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ABSTRACT: In the quest to increase battery performance, nanostructuring battery electrodes
gives access to architectures with electrical conductivity and solid-state diffusion regimes not
accessible with traditional electrodes based on aggregated spherical microparticles, while often
also contributing to the cyclability of otherwise unstable active materials. This work describes
electrodes where active material and current collector are formed as a single nanostructured
composite network, consisting of macroscopic fabrics of carbon nanotube fibers covered with
conformal MoS, grown preferentially aligned over the graphitic layers, without metallic current
collector or any conductive or polymeric additives. The composite fabric of CNTF/MoS: retain
high toughness and show out-of-plane electrical conductivity as high as 1.2 S/m, above the
threshold to avoid electrical transport-limited performance of electrodes (1 S/m), and above
control nanocomposite LIB electrodes (0.1 S/m) produced from dispersed nanocarbons. Cycled
against Li, they show specific capacity as high as 0.7 Ah/g along with appreciable rate capability
and cycling stability in low (108% capacity retention after 50 cycles at 0.1 A/g) as well as high
current density (89 % capacity retention after 250 cycles at 1 A/g). The composite fabrics are
flexible, with high tensile toughness up to 0.7 J/g, over two orders of magnitude higher than
conventional electrodes or regular MoS; material, and full-electrode capacity above state of the

art at different current densities.



Introduction

The quest to increase battery performance has sparked interest in new electrode architectures that
are far from the conventional configuration of traditional electrodes essentially consisting of
aggregated microparticles of active material and percolated conductive additives, glued together
by a polymeric binder and supported on a metal foil. Non-conventional electrode/battery
architectures can eliminate the need for polymeric binders! and enable dry processing, in line
with efforts to make manufacturing more sustainable. Furthermore, the use of high-aspect ratio
constituents in battery electrodes confers them with mechanically augmented properties. These
include self-standing electrodes with flexibility in bending through internal reinforcement
provided by a network of nanocarbons,>* electrodes with high thickness (high areal capacity) and
reduced weight from non-active materials, high tensile ductility by patterning stretchable
structures,’ electrodes with high tensile toughness by using nanocarbon current collectors,® and
ultimately, electrodes with carbon fibres that carry load-bearing and energy storage functions
simultaneously (termed structural batteries).”® A common feature of most emerging electrode
architectures is an electrode structure resembling a structural composite, with significant load

transfer between constituents compared to traditional electrodes with granular constituents.

A particularly promising strategy has been to produce electrodes containing a network of
conducting nanocarbons (graphene, carbon nanotubes (CNT),!® which not only provide high
(out-of-plane) electrical conductivity but also act as scaffold to support and stabilise active
material, thus increasing cyclability of high-energy density anodes' and cathodes.!!
Nanostructuring battery electrodes can give access to electrical conductivity and solid-state

diffusion regimes not accessible with traditional electrodes based on aggregated spherical



microparticles, and thus to near-theoretical capacity values, as demonstrated for a variety of

chemistries. '

One avenue to produce nanocomposite battery electrodes is from dispersions of active
material and nanofillers, as successfully demonstrated for graphene and/or CNTs with various
chemistries (e.g., Si, lithium titanate, transition metal oxides, MoS>). An alternative method is to
integrate the active material into a pre-formed nanocarbon network, such as a fabric of CNT
fibres.!'>!> The active material can then be directly infused or grown through wet-chemical,'*
electrochemical'® or gas-phase processes.!® A common feature of these composite electrodes
with built-in current collector is a low electrical resistance for charge extraction.!>!” One benefit
is that these fabrics have (mass-normalised) electrical conductivity approaching Cu and tensile

mechanical properties in the high-performance range,'®!

eliminating the need for current
collectors and unlocking structural properties.® We have previously shown, for example, that

MnO; grown on porous CNT fibre fabrics exhibits and a high rate performance and excellent

stability as anode for LIB.!"

In this study, we have developed flexible CNTF/MoS: composite electrodes with MoS»
(2H phase) grown aligned and conformally around CNTs in the fabric by an electrodeposition
process. This eliminates all binders, additives, or metallic current collectors. These materials
exhibited an in plane and out of plane conductivity in the order of 10* and 10"! S/m respectively,
high tensile toughness of 0.8 J/g and large ductility up to 10%. When used as anode for LIB in a
half-cell configuration, the composite electrode exhibited specific capacity over 700 mAh/g with
108 and 89 % capacity retention after 50 cycles at 0.1 A/g and 250 cycles at 1 A/g, respectively.
Capacity normalised by full electrode weight surpasses the conventional electrodes with carbon

additive, binder, and current collector. Detailed electrochemical analysis reveals that even at



lower scan rates the lithium storage mechanism relies both on the conversion and
pseudocapacitive processes, and the contribution of the latter increases at higher scan rate. These

composites have combined storage and structural properties above those reported in literature.

Experimental

Chemicals: Butanol, ferrocene, ammonium tertrathiomolybate (99.9%), Sodium sulphate

(99.99%). All chemicals were purchased from Sigma and used without further purification.

Synthesis of free-standing CNT fibers: The CNT fibers were synthesized by a gas phase
chemical vapour deposition process. Here butanol, ferrocene and thiophene were used as source
of carbon, catalyst, and promoter, respectively. These precursors were introduced from the top of
a vertical furnace, passed through a temperature of 1250 °C under hydrogen atmosphere. The
CNT fiber veils were collected from the bottom of the furnace by winding around a spool of
Teflon film. After 30 minutes of collection, the free standing CNTF fabrics were taken out and

used for electrochemical functionalization.

Synthesis of CNTF/MoS:2 composite: Prior to the deposition of MoS» in aqueous condition , to
improve the hydrophilicity of the CNT fibers first the pristine CNTF fabrics were
electrochemical functionalized at 2.5 V in an aqueous solution of 0.1 M Na>SOq4 in two electrode
configuration against a platinum mesh.?® The electrodeposition of MoS on the functionalized
CNTF was performed using three electrode system, where Ag/AgCl (3M) electrode and a Pt
mesh were used as reference and counter electrodes, respectively. A solution of the precursor
molybdate salt and sodium sulphate was prepared by maintaining concentration of 10 mM and
0.1 M, respectively in Mili-Q water. The electrodeposition was performed using

chronoamperometric technique at a voltage of -1.8 V for 3 tol5 minutes. After deposition, the



samples were thoroughly washed with water and ethanol, and dried under ambient condition.
These samples were further heated at 600 °C in a horizontal furnace under continuous flow of
argon for 1 hour with a heating ramp of 5 °C/min. The free-standing samples were employed for
further characterizations. Unless stated otherwise, all composite samples presented in the

manuscript were annealed.

Physico-chemical and morphological characterization: The samples were characterized
thoroughly using field effect scanning electron microscopy (FESEM, FEI Helios NanoLab 6001),
transmission electron microscopy (TEM, Talos F200X FEG, 200 kV), Raman spectroscopy
(Ranishaw, fitted with a 532 nm laser source), selected area electron diffraction (SAED), powder
X-ray diffractometer (PXRD, Cu Ko radiation, Empyrean, PANalytical Instruments) and

Brunauer-Emmett-Teller (BET) adsorption (Micromeritics, TriStar II Plus Version 3.01).

Mechanical characterization: Tensile tests were performed using the Dynamic Mechanical
Analyzer machine (DMA 850, TA Instruments) equipped with 18 N load cell. For this analysis,
the tensile clamps designed for uniaxial deformation were used and tensile tests were performed
in the force-controlled mode at the rate of 0.1 N min™' ramp, which corresponds to the strain rate
of 0.1 mm min"!. The CNTF/MoS; specimens were cut by sharp paper knife into rectangular
strips with the width of 3 mm and the initial gauge length of 20 mm. The load-displacement
curves were recorded, and the absolute and specific values of tensile strength, elastic modulus,
and elongation to break were calculated afterwards. To calculate the apparent volumetric density,
the mass of each sample was measured using high precision microbalance; and the thickness of
samples was measured with a high precision digital micrometer. Specific properties, determined

from knowledge of the load and linear density, are used to eliminate uncertainty with



determination of cross sections and enable direct comparison of tensile properties for samples

with different porosity.

Electrical characterization: In—plane electrical resistance was measured using the four probes
technique to avoid contact contribution to resistance using a 2450 Keithley source—measurement
unit. Strip electrodes were employed, spaced by 0.5 cm (the electrode width is 0.4 cm). To prove
the homogeneity of the proved samples, different zones were tested. The electrical conductivity
was further calculated by using the geometric parameters of the samples. Besides, the out — of

plane electrical resistance was obtained using a two-probe method.

Electrochemical characterization: The electrochemical tests were performed using biologic
electrochemical workstation (VMP300) and a Neware battery tester (CT-4008-5V10mA-164).
The CNTF/MoS:2 composite samples were used as working electrodes in coin cell configuration
(CR2032), where a piece of lithium metal foil (Sigma Aldrich) was used as negative electrode.
LiPFs (IM) and 10% Fluoroethylene carbonate (FEC) in ethylene carbonate/diethyl carbonate
(1:1 v/v, Solvionic) was used as electrolyte, and Whatman GF/D discs, along with Celgard 2400,
facing the CNTF/ MoS; electrodes, discs were used as separators. All the cells were assembled
in glove box, under argon atmosphere, with oxygen and moisture levels below 0.5 ppm. The
cells were characterized using cyclic voltammograms (scan rates of 0.1, 0.25, 0.5, 1, 2.5, 5, 10,
25,50, 100 mVs™!, voltage window: 0-3V), and galvanostatic cycling (current densities of 25, 50,
100, 250, 500, 1000, 2500 and 5000 mA/g, voltage range: 3 to 0.01V). All voltages, mentioned
throughout this manuscript, are with respect to Li/Li" redox potential. The specific capacity

values of the CNTF/MoS: composites are normalized with respect to the total electrode mass.



Results and discussion

The composite electrodes were fabricated by chronoamperometric electrodeposition of MoS;
directly on the CNT fibre (CNTF) fabrics. Ensuring growth of crystalline MoS» required mild

functionalisation of the CNTF before electrodeposition,! and annealing after deposition.
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Figure 1. (a, b) FESEM images of the CNTF/MoS> composite. (c) A bar diagram showing the
dependence of the average diameter of the CNTF/MoS> core shell nanowires with
electrodeposition time. (d) PXRD pattern of CNTF/MoS>-84 composite. (e) Schematic of the
CNTF/MoS:> composite structure showing a conformal coating of MoS> around the CNTF

bundles, where the layers of MoS> are oriented in the <001> direction. The inset image shows a

broken part of the composite.



After annealing, the macroscopic samples appear as shiny and highly flexible fabric, as shown in
the inset in Figure 1¢ and Figure S1. The FESEM images of the samples are shown in Figure 1
a, b, Figure S2 and Figure S3. The growth pattern of MoS, follows the one-dimensional
morphology of the pristine CNT fiber, leading to a uniform coating around the CNT bundles.
Growth of MoS> does not disrupt the fabric structure, thus the material can be visualised as a
percolated CNT network with a continuous conformal coating of the active material throughout
the fabric. We measured the diameter of the core CNT bundles to be 7-20 nm, and the MoS»
coating thickness increased with electrodeposition time (Figure 1c and Figures S2-3). The
average thickness of the MoS; shell coated around CNT bundles are estimated to be 12, 30.5,
41.6 and 80 nm for the electrodeposition time of 3, 5, 10 and 15 minutes, respectively. The
dependence of the electrode thickness, mass loading, average diameter, coating thickness and
mass fraction of MoS; over electrodeposition time is summarized in the Table 1. For clarity, the

samples with ‘x” mass fraction of MoS; are labelled as CNTF/MoS;-x in the manuscript.

Table 1. Morphological parameters of CNTF/MoS> composites produced with different
electrodeposition times.

Sample Electrode Mass/Area Average Average Mass
thickness bundle MoS; coating fraction of
(electrodeposition time) (mg/cm?) diameter thickness MoS; (%)
(average, (nm) (nm)
pum)
Pristine CNT 4 0.41 ~16 2 - 0
CNTF/MoS; 28 1.33 72.9 30.5 69

(5 minutes)
CNTF/MoS; (10 minutes) 45 1.82 120.3 41.6 77

CNTE/MoS: (15 minutes) 61 2.57 172.1 80 84




The PXRD patterns of the CNTF/MoS: are shown in Figure 1d and Figure S4 in SI. The
small peak at 26° can be attributed to the (002) reflection from the CNT fibers. The rest of the
peaks can be indexed based on the hexagonal 2H phase of MoS, (ICDD 98-003-1067), where the
unit cell contains 2 MoS; layers in the c-direction. Interestingly, the indexed pattern shows
presence of only the (00/) and (0kl) planes, which indicates that the basal planes of the MoS>
predominate. This infers that the conformal coating of MoS; might be crystallographically
oriented around the CNT core, as shown in Figure le. The orientation of MoS; relative to the
CNTs can be further discerned from high resolution TEM on these samples (Figure 2a, b and

SS5). As shown in Figure S5, the (002) planes of MoS> (d=0.63 nm) are lying almost parallel to

(002)CNT
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Figure 2. (a) Representative TEM image of CNTF/MoS> core-shell composite. The yellow
arrows show presence of defects in the MoS: lattice. (b) HRTEM image of the composite showing
the epitaxial growth of the MoS> (002) planes around the graphitic layers of CNT (002). (c) The
FFT electron diffraction pattern of the composite. (d) Raman spectra of the CNTF/MoS>

composite showing presence of low intensity D and G peaks from the CNT core.
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the growth direction of the CNTF. This texture is common in MoS2/CNT materials produced

122> and solid-state®® deposition methods. In the few reports on the use of

by solvotherma
electrodeposition techniques to grow MoS, on CNT, a random orientation has been previously

observed.?’

To investigate the MoS>-CNT interface in detail, we performed high resolution TEM on a
sample with thinner MoS, coating (3 minutes deposition). Figure 2a shows a representative
HRTEM, where a CNT bundle, composed of 3 multiwalled CNT is uniformly coated with MoS,,
where the (002) planes of MoS, and CNT are almost aligned at the interface. The cylindrical
symmetry and large thickness of the MoS:> layers makes it difficult to determine if there is
commensurability between CNT and MoS,. Some commensurability is plausible though, given
the evidence that small layers of MoS: readily align over the graphitic layers in crystallographic
registry nearly free of strain.”®* However, MoS, layers show some degree of irregularity,
particularly evidenced as basal plane edges analogous to edge dislocations, grain boundaries,
undulated layers and other irregular domains formed due to the curvature of the CNTs and the
inherently irregular bundle network structure.*® The lattice mismatch between MoS, layers and
graphitic surface of MWCNT (3.16 A vs. 2.47 A respectively), curvature of the MWCNTSs and
presence of kinks at the parallel joints of two nanotubes in a bundle can spontaneously generate
strain in the MoS; lattice, which in turn leads to such defects.>’ Overall, as shown in Figure le,
the composite fabric is essentially a continuous network with a core/ shell structure of
CNTF/MoS; strongly bound by van der Waals forces.>! The surface area of a representative
CNTF/MoS; composite was estimated using BET isotherm analysis. In Figure S4b we show the

adsorption and desorption profiles of N> at 77K temperature. The estimated surface area of the
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composite was 41 m*/g for the sample with 69% MoS; mass fraction, with predominance of

mesoscopic pores.

The presence of 2H phase of the MoS» shell was further confirmed by Raman spectroscopy. A
representative Raman spectrum of the CNTF/MoS, composite is shown in the Figure 2d. The
strong peaks around 400 cm™ can be attributed to vibrations from MoS,. Two strong signature
peaks at 408.5 and 382.1 cm can be assigned to the vertical (Aig) and horizontal (Eze')
vibrations of the MoS: layers. The small peak at 286.7 cm™ can be assigned to the Ei, vibrational
mode, which further confirms presence 2H phase of MoS». The small peaks at 1583.6 and 1351.1
cm! in Figure 2d are generated from the symmetric vibrations from graphitic (G) and defect (D)

rich regions of the CNTF respectively. The intensity ratio of the D/G peaks was ~0.5.

Mechanical and electrical properties of the composite electrodes: Next, we determined basic
mechanical and electrical properties, particularly to confirm the hypothesis that the electrode
behaves as a composite of continuous CNTF fabric in a MoS, matrix. The mechanical behaviour
of the composites was evaluated by uniaxial tensile test. Figure 3a shows the representative
stress-strain curves of the CNTF/MoS: composites; and their specific tensile strength, modulus,
and toughness (fracture energy) are summarized in Table 2. For comparison, we include
reported values for MoS; networks and filler-type CNTF/MoS> composites, both of which are
orders of magnitude below. Considering MoS> as a matrix in the CNTF/MoS> composite, the

large increases in modulus, strength and toughness show effective reinforcement by the CNTF.
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Figure 3. (a) Stress —strain curves of the CNTF/MoS> composites. (b) Comparison of electrical

conductivity of the CNTF/MoS> composites with pure MoS> and other electrodes (reference

10,33).

Table 2: Summary of mechanical and electrical properties of the CNTF/MoS> composites.

MoS; mass  Specific Specific Fracture In-plane electrical ~ Out-of-plane electrical
fraction strength, modulus, energy, J/g conductivity (S/m) conductivity (S/m)
MPa/SG MPa/SG
69% 145+1.7 164 + 24 0.70£0.19 1.19 (= 021086) X 1.22 £0.03
10

77% 18.0+2.1 324 £ 52 0.67+0.13  9.80 (+0.29) x 10° 0.43+£0.02

84% 17.0+£6.2 1245+ 365 0.13+0.06 4.89 (+0.29) x 103 0.31+0.02
100%0°%2% 0.1 1 - 1x10® 1x10°®
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However, from Figure 3a it is evident that with increasing thickness of the MoS» coating layer
around the CNT bundles, the average specific strength of the samples remains almost same,
whereas the samples lose their ductility and become more brittle in nature, the strain-to-break
decreased from 10.4% for the CNTF/Mo0S;-69 to 1.9% for CNTF/MoS,-84. Moreover, we note
that the modulus of these composite follows neither a corrected rule of mixtures®* nor percolation
relations observed in related systems (Figure S6).*> We hypothesise that the results exhibit the
transition from a porous, network-like composite to a composite with a continuous matrix.
Tensile deformation is governed by the network structure of the CNTF; as the MoS> coating
increases it produces stiffening by blocking fabric deformation mechanisms as internal fabric
pores are occupied by MoS», such as rotation and transverse compaction of the network present
in the pure fabric. This mechanism would explain the increase in stiffness for higher MoS; mass

fraction, at nearly constant strength.

We tested the in-plane and out-of-plane electrical conductivity of the self-standing
CNTF/MoS; composite fabrics. Out-of-plane conductivity values for all composite samples are
above 0.3 S/m, close to or above the minimum to ensure electrode performance is not limited by
electrical transport of =1 S/m observed in nanocomposite cathodes, and above limiting values
obtained with cathode nanocomposites produced from controlled dispersions with different
nanocarbons: graphene (>12 wt.%), carbon black (>12 wt.%) or SWCNTs (<1.3 wt.%).'° The
electrical conductivity of these samples is entirely dominated by the percolated network of the
constituent CNT fibre, which remains largely unaltered through the incorporation of the MoS:
phase. The MoS; layer is deposited on exposed surfaces of CNT bundles but does not disrupt the
interfaces between adjacent CNTs responsible for charge transfer. Indeed, longitudinal

conductivity for the different composite electrodes follows a dependence close to rule of
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mixtures; the presence of MoS contributes to the composite density but not significantly to the
conduction mechanism. The samples are very anisotropic though, with a ratio of in-plane to out-
of-plane conductivity of 10%, reminiscent of the high degree of alignment of CNTs in the plane,
and significantly above 10°-10° observed in electrodes produced from dispersions of shorter
CNTs.!" These results highlight important differences of the electrode composite route described

in the manuscript compared to wet-chemical methods.

Electrochemical properties: In the study of CNTF/MoS; composites as anodes for lithium
batteries, the first aspect of interest is to identify the different energy storage processes in the
electrode, both from MoS; and from the CNTs. Figure 4a shows the cyclic voltammograms of
CNTF/MoS,//Li cells at a scan rate of 0.1 mV s! (first, second and fifth cycles, for the anode
with 69 wt.% MoS:). Even though the features of the consecutive anodic cycles are quite similar,
distinct difference is observed in the cathodic cycles, which are very typical for MoS,.**®
During the first lithiation (black curve), the cathodic peak at 1.0 V can be attributed to the
insertion of lithium in the layered 2H phase of the MoS», which leads to the metallic 1T phase
with composition of LixMo0S,.3”*® The second peak around 0.5 V can be related to the conversion
of this lithiated 1T phase to Mo and LiS> along with formation of solid electrolyte interphase
(SEI). The deep lithiation peak could be due to the previously mentioned conversion reaction,
together with the lithiation of the CNTF scaffold.* In the following delithiation cycle, the strong
anodic peak at 2.3 V is originated from the oxidation of Li>S to Sg, whereas two small humps at

1.2V and 1.8 V can be related to delithiation of residual LixMoS; or to the formation of some

MoS,,!-*3 with possibly also some contribution from hysteretic delithiation of CNTF.
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Figure 4. (a) Cyclic voltammograms of CNTF/MoS>-69 at a scan rate of 0.1 mV s for the first,
second and fifth cycles. (b) Log-log plot of the intensity of peaks Ic and Illa versus the scan rate
during CVs. (c) Variation of deconvoluted contributions of the diffusion controlled and
pseudocapacitive process at different scan rates. (d) Specific capacities of CNTF/MoS>-69//Li
and CNTF/MoS>-84//Li cells, during lithiation, at different specific currents. Specific capacities

are normalised by the mass of the whole electrode.

During the second cathodic scan (red curve in Figure 4a), the peak at 1.9 V (Ic) corresponds to
the reduction of sulphur to Li»S.** The peak Ilc at 1.0 V can be related to the lithiation of MoS»,
reformed during the previous anodic scan. A shoulder at ~0.35 V could be attributed to the
occurrence of conversion reaction, which would be in accordance with the formation of LixMoS»
at 1.0 V. The shape of the CV reproduces thereafter, confirming the chemical stability of the

composite electrodes. From the second cycle onwards, a new weak anodic peak appears at about

16



0.2 V, which is originated from the non-hysteretic delithiation of the CNTF scaffold.* The two

anodic peaks at 1.2 V and 1.8 V merge in a broad peak centred at 1.7 V (Ila in Figure 4a).

Due to the large surface specific area of the composite and presence of defect sites, charge
storage in CNTF/MoS: is expected to occur partially as a surface process and, therefore, it may
be characterized by capacitive-like kinetics. To deconvolute the contributions from diffusion-
limited and capacitive-like processes, we performed CVs at scan rates from 0.1 to 100 mVs™!
(Figure S7). The logarithm of the peak current of the most intense peaks (Ia and Ic) increases
linearly with log(v) up to scan rates of 1 mV s! (Figure S7a). Below this threshold, the slope of
the log-log plot of the peak current log(J) versus the scan rate log(v) is 1.1 for peak Ic and 0.85
for peak Ia (Figure 4b). A slope of 1 is expected for capacitive processes, in which the current is
proportional to the scan rate (Joc v), and a slope of 0.5 for diffusion-controlled processes, in
which the current is proportional to the square root of the scan rate (J oc %), The results thus
indicate that the processes underlying the two peaks possess a mixed electrochemical response
but tending to be more capacitive type. A more detailed kinetic analysis was carried out, in the

scan-rate range between 0.1 and 1 mV s, by employing the following equation: *°

J (V) =K+ Kn'? (eq.1)

Here v is the scan rate, K; and K are scan rate independent constants. Kv and K,v'? stand for
the capacitive and diffusive contribution respectively (e.g. Figure S7b, ¢). Figure S7d-g show
the deconvoluted CVs of CNTF/Mo0S2-69 at scan rates between 0.1 and 1 mV s™', where the blue
regions stand for the diffusion-controlled process. At a scan rate of 0.1 mV s’!, the processes
underlying the main delithiation peaks (Ia and Illa) are mostly diffusion-controlled, whereas the

main lithiation processes (Ic and Illc) show mixed capacitive/diffusion control. In the Figure
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S7d-g, the blue regions at >0.2V can be related to the diffusion-controlled conversion of the
MoS; layer, whereas the same at shallow potentials for all scan rates, indicates a significant
contribution from the CNT fibers in the composite. In the other regions, the process is mainly
capacitive. At higher scan rates the capacitive contribution obviously increases, due to the
stronger dependence with the scan rate. The capacitive contribution to the total specific capacity
at a scan rate of 0.1 mV s! was estimated to be 51 %, which increases up to 84 % at a scan rate
of 1 mV s! (Figure 4c¢). This observation confirms that, at faster scan rates, the lithium storage
mostly relies on the pseudocapacitive processes, owing to the large surface specific area as well

as presence of defects in the composite.

The cell performance of the composites was further evaluated by performing galvanostatic
charge-discharge in CNTF/MoS2//Li half-cells. The potential-capacity profiles of the first two
cycles at a specific current of 0.025 A g for CNTF/MoS»//Li cells are shown in Figure S8a.
During the first lithiation, the initial capacities were found to be ca. 1.2 Ah g'!, with reversible
capacities of 0.65 Ah g!. Note that this capacity is normalised by the mass of the whole
electrode, including the CNT built-in current collector. Most of the irreversible capacity during
the first lithiation could be originated from the formation of the lithiated 1T phase (pseudo-
plateau between 1.5 and 1.0 V) and the SEI formation (plateau at 0.6 V). After the first lithiation,
the potential profile shows pseudo-plateaus between 2.0 and 2.5 V and, during lithiation, below
0.5V, concordantly to the CVs. From the second cycle onwards, the voltage profiles are
reproduced completely, further confirming excellent electrochemical stability of the material. No
appreciable difference was observed for anodes with 69 or 84 wt.% MoS: (Figure S8), which is
due to the relatively small difference in mass fraction and the fact that the CNTF phase

contributes to the lithiation process.
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Figure 4d shows the specific capacities of CNTF/MoS; at specific currents ranging from 0.025
to 5 A g! (~ from C/27 to 7.5 C) (for 69 and 84 wt.% of MoS; and normalised by whole
electrode mass). The corresponding potential profiles at different specific currents for
MoS,/CNTF-69//Li are reported in Figure S8b. The composite shows excellent rate capability,
which is in accordance with the large capacitive contribution observed in the CVs and its high
electrical conductivity. Interestingly, the two samples, with different content of MoS,, show
comparable rate capability (Figure S8¢), except at the highest tested specific current (5 A g™).
At this specific current, equivalent to a current density of 7 mA cm?, CNTF/MoS,-69//Li cells
deliver 0.2 Ahg!, ie. with capacity retention of 32 %. At the same specific current,

CNTF/MoS;-84//Li cells deliver 0.13 Ah g (20 % capacity retention).

The rate capability of these composite electrodes was further assessed by means of equation

2:41

Q=0 (1- RO"(1—e ™)) (eq.2)

where Q is the specific capacity, Oy is the capacity at zero-rate, R is the effective rate (i.e. the
current-capacity ratio, J/Q), ¢ is a characteristic time constant and » indicates the type of process
limiting the electrochemical performance (n = 0.5 for diffusive control and n =1 for resistive
control). Oy is for both electrodes ca. 0.6 Ah g, which is close to the experimental value at
0.025 A g! (Figure S8c). The exponent n is in both the cases 0.7, indicating a mixed
diffusive/capacitive control process. The time constant (#) is calculated to be 220s for
CNTF/MoS;-69 and 260 s for CNTF/MoS2-84, concurrently with the lower capacity of the latter
at high rates. The transport coefficient @, defined as L%/, where L is the thickness of the

electrode, is thus 3.56 x107'2 m?s”! for CNTF/Mo0S,-69 and 14.31 x10'? m?s™' for CNTF/MoS,-
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84. The transport coefficient has been shown to scale inversely with the volumetric capacity.*!
Given a volumetric capacity of ca. 300 and 150 mAh cm™ for CNTF/Mo08S,-69 and CNTF/MoS,-

84, respectively, the calculated transport coefficient falls within the expected range.
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Figure 5. Galvanostatic cycling of the CNTF/MoS>-69 composite at a) 0.1 A g (~C/6.7) and b)

at 1 Ag'(~1.5 C) in a voltage window of 3-0.01V vs Li/Li".

The cyclability of CNTF/MoS» composite was evaluated under galvanostatic condition. Figure
5a and b show the stability profile of the CNTF/MoS, composite cells at 0.1 and 1 A g,
respectively. At 0.1 A g!, a slight capacity increase is observed, from 0.6 Ah g! to 0.65 Ah g,
with average coulombic efficiency of 97.8 %. The increase in specific capacity is attributed to an
electrochemical milling process slightly increasing specific surface area of the composite over
several cycles, and to an increased capacity contribution of the CNTF scaffold. The effect can be

followed through the evolution of the potential profiles between cycles 1 and 50 (Figure S8d).
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The capacity increase is accompanied by the appearance of a pseudo-plateau in the intermediate
potential region (at about 1.2 V during lithiation, and 1.5 V during delithiation). Conversely, the
capacity contribution of the high voltage plateau, which is strictly related to the electrochemical
activity of MoS», remains constant. This suggests that the additional capacity may be related to
an additional contribution of the CNTF scaffold, due to introduction of defects on the CNT
fibers.>® The effect is not observed at high current densities since in this case the lithium ions
accumulation occurs mainly on the composite surface, and therefore the CNT cores are less
affected by the lithiation process. As shown in the Figure Sb, the capacity retention after 250
cycles at 1 Ag! current density was 88.6 %, with an average coulombic efficiency of 99.31%.
Such electrochemical cyclability of these materials is related to the presence of the CNT network
containing the MoS; material throughout cycling and despite some degree of electrochemical
milling. Figure S9 shows examples of CNTF/MoS, FESEM images after galvanostatic cycling
experiments, confirming the stability of conformal composite structure even after extended

electrochemical cycling.

Comparison to other composite electrodes: Figure 6 presents a comparison of the properties
of the composites studied in this work, with reports of related electrodes with a (nano)composite
structure. In first instance, we plot capacity normalised by active material, against current density
(Figure 6a). This normalisation is common in the literature but has limited significance when
only MoS:; is taken as active material, since it ignores the contribution to capacity from other
materials in the composite electrodes. For electrodes with very high capacity (e.g. Si), the
contribution from graphitic material may be negligible, but as shown in the present study, for
MoS:> that is not the case. Hence, for the materials in the present study, the active material

includes the CNT network in the MoS2/CNT composite electrode. From the graph in Figure 6a it
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is possible to identify the materials at the higher end as those in which MoS; consists of large,
individualised monolayers of MoS,, which are likely to have different storage mechanisms
through a lower defect density and higher surface area. Next, we present the same data with
capacity normalised by full electrode mass, including the current collector (Figure 6b). This
comparison shows that the present CNTF/MoS; composites are above state-of-the art at nearly all
current densities, highlighting the benefit of introducing the CNT current collector into the

electrode material itself.

(a) With respect to active mass (b) With respect to total electrode mass
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Figure 6. A comparison plot of the specific capacity with respect to (a) active mass and (b) total
mass of the electrode over current density of the electrodes. The details of the references are
summarized in the table STI1. Note that for the composites in this work the active mass is

considered including the CNTss.

Finally, another aspect of interest of the present electrodes are their mechanical properties,
which we present in Figure 7 as a plot of specific capacity against tensile fracture energy.
Although they have a modest strength, in the range of a soft metal like copper, they have high
toughness. Their tensile fracture energy, which may be taken as indication of overall robustness
for handling and further processing, is significantly above all reports on MoS>-based electrodes

and orders of magnitude above MoS: (~1 x107 J g').32 Mechanically, the present composites are
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only below electrodes with structural carbon fibres' or with CNT fibre fabrics containing

ceramic-like active material,® both with significantly lower capacity.
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Figure 7. A comparison plot of the specific capacity over corresponding toughness of the

electrodes. The details of the references are summarized in the table ST2.

Conclusion

In conclusion, we have demonstrated that electrodeposited CNTF/MoS; can be used as a tough
anode for lithium-ion battery. This synthesis method offers uniform deposition of MoS;
conformal around the CNT bundles forming a composite structure. The thickness of the MoS»
shell can be modulated by varying the electrodeposition time of the MoS». Interestingly the
orientation of MoS, layers around the graphitic CNT wall mostly maintains a near epitaxial

relationship and are in close contact with the CNTs throughout the whole interface. Both in- and
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out-of- plane electrical conductivities are high, above related nanocomposite electrodes produced
by alternative routes based on aggregation of dispersed nanofillers. When used as Li-ion battery
anode in a half cell configuration, the composites show specific capacity of ~0.7Ah/g with high-
rate capability and electrochemical stability. A significant capacity is due to capacitive processes,
as well as to Li storage in the CNTs. The composites show specific toughness of 0.3-0.8 J/g,
which is superior to most of the high-capacity structural electrodes. The carbon content in the
CNTF/MoS,-74 composite is almost equivalent to the conventional recipe of electrode
preparation, while avoiding the presence of polymeric binder and current collector, thereby
gaining on the mass saving. This study establishes an alternative route to prepare current
collector and binder free tough anode without compromising on their mechanical stability and

specific capacity.

AUTHOR INFORMATION

Corresponding Author

*rebeca.marcilla@imdea.org; **juanjose.vilatela@imdea.org

ACKNOWLEDGMENT

The authors are grateful for generous financial support provided by the European Union Horizon
2020 Programme under grant agreement 678565 (ERC-STEM), by the MINECO-Spain (RyC-
2014-1511, HYNANOSC RTI12018-099504-A-C22), by the Air Force Office of Scientific
Research of the United States (NANOYARN FA9550-18-1-7016) and by “Comunidad de
Madrid” FotoArt-CM project (S2018/NMT-4367). A.M. acknowledges funding from the
European Union's Horizon 2020 research and innovation programme under the Marie

Sklodowska-Curie grant agreement 797176 (ENERYARN). M.V. acknowledges the Madrid

24



Regional Government (program ‘“Atracciéon de Talento Investigador”, 2017-T2/IND-5568) for

financial support.

REFERENCES

(1)

)

€)

(4)

)

(6)

Park, S.-H.; King, P. J.; Tian, R.; Boland, C. S.; Coelho, J.; Zhang, C. (John); McBean, P.;
McEvoy, N.; Kremer, M. P.; Daly, D.; Coleman, J. N.; Nicolosi, V. High Areal Capacity
Battery Electrodes Enabled by Segregated Nanotube Networks. Nat. Energy 2019.
https://doi.org/10.1038/s41560-019-0398-y.

Kirsch, D. J.; Lacey, S. D.; Kuang, Y.; Pastel, G.; Xie, H.; Connell, J. W.; Lin, Y.; Hu, L.
Scalable Dry Processing of Binder-Free Lithium-Ion Battery Electrodes Enabled by Holey
Graphene. ACS  Appl. Energy  Mater. 2019, 2 (5, 2990-2997.
https://doi.org/10.1021/acsaem.9b00066.

Zhang, Q.; Wang, X.; Pan, Z.; Sun, J.; Zhao, J.; Zhang, J.; Zhang, C.; Tang, L.; Luo, J.;
Song, B.; Zhang, Z.; Lu, W.; Li, Q.; Zhang, Y.; Yao, Y. Wrapping Aligned Carbon
Nanotube Composite Sheets around Vanadium Nitride Nanowire Arrays for Asymmetric
Coaxial Fiber-Shaped Supercapacitors with Ultrahigh Energy Density. Nano Lett. 2017,
17 (4), 2719-2726. https://doi.org/10.1021/acs.nanolett. 7b00854.

Zeng, S.; Tong, X.; Zhou, S.; Lv, B.; Qiao, J.; Song, Y.; Chen, M.; Di, J.; Li, Q. All-in-
One Bifunctional Oxygen Electrode Films for Flexible Zn-Air Batteries. Small 2018, 14
(48), 18034009. https://doi.org/10.1002/smll.201803409.

Chen, X.; Huang, H.; Pan, L.; Liu, T.; Niederberger, M. Fully Integrated Design of a
Stretchable Solid-State Lithium-Ion Full Battery. Adv. Mater. 2019, 31 (43), 1904648.
https://doi.org/https://doi.org/10.1002/adma.201904648.

Boaretto, Nicola; Almenara, Jesus; Mikhalchan, Anastasiia; Marcilla, Rebeca; Vilatela, J.

25



(7

(8)

)

(10)

(11)

(12)

(13)

J. A Route to High-Toughness Battery Electrodes. ACS Appl. Energy Mater. 2019, 2 (8),
5889-5899.

Meng, C.; Muralidharan, N.; Teblum, E.; Moyer, K. E.; Nessim, G. D.; Pint, C. L.
Multifunctional Structural Ultrabattery Composite. Nano Lett. 2018, 18 (12), 7761-7768.
https://doi.org/10.1021/acs.nanolett.8b03510.

Moyer, K.; Meng, C.; Marshall, B.; Assal, O.; Eaves, J.; Perez, D.; Karkkainen, R.;
Roberson, L.; Pint, C. L. Carbon Fiber Reinforced Structural Lithium-Ion Battery
Composite: Multifunctional Power Integration for CubeSats. Energy Storage Mater. 2020,
24, 676—681. https://doi.org/https://doi.org/10.1016/j.ensm.2019.08.003.

Asp, L. E.; Johansson, M.; Lindbergh, G.; Xu, J.; Zenkert, D. Structural Battery
Composites: A Review. Funct. Compos. Struct. 2019, [ (4), 42001.
https://doi.org/10.1088/2631-6331/ab5571.

Tian, R.; Alcala, N.; O’Neill, S. J. K.; Horvath, D. V; Coelho, J.; Griffin, A. J.; Zhang, Y ;
Nicolosi, V.; O’Dwyer, C.; Coleman, J. N. Quantifying the Effect of Electronic
Conductivity on the Rate Performance of Nanocomposite Battery Electrodes. ACS Appl.
Energy Mater. 2020, 3 (3), 2966-2974. https://doi.org/10.1021/acsaem.0c00034.

Zhang, R.; Qin, Y.; Liu, P.; Jia, C.; Tang, Y.; Wang, H. How Does Molybdenum Disulfide
Store  Charge: A Minireview. ChemSusChem 2020, [3 (6), 1354-1365.
https://doi.org/https://doi.org/10.1002/cssc.201903320.

Qu, S.; Dai, Y.; Zhang, D.; Li, Q.; Chou, T.-W.; Lyu, W. Carbon Nanotube Film Based
Multifunctional Composite Materials: An Overview. Funct. Compos. Struct. 2020, 2 (2),
22002. https://doi.org/10.1088/2631-6331/ab9752.

Rana, M.; Santos, C.; Monreal-Bernal, A.; Vilatela, J. J. CNT Fiber-Based Hybrids.

26



(14)

(15)

(16)

(17)

(18)

(19)

Synthesis and Applications of Nanocarbons. October 26, 2020, pp 149-200.
https://doi.org/https://doi.org/10.1002/9781119429418.ch5.

Monreal-Bernal, A.; Vilatela, J. J. Large-Area Schottky Junctions between ZnO and
Carbon Nanotube Fibres. Chempluschem 2018, 83 (4), 285-293.

Rana, M.; Sai Avvaru, V.; Boaretto, N.; de la Pefia O’Shea, V. A.; Marcilla, R.; Etacheri,
V.; Vilatela, J. J. High Rate Hybrid MnO 2 @CNT Fabric Anodes for Li-lon Batteries:
Properties and a Lithium Storage Mechanism Study by in Situ Synchrotron X-Ray
Scattering. J. Mater. Chem. A 2019, 7 (46), 26596-26606.
https://doi.org/10.1039/C9TA08800H.

Moya, A.; Kemnade, N.; Osorio, M. R.; Cherevan, A.; Granados, D.; Eder, D.; Vilatela, J.
J. Large Area Photoelectrodes Based on Hybrids of CNT Fibres and ALD-Grown TiO2. J.
Mater. Chem. A 2017, 5, 24695-24706. https://doi.org/10.1039/C7TA08074C.

Saha, A.; Moya, A.; Kahnt, A.; Iglesias, D.; Marchesan, S.; Wannemacher, R.; Prato, M.;
Vilatela, J. J.; Guldi, D. M. Interfacial Charge Transfer in Functionalized Multi-Walled
Carbon Nanotube@TiO2 Nanofibres. Nanoscale 2017, 9 (23), 7911-7921.
https://doi.org/10.1039/C7NR0O0759K.

Taylor, L. W.; Dewey, O. S.; Headrick, R. J.; Komatsu, N.; Peraca, N. M.; Wehmeyer, G.;
Kono, J.; Pasquali, M. Improved Properties, Increased Production, and the Path to Broad
Adoption of Carbon Nanotube Fibers. Carbon N. Y. 2021, 171, 689-694.
https://doi.org/https://doi.org/10.1016/j.carbon.2020.07.058.

Mikhalchan, A.; Vilatela, J. J. A Perspective on High-Performance CNT Fibres for
Structural Composites. Carbon N. Y. 2019, 150, 191-215.

https://doi.org/https://doi.org/10.1016/j.carbon.2019.04.113.

27



(20)

21)

(22)

(23)

(24)

(25)

(26)

Senokos, E.; Rana, M.; Santos, C.; Marcilla, R.; Vilatela, J. J. Controlled Electrochemical
Functionalization of CNT Fibers: Structure-Chemistry Relations and Application in
Current Collector-Free All-Solid Supercapacitors. Carbon N. Y. 2019, 142, 599-609.
https://doi.org/https://doi.org/10.1016/j.carbon.2018.10.082.

Senokos, E.; Rana, M.; Santos, C.; Marcilla, R.; Vilatela, J. J. Controlled Electrochemical
Functionalization of CNT Fibers: Structure-Chemistry Relations and Application in
Current Collector-Free All-Solid Supercapacitors. Carbon N. Y. 2019, 142, 599-609.
https://doi.org/10.1016/j.carbon.2018.10.082.

Santos, C.; Senokos, E.; Fernandez-Toribio, J. C.; Ridruejo, A.; Marcilla, R.; Vilatela, J. J.
Pore Structure and Electrochemical Properties of CNT-Based Electrodes Studied by in-
Situ Small/Wide Angle X-Ray Scattering. J. Mat. Chem. A.

Chen, Y. M.; Yu, X. Y.; Li, Z.; Paik, U.; Lou, X. W. D. Hierarchical MoS2 Tubular
Structures Internally Wired by Carbon Nanotubes as a Highly Stable Anode Material for
Lithium-Ion Batteries. Sci. Adv. 2016, 2 (7), e1600021.

Song, X. C.; Zheng, Y. F.; Zhao, Y.; Yin, H. Y. Hydrothermal Synthesis and
Characterization of CNT@ MoS2 Nanotubes. Mater. Lett. 2006, 60 (19), 2346-2348.
Koroteev, V. O.; Bulusheva, L. G.; Asanov, I. P.; Shlyakhova, E. V; Vyalikh, D. V;
Okotrub, A. V. Charge Transfer in the MoS2/Carbon Nanotube Composite. J. Phys.
Chem. C 2011, 115 (43), 21199-21204. https://doi.org/10.1021/jp205939%e.

Tiwari, P.; Janas, D.; Chandra, R. Self-Standing MoS2/CNT and MnO2/CNT One
Dimensional Core Shell Heterostructures for Asymmetric Supercapacitor Application.
Carbon N. Y. 2021, 177, 291-303.

https://doi.org/https://doi.org/10.1016/j.carbon.2021.02.080.

28



27)

(28)

(29)

(30)

(1)

(32)

(33)

Zhang, X.; Luster, B.; Church, A.; Muratore, C.; Voevodin, A. A.; Kohli, P.; Aouadi, S.;
Talapatra, S. Carbon Nanotube—MoS2 Composites as Solid Lubricants. ACS Appl. Mater.
Interfaces 2009, 1 (3), 735-739. https://doi.org/10.1021/am800240e.

Zhang, P.; Fang, Y.; Zhou, Y.; Wan, W.; Yan, X.; Zhang, R.; Wu, S.; Zhu, Z.-Z.; Cai, W_;
Kang, J. Epitaxial Growth and Intrinsic Nature of Molybdenum Disulfide on Graphite.
Appl. Phys. Express 2017, 10 (5), 55201. https://doi.org/10.7567/apex.10.055201.

Liu, X.; Balla, I.; Bergeron, H.; Campbell, G. P.; Bedzyk, M. J.; Hersam, M. C.
Rotationally Commensurate Growth of MoS2 on Epitaxial Graphene. ACS Nano 2016, 10
(1), 1067-1075. https://doi.org/10.1021/acsnano.5b06398.

Larson, D. T.; Fampiou, I.; Kim, G.; Kaxiras, E. Lithium Intercalation in Graphene—MoS2
Heterostructures. J.  Phys. Chem. C 2018, [22 (43), 24535-24541.
https://doi.org/10.1021/acs.jpcc.8b07548.

Biroju, R. K.; Das, D.; Sharma, R.; Pal, S.; Mawlong, L. P. L.; Bhorkar, K.; Giri, P. K;
Singh, A. K.; Narayanan, T. N. Hydrogen Evolution Reaction Activity of Graphene—
MoS2 van Der Waals Heterostructures. ACS Energy Lett. 2017, 2 (6), 1355-1361.
https://doi.org/10.1021/acsenergylett. 7600349.

Liu, Y.; He, X.; Hanlon, D.; Harvey, A.; Khan, U.; Li, Y.; Coleman, J. N. Electrical,
Mechanical, and Capacity Percolation Leads to High-Performance MoS2/Nanotube
Composite Lithium Ion Battery FElectrodes. ACS Nano 2016, 10 (6), 5980-5990.
https://doi.org/10.1021/acsnano.6b01505.

El-Mahalawy, S. H.; Evans, B. L. Temperature Dependence of the Electrical Conductivity
and Hall Coefficient in 2H-MoS2, MoSe2, WSe2, and MoTe2. Phys. status solidi 1977,

79 (2), 713-722. https://doi.org/https://doi.org/10.1002/pssb.2220790238.

29



(34)

(35)

(36)

(37)

(38)

(39)

(40)

Mas, B.; Monreal-Bernal, A.; Yue, H.; Zhang, H.; Vilatela, J. J. Understanding the
Enhancement of Young’s Modulus of Macroscopic Carbon Nanotube Fibers after Polymer
Infiltration. In AIP Conference Proceedings; AIP Publishing LLC, 2019; Vol. 2055, p
90008.

Stephenson, T.; Li, Z.; Olsen, B.; Mitlin, D. Lithium Ion Battery Applications of
Molybdenum Disulfide (MoS2) Nanocomposites. Energy Environ. Sci. 2014, 7 (1), 209—
231. https://doi.org/10.1039/C3EE42591F.

Chang, K.; Chen, W. L-Cysteine-Assisted Synthesis of Layered MoS2/Graphene
Composites with Excellent Electrochemical Performances for Lithium Ion Batteries. ACS
Nano 2011, 5 (6), 4720-4728. https://doi.org/10.1021/nn200659w.

Tang, W.; Wang, X.; Zhong, Y.; Xie, D.; Zhang, X.; Xia, X.; Wu, J.; Gu, C.; Tu, J.
Hierarchical MoS2/Carbon Composite Microspheres as Advanced Anodes for
Lithium/Sodium-lon Batteries. Chem. — A Eur. J. 2018, 24 (43), 11220-11226.
https://doi.org/https://doi.org/10.1002/chem.201802131.

Wang, L.; Xu, Z.; Wang, W.; Bai, X. Atomic Mechanism of Dynamic Electrochemical
Lithiation Processes of MoS2 Nanosheets. J. Am. Chem. Soc. 2014, 136 (18), 6693—6697.
https://doi.org/10.1021/ja501686w.

Boaretto, N.; Rana, M.; Marcilla, R.; Vilatela, J. J. Revealing the Mechanism of
Electrochemical Lithiation of Carbon Nanotube Fibers. ACS Appl. Energy Mater. 2020,
acsaem.0c01267. https://doi.org/10.1021/acsaem.0c01267.

Sodergren, S.; Siegbahn, H.; Rensmo, H.; Lindstrom, H.; Hagfeldt, A.; Lindquist, S.-E.
Lithium Intercalation in Nanoporous Anatase TiO2 Studied with XPS. J. Phys. Chem. B

1997, 101 (16), 3087-3090. https://doi.org/10.1021/jp9639399.

30



(41) Tian, R.; Park, S.-H.; King, P. J.; Cunningham, G.; Coelho, J.; Nicolosi, V.; Coleman, J.
N. Quantifying the Factors Limiting Rate Performance in Battery Electrodes. Nat.

Commun. 2019, 10 (1), 1933. https://doi.org/10.1038/s41467-019-09792-9.

31



