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Choosing the right carbon additive is of vital
importance for high-performance Sb-based Na-ion
batteriesT
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Electrodes based on alloying reactions for sodium-ion batteries (NIB) offer high specific capacity but require
bespoken electrode material design to enable high performance stability. This work addresses that issue by
systematically exploring the impact of carbon properties on antimony/carbon composite electrodes for
NIBs. Since the Sb surface is covered by an insulating oxide layer, carbon additives are crucial for the
percolation and electrochemical activity of Sb based anodes. Instead of using complex hybridization
strategies, the ability of mechanical mixing to yield stable high-performance Sb/C sodium-ion battery
(NIB) electrodes is shown. This is only possible by considering the physical, chemical, and structural
features of the carbon phase. A comparison of carbon nanohorns, onion-like carbon, carbon black, and
graphite as conductive additives is given in this work. The best performance is not triggered by the
highest or lowest surface area, and not by highest or lowest heteroatom content, but by the best ability
to homogenously distribute within the Sb matrix. The latter provides an optimum interaction between
carbon and Sb and is best enabled by onion-like carbon. A remarkable rate performance is attained,
electrode cracking caused by volume expansion is successfully prevented, and the homogeneity of the
solid/electrolyte interphase is significantly improved as a result of it. With this composite electrode,
a reversible capacity of 490 mA h g~* at 0.1 A g~* and even 300 mA g~! at 8 A g~* is obtained.
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1. Introduction

Energy storage technologies beyond lithium are of high interest
since the demand for energy storage systems has highly
increased throughout the past few years." When exploiting
lithium sources, the price of the metal will rise as a conse-
quence of the growing electrification.> Sodium is the second-
lightest alkali metal, and it is one of the Earth's most abun-
dant elements. Therefore, sodium-ion batteries (NIBs) are
a promising alternative combining low cost and similar inter-
calation chemistry to that of lithium.** Tremendous efforts have
been made to develop suitable materials for NIB electrodes."**¢
One of the main differences between sodium and lithium-ion
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Additionally, high stability with a capacity retention of 73% over 100 cycles is achieved at charge/

batteries is the intercalation behavior into graphite. Graphite
is successfully used as anode material for commercial lithium-
ion batteries but cannot intercalate Na'-ions.” Due to the
chemical potential of sodium electroplating of the metal on the
surface of graphite is energetically favorable.® Hard carbons are
alternatives to graphite, but have limited de-sodiation capac-
ities of 100-300 mA h g~ ".° Therefore, a class of promising high
capacity materials like tin, phosphorus, or antimony which can
form Na-rich compounds through an alloying reaction was
proposed in the literature.>*™® A key issue of alloy-based
materials is the severe capacity fading, which prevents the
commercialization of such anodes.'>** The main reason for this
fading is the large volume change during sodiation and de-
sodiation, which can lead to aggregations and slower
kinetics.” If the volume expansion is not properly buffered,
a massive pulverization can take place, causing severe cracking
of the electrode.”'* As a result, new surface areas are exposed,
and the solid/electrolyte interphase (SEI) is continuously
restructured. This is a crucial drawback as side reactions
steadily proceed during cycling leading to a low coulombic
efficiency (CE). Furthermore, an inhomogeneous thickness and
composition of the SEI can partly block the charge transfer and
cause a rapid capacity fading.>™"”

This journal is © The Royal Society of Chemistry 2020
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Besides the adjustments of binders and electrolytes, two
main approaches are presented in state-of-the-art literature to
counteract these problems: designing suitable nanostructures
to improve the kinetics, and developing carbon matrices to
buffer the volume changes and offer additional diffusion
paths.12,18—23

Antimony (Sb) is a very common alloy material, which reacts
with sodium to form Na;Sb with a theoretical capacity of
660 mA h g~ '.* Still, this material suffers from high volume
change (~300%)''2°2* slow reaction kinetics during the Na'-ion
insertion and extraction process, and the capacity is fading.”**
The addition of carbon can counteract these drawbacks. Hence,
the influence of carbon is widely discussed, and several
different carbon materials in various concentrations have been
proposed in the literature (Table 1).

A key issue is the difficult comparison of electrode design
operated in various electrochemical systems. For example,
a discrepancy in the work of Qian et al.>® was highlighted by
Darwiche et al.>* for bulk Sb. Qian et al.*® reported that bulk Sb
(100 mesh = 149 pm) in an electrode composition of 80 mass%
Sb, 10 mass% SuperP, and 10 mass% carboxymethyl cellulose
(CMC) do not show comparable stability to their corresponding
Sb/C composite. The bulk Sb electrode degraded during the
initial cycles, whereas a nanocomposite of Sb and acetylene
black obtained from a mechanical ball milling process could
reach a capacity of 610 mA h g~' normalized to the Sb amount.
The work of Darwiche et al.** revealed that bulk Sb (325 mesh =
44 pm) could exhibit similar stability as nanosized Sb. They
presented a bulk Sb electrode combined with a conductive
additive of vapor-grown carbon fibers (VGCF-S) and carbon
black. An electrode composition of 70 mass% Sb, 15 mass%
carbon black/carbon fibers, and 15 mass% CMC was able to
deliver a stable capacity of about 550 mA h g~ * over 160 cycles.

To complicate matters, it is often not clarified in literature if
the added conductive additive is included in the normaliza-
tion.>»***” Since the capacity of SuperP is reported to exceed
150 mA h g~ for NIBs,**?° one must include the carbon additive
to the normalization. Especially the main properties of the
carbon as a conductive additive, buffering matrix, or element
with synergetic added-value cannot be evaluated by comparison
of the current literature. Several different electrolytes, carbon
types, Sb/C compositions, Sb sizes, and morphologies, etc. lead
to an incomparability of these electrochemical systems and
a lack of consistency.

Another study was performed by Ramireddy et al.,”® which
focuses on the amount of carbon and Sb particle size. Different
ratios of Sb and graphite were ball milled, and the resulting
composites were combined in an electrode with SuperP and
CMC with the overall composition of 80 mass% Sb/C, 10 mass%
SuperP, and 10 mass% CMC. The authors concluded that a high
amount of carbon with a small particle size (ca. 1 nm) leads to
the highest cycling stability. However, a loss of energy density
needs to be tolerated when enhancing the amount of graphite.*®
The authors identified important correlations between the
electrochemical performance and the (initial) Sb size, but yet
a systematic investigation focusing on the properties of the
applied carbon is in high demand.

This journal is © The Royal Society of Chemistry 2020

Table 1 Summary of different parameters of Sb/C composites in the state-of-the-art literature®

Capacity/mA h

g 'at

Potential

VS.

C amount in Sb/

C/%

Reference

100 mA g~ !

Normalization

Electrolyte

Total electrode composition

Preparation of Sb/C

Na/Na'/V C type

~630 Cui et al.*

Total mass of Sb

and C*

1 M NaPF, in EC/DMC

Wet synthesis of Sb/C (from Sb- 35% Sb, 45% C, 10% AB, 10%

acetate precursor)

56
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We present a guideline for choosing the right carbon additive
for Sb/C composite electrodes in NIBs. We focus on the exam-
ination of carbon characteristics and their influence on the
electrochemical performance. Therefore, we ensure ideal
conditions for comparability by first adjusting the electrode
composition, electrolyte, and way of normalization. By using six
different carbons with a fixed (optimized) amount of 20 mass%
C, 70 mass% Sb, 10 mass% CMC, we demonstrate that the
properties of the carbon are of essential importance. A facile
mixing process for electrode preparation allows keeping the
integrity of the carbons as well as feasible commercialization.
Our data demonstrate that a conductive additive is enough to be
the only carbonaceous component in an Sb/C electrode, but the
choice of the type of carbon is of vital importance. Since many
carbons have a significant intrinsic specific capacity when
operated in sodium-ion containing electrolytes, we also closely
investigate the influence of normalizing the electrode perfor-
mance just to the Sb content versus normalization to the Sb + C
mass. By variation of different carbon additives, we adjust the
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electrochemical performance and the SEI. When applying 20
mass% onion-like carbon (OLC) with unique characteristics, we
can tune the SEI properties and prevent cracking caused by
volume expansion.

2. Results and discussion

2.1. Sb synthesis and characterization

Antimony nanopowder was obtained by a co-precipitation
method. Fig. 1a and b shows the refined X-ray diffraction
pattern and scanning electron micrographs. All reflexes of the
XRD pattern can be assigned to trigonal Sb with the space group
of R3m (ICSD: 55402) comprised within agglomerated nano-
particles with a size of 10-40 nm (Fig. 1b). Fig. 1c displays the
results obtained from transmission electron microscopy which
verify the SEM findings. A lattice plane distance of 3.11 A was
determined (inset Fig. 1c). The crystallographic planes of
selected-area electron diffraction measurement (Fig. 1d)
confirm the results obtained from XRD. The resulting Sb
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(a) Rietveld-refined diffractogram, including the peak positions of antimony and its crystal structure. As-synthesized Sb powder: (b)

scanning electron micrograph, (c) transmission electron micrograph, (d) selected-area electron diffraction including peak assignment. (e) O 1s
and Sb 3d XPS spectrum of a pristine electrode with 90 mass% synthesized Sb and 10 mass% CMC composition; (f) electrochemical cycling

stability of this electrode at 0.2 A g~
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powder was used to prepare an electrode without carbon (90
mass% synthesized Sb, 10 mass% CMC). In the O 1s and Sb 3d
X-ray photoelectron spectra of the pristine electrode (Fig. 1e),
peaks originating from metallic Sb and Sb** can be found. This
means that the Sb particles are covered by a thin (<10 nm) oxide
layer. Sb as pure metal is electronically conductive, but the
metal oxide layer acts as an insulating layer between the Sb
particles. The result is a high resistance of the electrode and
a very poor electrochemical performance with a capacity close to
zero (Fig. 1f). This is why the presence of a conductive additive is
of vital importance to enable Sb-based NIB electrodes.

2.2. Influence of the carbon amount and normalization

To understand the effect of a carbon additive on the Sb elec-
trode performance, five electrodes with various ratios of Sb and
carbon black (C65) were prepared. For all measurements, the
amount of 10 mass% CMC was kept constant, and the ratios of
Sb/C65 were set to 85/5, 80/10, 75/15, 70/20, and 40/50. The
cycling stabilities of the composite electrodes are illustrated in
Fig. 2a and b with normalization based on either Sb mass or
combined Sb/C65 mass. As reported by Widmaier et al.,*® the
amount and distribution of carbon can severely influence the
electrochemical performance of battery electrodes. Therefore,
an optimized electrical percolation of the electrode can signif-
icantly counteract side reactions with the electrolyte and
enhance the electrochemical kinetics. In accordance, an
increase of stability with higher amount of carbon is also
observed in our case. Additionally, the coulombic efficiency (CE)
is improved when using a larger amount of carbon (Fig. 2d).
Stabilization of the CE reaching >97% is evident when

View Article Online
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increasing the amount of carbon from 15% to 20%. However, by
further addition of carbon, this trend reverses, and the CE
values remain under 95%. CEs higher than 100% for sample 85/
5 and 80/10 are not physically meaningful since almost no
charge (~2 mA h g~ for 85/5 and ~40 mA h g~ for 80/10 after
20 cycles) was stored, and a high error of CE measurement can
be expected. Due to its significant outer surface area (ESI, Table
S1t), C65 undergoes detrimental side reactions. As the amount
of C65 is increased, we see a decline in the CE. This aligns with
the report of Spahr et al.®® that a percolation threshold is
reached by a certain amount of carbon and further addition of
carbon does not further improve the electrode resistivity.>
Since the cycling performance of the 70/20 electrode does not
drastically improve by further C65 addition, we expect that the
percolation threshold is reached. For this reason, a ratio of 70
mass% Sb and 20 mass% C was selected for all follow-up
experiments due to its superior performance.

In Fig. 2a the capacity values are normalized to solely the Sb
mass, whereas a normalization to the total Sb + C65 mass is
given in Fig. 2b. With rising C65 amounts, the distinction
between both normalizations becomes more relevant. After 20
cycles, the 40/50 electrode normalized to Sb reaches a capacity
of 669 mA h g, which even exceeds the theoretical value of
660 mA h g~'. This is probably caused by the capacity contri-
bution of C65. The corresponding capacity of 297 mA h g~ for
this electrode normalized to Sb/C65 is 44% lower as compared
to normalization to Sb mass only.

Similar differences are found when applying different ways
of normalization to various results presented in the literature
(Table 1). For example, Cui et al?' reached 630 mA h g*
normalized to the Sb + C mass. According to our calculations,
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Fig. 2 Electrochemical cycling stability at 0.2 A g~ for different Sb/C65 ratios normalized to (a) the Sb active mass and (b) the Sb/C65 active
mass; (c) corresponding coulombic efficiencies of all composites; (d) magnification of coulombic efficiencies for the Sb/C65 ratios of 75/15, 70/

20, and 40/50.
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Fig. 3 Transmission electron micrographs of (a) C65, (b) SuperP, (c)
KS6L, (d) nanostars, (e) OLC1300V, and (f) OLC1700A.

the maximum capacity with the electrode composition of Cui
et al.? (Table 1) is 396 mA h g~ if Sb would reach its theoretical
capacity, and the carbon could deliver 300 mA h g~ (approxi-
mately the maximum value reported in literature).®* Different
from that, Qian et al”® reported a similar capacity of
610 mA h g~' by normalizing to solely the Sb mass. The
necessity of correct referencing to which mass the normaliza-
tion is applied but also the inclusion of all active components is
highlighted by these examples. Consequently, comparisons to
literature need to be considered carefully, and the normaliza-
tion should be based on Sb and carbon content. Accordingly, all
values are normalized to the combined mass of Sb and C for the
remainder of our work.

2.3. Properties of the conductive carbon materials

We selected six different carbon materials with different char-
acteristics as conductive additives in Sb-based NIB electrodes,
namely, two types of carbon blacks (SuperP and C65), graphite
(KS6L), carbon nanohorns (nanostars), and two types of onion-
like carbons (OLCs). We selected these specific carbon materials
to cover an array of properties, including different size, shape,
surface area, degree of ordering (graphitization), and hetero-
atom concentration (Fig. 4).

Regarding our carbon materials, the following aspects
should be noted. SuperP and C65 are widely used commercial
conductive additives for LIBs and NIBs.'**® These carbons are
reported to impact the electrical resistivity, ionic resistivity, and

6096 | J Mater. Chem. A, 2020, 8, 6092-6104
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electrode density.” SuperP was reported as an anode material
for NIBs due to its ability to insert sodium-ions.>*** Neverthe-
less, their effects as conductive additives were almost solely
studied for LIBs.>***7% KS6L graphite has been applied as
a conductive additive,***® as well as the active material for
LIBs.**** Carbon nanohorns consist of graphene tubes with
horn-shaped tips.*”*® Several thousand linked nanohorns form
nanostructured spherical aggregates, so-called graphene nano-
stars.®® This carbon type has been used as conductive compo-
nent in LIBs or supercapacitors.*® To the best of our knowledge,
such carbon nanohorns have solely been applied in carbon/
phosphorous composites for NIBs.*” Onion-like carbons are
composed of multiple concentric fullerene-like carbon shells.*
A large scale production via annealing of nanodiamonds as
precursor was established by Vladimir Kuznetsov.*' Various
structural properties can be obtained depends on the synthesis
conditions.”” We synthesized two types of OLCs to evaluate the
influence of their different characteristics on the electro-
chemical performance of the Sb/C electrode. Nanodiamonds
were annealed under vacuum at 1300 °C to obtain the
OLC1300V sample, whereas the annealing of the OLC1700A
sample was done at 1700 °C under argon atmosphere which is
known to yield, besides carbon onions, a secondary phase of
multi-layer graphene nanoribbons.*

Transmission electron micrographs in Fig. 3a—f show the
morphology of all six carbon samples. No morphological
difference can be found between C65 and SuperP (Fig. 3a and b).
Both carbons form chain-like networks of round shaped parti-
cles with 20-30 nm diameter. Different from that, KS6L is
composed of micrometer-sized edgy graphite flakes (Fig. 3c). In
Fig. 3d, we see aggregated nanohorns are arranged to 50-
100 nm nanostars with sharp tips forming their exterior shape.
The conical spikes of the nanohorns can be spotted in the high
magnification image of Fig. 3d. An agglomerated network of
carbon onions is seen for both OLC samples on a sub-
micrometer length scale, while the individual OLC particles
exhibit a multi-shell fullerene-like architecture with a diameter
of 5-10 nm (Fig. 3e and f). In contrast to OLC1300V, OLC1700A
shows nanometer-sized carbon onions alongside few-layer gra-
phene nanoribbons.*® The latter originate from carbon redis-
tribution when carrying out the OLC synthesis in an inert
atmosphere at ambient pressure and not in vacuum.*’

Chemical analysis (Table 2) reveals that all samples are
mainly composed of carbon with small amounts of oxygen- and
nitrogen-containing surface functional groups. SuperP carbon

Table 2 Results from elemental analysis of the carbon samples. H or S
were not detected

Sample C/mass% N/mass% O/mass%

C65 98.20 £+ 1.03 — 0.88 + 0.14
KS6L 98.36 + 0.67 0.21 £ 0.01 0.99 £ 0.26
Nanostars 96.38 & 0.49 0.57 £ 0.06 3.13 £1.00
OLC1300V 96.17 + 1.32 1.55 + 0.02 1.14 £ 0.31
OLC1700A 98.79 £ 0.78 0.36 + 0.09 0.83 + 0.22
SuperP 99.00 £+ 0.90 0.35 £ 0.08 0.60 £ 0.04

This journal is © The Royal Society of Chemistry 2020
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Surfacearea/m>g?  [Nanostars| >[0OLC1300V]> >> €65 |=x=[ SuperP |>[ KS6L |
(N, gas sorption) 395 314 223 64 62 24
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Fig. 4 Overview of parameters obtained from GSA, TEM, Raman, and electrochemical analysis (galvanostatic charge/discharge cycling with
potential limitation). The carbons are arranged depending on their properties towards the related characteristic with the corresponding value

below.

has the lowest amount of surface functional groups with 1
mass%, whereas OLC1300V contains 3.83 mass%.

Raman spectra of the carbon samples were recorded and are
shown in Fig. 5a. The D- and G-modes in the area of 1200-
1700 cm ™" appear for each sample at different positions and
with different intensities depending on their structural

a) SuperP
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structural order within the carbon.* A detailed analysis of the
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Fig. 5 (a) Raman spectra of the carbon samples, (b) electrochemical cycling stability at 0.2 A g~ for electrodes composed of 90 mass% of the
respective carbon and 10 mass% CMC; (c and d) the related coulombic efficiencies.
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and Table S2.f A high graphitization is found for KS6L and
OLC1700A due to low Ip/Ig values of 0.2 and 1.2, respectively.
High D- and G-mode FWHM values of 43 cm™ " and 19 cm™ " for
KS6L and both 60 cm™' for OLC1700A correspond to that
finding. The OLC1300V carbon possesses the lowest degree of
graphitization with an Ip/I; ratio of 3.1 and D- and G-mode
FWHM values of 152 cm ™" and 80 cm ™!, respectively.

The specific surface area, pore-volume, and average pore
width (volume-weighted) were determined by nitrogen gas
sorption analysis (GSA), and the data are found in ESI, Fig. S2,
and Table S1.7 OLC1300V and the nanostars possess the high-
est BET surface area (314 m”> ¢~ ' and 395 m” g~ ') as well as the
highest total pore volume (1.06 cm® g ' and 0.71 ecm® g~ ). KS6L
shows the lowest porosity with a total pore volume of 0.05 cm®
g ' and a BET surface area of 24 m> g '. C65 and SuperP
present similar BET surface areas of 64 m> g ' and 62 m”> g
together with similar total pore volumes of 0.12 cm® g~ * and
0.11 cm® g™

Electrodes composed of the respective carbons and 10
mass% CMC were prepared to evaluate the sodium-ion storage
capacities. The de-sodiation capacity for each carbon sample
over 100 cycles is depicted in Fig. 5b. Two groups of carbons do
not show any significant intrinsic de-sodiation capacity:
graphite and carbon onions. KS6L is typical graphite incapable
of sodium ion insertion within its structure in our system.®
Moreover, OLCs are composed of closed carbon shells that do
not offer any possibility for sodium-ion insertion. The capacities
delivered by both OLC samples as well as KS6L are attributed to
physical electrosorption of Na* at the outer surface; accordingly,
we see a higher capacity for the onions (4-8 mA h g~ ') compared
to KS6L (ca. 2 mA h g~ ") considering the higher surface area of
the former (205-286 m> g~ ). All other carbons exhibit the
ability to insert considerable amounts of Na', and SuperP
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delivers the highest de-sodiation capacity of 1770 mA h g~ *. The
Na' insertion mechanism in SuperP has already been studied
elsewhere.®* Atomic thick interlayer spaces of graphite and
voids around defects of graphite can insert sodium-ions. Due to
its similarities, we attribute the measured capacity of around
70 mA h g~ provided by the C65 electrode to a similar sodium
insertion as described for SuperP. Besides that, the carbon
nanostars can insert Na-ions with a resulting initial capacity of
about 80 mAh g .

The CEs for all carbons (Fig. 5¢ and d) remain under a value
of 90%, which indicates a high amount of side reactions. For
carbons that do not insert sodium-ions but have a large surface
area (i.e., both OLCs), the deviation to 100% CE is mainly
attributed to side reactions located at the material surface.
Especially SuperP suffers from side reactions. The CE of SuperP
after 50 cycles persist at ~80%. This irreversibility is attributed
to enclosures of metallic sodium in the pores between the
particles.** Comparable processes are conceivable for the other
carbons which insert Na*. For comparability, an overview of all
carbon characteristics is displayed in Fig. 4. These properties
will be correlated to the electrochemical performance of the Sb/
C composite electrodes in the following.

2.4. Influence of carbon characteristics on Sb/C electrodes

The galvanostatic profiles (ESI, Fig. S41) of the first three cycles
are very similar for all cells. It can be confirmed for all elec-
trodes, that the sodiation takes place through several steps.
Three pronounced plateaus are in-line with previous findings
forming amorphous Na,Sb, crystalline NaSb, and crystalline
Na;Sb during sodiation.>**® This indicates that the fundamental
electrochemical process is not significantly varied by varying the
type of carbon. The coulombic efficiencies of all electrodes are
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Fig. 6 (a) Electrochemical stability at 0.2 A gt and (b) rate performance of the respective Sb/C electrodes; (c and d) coulombic efficiencies.
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Table 3 Resistances of Sb/C electrodes calculated from the IR drop at
4 A g7t Sb/C electrodes were prepared in a ratio of 70 mass% Sb
nanopowder, 20 mass% C of the respective carbon, and 10 mass%
CMC (dry mass)

Electrodes v /A g™ R/Q cm?
Sb/C65 0.456 4 0.515
Sb/SuperP 0.464 4 0.524
Sb/KS6L 1.686 4 1.907
Sb/OLC1300V 0.313 4 0.352
Sb/OLC1700A 0.370 4 0.420
Sb/nanostars 0.505 4 0.569

presented in Fig. 6¢ and d. All coulombic efficiency values are
comparable and do not exceed 98%.

The lowest electrochemical performance is delivered by the
Sb/KS6L electrode, especially at higher specific currents of
0.5 A g~ ' (Fig. 6b). Because of the flaked shape of KS6L and its
considerably large carbon particles, the contact resistance
between the active material and current collector is high. This
hypothesis is confirmed by the highest resistance of 1.907 Q
cm? calculated from the IR drop (Table 3). The large flakes of
KS6L lead to inhomogeneous charge and voltage distribution
with local degradation spots causing electrolyte decomposi-
tion.”™ Even if the graphite itself does not suffer from volume
expansion, with its large and rigid particles, it cannot buffer the
volume expansion of Sb. KS6L is not suitable as a conductive
additive in NIBs, and this conclusion aligns with the literature.*”

C65 and SuperP are the most similar carbons concerning
their appearance and physicochemical properties resumed in
Fig. 4. The main difference is the higher initial de-sodiation
capacity of 170 mA h g~ and the lower CE of SuperP respect

a) Sb/C65 pristine ¥
b S 5, X 1
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to C65. These factors cause inferior electrochemical stability of
Sb/SuperP as compared to Sb/C65 since high storage capacity is
usually connected to high volume changes. This leads to a rapid
contact loss and explains the observed capacity fading for Sb/
SuperP electrode (Fig. 6a).

Carbon nanostars are also capable of sodium-insertion and
have an intrinsic capacity of about 80 mA h g~ !, which is similar
to C65 (~70 mA h g~ '). Fig. 6a and b illustrates that the elec-
trochemical behavior (stability, and de-sodiation capacity) of
Sb/C65 and Sb/nanostars is also similar. Due to its higher
resistance of 0.569 Q cm? the rate handling ability of Sb/
nanostars is inferior to Sb/C65 (0.515 Q cm?, Table 3). This
poorer conductivity is likely attributed to the shape of the
carbon nanohorns with cone-like structures extending beyond
the surface to crates a rough morphology. The latter will reduce
the effective contact area between Sb and carbon particles and
decrease the electric conductivity.

An explanation for the exceptionally high and stable
performance of Sb/OLC1300V can be deduced by comparing the
main differences between OLC1300V and OLC1700A. The OLCs
are both 5-10 nm sized particles, which are expected to provide
excellent contact between carbon and Sb due to their round
shape and smooth surface. However, the pristine electrodes
differ from each other. Sb/OLC1300V consists of sub-
micrometer-sized Sb agglomerates covered by the carbon
particles (Fig. 7c). Thereby, the Sb particles are well distributed
within a carbon matrix. Contrary, in the case of Sb/OLC1700A,
Sb agglomerates are located on top of a carbon/Sb network
(ESL, Fig. S5ct). We explain the lower performance of the latter
by the presence of few-layer graphene nanoribbons physically
attached to individual carbon onions and clusters thereof.
These OLC1700A carbon particles can form sintered clusters

b) Sb/C65 50 cycles

Fig.7 Scanning electron micrographs of (a) pristine Sb/C65, (b) Sb/C65 after 50 cycles, (c) pristine Sb/OLC1300V and (d) Sb/OLC1300V after 50

cycles.
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due to a higher pressure and temperature applied during
annealing as compared to the synthesis of OLC1300V. This
difference reduces the ability of OLC1700A to disperse within
the Sb-matrix with the same homogeneity as OLC1300V.
Accordingly, the sample with the best distribution of the current
around the active material particles results in the highest
conductivity (Table 3) and the best rate performance of
OLC1300V (Fig. 6b). Optimized conductive paths allow
a homogenous charge transfer at the surface of the Sb particles.
A larger volume of Sb becomes, active causing the highest de-
sodiation capacity (Fig. 6a). The inhomogeneity of Sb/
OLC1700A leads to poor buffering performance and electrode
cracking (ESI, Fig. S5d7). Besides the morphology, OLC1700A is
highly graphitic with a lower degree of heteroatoms and defects
compared to OLC1300V. Consequently, OLC1700A is presum-
ably more inert towards reactions with the electrolyte or the
active material. Disordered parts and impurities could catalyze
the chemical reactions leading to an improved SEI, better-
buffering effects, and better interaction between the active
material and carbon.

All electrodes suffer from cracking after cycling (Fig. 7b and
ESI, Fig. S5b, d, f, ht) caused by the Sb volume expansion. Sb/
OLC1300V electrode (Fig. 7d) is the only exception and has
also the best rate capability, highest conductivity, and highest
capacity. For comparison, scanning electron micrographs of Sb/
C65 and Sb/OLC1300V before and after cycling are reported in
Fig. 7. The pristine electrodes (Fig. 7a and c) do not differ
significantly. Still, the particles are unevenly dispersed, and
several cracks are apparent. A massive change of the electrodes
after 50 cycles can be observed. Cracking occurs for all elec-
trodes across the entire area (Fig. 7b and ESI, Fig. S5b, d, f, h¥)
with the noticeable exception of Sb/OLC1300V (Fig. 7d). Crack
formation leads to the disruption of conductive pathways. No
cracks are apparent for Sb/OLC1300V, and conductive paths
were not affected for Sb/OLC1300V during cycling. The Sb/
OLC1300V electrode was able to attain 300 mA h g~ ' even at
8 A g~', which is remarkable when considering the slow reac-
tion kinetics usually associated with alloy materials.*>>%>*

We then recorded the X-ray photoelectron emission spectra
of the cycled Sb/C composite electrodes for a better under-
standing of the electrode properties. The XPS data can be seen
in Fig. 8 and ESI, Fig. 57,1 and the data are in agreement with
the works of Darwiche et al.'® and Bodenes et al.*® The SEI layers
of all electrodes are composed of the same carbonaceous
species in different amounts. C 1s, O 1s, and Sb 3d spectra can
be found in ESI, Fig. S7.7 Fig. 8 shows the amount of metallic Sb
in the cycled and de-sodiated electrodes. Metallic Sb is found
for each sample except from OLC1300V. XPS is a surface-
sensitive technique that only probes about 10 nm of the
upper sample layer. Hence, the absence of metallic Sb means
that the entire Sb/OLC1300V electrode is covered by a homoge-
nous SEI during cycling, whereas the other samples exhibit SEI
free parts. Such an observation is in accordance with the SEM
illustrations in Fig. 7, ESI, Fig. S5 and S6.t It is conceivable that
the SEI-free parts are in the cracked areas. Most probably, the
volume expansion and the resultant electrode cracking leads to
bare areas of the electrodes where side reactions take place
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Fig. 8 Amounts of metallic Sb in Sb/C electrodes obtained from X-ray
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primarily due to a missing SEI. These effects favor a faster
capacity fading of the electrodes.

Our data demonstrate that the carbon properties are of vital
importance for the performance of Sb/C electrodes in a NIB. We
also can derive important design guidelines for high-
performance Sb/C electrodes. Based on the carbon character-
istics (Fig. 4), electrochemical studies (Fig. 6, and ESI, Fig. S47),
and the subsequent analytics (Fig. 7, 8 and ESI, Fig. S5-S77), we
were able to elaborate crucial properties of the carbon additives
to enable high rate and high stability performance of Sb/C
electrodes. The ability to insert sodium counteracts the buff-
ering feature of the carbon, as can be seen for SuperP con-
taining electrodes. The particle morphology should allow good
contact between the carbon and the active material. Thus,
a round shape as provided by OLCs or SuperP and C65 is pref-
erable to the spikey surface of nanostars or the large graphite
flakes of KS6L. A high pore volume and surface area lead to an
enlarged electrode/electrolyte interface. This interface is of high
importance as it controls the charge transfer, SEI formation, CE,
and stability of the battery.*® Further, nanosized carbon can
enable high distribution and percolation of the electrode, since
it can fill inter-particle voids between the active material parti-
cles. We further observe that low graphitization, together with
a high amount of impurities is beneficial for improved elec-
trochemical performance. A possible explanation could be that
OLC1300V, with its partially disordered structure, can act as
a crystallization seed to obtain the special electrode and SEI
morphology after cycling (Fig. 7d). It is well known that a high
number of defects can lead to a homogenous and mechanically
more stable SEL.** The Sb/OLC1300V electrode after cycling is
covered by a very uniform SEI layer, which supports this
hypothesis. Additionally, the absence of cracks indicates that
either the volume expansion is effectively buffered or the
mechanical stability of the SEI prevents crack formation.

3. Conclusions

Due to the inconsistencies and lacking knowledge of the role of
the carbon in composite electrodes, a systematic study of six
different carbon materials was performed. We first highlight the
importance of normalization for comparability for carbon-
containing  composite  electrodes. All  carbonaceous
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components in an electrode could store sodium-ions, as we
have demonstrated by probing different pure carbon electrodes.
Therefore, the normalization of Sb-based electrodes must
include the mass of the entire Sb/C composite.

Further, we demonstrated that a minimum amount of
carbon is necessary for an Sb based electrode to store sodium-
ions. Sb particles are covered by a thin insulating oxide layer,
which enhances the electrode resistance and hinders the elec-
trochemical charge storage. Nanosized carbon offers a conduc-
tive matrix with embedded Sb particles. We found that an
amount of 20 mass% carbon is sufficient to enable a well-
percolated electrode with a stable electrochemical perfor-
mance. A simple and inexpensive mechanical mixing of the
active Sb material, conductive carbon, and the binder solution
leads to comparable electrochemical performance in contrast to
complex Sb/C nanocomposite synthesis found elsewhere in the
literature.>**"-

Finally, we provide a basis on which the influence of carbon
characteristics was systematically evaluated. By consideration of
different carbon morphologies, sizes, amounts of impurities,
graphitization, surface areas, pore volumes, and the electro-
chemical activity of the carbons, we identified the aspects which
are beneficial and improve the electrochemistry of Sb/C elec-
trodes. If the carbon can insert Na*-ions, the connected volume
expansion will disrupt the buffering feature and lead to elec-
trode cracking. High purity of the carbon and well-developed
graphitization are found to be disadvantageous properties of
carbon additives. Carbons with such properties are more inert
towards reactions with the electrolyte or the active material.
Disordered parts and heteroatoms could catalyze the chemical
reactions leading to an improved SEI In addition, nanosized
carbon with round-shaped particles is estimated to offer the
best percolation of the electrode as it homogeneously covers the
agglomerated Sb particles. This leads to an improved distribu-
tion of the current around the active material particles resulting
in high conductivity and superior rate performance. Such
characteristics can be achieved with onion-like carbon synthe-
sized at 1300 °C under vacuum by nanodiamond deposition. Sb/
OLC1300V electrodes show virtually no cracks and a very
uniform SEI after electrochemical cycling. An Sb/OLC1300V
electrode can attain 490 mA h g' at 0.1 A g ' and
300 mAhg 'at8Ag ', which is remarkable when considering
the slow reaction kinetics usually associated with alloy mate-
rials."”?*?* The optimized conductive paths allow a homogenous
charge percolation at the surface of the Sb particle. A large
volume of the active particle is sodiated, causing a high de-
sodiation capacity and high stability at 0.2 A g~' over 100
cycles. Compared to the literature given in Table 1 our elec-
trodes exceed most of the stated values if normalized to the Sb
mass (630 mAhg 'at0.1Ag 'and386mAhg 'at8Ag ).
Additionally, we use a lower amount of carbon (20%) compared
to other studies. Therefore, we are able to compete with the
results stated in state-of-the-art-literature, providing simpler
processing and less carbon amounts in our study. These find-
ings are expected to apply also to other alloy anodes for NIBs
and should serve as important guidelines for the design of high-
performance electrodes.

This journal is © The Royal Society of Chemistry 2020
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4. Experimental section

4.1. Antimony nanopowder synthesis

The synthesis of Sb nanopowder was previously described
elsewhere.”” For our work, the parameters given in literature
were optimized by using an excess of sodium borohydride
(NaBH,, Sigma Aldrich) as a reducing agent. 1.216 g NaBH,
was dissolved in 400 mL ethanol in a beaker. 2.244 g antimony
chloride (SbCls, Sigma Aldrich) dissolved in 100 mL ethanol
was added dropwise to the NaBH, solution under stirring at
room temperature. The resultant black mixture was reacted
for another hour and afterward sonicated for ten minutes.
The Sb particles were filtered under vacuum and washed with
ethanol and water. Thereafter, the black powder was dried at
80 °C for 4 h.

4.2. Carbon additives

Six different carbon compounds were compared as conductive
additives for Sb based anodes. Carbon black C-NERGY C65,
SuperP carbon black, and KS6L graphite were obtained from
Imerys Graphite & Carbon. Graphene nanostars were received
from Graphene Supermarket. The OLCs were synthesized by
annealing high-purity detonation nanodiamond powder
(NaBond) either in an inert atmosphere (argon) at 1700 °C
(OLC1700A) or in vacuum at 1300 °C (OLC1300V).** The carbo-
naceous additives will be labeled C65, SuperP, KS6L, nanostars,
OLC1700A, and OLC1300V.

4.3. Electrolytes

The preparation and handling of the electrolyte solvents and
salts were conducted in an argon-filled glovebox (MBraun, O,
H,0 < 0.5 ppm). The sodium salt was dried under vacuum at
80 °C for 48 h. Two different organic electrolytes were
prepared: 1 M sodium perchlorate (NaClO,, Alfa Aesar, >99%
purity) was dissolved in a mixture of 1 : 1 (by mass) ethylene
carbonate (EC, Sigma Aldrich, =99% purity) and dimethyl
carbonate (DMC, Sigma Aldrich, =99% purity), respectively.
As an additional electrolyte, 5 mass% fluoroethylene
carbonate (FEC, Sigma Aldrich, 99% purity) was added to the
previous mixture. The addition of FEC was proposed to be
beneficial for the stability of Sb/C electrodes due to a better
composition of the SEI layer.>***** We demonstrate that not
only the SEI of the Sb/C is stabilized but also the sodium
metal reference and counter electrodes are protected towards
side reactions with the electrolyte (ESI, Fig. S1t).** For all
other electrochemical measurements in this work, the FEC
containing electrolyte is used. Both prepared electrolytes were
examined via Karl-Fischer titration and were found to contain
less than 25 ppm water.

4.4. Optical characterization

For visual analysis of the Na reactivity, 0.25 g Na metal pieces
(Alfa Aesar, 99.95% purity) were thoroughly cleaned by scraping
the surface layer of the metal with a scalpel in the argon-filled
glove box to avoid any impurities of the metal. These shiny

J. Mater. Chem. A, 2020, 8, 6092-6104 | 6101


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ta00254b

Open Access Article. Published on 07 March 2020. Downloaded on 11/9/2021 6:49:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

metal pieces were added to 5 mL of both electrolytes. Pictures
were recorded immediately after the addition of the metal and
three days later (ESI, Fig. S1+).

4.5. Electrode materials and preparation

Pure carbon (C) working electrodes were obtained with a ratio of
90 mass% C, and 10 mass% carboxymethyl cellulose (CMC,
DS = 0.7, M,, = 250 000, Sigma Aldrich) dissolved in water and
ethanol (1 : 1 mass ratio) following the subsequently described
mixing steps.

Sb/C working electrodes were prepared by mixing Sb
powders with the conductive carbon additive and 10 mass%
CMC in a DAC150.1 FVZ speed-mixer from Hauschild. First, the
amount of C65 (5 mass%, 10 mass%, 15 mass%, 20 mass%, and
50 mass%) was varied to determine the appropriate ratio for
stable cycling of Sb and C. Subsequently, the type of carbon was
varied keeping a composition of 70 mass% Sb, 20 mass% C, and
10 mass% CMC. The electrodes with the corresponding carbon
will be assigned to as Sb/C65, Sb/SuperP, Sb/KS6L, Sb/
nanostars, Sb/OLC1300V, and Sb/OLC1700A.

The Sb powder and carbons were first dry-mixed at 1000 rpm
for 5 min. Then, the water/ethanol solution was added to obtain
a viscous paste. This paste was again mixed at 1500 rpm for
10 min following 2500 rpm for 10 min. After 10 min of soni-
cation, the paste was again mixed at 2500 rpm for 10 min before
adding the binder solution (3 mass% CMC in water). The last
mixing step was conducted at 800 rpm for 10 min. The slurries
were doctor bladed on an aluminum foil and dried for three
days at ambient conditions. Subsequently, the electrodes were
punched out with a 12 mm diameter and transferred into
a vacuum oven inside an Ar-filled glovebox. Finally, a vacuum
drying step at 120 °C for 12 h was conducted. The thickness of
the dried electrodes was typically 30-40 um with a mass loading
of 3 + 1 mg cm ™ (the full electrode mass, including the current
collector, was 7 + 1 mg cm ™ 2).

4.6. Cell preparation and electrochemical characterization

Custom-built polyether ether ketone (PEEK) cells with spring-
loaded titanium pistons as a three-electrode system were used
for electrochemical testing as described in ref. 52. After drying
all cell parts at 120 °C, the cells were assembled inside an Ar-
filled glovebox. When using sodium metal as a counter and
a reference electrode, great importance was paid to the prepa-
ration as proposed in ref. 53. The oxide layer was removed
thoroughly with particular care to obtain a smooth Na metal
surface and to avoid inhomogeneity and impurities. The
counter electrodes were pressed to a uniform thickness of 1
mm. 12 mm diameter sodium disc counter electrodes, and the
working electrodes were separated by a 13 mm diameter
vacuum dried glass-fiber disc (Whatman GF/D). Cells that were
cycled for XPS and SEM analysis were additionally separated by
a cellulose separator (Nippon Kodoshi). This separator was
placed on top of the working electrode to avoid the adhesion of
glass fibers on the surface. A copper foil current collector was
placed on the backside of each counter electrode. The Na-
reference was placed on a compressed glass fiber separator
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(GF/D, from Whatman) in a cavity close to the working
electrode/counter electrode stack and contacted by a titanium
wire. The cells were vacuum filled with the electrolyte.

Electrochemical measurements were carried out in a climate
chamber at 25 °C using a VMP3 multi-channel potentiostat/
galvanostat (Bio-logic Science Instrument), equipped with the
EC-Lab software. Galvanostatic charge/discharge cycling with
potential limitation (GCPL) experiments was performed in
avoltage window of 0.1-2.0 V vs. Na/Na " with a charge/discharge
current of 200 mA g~ . The cycling stability measurements were
stopped after 100 cycles. Cells that were prepared for XPS and
SEM analysis were stopped after 50 cycles in the de-sodiated
state. Half-cell rate capability measurements were conducted
at currents between 100 mA g~ " and 8 A g~ ' (same rates for
charge and discharge).

4.7. Electrode and materials characterization

X-ray diffraction (XRD) measurements of the Sb powder were
performed with an STOE STADI P diffractometer (Mo-Ka-radi-
ation, 2 = 0.7093 A) in rotating capillary transmission mode. For
phase identification, the ICSD database was utilized.

Raman spectra were recorded with a Renishaw inVia Raman
Microscope equipped with an Nd-YAG laser with an excitation
wavelength of 532 nm and a power of 0.05 mW at the surface of
the sample, using an objective lens with a numeric aperture of
0.75. Ten different spots from each of the samples were recor-
ded with 5 accumulations and 30 s acquisition time. All spectra
were normalized to 100%, and fitting of the carbon signal was
achieved assuming Voigt peak profiles for the D-mode, G-mode.

Nitrogen gas sorption analysis (GSA) was conducted to
obtain a specific surface area (SSA), and pore volume of the
samples. We carried out the measurements with a Quantach-
rome iQ system using nitrogen gas at —196 °C. Prior to the
measurements, the powder samples were degassed at 250 °C
and 10 Pa for 12 h. The SSA was calculated using the Brunauer-
Emmett-Teller (BET) equation in the linear pressure range and
the quenched solid density functional theory (QSDFT) by
assuming slit-shaped pores with the ASiQwin-software. The
values for the total pore volume were obtained at a relative
pressure of P/P, = 0.95.

The carbon morphology was characterized by scanning
electron microscopy (SEM) using a JEOL JSM 7500F at an
acceleration voltage of 3 kV. SEM measurements of the elec-
trodes were conducted by a thermal field emission scanning
electron microscope (FESEM, Carl Zeiss SMT AG) at an accel-
eration voltage of 5 kV. The samples were fixed on a steel sample
holder by using carbon sticky tape.

Transmission electron microscopy (TEM) and selected area
diffraction (SAED) investigations were carried out by using
a JEOL JEM-2100F instrument operated at 200 kV. The sample
was dispersed in ethanol through sonication for 5 min and
drop-casted onto a copper grid with a lacy carbon film. Secanning
TEM (STEM) was performed on a probe-corrected FEI Titan
Themis 60-300 X-FEG S/TEM instrument operated at 300 kV
equipped with an FEI Super-X windowless EDX system with 4
synchronized silicon drift detectors from Bruker. For all these
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measurements, the samples were dispersed in isopropanol or
ethanol through sonication for 2 min and drop-casted onto
a copper grid with a lacey carbon film.

For the XPS analysis, the Sb/C composite electrodes were
charged-discharged 50 times and stopped in the de-sodiated
state at 2.0 V vs. Na/Na'. The potential was held for 2 h. The
cells were then transferred to an Ar-filled glovebox for disas-
sembly. The electrodes were removed and rinsed with DMC
prior to XPS measurements. X-ray photoemission measure-
ments were performed using a K-Alpha XPS spectrometer from
Thermo Fisher Scientific (East Grinstead). The samples were
illuminated with monochromatic Al-Ka X-rays with a spot size
of about 400 pm. The photoelectrons were detected with
a hemispherical 180 dual focus analyzer with 128 channel
detectors. To prevent any localized charge buildup, the K-Alpha
charge compensation system was employed during analysis,
using electrons of 8 eV energy and low-energy argon ions. The
Thermo Avantage software was used for data acquisition and
processing.> The spectra were fitted with one or more Voigt
profiles (binding energy uncertainty: +0.2 eV). All spectra were
referenced to the C 1s peak of hydrocarbon at 285.0 eV binding
energy controlled by means of the well-known photoelectron
peaks of metallic Cu, Ag, and Au.
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