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high electronic conductivity. The CoS,-C/CNT nanocompo-
site provides excellent bifunctional energy storage perform-
ance, delivering 1030 mAh g~' after 120 cycles and 403 mAh g ' after 200 cycles (at 100 mA g~') as electrode for lithium-
ion (LIBs) and sodium-ion batteries (SIBs), respectively. In addition to these high capacities, the electrodes show
outstanding rate capability and excellent long-term cycling stability with a capacity retention of 80% after 500 cycles for
LIBs and 90% after 200 cycles for SIBs. In situ X-ray diffraction reveals a significant contribution of the partially
graphitized carbon to the lithium and at least in part also for the sodium storage and the report of a two-step conversion
reaction mechanism of CoS,, eventually forming metallic Co and Li,S/Na,S. Particularly the lithium storage capability at
elevated (dis-)charge rates, however, appears to be substantially pseudocapacitive, thus benefiting from the highly porous
nature of the nanocomposite.
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Scheme 1. Schematic drawing of the formation process to obtain the CoS,-C/CNTs nanocomposite.
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To address LIBs’/SIBs’ issues, many alternative electrode
materials have been developed during the past decade, such as
transition metal oxides/sulfides/phosphides, even metal phos-
phonates.””® Transition metal sulfides (TMSs, e.g., FeS,, CoS,,
MnS, ZnS, and MoS,) are promising alternative active materials,
as they provide improved safety and higher theoretical capacity,
arising from the conversion reaction, which leads to the
formation of metallic TM and Li/Na sulfides.” Compared to
other conversion materials such as oxides, the metal—sulfur
bonds are more easily broken during the conversion reaction
with lithium or sodium, thus promising enhanced reaction
kinetics.” Among the different TMSs, substantial research efforts
have been devoted to cobalt disulfide (CoS,) as an ideal model
compound for both lithium and sodium storage, providing a
large theoretical capacity (870 mAh g~' for both LIBs and SIBs)
and high conductivity.® Nevertheless, CoS,-based anodes—
just like other transition metal sulfides—suffer from serious
drawbacks such as (i) severe volume variation upon repeated
(de)lithiation or (de)sodiation, resulting in electrode pulveriza-
tion and, thus, poor cycling stability, and (ii) rapid specific
capacity fading due to polysulfide dissolution in the electro-
lyte."” In order to improve the electrochemical performance of
metal sulfide-based electrodes, many strategies have been
proposed. According to previous works, downsizing the metal
sulfide particles to the nanoscale could significantly reduce the
mechanical stress associated with the conversion reaction, thus
relieving the pulverization issue.'”"" Most importantly, employ-
ing a porous carbon matrix (e.g., graphene or carbon nanotubes;
CNTs) to host the TMS nanoparticles or embedding them in a
carbon shell could further improve the electrochemical
performance by increasing the electronic conductivity, captur-
ing/adsorbing the polysulfide intermediates, and avoiding the
agglomeration of the TMS nanoparticles.”””'*"? In addition, the
use of a carbonaceous structure can also lead to (i) reduced
diffusion pathways for ions and (ii) improved flexibility to
compensate the volume expansion, thus improving both cyclin:
stability and reversibility of the conversion reaction.””*'
According to these benefits, the fabrication of composite
materials by embedding, for instance, nanoscale CoS, particles
in a carbon matrix is an appealing approach to improve both LIB
and SIB performance.

Metal organic frameworks (MOFs), a class of porous
inorganic—organic hybrid materials, have been widely employed
for many applications (e.g., gas separation/storage, drug delivery,
and catalysis) because of their high surface area, porous
structure, and large pore volume.'’~" Especially in energy
storage, previously reported works have demonstrated that
MOFs can act as template precursors for the synthesis of micro/
nanostructured active materials, such as porous carbons with
metal or metal oxide/sulfide composite materials.'* Further-
more, through the optimization of annealing conditions,
advanced micro/nanostructures could be obtained. Prime
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examples are MOF-based metal nanoparticles uniformly
embedded in a porous carbon matrix linked by CNTs.">"
Therefore, it is a promising strategy to prepare a composite of
nanostructured CoS, embedded in carbon by using a single Co-
based MOF as precursor, e.g, zeolitic imidazolate frameworks-
67 (ZIF-67), which is rich in carbon and metallic cobalt and
easily synthesized.'® Wang et al. first developed a self-templated
method (ZIF-67 as template) for the preparation of porous
CoS,/C micro-polyhedrons that delivered an initial reversible
capacity of approximately 700 mAh ¢! and a capacity of 560
mAh g™ (50th cycle) at a specific current of 100 mA g~ in
LIBs."” However, these electrodes showed a relatively low
capacity and poor cycling stability (below 80% capacity
retention after SO cycles), possibly arising from the low
conductivity of the carbon matrix. Using the same ZIF-67 as
the parental compound, Lou and co-workers reported a hollow
Co/C nanohybrid with CNTs by introducing reducing gas (H,)
during the annealing step.12 The resulting CoS,/C exhibits
improved LIB performance due to the high graphitization
degree. Li et al. also fabricated “dragon fruit”-like nanostructured
CoS,/C from ZIF-67, which could maintain a capacity of 510
mAh g~! (~90% capacity retention) after 100 cycles as anode for
SIBs.'” Despite these continuous improvements, it is still a great
challenge to fabricate advanced nanostructured CoS,/C
composites, especially including highly conductive CNT
networks using a facile method, and simultaneously meeting
both LIBs” and SIBs’ demands.

In the present work, we report an efficient and high-yield two-
step synthesis starting from a ZIF-67 precursor. The fabrication
route leads to CoS,-C/CNT composites where uniform CoS,
nanoparticles are embedded in a porous carbonaceous micro-
polyhedron framework that is interwoven by CNTs. Interest-
ingly, the highly conductive CNT network is generated by direct
annealing in a N, atmosphere without introducing any reducing
gas and/or auxiliary agents.'”'® We intensively investigated the
physicochemical characteristics and the electrochemical per-
formance of this composite. As a result of the combination of
many favorable characteristics, including a pore structure and
optimized graphitization degree of the incorporated carbon, the
as-obtained CoS,-C/CNT nanocomposite shows excellent
bifunctional energy storage performance as anode material for
LIBs and SIBs. Moreover, we demonstrate that the significant
pseudocapacitive charge storage leads to an improved charge
transfer rate during the (de)lithiation process, while the
performance in SIBs is enhanced by substituting the commonly
used carbonate-based electrolyte with an ether-based one
(dimethoxyethane (DME)). Finally, the underlying reaction
mechanism and the corresponding structural transitions upon
(de)lithiation and (de)sodiation are studied via in situ X-ray
diffraction (XRD), and a multistep conversion mechanism is
proposed for both cationic charge carriers.
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RESULTS AND DISCUSSION

Synthesis and Characterization of CoS,-C/CNT. The
two-step synthesis process for obtaining the CoS,-C/CNT
nanocomposite is illustrated in Scheme 1. As described in detail
in the Methods section, the ZIF-67 precursor was synthesized by
co-precipitation of 2-methylimidizole with divalent cobalt
nitrate in methanol.

Scanning electron microscopy (SEM) images show the
uniform rhombic dodecahedron morphology and the smooth
particle surface of the precursor (see Figure 1a). The solid inner

Figure 1. Morphological and structural features of the ZIF-67
precursor and the Co-C/CNT intermediate; SEM and (HR)TEM
images of ZIF-67 (a, b) and Co-C/CNT (c—f); the lattice fringes
highlighted in (f) are in good agreement with the JCPDS reference
card no. 15-0806 for metallic cobalt and the characteristic (002)
interlayer spacing for graphitic carbon.

structure of these micro-polyhedrons with an average size of
about 300 nm is revealed by means of transmission electron
microscopy (TEM, Figure 1b). In the first step of the synthesis,
ZIF-67 is converted into a Co/C composite including also
CNTs (Co-C/CNT). Accordingly, this step includes two
subprocesses: (i) the generation and nucleation of uniform
metallic Co nanoparticles and (ii) the formation of CNTs on the
surface of the micro-polyhedrons and graphitized carbon (both
carbon sources are derived from the organic ligands), catalyzed
by the highly active metallic Co nanocatalyst and promoted by
long-time calcination at relatively high temperature.'””° The
powder XRD pattern in Figure S1 confirms that the intermediate
is composed of metallic Co and graphitized carbon.

Further morphological and structural information are
obtained from SEM and TEM analysis. The SEM images
displayed in Figure 1lc,d show that the Co-C/CNT composite
retains the original size and micro-polyhedron shape of the ZIF-
67 precursor, although a much rougher surface is obtained after
annealing. Interestingly, the micro-polyhedron particles appear
entangled in a network of CNT's with an outer diameter of ca. 15
nm. From the TEM micrograph (Figure le), the metallic Co
nanoparticles are homogeneously dispersed within the micro-
polyhedron carbon particles, which, in turn, are connected by
the CNTs.'”"® Meanwhile, a statistical TEM analysis of the
particle size, presented in Figure S2a and b, revealed that the
metallic Co nanoparticles have a size of ca. 20—26 nm, indicating
a slight particle agglomeration, probably due to the high
annealing temperature of the pure Co-based ZIFs.'”'® However,
the dark metallic Co nanoparticles are uniformly coated by a thin
graphitized carbon layer (with the d-spacing of 0.34 nm
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corresponding to the C(002) plane, as shown in Figure 1f).
The encapsulated dark nanoparticles with interlayer distances of
~0.2 and ~0.17 nm could be attributed to the (111) and (200)
lattice planes of cubic metallic Co (JCPDS card no. 15-0806),
respectively.

Next, in order to obtain electrochemically active CoS,, the
Co-C/CNT composite was oxidized with elemental sulfur under
mild conditions."” The powder XRD pattern shown in Figure 2
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Figure 2. Powder XRD pattern of CoS,-C/CNT. The references for
CoS, (JCPDS card no. 89-3056) and graphite (JCPDS card no. 75-
1621) are shown at the bottom.

is consistent with cubic CoS, (JCPDS card no. 89-3056) and
graphitic carbon (JCPDS card no. 75-1621). Accordingly, the
final product is denoted as CoS,-C/CNT. We may note that the
sample contains also some elemental sulfur according to the X-
ray photoelectron spectroscopy (XPS) analysis (Figure S3), at
least at the sample surface, which did not react with the
contained metallic cobalt. To further analyze the nano-
composite, we employed SEM and TEM (Figure 3). According
to Figure 3a, the CoS,-C/CNT particles have a rather uniform
micro-polyhedron shape, indicating that the original shape of the
parent compounds (i.e., the initial ZIF-67 precursor and the Co-
C/CNT intermediate) is retained. The SEM images collected at
higher magnification (Figure 3b,c) display a relatively rough
surface for the quasi-polyhedron-shaped particles intertwined
via the CNTs. The TEM micrographs (Figure 3d—f) reveal that
the metal sulfide particles (dark dots) are uniformly embedded
in the carbonaceous micro-polyhedron particles. Also, upon
conversion of metallic Co to CoS,, no evident change in size of
the nanoparticles can be observed (see Figure S2c,d).
Furthermore, similarly to the morphology observed for Co-C/
CNT (Figure 3f,g) also for CoS,-C/CNT the CNTs serve as a
linkage between the carbonaceous micro-polyhedron particles,
and the CNTs retain an average outer diameter of ca. 15 nm after
sulfidation. The high-resolution transmission electron micros-
copy (HRTEM) micrographs, displayed in Figure 3h,i, reveal
the lattice fringes of crystalline CoS, with a d-spacing of 0.25 nm
for the (210) lattice plane. Moreover, the walls of the bamboo-
like CNTs, with a thickness of around 3.5 nm (inner diameter of
ca. 10 nm), reveal multiwall features and several crystalline
defects between the cracked lattice fringes.”’ From Figure 3i it
can be seen that the carbon layer, composed of graphitic and
amorphous sections, is wrapped around the CoS, nano-
particle.”** Overall, the (HR)TEM analysis reveals that the
CoS, particles are mostly wrapped or coated with a carbon layer
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Figure 3. Morphological and structural features of CoS,-C/CNT:
(a—c) SEM images and (d—f) TEM micrographs at different
magnifications; (g—i) HRTEM micrographs (AC = amorphous
carbon and GC = graphitized carbon).

and remain inside the micro-polyhedrons. The energy-
dispersive X-ray spectroscopy (EDX) mapping recorded in
Figure S4 further confirms the uniform distribution of Co, S, and
C within the CoS,-C/CNT nanocomposite.

Thermogravimetric analysis (TGA) was performed to
determine the CoS, content in the as-prepared CoS,-C/CNT
composite. As shown in Figure S5, 30 wt % of solid residue was
obtained after conducting TGA in air. Considering the
formation of Co;0,4 we can estimate the amount of CoS, in
CoS,-C/CNT to around 46 wt %, which is in good agreement
with the elemental analysis performed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) and EDX (see
Table S1).'**° The Raman spectrum (Figure S6) reveals four
distinct bands: the peak at 389 cm™" can be assigned to CoS,,
while the 2D-peak at higher wavenumbers (2659 cm™") as well
as the D- and G-bands, respectively at 1333 and 1582 cm™, are
typical of partially graphitic carbon.””** Interestingly, the
intensity of the D-peak is slightly lower than the G-peak,
suggesting, in combination with the presence of the 2D band, a
relatively high content of sp>-hybridized carbon.”>*° The
determination of the electronic conductivity reveals that the
presence of such well-graphitized carbon leads to a relatively
high conductivity of 1.2 S cm™" (see Table S2, including also a
comparison with comparable composites), which is presumably
beneficial for its performance as lithium- and sodium-ion
electrodes.

In addition, the surface area and pore size distribution of
CoS,-C/CNT were quantified by N, sorption (Figure S7).
CoS,-C/CNT features a moderate specific Brunauer—Emmett—
Teller (BET) surface area of 139.7 m*g~' (see Figure S7a). The
pore size distribution, calculated according to the Barrett—
Joyner—Halenda (BJH) method (see Figure S7b), reveals the
hierarchical micro/mesoporosity of CoS,-C/CNT, with pore
size centered at ~1.9 and ~13 nm.”””® The smaller pores
presumably result from the presence of the amorphous carbon
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micro-polyhedrons, while the relatively larger pores are, in fact,
in good agreement with the inner diameter of the CNTs and/or
may result from the connection of adjacent small pores.”
Characterization as Lithium-lon Active Material and in
Situ XRD Analysis. The electrochemical performance of the
CoS,-C/CNT composite was first investigated as active material
for lithium-based batteries. The results for the initial cyclic
voltammetry (CV) are shown in Figure 4a. In the initial cathodic
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Figure 4. Electrochemical performance of CoS,-C/CNT-based
electrodes in lithium half-cell configuration. (a) Cyclic voltammetry
conducted in a potential range of 0.01—3.0 V for six cyclic sweeps
(scan rate: 0.1 mV s7!). (b) (Dis-)charge profiles for the first five
galvanostatic cycles at a specific current of 100 mA g '. (c)
“Capacity vs cycle number” plot for 120 galvanostatic cycles,
applying a constant specific current of 100 mA g™". (d) Selected (dis-
)charge profiles for the 20th, 30th, 40th, 50th, 60th, 70th, 80th,
90th, 100th, 110th, and 120th cycle. (e) Rate capability test,
applying various specific currents ranging from 50 to 2500 mA g~'
for 185 cycles in total. (f) “Capacity vs cycle number” plot for
electrodes subjected to a specific current of 1000 mA g™ for 500
cycles.

scan, the three peaks at ca. 1.59, 1.16, and 0.96 V can be
attributed to the reduction of CoS, to Co’ and Li,S.*"
Furthermore, a small peak centered at around 0.72 V is
observed, and the corresponding oxidation peak appears at 1.34
V in the initial anodic scan. Kong et al. proposed that the peak at
0.72 V can be assigned to the formation of the solid electrolyte
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interphase (SEI), while its related anodic peak (1.34 V)
corresponds to the partial decomposition of the SEI layer.*!
However, the origin of this peak couple will be discussed later
based on in situ powder XRD analysis. The peak below 0.4 V may
be ascribed to the lithium-ion intercalation/insertion into the
carbon (including the conductive additive), which is further
confirmed by the minor peak at 0.14 V for the subsequent anodic
sweep.”*? The two intense features at 2.04 and 2.39 V can be
assigned to the resulfidation of Co” to form the metal sulfide. For
the subsequent cycles, besides a slight upshift of the reduction
peaks to about 1.75 and 1.32 V, the CVs essentially overlap,
confirming the promising reversibility of the CoS,-C/CNT
anode materials during repeated (de)lithiation.*

Figure 4b shows the initial five (dis-)charge profiles, for
electrodes subjected to galvanostatic cycling. Several short
plateaus are detected, which are in good agreement with the
redox processes observed in the CV experiment. In the first
cycle, the CoS,-C/CNT-based electrode provides a large
discharge and charge specific capacity of 1339 and 860 mAh
g~!, respectively. The reversible capacity is slightly lower than
the theoretical value of 870 mAh g_l, not least due to the carbon
component”* (representing slightly more than half of the total
active material), which is included for the calculation of the
capacity obtained, but contributes only about 500 mAh g™
reversible capacity in the first cycle (Figure S8). The rather low
Coulombic efficiency of 64.2% is attributed to (i) the formation
of the SEI layer and (ii) the partial irreversibility of the
conversion (CoS,) and/or insertion (C and CNT) processes
(see also Figure S8). Interestingly, the Coulombic efficiency
rapidly increases to 94% in the second cycle and 99% in the fifth
cycle, confirming that these irreversible processes are limited to
the initial (de)lithiation cycle. Figure 4b also reveals the
overlapping potential profiles of the second to fifth cycles,
corresponding to the CV measurement, and the CoS,-C/CNT
electrode has excellent reversibility during repeated (de)-
lithiation. The extended galvanostatic (dis-)charge testing
(Figure 4c) revealed an excellent cycling stability for CoS,-C/
CNT. Initially, the specific capacity slightly decreased to around
700 mAh ¢! between the fifth and the 20th cycle prior to a
continuous increase up to the 120th cycle, after which it
eventually stabilizes at ca. 1030 mAh g~

Considering the evolution of the corresponding potential
profiles (Figure 4d) reveals that the capacity increase mainly
originates from an increase in discharge capacity at rather low
(i.e, <0.8 V) and in charge capacity at rather high (>2.3 V)
potentials. We assign this capacity growth in large part to the
“quasi-reversible” SEI formation, reported earlier for other
conversion materials.”>*>*%*® Nevertheless, the Coulombic
efficiency of this hybrid anode still is higher than 99% between
the 10th and 60th cycle, before slightly declining to 98% toward
the 120th cycle. The ex situ SEM analysis of cycled electrodes
based on CoS,-C/CNT after 60 and 120 cycles (Figure S9a and
b, respectively) shows that the initial micro-polyhedron particle
shape is lost upon cycling, presumably due to the volume
changes.””*” Moreover, Figure S9b nicely reveals the formation
of a thick SEI layer after 120 cycles, far thicker than the SEI layer
formed after 60 cycles (Figure S9a), which is in agreement with
our explanation concerning the origin of the increase in capacity.
Both these phenomena of ex situ SEM analysis can account for
the decreased Coulombic efficiency observed between the 60th
and 120th cycle.”>*’

In addition to characteristics such as specific capacity and
cycling stability, the rate capability of potential battery materials
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is of great importance. Accordingly, we subjected CoS,-C/
CNT-based electrodes to varying specific currents, ranging from
50 to 2500 mA g~'. As depicted in Figure 4e, the electrodes
present a stable performance at all C rates investigated. For
specific currents of 50, 100, 200, 500, 1000, 1500, and 2000 mA
g~!, an average specific capacity of around 730, 664, 620, 582,
535, 492, and 461 mAh g_1 is obtained, respectively. For the
highest applied current of 2500 mA g~', the electrode can still
deliver 433 mAh g~'. When the current is subsequently lowered
back to 100 mA g™/, a specific capacity of 690 mAh g™' (82nd
cycle) is observed, indicating a good capacity retention.
Afterward a steady capacity increase is observed once more,
reaching 917 mAh g_1 at the 124th cycle. Accordingly, the
capacity values for the second C rate test slightly increased to ca.
864, 732, 612, 533, and 470 mAh g~ at 200, 500, 1000, 1500,
and 2000 mA g, respectively. After decreasing the current once
again from 2000 to 100 mA g, the specific capacity slightly
increased further up to 992 mAh g™' for the 185th cycle,
revealing that the CoS,-C/CNT composite electrode can
maintain excellent stability and reversibility, even after under-
going two intervals of elevated C rate cycling. Additionally, the
long-term cycling stability under a high current density of 1000
mA g~ was also evaluated (see Figure 4f). It is worth noting that
CoS,-C/CNT consistently delivers more than ~460 mAh g_1
for 500 cycles and up 500 mAh g~ for the last 220 cycles (280—
500th) with Coulombic efficiency approaching 100% from the
fifth to the 500th cycle. Overall, after 500 cycles a capacity
retention of about 80% can be observed (with respect to the
second cycle). A comparison of the Li-ion storage performance
with previous studies on CoS, or CoS,-based composite is
provided in Tables S3 and S4, indicating the superior
electrochemical performance of CoS,-C/CNT in terms of
cycling stability and rate capability with regard to the great
majority of previous works.

In order to better understand the excellent rate performance,
we performed a kinetic study by means of cyclic voltammetry
(Figure S). Generally, the total Li-ion charge storage includes
two contributions: diffusion- (intercalation/conversion/alloy-
ing process) and (pseudo)capacitive-controlled charge stor-
age.”® The pseudocapacitive contribution can be qualitatively
demonstrated on the basis of CV experiments when applying
varying scan rates.”* %

Figure 5a and Figure S10 show the CV data for the different
sweep rates and show that the general shape is retained between
0.1 and 1.0 mV s~ (Figure Sa), indicating minor polarization at
these rates. According to previous studies by Dunn and co-
workers,””** one can obtain the degree of the pseudocapacitive
contribution by determining the relationship between the
measured peak current (i) and the scan rate (v) according to
the following formulas:

(1)
)

where ais a constant. b is determined by the slope oflog i vslog v
(see Figure Sb and eq 2). A b value of 0.5 or 1.0 indicates an ideal
diffusion-dominated process or a surface-determined, capaci-
tive-controlled behavior, respectively.’”* " The calculated b
values for CoS,-C/CNT are displayed in Figure Sb. Values of
0.85 and 0.73 are found for the cathodic and anodic current
peaks, respectively, suggesting that both diffusion-limited charge
storage and capacitive behavior contribute to the observed
capacities. Furthermore, by dividing the current response i at a

b
1= av

logi ="blogv+ loga
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Figure S. Kinetic analysis of the lithium storage contributions for
CoS,-C/CNT electrodes. (a) CV curves at different sweep rates. (b)
Calculation of the b value (see eqs 1 and 2)) by plotting the
logarithmic peak current (log i) vs the logarithm of the applied scan
rate (log v). (c) Illustration of the capacitive- (cyan area) and
diffusion-controlled (gray area) contributions to the overall charge
storage, exemplarily depicted for a scan rate of 1.0 mV s™'. (d)
Percentage of the pseudocapacitive contribution to the overall
recorded capacity as a function of the applied scan rate, ranging
from 0.1 to 10.0 mV s™" (see Figure S10 for the corresponding CV
data at scan rates of >1.0 mV s™!).

fixed potential into capacitive effect (k,v) and diffusion-
controlled process (k,v'/?), the more precise percentage of
capacitive contributions can be obtained using eq 3:

i(V) = kp + kp'/? (3)
where both k; and k, are constants for a given voltage. The
corresponding k; value at a particular potential can be
determined as the slope of the curve resulting from the plot of
i(V)/v"? vs v'/2, while the intercept corresponds to the k, value.
The obtained results are presented in Figure Sc, showing that ca.
64% of the total capacity (cyan area) is derived from
pseudocapacitive processes for a scan rate of 1.0 mV s™'. As
expected, when increasing the scan rate, the capacitive
contribution continuously increases, reaching values as high as
90% at 10.0 mV s™' (Figure 5d). Such high pseudocapacitive
contribution presumably originates from the hierarchical porous
structure and the large surface area of the carbonaceous micro-
polyhedrons entangled by CNTs, thus largely contributing to
the excellent rate capability.”®~*'

To further investigate the electrochemical reaction mecha-
nism of CoS,-C/CNT, in situ XRD analysis was performed
during the first lithiation (from open-circuit voltage (OCV) to
0.01 V) and delithiation (0.01 to 3.0 V). All collected XRD
patterns (73 scans) are reported in Figure 6a (left panel),
including the corresponding potential profile of the first cycle
(right panel). Based on the different electrochemical behavior,
the voltage profile can be divided into six regions, which are
indicated in the waterfall XRD panel by olive patterns. In region
1 (OCV to 1.45 V, lithiation), the potential profile presents a
distinct plateau (corresponding to the first cathodic peak at
around 1.59 V in the CV curves, see Figure 4a). The
corresponding XRD patterns (scans 1 to 13) reveal a sharp
intensity decline for the CoS, reflections, until their complete
disappearance at scans 10—12 (see also Figure 6b, upper left, i.e.,
region 1). At the same time, a series of new reflections (27°
(present as a shoulder), 31.2°, and 44.7°) appear, indicating the
formation of Li,S (JCPDS card no. 01-089-1930). Furthermore,
a new signal at ca. 30° evolves gradually, matching with the
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reference for CogSg (JCPDS card no. 86-2273). Therefore, in
contrast to previous repor‘cs,zz’zs’42 our XRD results suggest that
in the initial lithiation stage CoS, does not undergo Li insertion,
but it is rather converted to Li,S and sulfur-poor CoS,,.

Upon further lithiation to 0.85 V (region 2) the galvanostatic
voltage profile exhibits two small plateaus at about 1.34 and 0.92
V, corresponding to the two cathodic peaks at around 1.16 and
0.96 V in the CV curves (see Figure 4a), respectively. A careful
study of the related XRD patterns (scan 13 to 25 in Figure 6b,
upper right, i.., region 2) reveals a continuous decrease in
intensity of the sulfur-poor intermediate CoS,, phase, which fully
vanishes between scan 20 and 22, accompanied by a gradual
intensity increase for the reflections related to Li,S. Simulta-
neously, an increase of the reflection at around 44—45° is
detected, indicating an increasing presence of metallic Co
(JCPDS card no. 15-0806). These results indicate that the
conversion of CoS, to metallic Co and Li,S is completed at 0.85
V. In sum, the initial reduction of CoS, undergoes successive
two-step phase transformation, starting from CoS, — CoS,, =
Co’, accompanied by the concurrent formation of Li,S.

In the last region of the lithiation profile (region 3, scans 25 to
46) from 0.85 to 0.01 V, two different regimes characterized by
different slopes (the first in the range 0.85—0.51 V and the
second between 0.51 and 0.01 V) are observed. No obvious
change is observed anymore for the consecutive XRD pattern
from scan 25 (ca. 0.85 V) to 29 (ca. 0.58 V, to be discussed later
in more detail). Between scans 29 and 46, an obvious slope can
be observed in the galvanostatic voltage profile, corresponding
to the last cathodic peak at 0.01 V in the CV curves (see Figure
4a). After scan 29 (Figure 6b, bottom left), the intensity of the
graphite (002) reflection at 26.4° slightly shifts to lower 20
values and gradually decreases, whereas a new reflection appears
at slightly lower angles (ca. 25.7°). This latter reflection
continuously increases until the cell is fully discharged at 0.01
V (scan 46), indicating the intercalation of lithium into
graphitized carbon to form Li,Ce.>?

During the following charge, in region 4 (from 0.01 to 0.76 V,
i.e., the anodic peak at 0.14 V in CV), the XRD patterns (scans
46 to 52) reveal the reversed behavior as for region 3; that is, the
carbon (002) reflection reappears, evidencing the reversibility of
the lithium intercalation process. Nonetheless, we may note also
that the initial intensity is not fully recovered, suggesting that a
certain extent of disorder is introduced in the carbon lattice.*

When the electrode is polarized further to 1.70 V (region S,
scans 52—60), a small plateau is observed at ca. 1.35 V for the
potential profile, corresponding to the CV peak at 1.34 V.
However, we do not observe any appreciable change for the
XRD patterns in this region, while similar phenomena can also
be found in region 3 from scan 2S5 to scan 29 (corresponding to
the cathodic peak at 0.72 V recorded in CV). According to
previous literature, there are two possible explanations for small
plateaus in the (dis-)charge profiles and peak couples in the CV:
(i) the SEI formation and partial decomposition, as claimed by
Kong et al. and Zhang et al.'"*" Nevertheless, the CV response
indicates very high reversibility, which is somehow contradictory
to common observations concerning the “quasi-reversible” SEI
formation. (ii) Another explanation is the presence of a small
fraction of electrochemically active, but (quasi-)amorphous
species in the sample, e.g,, cobalt nitride. This assumption would
be supported by the comparable CV data recorded in Wang’s
report, * following a similar synthesis method (i.e., including
nitrogen in the organic ligand), while this redox peak couple is
absent for CoS, in rGO/MWCNTs.**
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For the subsequent charge up to the cutoff potential of 3.0V,
i.e, region 6 (1.70 to 3.0 V, scans 60 to 73, corresponding to the
CV peaks at 2.04 and 2.39 V), a new, rather broad signal appears
in the range from 31° to 36°, coupled with the rapid intensity
decrease of the reflections related to Li,S and metallic Co,
eventually resulting in their complete disappearance at scans
70—72. According to previous studies,”>*° this new signal may
be attributed to the resulfidation of metallic Co to form CoS,
and/or a mixture of CoS, and CoS,,.

In conclusion, based on the above-discussed results, we can
propose the electrochemical reaction mechanism for the CoS,-
C/CNT anode upon the initial (de)lithiation process to
proceed, including a two-step conversion reaction mechanism
between CoS, and lithium ion, and the intercalation process
between graphitized carbon/CNT and Li ion, as follows:

Region 1 (OCV—1.45 V, conversion)

CoS, + 2Li" + 2¢” = CoS,, + Li,S (not balanced)
Region 2 (1.45—0.85 V, conversion)

CoS,, + 2wLi" + 2we™ = Co® + wLi,S
Region 3 (0.85—0.01 V, intercalation)

Cs + xLi" + xe” — Li,Cq
Region 4 (0.01—0.76 V, deintercalation)

Li,Cs — C4 + «Lit + xe”
Region 6 (1.70—3.00 V, conversion)

Co” + 2Li,S — CoS, + 4Li* + 4e”
and/or

2Co° + (2 + w)Li,S

— CoS, + CoS,, + (4 + 2w)Li" + (4 + 2w)e”

Characterization as Sodium-lon Active Material and in
Situ XRD Analysis. The Co0S,-C/CNT micro-polyhedron
nanocomposite was also investigated as active material for Na-
ion batteries. The electrochemical response when performing
cyclic voltammetry is reported in Figure 7a. In the initial
cathodic sweep, the first two peaks (at 1.15 and 0.73 V) are
assigned to the multistep conversion reaction of CoS, to form
metallic Co and Na,$* and a small contribution from solvent
co-intercalation and capacitive process in the graphitized
carbon.*®*” Additionally, the SEI layer is formed at 0.73 V."!
Afterward, a sharp peak is observed at ca. 0.6 V, which mainly is
attributed to the cointercalation of Na*-solvent complexes into
the graphitized carbon.*” The relatively small peak below 0.15 V
is assigned to the reversible Na storage in the conductive carbon,
which appears highly reversible with respect to the small anodic
peak at slightly higher potentials.”® The following two, rather
sharp peaks at 1.76 and 1.95 V in the first anodic scan are
assigned to the decomposition of Na,S, forming a metal sulfide.

The second cyclic sweep shows a shift of the cathodic peaks
from 1.15, 0.73, and 0.6 V to 1.46, 0.9, and 0.57 V, respectively,
indicating a significant structural reorganization after the initial
sodiation. Also, the anodic peak at 1.95 V (in the first scan) splits
into two peaks at 1.94 and 2.02 V, suggesting that also the
desodiation process undergoes some changes after the first cyclic
sweep. However, apart from a slight shift of the reduction peak
recorded at 0.9 V in the second cycle to around 0.79 V upon
continuous (de)sodiation, the voltammograms largely overlap
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although the original micro-polyhedron morphology is clearly
lost, the CoS, nanoparticles still appear uniformly dispersed,
confirming that the carbonaceous framework acts as a buffer,
limiting Volume variation, breakage, and agglomeration of the
nanoparticles.' Contrarily, if cycled in carbonate-based electro-
Iyte, the reversible capacity of the CoS,-C/CNT electrode
rapidly fades to ~50 mAh g™ within the first 100 cycles,
indicating just 11.2% capacity retained from the second cycle
(see Figure 7c). The poor cyclability is associated with a rather
low Coulombic efficiency (~96% at the 70th cycle) compared to
the high reversibility observed in DME (CE gradually increasing
to 99% after 70 cycles, finally stabilizing at 99.9% in the 135—
200th cycle range). Such poor cycling stability comes along with
a relatively low Coulombic efficiency, suggesting that the
interfacial stability is of utmost importance for the reversibility of
the electrochemical charge storage processes. The comparison
of the corresponding (dis-)charge profiles in Figure 7d (1 M
NaPF, in DME) and Figure 7e (1 M NaPF in a mixture of
ethylene carbonate/propylene carbonate (EC/PC; 1:1 by
weight)) reveals well-overlapping potential profiles in the case
of the ether-based electrolyte and rapid fading, accompanied by
a substantially increasing polarization in the case of the
carbonate-based one.

Figure 8 presents the rate capability of CoS,-C/CNT-based
electrodes in 1 M NaPF,—DME (Figure 8a and c¢) and 1M

Figure 7. Electrochemical performance of CoS,-C/CNT-based
electrodes vs sodium metal. (a) Cyclic voltammetry carried out in
a potential range from 0.01 to 3.0 V for six consecutive cycles (scan
rate 0.1 mV s™') in 1 M NaPF;—DME. (b) (Dis-)charge profiles of
the first five cycles when applying a constant specific current of 100
mA g~ ! in 1 M NaPF,—DME. (c) “Capacity vs cycle number” plot for
200 cycles, applying a constant specific current of 100 mA g™"in 1M
NaPF4—DME (red and black) and, for comparison, in 1 M NaPF,—
EC/PC (dark and light blue); O and A are the Coulombic efficiency
values for the cells cycled using 1 M NaPFs—DME and 1 M NaPF,—
EC/PC, respectively. (d, e) Corresponding (dis-)charge profiles for
selected cycles (10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, 90th,
100th, 110th, 120th) in (d) 1 M NaPF,—DME and (e) 1 M NaPF,—
EC/PC.

from the fourth scan onward, confirming the reversible uptake
and release of sodium after an initial “activation”.”

The first five (dis-)charge profiles of galvanostatically cycled
CoS,-C/CNT-based electrodes vs sodium metal at 100 mA g_1
are displayed in Figure 7b and are in good agreement with the
CV data. The initial discharge and charge capacities are 650
mAh g™! and 530 mAh g, respectively, which corresponds to a
high first-cycle Coulombic efficiency of almost 82% in ether-
based electrolyte (NaPFc—DME). The larger discharge capacity
originates from irreversible sodiation processes and, particularly,
electrolyte decomposition and SEI layer formation. For the
following cycles (3rd to Sth), a specific capacity of about 430
mAh g~' is observed and the (dis-)charge profiles nicely
overlap—ijust like for the CV experiment—confirming the high
reversibility of the (de)sodiation process.

The long-term cycling performance at a current density of 100
mA g~ is shown in Figure 7c. The reversible Na storage capacity
of CoS,-C/CNT in ether-based electrolyte remains excellent
over 200 cycles, with 435 mAh g™' at the 100th cycle and 402
mAh g™! after 200 cycles, respectively accounting for ~98% and
~91% capacity retention with respect to the second cycle
capacity (443 mAh g™'). In the ex situ post mortem SEM and
TEM images collected after 200 cycles (see Figure S11),
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Figure 8. Rate capability of CoS,-C/CNT anodes in sodium half-
cells employing (a) 1 M NaPF,—DME and (b) 1 M NaPF,—EC/PC
as electrolyte at different specific currents, ranging from 20 to 2000
mA g7, and the corresponding (dis-)charge profiles for cells
incorporating (c) 1 M NaPF,—DME and (d) 1 M NaPF,—EC/PC for
selected cycles (i.e., the Sth, 15th, 25th, 35th, 45th, 55th, and 65th).

NaPF,—EC/PC (Figure 8b and d) at progressively increasing
currents, ranging from SO to 2000 mA g~'. Using the DME-
based electrolyte, CoS,-C/CNT exhibits excellent rate capa-
bility and stable specific capacities of on average 484, 458, 417,
372,342,322, and 306 mAh g~* for an applied specific current of
50, 100, 200, 500, 1000, 1500, and 2000 mA g_l, respectively
(Figure 8a). After the rate capability test, a specific capacity of
434 mAh g~ was obtained when decreasing the current back to
100 mA g, indicating the outstanding reversibility in this
electrolyte. Differently, when using the carbonate-based electro-
Iyte, a continuous capacity fading is observed at each current
density (see Figure 8b), with only 273 and 110 mAh g™
obtained at 500 and 2000 mA g~', respectively. Once more,
comparing the (dis-)charge profiles of CoS,-C/CNT anodes in
the two different electrolytes (see Figure 8c,d), NaPF¢—EC/PC

DOI: 10.1021/acsnano.8b03188
ACS Nano 2018, 12, 7220-7231


http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b03188/suppl_file/nn8b03188_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b03188
http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.8b03188&iName=master.img-008.jpg&w=239&h=279
http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.8b03188&iName=master.img-009.jpg&w=239&h=161

ACS Nano
a) b) —
e s 12 ! [Regon1 e, E=i oot Sl [ g
e e 707" i 1
%@m =i Loy |5 I <~ 5 et C,(002) ; Scen s
TS e | i -1. i Scan19 | =
P H Region 4 [ I i Scanz0| 3
== CCDI‘ISVEI"SIOI"I 10 : : 3
S (CoS,) i =
= -0.9'._.... n
-50 [ . O U 2
e 0.8 ~ | E
V] s
£ ] 2 07
o 40 g p ) 2 i
; X £ L 0.6 'g 25 30 35 40 45 255 260 265 27.0 215
= = = Region2 L a 26 (degree) 26 (degree)
2 =30 E Conversion 0.5 @ |Region 2 Scan 19 Scan 23 Bel||Region 4 Be
@ ¢ (CoS, L O Scan 20 Scan 30 Scan 47 Scan 60
b s 2 Q Scan 21 Scan 32 Scan 48 Scan 62 Na§
[ % 0.4 .= Scan 22 Scan 34 azs Secan 60 Scan B4 o
= E=k L 20 0.88 V L = Na,§ Scan 23 Scan 36 | Scan 62 Scan 66 i -
. . et T grabiobin il L0.3 3 A Scan 24 Scan 37 | Scan 54 Scan 68 3
s s N v—xfi | a ' Scan 26 Scan 38 i Scan 56 Scan 70 3
)"_‘ z = Region 1 i U 2 w Scan 2T Scan 38 3‘
f—+10 Conversion ' =
SN | Y e | 1 7]
SN ﬁ = (CoS,) 0.1 5
== S Sl - | E
E%8F 8§55 B [* o0
L] L Ll T L Ls Ll
20 25 30 35 40 45 50 3 2 1 0 ¥ L x ' I L . i
zg(degree) E VS. Na“'.‘(Na (V} 20 25 30 35 40 45 30 zgsd 40 45
24 (degree) (degree)

Figure 9. In situ XRD analysis of CoS,-C/CNT-based electrodes galvanostatically (dis-)charged vs sodium metal, using 1 M NaPF, in DME as
electrolyte. (a) In situ recorded XRD patterns (scans 1 to 70; left panel) and the corresponding (dis-)charge profile (right panel). (b) Selected
regions of the waterfall plot according to the different occurring electrochemical reactions and distinguished features of the (dis-)charge profile.

shows a significantly increasing polarization when elevating the
applied current, while the DME-based cell reveals a decrease of
all (dis-)charge features. According to previous literature results,
the rapid capacity fading of the CoS,-C/CNT electrode in
carbonate-based electrolyte is likely attributed to the carbon
exfoliation occurring in the PC-based electrolyte.*” ™' However,
the improved long-cycling life, rate capability, and reversibility of
the CoS,-C/CNT electrode in 1 M NaPF,—DME electrolyte
can be ascribed to (i) the formation of a more stable SEI layer
and (ii) the suppressed Na-polysulfide dissolution in
DME.***°~%% In fact, the Na-ion storage performance reported
herein, especially with respect to cycling stability and rate
capability, is superior compared to almost all previous studies on
CoS, or CoS,-based composites, as summarized in Tables S5
and S6.

In order to potentially explain the difference in achievable
capacity compared to the lithium storage mechanism, we
conducted an in situ XRD analysis of the first discharge and
charge for the sodium-based half-cells (Figure 9). The
galvanostatic (dis-)charge profile (right part of Figure 9a) can
be roughly divided into four different regions (indicated by the
olive XRD patterns in Figure 9a, left part). Region 1, from OCV
to 0.88 V, covers the evident plateau at around 1.26—1.10 V after
the initial almost vertical voltage drop, corresponding to the
reduction peak at 1.15 V in the first cathodic sweep of the CV
(see Figure 7a). The corresponding XRD patterns (scans 1—
19), shown in Figure 9b (region 1), display a rapid intensity
decrease of the CoS,-related reflections until they completely
vanish in scan 14/15. Subsequently, a new signal gradually
evolves at 38.9° during the scans 15 to 19, suggesting the
formation of Na,S (JCPDS card no. 00-023-0441). Simulta-
neously, a new, rather broad reflection evolves around 28—32°,
indicating the formation of CoS,, (ca. 30°). The decreased
crystallinity can be presumably attributed to the larger cation
radius of Na* (Na™: 1.06 A vs Li*: 0.76 A), resulting in the
formation of an amorphous phase during the sodiation
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process.” Hence, as observed in the case of lithiation, the
sodiation of CoS, proceeds via the intermediate formation of a
sulfur-poor CoS,, phase. Furthermore, from scan 15 (1.04 V),
the intensity of the (002) signal of graphitic carbon at 26.2°
continuously declines until it completely disappears at the end of
the voltage plateau at 0.88 V (scan 19). According to previous
studies, a decrease in intensity of the (002) reflection indicates
the co-intercalation of solvated sodium cations into graphitized
carbon. The fact that we do not observe any features indicating a
crystalline structure for such a phase might be due to the
disordered carbonaceous structure.*>*°

Upon full discharge to 0.01 V, i.e., in region 2 (from 0.88 to
0.01V, corresponding to the cathodic peaks at 0.73 and 0.60 Vin
the CV plots) the XRD patterns (scans 19 to 39) show that the
reflections assigned to the sulfur-poor CoS,, phase gradually
disappear, while the intensity of the (220) reflection of Na,$S
continuously increases, accompanied by the appearance of two
new reflections at 23.5° and 27.3°, corresponding to the (111)
and (200) planes of Na,S (JCPDS card no. 00-023-0441),
respectively. Meanwhile, a new shoulder of the signal at ca. 44.3°
is attributed to the formation of metallic Co (JCPDS card no.
15-0806). These data suggest that the sulfur-poor cobalt sulfide
phase is further converted to sodium sulfide and metallic cobalt
in region 2.

For the following desodiation process, no distinct changes can
be observed up to 1.5 V (referred to as region 3, scans 39—47),
indicating that the charge storage in this region does not involve
any transition of crystalline phases, at least within the detection
limits of the instrument used.

Upon further desodiation up to 3.0 V (region 4,
corresponding to first anodic peaks at 1.76 and 19.5 V in the
CV plots), a rapid intensity decrease of all Na,S- and Co’-related
features is observed (scans 47—70), while a new, rather broad
reflection evolves in the 28—35° range. Notably, the (220)
reflection of Na,$ is still observed, even in the last scan (scan 70,
3.0 V). Accordingly, the new reflection may be assigned to the
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formation of a mixture of CoS, (at 32.4°) and sulfur-poor CoS,,
(at 30°) as result of the partially irreversible conversion.”***

Also interestingly, no carbon-related features are observed
anymore in the fully charged state, revealing that it remains
highly disordered, i.e., nanocrystalline and/or amorphous.

In conclusion, the first-cycle (de)sodiation mechanism of
CoS,-C/CNT may be summarized as follows, if neglecting the
co-intercalation of Na-ether complexes due to the lack of clear
evidence about its reversibility for our nanocomposite:

Region 1 (OCV—0.88 V, conversion)

CoS, + 2Na* + 2¢” — CoS,, + Na,$ (not balanced)
Region 2 (0.88—0.01 V, conversion)
CoS, + 2wNa™ + 2we™ — Co’ + wNa,$S

Region 4 (1.5—3.0 V, conversion)
2Co° + (2 + w)Na,S
— CoS, + CoS, + (4 + 2w)Na’ + (4 + 2w)e”

CONCLUSIONS

A model CoS,-C/CNT nanocomposite was successfully
synthesized by using ZIF-67 as a single precursor. Using a facile
two-step synthesis, CoS, nanoparticles were uniformly
embedded in porous carbonaceous micro-polyhedrons, inter-
woven by numerous highly conductive CNTs. Importantly,
these multiwalled CNTs were directly formed on the surface of
micro-polyhedron by a simple pyrolysis of this Co-based ZIF in a
N, atmosphere. The as-obtained CoS,-C/CNT nanocomposite
possesses several appealing features such as moderate surface
area, suitable pore size distribution, interior void, and numerous
active sites, resulting in fast mass transport and excellent strain
accommodation. Benefiting from these advantages, the resulting
CoS,-C/CNT composite displays outstanding lithium and
sodium storage properties. Specifically, when evaluated as active
material in LIBs, the composite electrode showed a high
reversible capacity of 1030 mAh ¢! at 0.1 A g™' (after 120
cycles) and S10mAh g™ at 1.0 A g™ (after SO0 cycles) as well as
good rate performance with 433 mAh ¢! at 2.5 A g™
Quantitative kinetic analysis, however, demonstrates that the
fast Li-ion storage and the impressive rate performance mostly
derive from pseudocapacitive contribution.

For sodium-ion storage, the long-cycling performance and
rate capability were significantly improved by utilizing ether-
based (DME) instead of carbonate-based electrolyte. A large
reversible capacity of 403 mAh g™ at 0.1 A g™ (after 200 cycles)
was obtained with excellent cycling stability (capacity retention
up to 90% after 200 cycles) and outstanding CE (initial CE of
82% and cyclic CE of ~99.9%), accompanied by an excellent
rate performance (306 mAh g~' at 2.0 A g™"). More importantly,
the structural variation taking place in the CoS,-C/CNT
nanocomposite during the initial (de)lithiation and (de)-
sodiation has been studied by in situ XRD. The results reveal a
two-step conversion reaction mechanism of CoS, to form
metallic Co and Li,S/Na,S.

While cobalt sulfide will presumably not play a decisive role
for commercial battery applications—due to the limited
availability of cobalt—the herein presented results may serve
as a model study for other transition metal sulfides and, thus,
foster the research on (transition) metal sulfides as active
material for secondary batteries in general.
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METHODS

Synthesis of ZIF-67. Cobalt(II) nitrate hexahydrate (Co(NO;),:
6H,0, 98%) and 2-methylimidazole (2-Melm, 99%) were obtained
from Sigma-Aldrich. Methanol (dried, 0.003% H,0) was purchased
from SeccoSolv. Typically, to prepare the ZIF-67 precursor, Co(NO;),-
6H,0 (30 mmol, 8.732 g) was first dissolved in 0.3 L of methanol.
Then, the solution was added to a solution of 2-MeIm (120 mmol, 9.84
g) in 0.1 L of methanol. After vigorous stirring at room temperature for
30 min, the mixed solution was aged at ca. 20—25 °C for 48 h. The as-
obtained purple precipitate was collected, washed five times with
methanol via centrifugation, and dried at 60 °C overnight.

Synthesis of Co-C/CNT and CoS,-C/CNT. For obtaining the
compound labeled as Co-C/CNT, the purple ZIF-67 precursor powder
(700 mg) was carbonized at 900 °C for 10 h in a tube furnace under N,
(heating ramp: 5 °C min™"). After cooling, the sample color changed
from purple (ZIF-67) to black (Co-C/CNT). The black Co-C/CNT
powder was then mixed with sulfur (mass ratio of 1:2.5) in a mortar, and
the mixture was placed in a tube furnace and then heated to 300 °C
(heating ramp: 10 °C min™") for 2 h under N,. Finally, the furnace was
cooled to room temperature, and the CoS,-C/CNT black powder was
recovered.

Materials Characterization. The morphological features of the
ZIF-67 and Co-C/CNT precursors as well as the CoS,-C/CNT
nanocomposite were investigated via SEM and TEM carried out on a
ZEISS 1550VP and a JEOL JEM-3000, respectively. Meanwhile,
information about the chemical composition of CoS,-C/CNT was
obtained by elemental mapping using EDX. The lattice fringes of Co-
C/CNT and CoS,-C/CNT were studied by an imaging Cs-corrected
HRTEM, applying an acceleration voltage in the range of 80 to 300 kV
(FEI Titan 80-300 kV transmission electron microscope). Powder XRD
(Bruker D8 Advance; Cu Ka radiation; 4 = 0.154 nm) was employed to
determine the crystal structure of Co-C/CNT and CoS,-C/CNT. The
BET specific surface area of the samples was derived from the nitrogen
absorption—desorption isotherms (Autosorb-iQ, Quantachrome) at 77
K. Raman spectra of CoS,-C/CNT were collected using a confocal
InVia Raman microspectrometer (from Renishaw), equipped with a
633 nm laser. TGA (TA Instruments, model Q5000) was performed to
determine the content of CoS, in Co0S,-C/CNT. The tests were
performed under an air flow with a heating rate of 2 °C min~". Finally,
the Co content of the CoS,-C/CNT was determined by ICP-OES. For
this, the as-obtained CoS,-C/CNT sample was dissolved in hot
hydrochloric acid and investigated by means of a Spectro Arcos
(Spectro Analytical Instruments) with axial plasma view. XPS
measurements were conducted on a PHI 5800 MultiTechnique
ESCA system with monochromatized Al Ka (1486.6 €V) radiation at
a takeoff angle 0f 45°. The electronic conductivity of CoS,-C/CNT has
been examined by using a torque cell in the frequency range from 1 to
10° Hz at room temperature (298 K).

Electrochemical Measurements. The working electrodes were
composed of 80 wt % CoS,-C/CNT or Co-C/CNT as active material,
10 wt % SuperC6S (TIMCAL) as conductive carbon, and 10 wt %
polyvinylidene fluoride (PVdF) as binder. For the preparation, PVdF
was first dissolved in N-methylpyrrolidinone (Sigma-Aldrich) to obtain
a 5 wt % solution. Subsequently, the active material and the conductive
carbon were added, and the suspension was mixed by magnetic stirring
overnight. The resulting slurry was cast on dendritic copper foil
(Schlenk, 99.9%) by means of a laboratory doctor blade with a wet film
thickness of 120 ym. After drying in an oven at 60 °C overnight, disk
electrodes (12 mm in diameter) were punched and vacuum-dried for 24
h at 120 °C. The average active material mass loading was in the range
of ca. 1.5—1.7 mg cm ™2 The electrochemical tests for the character-
ization as lithium-ion electrode were performed in stainless steel 2032
coin cells with lithium metal foil (Rockwood Lithium, battery grade)
serving as reference and counter electrode and a sheet of glass fiber
(GF/D, Whatman) serving as separator. The electrolyte (UBE) wasa 1
M solution of LiPFg in a 1:1 (volume) mixture of EC and diethyl
carbonate (DEC), including 1% (volume) vinylene carbonate (VC).
For the SIB tests, three-electrode Swagelok-type cells with Na metal as
reference and counter electrode were employed instead. As electrolyte a
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1 M solution of NaPF4 in DME or EC/PC (1:1 by weight) was
employed. The coin cells and Swagelok-type cells were assembled in a
glovebox (MBraun UNIlab; H,0 and O, content <0.1 ppm). The
potential and voltage values given herein refer to the Li/Li* or Na/Na*
quasi-reference couple, depending on the targeted battery application.
All electrochemical tests were performed at 20 + 2 °C. Galvanostatic
cycling was conducted using a Maccor 3000 battery tester, fixing the
potential range to 0.01-3.0 V (vs Li/Li" or Na/Na*). CV was
performed utilizing a VMP3 potentiostat (Biologic Science Instru-
ments) in the same voltage range, i.e,, 0.01-3.0 V vs Li/Li* or Na/Na".

In Situ XRD Measurements. The in situ XRD experiments with
CoS,-C/CNT as active material for LIBs and SIBs were performed in a
self-designed two-electrode cell.”>*>** The working electrode was
composed of 75 wt % CoS,-C/CNT, 15 wt % SuperC65, and 15 wt %
PVdF, cast directly on the beryllium (Be) disk, serving simultaneously
as current collector and “window” for the X-ray beam. The wet film
thickness was set to 250 ym. The coated Be disks were first dried at 60
°C for 1 h and then at 50 °C under vacuum overnight. Lithium or
sodium metal foils were used as counter and reference electrode. A
bilayer of Whatman glass fiber (GF/D) served as separator, which was
soaked with 400 uL of 1 M LiPF4 in EC/DEC (1:1 volume) added with
1% VC (LIBs) or 1 M NaPF in DME (SIBs). One XRD pattern
accounted for 1883.6 s (about 30 min). Simultaneously, the cell was
galvanostatically (dis-)charged using a potentiostat/galvanostat (SP-
150, BioLogic) and applying a specific current of 58 mA g~ (LIBs) or
30 mA g~' (SIBs) within a potential range of 0.01-3.0 V.
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