyme as electrolyte.
(The capacity for “SnyP3”/NHC, have represented against the total con-
tent of “Sn,P;").

Although (from a classical point of view) the SEI is expected
to be only a few nm thick, these surface films fulfill a similar
function and are therefore often also referred to as SEIL

To get more insights about the composition of the SEI, XPS
was carried out. Figure 6 shows the C 1s spectra of “Sn,P;”/
NHC electrodes before and after cycling. The bare electrode
shows the peaks at 284.9, 286.6, and 288.1 eV corresponding
to C—C/C—H groups, i.e., graphitic carbon and hydrocarbons,
C—0 or C—N and functionalized carbons, respectively. After
cycling with diglyme electrolyte an additional peak at 289.0 eV
was found, corresponding to sodium alkoxide (RCH,ONa),
which is believed to be a main SEI product, i.e., a reduction
product of the diglyme electrolyte.*l In case of the EC:PC:FEC
electrolyte, along with the peak corresponding to RCH,ONa,
another peak at 291.0 eV was observed that can be attributed
to Na,CO;3;/ROCO,Na, which are the reduced products of the
carbonates. The Ols spectrum (Figure 6b) for electrodes cycled
in diglyme shows a dominant peak at 532.6 eV corresponding
again to RCH,ONa (or more generically to R-O-Na). The peak
at 534.4 eV corresponds to a mixture of carbonates and alky-
lcarbonates, i.e., Na,CO3;/ROCO,Na indicating that the SEI
contains a mixture of organic and inorganic compounds. In
case of EC:PC:FEC, the Ols spectrum also shows signals cor-
responding to RCH,ONa and Na,CO3;/ROCO;Na. The intensity
of the latter is however larger, indicating that these compounds
form the dominant phase in the SEI. The Na 1s spectrum cycled
in both diglyme, carbonate-electrolytes (Figure 6¢) shows a peak
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at 1072.3 eV, and F 1s spectrum (Figure S9, Supporting Infor-
mation) showed a peak at 684.9 eV indicating the presence of
Na-F and other sodium compounds including RCH,0ONa and
Na,COs. In Sn 3d spectrum (Figure 6d), a peak corresponding
to the Na auger lines (498.5 eV) can be seen only with cycled
electrodes, indicating the existence of Na based products after
cycling, while the main features of Sn observed for the pristine
electrode disappear upon cycling indicating the formation of a
layer hindering the detection of the electrode’s surface.

According to the C 1s and O 1s spectral regions, the organic
SEI products, i.e., RCH,0ONa, ROCO,Na, and inorganic SEI
products, i.e., Na,CO;, NaF (with marginal intensity) can be
detected in both cases. In the case of the electrode cycled with
EC:PC:FEC electrolyte, the amount of inorganic SEI products is
higher. It has been reported that sodium alkoxides (RCH,ONa)
enhance the Na* transport and are essential for the interfacial
stability in the case of a Bi electrode.® On the other hand,
Wang et al. have theoretically shown that an ether-based solvent
reduces the energy barrier for Na-ion diffusion and therefore
increases the electrochemical performances.’” It is reasonable
to assume that the organic SEI products, i.e., sodium alkoxides,
also reduce the energy barrier for Na-ion diffusion. Overall, the
improved behavior for the diglyme electrolyte is rooted in the
lower Na* diffusion barrier and the better stability of the SEL.[*
The polymeric nature of the SEI as seen from the SEM images
indicates also a structural flexibility, which is a critical para-
meter for electrode reactions involving large volume changes.
Changes in the electrode thickness during cycling are discussed
in the following section.

2.4. In Situ Electrochemical Dilatometry

Considering the large theoretical volume expansion upon full
sodiation of Sn and P (420% for formation of Na4Sn, and 490%
for Na3P) the use of these compounds as bulk phases is unre-
alistic as cycling would lead to contact losses and electrode pul-
verization. Dispersing the active material in conductive carbon
matrixes is an effective strategy to buffer the effective volume
changes at the electrode level as already demonstrated for sev-
eral alloying and conversion-type electrodes'® containing Si,!%"!
Sn,” or SnSb.B¢

To get insights on the volume changes experienced by the
electrode upon cycling, the change of the electrode thickness
upon cycling has been investigated using in situ electrochem-
ical dilatometry (ECD). Results obtained for “Sn,P;”/NHC and
Sn,P; electrodes cycled in diglyme are displayed in Figure 7
and Figure S10 (Supporting Information). While the capacities
measured upon cycling of the in situ ECD cells did not match
those recorded with coin cells, due to the rather different cell
set-up, including a much larger thickness of the electrolyte, the
thickness and voltage profiles are clearly correlated (compare
panel a with ¢ and b with d in Figure 7). The large initial thick-
ness increase experienced by the “Sn,P;”/NHC (Figure 7a) and
Sn,P; (Figure 7b) electrodes is most likely associated with the
rearrangement of particles along with SEI formation. Despite
the large volume expansion for Sn,P; at the material level, the
effective volume change at the electrode level is much smaller.
For the Sn,P; electrode, the effective thickness change is the
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Figure 6. a) Comparison of C Ts spectra b) O 1s spectra c) Na 1s spectra d) Sn 3d spectra of “Sn,P;”/NHC and Sn,P; electrodes cycled in diglyme
and EC:PC:FEC electrolytes.
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range of 11-16.8 pm (first cycle), which corresponds to an
increase of about =53%. Cycling of Sn,P; was hardly possibly
and rapid aging took place. For the “Sn,P;”/NHC electrode,
the average absolute “breathing” of the electrode (second to
fourth cycle) is around 4 um, i.e., the electrode expands around
12% during sodiation (or 14% related to the initial thickness of
29 um). The use of NHC reduces the relative expansion and
improves cycle life, leading to a fairly reversible stability during
cycling. It is worth noting that the “Sn,P;”/NHC electrodes
investigated in this study have an active mass loading in the
range of 1.4-1.7 mg cm™2, corresponding to an areal capacity in
the range of 0.72-0.74 mAh cm™2. Such values are typical for
many academic studies because of the nonoptimized electrode
formulation and preparation. These are also very relevant to
reduce the first cycle ICE, which is related to the large amount
of carbon employed in the electrode.

2.5. In Situ XRD

The sodium storage mechanism has been studied by in situ
XRD. Results are shown in Figure 8a and Figure S11 (Supporting
Information). The voltage profiles obtained with the in situ cell
nearly match the ones obtained with coin cells (Figure S12, Sup-
porting Information). At open circuit voltage (OCV) conditions,
the composite electrode shows clear reflections of SnyP; and
Sn. After sodiation (at 0.005 V), the reflections corresponding
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Figure 8. a) In situ XRD patterns of “Sn,P;”/NHC measured at different
potentials during sodiation and desodiation process in diglyme electro-
lyte. b) In situ XRD patterns of “Sn,P;”/NHC measured at 0.005 V versus
Na*/Na (at fully sodiated state) in diglyme and EC:PC:FEC electrolytes.
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to Sn,P; and Sn at around 30.9°, 31.7°, and 32.3° disappeared,
while some peaks of NajsSn, (32.1°, 33.4°, 35.1°, and 37.6°, Ref-
erence code: 04-004-8571)°!l appeared through the formation of
other intermetallic compounds of Na-Sn (e.g., Na—Sn, Na—Sns,
NagSn,), (Figure 8a and Figure S11, Supporting Information).
On the other hand, the reflections for sodiated compounds of
phosphorous (e.g., NasP) were expected to appear at 36.1° and
370°21 (Reference code: 04-011-9527),%% however, their reflec-
tion is rather weak and a clear assignment is difficult (see
Figure 8b). This is not surprising since conversion reactions in
general lead to an amorphous matrix of sodium phosphides,
oxides, or fluorides of the corresponding starting compound.®¥
Recent NMR studies by Grey et al. provide evidence of Na,;P
formation upon sodiation of black P in electrochemical cells.[®
As stated above that there is no clear evidence for the forma-
tion of Na;P phases when discharging while we claim that Na;P
is formed to balance the electrochemical results. Overall, this
suggests that sodiation of the electrode leads to the formation
of Na;sSny and, possibly Na;P, which are the end members of
the ideal electrode reaction. When the electrode is then desodi-
ated, the reflections corresponding to Na;P and Na;sSn, disap-
pear. While ideally “Sn,P;” should reform during desodiation,
the main reflections appearing correspond to Sn. This is in line
with the capacity values, see Table S1 (Supporting Information).
While almost full capacity is reached during first discharge, the
capacity is lower during charging and the forthcoming cycles.
Intermediate phases such as Na,P, NaP, NaPs, etc. may remain
in the electrode yet these phases were not observed in the XRD
pattern (most likely because of their amorphous nature).[®! In
the second cycle, see Figure S13 (Supporting Information), the
Sn reflections disappear along with appearance of again Na,P
and Na;sSn,. Subsequent desodiation then leads again to dis-
appearance of Na3P and NajsSny along with formation of Sn
(Figure 8a). Although no other charging product could be found
by XRD, the results indicate that the electrode undergoes an
activation in the first cycle, i.e., sodiation of Sn,P; leads to for-
mation of Na;sSn, and Na;P. During cycling, however, “Sn,P;”
does not reform. Instead, Sn and (amorphous) P form during
charging. Overall, the observed pathway matches the one previ-
ously suggested.[*2-4]

(Sodiation at the first cycle)
Sn,P; +24Na* +24e” — Na;sSn, +3Na,P (1)
(sodiation/desodiation at the subsequent cycles)

Na;sSn, <> 4Sn+15Na* +15e” (2)

Na,P <>P+3Na* +3e” A3)

When changing the electrolyte solvent from diglyme to a
EC:PC:FEC mixture, see Figure S14 (Supporting Information),
the overall behavior is similar. However, reflections for Na;sSny
and NasP at fully sodiated state (at 0.005 V versus Na*/Na) and
during desodiation were not as clearly observable as compared
to the diglyme electrolyte (Figure 8b and Figure S14, Supporting
Information).
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3. Conclusion

A composite based on tin, phosphorous, and nitrogen doped
hard carbon (NHC) with the formal composition “Sn,P;”/NHC
(75:25 wt%) was prepared by a two-step ball milling process. In
a first synthesis step, phase pure Sn,P; was prepared from the
elements by reactive ball-milling. In a second stage, the com-
posite was prepared by milling Sn,P; with NHC. During this
step, Sn,P; partly decomposes leading to a Sn and P (hence
the notation “Sn,P;” instead of Sn,Ps3). The storage capacity in
diglyme electrolytes was studied and compared with carbonate
electrolytes with the former electrolyte leading to enhanced
performance. The storage contributions of NHC (as well as the
conductive additive Super P) to the electrode were deconvoluted
and found to be below 10% suggesting that the major benefit
of the carbon arises from embedding the Sn—P active phases
thereby improving cycle life. In combination with the diglyme
electrolyte this provides a capacity of 550 mAh guecrode - at
50 mA g! and 440 mAh ggeciorde - OVer 500 cycles (83% of
capacity retention) being a notable improvement compared to
previous studies. The structural stability of the conversion elec-
trode is also rationalized using in situ electrochemical dilatom-
etry, showing that the electrode “breathes” much less (12-14%
@ 300 mAh g!) as compared to what would be expected from
the bulk phase (490%) and the respective bulk electrode (53%).
In situ XRD shows that the conversion reaction during initial
discharge leads to Na;sSn, and, possibly, Na;P. However, the
original phase mixture does not reform during charging. The
products after charging are Sn and (amorphous) P. Overall,
this study shows that the combination of “Sn,P;” phases with
NHC as carbon matrix leads to high capacity combined with
prolonged cycle life when using ether electrolytes.

4. Experimental Section

Synthesis of “Sn,P3”/NHC: Synthesis of “Sn,P;”"/NHC was done by
a two-step ball milling process. Initially Sn,P; was prepared by milling
of Sn (Alfa Aesar, 99.8% purity) and red phosphorous (P) (Sigma
Aldrich, 99.9% purity) with the molar ratio of 4:3 for 24 h. Accordingly,
Sn (1.6 g) and red P (313 mg) were mixed in zirconium oxide (ZrO,)
coated jar (60 mL) using a planetary ball mill from Fritsch. The mixture
was mechanically milled for 24 h at 400 rpm with a ZrO, ball (8 mm
diameter) to powder ratio of 20:1 under Ar atmosphere. Subsequently,
the as-prepared Sn,P; was mixed with nitrogen-doped hard carbon
(NHC) in a 75:25 mass ratio in a ZrO, coated jar. The powder mixture
was then ball-milled for 24 h under identical experimental conditions.
NHC was prepared by annealing Chitosan (Sigma Aldrich) at 1100 °C by
using a tubular furnace (Nabertherm GmbH) with a heating rate of 5 °C
per min for 3 h in Ar atmosphere (mass flow-10 sccm). After pyrolysis,
the resulting NHC was washed with ethanol and dried at 60 °C.

Material Characterizations: Transmission electron microscopy (TEM)
characterization was carried out with a FEI Tecnai G2 FEG (operating
at 200 kV) equipped with an X-MaxN 80T SDD EDXS system (Oxford).
Samples for the TEM studies were prepared by dispersing the powdered
sample onto a TEM lacey copper grid. EDX elemental maps were acquired
in STEM mode with active drift compensation. XRD measurements were
performed using a Bruker Phaser 2 diffractometer equipped with a Cu
Ker source with 20 kV as operating voltage. Morphological investigations
were carried out by using a SEM (Phenom ProX) operated at 15 kV
accelerating voltage. XPS measurements were performed with a K-alpha
Thermo Fisher Scientific spectrometer using a monochromatic Al Kor
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source. Spectra were analyzed with a Thermo Avantage software. The
electrode thickness was measured by a digital thickness dial gauge
from Kifer Messuhrenfabrik GmbH. Ex situ XPS analysis was carried
out in SPECS UHV system (FOCUS 500 monochromated X-ray source,
PHOIBOS 150 hemispherical energy analyzer with 1D DLD detector)
using the Al-Kox (1486.6 eV) radiation at a base pressure of 1070 mbar.
The measurements were performed using pass energies at the analyzer
of 60 and 30 eV for survey and detail spectra, respectively. Electrodes
were inserted into the XPS vacuum chamber by using an Ar-filled transfer
system. The X-ray photoelectron spectra were calibrated to 284.6 eV
(C—C/C—H bond in carbon super P) for all the spectra.

In situ XRD measurements were carried out on a Bruker D8 Advance
diffractometer by using a home-made airtight stainless-steel cell
equipped with a Be window.®l The electrode slurry was prepared in
1-methylpyrrolidine by mixing with 80 wt% active material, 10 wt% carbon
black Super C65 and 10 wt% PVdF and casted over a beryllium current
collector and dried under vacuum at 120 °C overnight. Na metal was
used as counter electrode and separated from working electrode using a
Whatman GF/D glass fiber separator. The cell assembly was carried out in
a moisture free glove box (H,0 < 0.5 ppm, O, < 0.3 ppm), and 1 M NaPFg
in diglyme or EC:PC:FEC were used as the electrolyte. The electrode was
continuously scanned in Bragg Brentano geometry between 26 = 25° to
80° during the charge and discharge at 0.05 A g™'; one scan lasts for
20 min in both cases.

Electrochemical Measurements: The “Sn,P;”/NHC electrodes were
fabricated by conventional slurry-based method. The active materials,
the binder poly(vinylidene difluoride, PVdF), and the conductive
additive super P carbon black were mixed with a mass ratio of 75:10:15
in N-methyl-2-pyrrolidone (NMP) until a homogeneous slurry was
obtained. Then, the slurry was casted onto Cu foil (carbon-coated) and
dried for 12 h under vacuum at 105 °C. 12 mm diameter electrodes
where punched by using a punching machine. The active mass loading
was in the range of 1.4-1.7 mg cm2. The coin cells (CR2032 Coin Cells
by MTI Corp.) were assembled using “Sn,P;”/NHC as an active anode
material and sodium metal (BASF SE Corporation) as counter electrode
in two-electrode cells inside an argon-filled glove box (<0.1 ppm O,
and H;O0). A T ™ solution of sodium hexafluorophosphate (NaPFg,
Sigma Aldrich) in diethylene glycol dimethyl ether (diglyme, anhydrous
purity >99.5%, Sigma Aldrich) was used as the electrolyte (150 uL).
Whatman glass microfiber filters (GF/A) were used as the separator.
For comparison, a solution of NaPFg (1 M) in ethylene carbonate (EC)/
propylene carbonate (PC) (1:1 vol ratio) was used as a reference system.
Fluoroethylene carbonate (FEC) (2% volume) was also used as the
additive for carbonate-based electrolytes. The cells were tested by using
a Biologic BCS cycler at 25 °C. The cells were galvanostatically charged
and discharged at various current densities from 50 mA g to 2 A g™
in the voltage range 0.005 to 1.0 V versus Na*/Na. Electrochemical
impedance spectroscopy (EIS) measurements were performed in a two-
electrode cell using a SP 200 device from Biologic in the frequency range
of 1 MHz to 10 mHz with an amplitude of 10 mV.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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