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1 Introduction

In situ growth of layered 1T-MoS, onto carbon
nanofibers as a strategy towards advanced hybrid
materials for electrochemical energy storage and
catalysist

Felix Boll,*® Micaela Pozzati,“ Matteo Crisci,*® Bernd Smarsly, (22
Teresa Gatti (2 **< and Mengjiao Wang ) *©

Supercapacitors for electrochemical energy storage and electrocatalysts for hydrogen evolution reaction
(HER) are pivotal in addressing global energy challenges. However, their widespread use is hindered by
the limitations of the currently available functional materials. This study explores the in situ hydrothermal
growth of 1T-phase MoS; directly onto the surface of carbon nanofibers (CNFs), forming 3D hierarchical
nanostructures with potential for both supercapacitor and HER applications. The effect of reaction time
on the thickness of the 1T-MoS, outer layer is systematically investigated, revealing a stepwise relationship
between layer thickness and reaction time. The resulting 1T MoS,/CNFs hybrids, with varying MoS, layer
thicknesses, exhibit distinct specific capacitance behaviors under varying scan rates, due to differences in
conductivity and ion diffusion distances. Post-electrochemical testing analysis reveals 1T-MoS, inherent
instability, which, rather than transitioning to the 2H-phase, predominantly oxidizes to form molybdenum
oxides. Despite this limitation, the hybrids demonstrate promising performance in HER electrocatalysis,
with thicker MoS, layers offering more active sites, despite an unfavorable trade-off in conductivity. This
study provides a mechanistic understanding of 1T-MoS,/CNFs nanohybrids in electrochemical appli-
cations, highlighting the interplay between MoS, phase composition, thickness and electrochemical per-
formance. Our findings underscore both the potential and challenges in optimizing these nanohybrids for
enhanced energy storage and hydrogen evolution, paving the way for future advancements in multifunc-
tional energy materials.

renewable energy production and, consequently required,
energy storage, current technological efforts are directed

Addressing the climate crisis has placed an urgent emphasis
on innovative methods for energy production and storage.
Despite significant advancements in energy generation,
storage and transfer, driven by modern technology and
research, ongoing discoveries continue to refine and optimize
these processes. Efficient energy production and storage
systems are indispensable, given the constant demand for
reliable power sources. To overcome challenges in intermittent
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towards developing advanced supercapacitors and electrocata-
lysts for the hydrogen evolution reaction (HER), seeing hydro-
gen as a sustainable energy carrier."”> However, the effective-
ness of these systems is often limited by the availability of suit-
able functional materials. The key challenge in advancing
these technologies lies in the discovery and development of
novel nanomaterials with enhanced specific capacitance (Cs)
for energy storage and/or superior catalytic activity for HER.
Carbon-based materials have emerged as some of the most
important electrode materials for supercapacitors, garnering
continuous attention since several years. Currently, the devel-
opment of one-dimensional carbon composite nanomaterials
is a highly investigated approach to further enhance super-
capacitor performance.® This focus is primarily driven by the
inherent advantages of 1D structures, which are believed to
facilitate efficient electron transport and improve overall
device functionality.* Ongoing research is focused on improv-
ing carbon nanofibers (CNFs) to enhance their capacity and
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durability.” The strategic design and selection of materials to
combine with CNFs is a valuable tool to significantly boost
electrochemical performance of this well-known nanocarbons.
Materials such as multiwalled carbon nanotubes,® graphene,7
MXenes,® and NiCo,S,° have been identified as effective addi-
tives for CNFs. These species not only improve charge storage
capacity but also help maintain excellent conductivity, making
them highly beneficial for advanced energy storage appli-
cations. In addition to the choice of components, the structure
of hybrid materials plays a crucial role in optimizing perform-
ance. For supercapacitors incorporating CNFs, a 3D hierarchi-
cal structure has proven to be a promising design. This con-
figuration enables effective integration of CNFs with other
nanomaterials, such as MnO,,'® RuO,,'* NiCo0,0,,'* NiCo0,S,,’
and NiS,"® which can grow on the surface of CNFs. These struc-
tures can influence electron transfer and electrolyte diffusion,
thereby improving overall performances as supercapacitors.

Such combinations have also shown potential for the HER.
CNFs, as an excellent catalyst support, are frequently used to
grow and disperse electrocatalysts as well. The growth of
heterostructures from the CNF surface provides a larger
surface area for HER compared to the use of the pure nano-
material-based components.'**® Furthermore, well-dispersed
catalyst nanoparticles embedded within the CNF matrix
reduce interfacial resistance between particles, enhancing
both conductivity and stability. Additionally, the intrinsic con-
ductivity of CNFs minimizes resistance in the HER process,
further improving catalytic efficiency.'” Therefore, using CNFs
as a conductive matrix to support other nanomaterials is an
excellent strategy for producing hybrid species with enhanced
electrochemical properties.

Meanwhile, the interest in 2D layered materials has rapidly
expanded, with transition metal dichalcogenides (TMDCs)
gaining attention in the scientific community as ideal candi-
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dates for applications such as energy storage and
electrocatalysis.'®* ! MoS, is emerging as a viable new elec-
trode material for supercapacitors and HER owing to a high
conductivity and remarkable electrochemical activity.>>™>¢
MoS, is known as an excellent example of innovative
approaches to energy production.>’2° Especially for capacitive
and high-conductive applications, MoS, in its metallic phase
(the 1T-phase), is up to 10’ times more conductive compared
to the semiconducting 2H-phase. Additionally, induced S
vacancies in the 1T-phase create beneficial active sites for
hydrogen production. However, given its fascinating electro-
chemical characteristics, bare 1T-MoS, frequently experiences
poor Cs. It is thus necessary to develop new approaches to
raise Cs of 1T-MoS, electrode materials. Maximizing the acces-
sible surface area for charge storage and increasing the
number of active sites, along with their accessibility, is essen-
tial for optimizing the overall electrochemical properties.
Consequently, the development of 1T-MoS, with more active
sites is both beneficial and strongly recommended.

Significant beneficial aspects arise when carbon-based
materials are interfaced with TMDCs such as MoS, and WS,.
Synergistic interactions at the carbon-TMDC interface help
prevent aggregation, maintain surface area during electro-
chemical processes, increase the concentration of active sites,
and enhance charge conductivity.***> Moreover, the capillary
effects of CNFs play a vital role by facilitating electrolyte pene-
tration and improving electrode wetting, further boosting per-
formance. The combination of CNFs with MoS, has been
extensively studied and reported in the literature.*7¢
However, most studies focus on incorporating semiconductive
2H-MoS, with CNFs, while limited research has explored the
fabrication of 1T-MoS,/CNFs hybrids and the study of their
electrochemical performance in energy storage and electroca-
talysis. Furthermore, a critical gap remains in understanding
the influence of the carbon-to-MoS, ratio on the electro-
chemical performance. Addressing this knowledge gap could
provide valuable insights for optimizing these materials for
energy applications. Additionally, to achieve strong bonding
with carbon-based materials, the bottom-up hydrothermal
method is more practical, as it allows the direct growth of
1T-MoS, onto a carbon matrix. For instance, Niu et al. success-
fully synthesized ultrathin 1T-2H MoS, heterostructures on
CNFs using the hydrothermal method.*® Despite these
advances, the synthesis process remains insufficiently explored
and calls for further detailed investigation.

Building on previous studies, we investigate here the combi-
nation of 1T-MoS, and CNFs to develop 1T-MoS,/CNFs hybrids
for electrochemical applications. By testing the performance of
these hybrids as supercapacitor materials and electrocatalysts,
our goal was to understand how the structure and composition
influence their functionality in these two important appli-
cations. We systematically examined the effects on MoS, layer
thickness over reaction time of the hydrothermal process used
to grow it on the surface of CNFs and found that the MoS,
layer undergoes a stepwise growth with the reaction time. The
resulting changes in phase composition and the MoS,-to-
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carbon ratio are analysed in relation to the performance of the
hybrids in charge storage and HER. Understanding the func-
tionality helps to provide valuable insights for the further
optimization of nanocomposites for energy-related appli-
cations, enabling the precise fabrication of structures tailored
to specific functions.

2 Results and discussion
2.1 Synthesis of 1T-MoS,/CNFs at different reaction times

CNFs were synthesized using a three-steps procedure which
involves electrospinning of polyacrylonitrile (PAN), followed by
stabilization at 325 °C in air and carbonization at 800 °C
under N,, as reported in our recent work and recalled here in
the Experimental for the sake of clarity (Fig. 1a).” The syn-
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N, distribution
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thesized samples are labelled as 1T-MoS,/CNFs and the corres-
ponding reaction time. The resulting CNFs product was
employed as a matrix for subsequent hydrothermal synthesis
of MoS,, as illustrated in Fig. 1a. By varying the hydrothermal
reaction times, MoS, layers of different thicknesses were de-
posited onto the CNFs surface. The morphologies of these
hybrid nanomaterials were characterized using scanning elec-
tron microscopy (SEM). As shown in Fig. 1a, the uncoated
CNFs display a slender fiber structure with smooth surfaces
and a diameter of 144 nm. Upon introducing MoS, precursors
and subjecting the CNFs to hydrothermal reactions, MoS,
begins to grow on the CNF surfaces, forming a 3D hierarchical
architecture (Fig. 1b-i). This MoS, growth significantly
increases the surface roughness of the CNFs. In all samples
containing MoS,, lamellar-like structures are observed extend-
ing perpendicular to the fiber surface. A higher-magnification

44.4 %
filling factor

MosS,
precursor

CNFs

5 15 20
Reaction time (h)

(@) Schematic representation of the 1T-MoS,/CNFs nanohybrids production process and SEM image of pristine CNFs from the three-steps

process. SEM of 1T-MoS,/CNFs samples with the reaction time of (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, (f) 6 h, (g) 14 h, (h) 18 h, and (i) 24 h. Scale bar: 2 um.
(j) Relationship between the diameter of the hybrid samples and the reaction time.
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SEM image (see ESI, Fig. S1t) further emphasizes the surface
transformation compared to the original smooth CNFs. On top
of 1T-MoS,/CNFs 18 h, MoS, begins to form microspheres
rather than continuing to grow along the fibers after 18 hours
of reaction (Fig. 1h). By 24 hours, these MoS, microspheres
dominate, occupying much of the space between fibers
(Fig. 1i). At this stage, nanoflakes composing the micro-
spheres, a characteristic feature of hydrothermally synthesized
MoS,, are prominently observed. It is reasonable to envision
that the nucleation points for these structures arise from the
pre-existing MoS, formations within the solution, with the
outer MoS, layers likely having no direct contact with the CNFs
core.

To determine the average fiber thickness, the diameters of
20 fibers were measured, and their standard deviations were
calculated using pixel measurements from the SEM images
(details provided in Fig. S2 and Table S1f}). The average dia-
meters of 1T-MoS,/CNFs hybrids are summarized in Fig. 1j.
The results show a stepwise increase in MoS, layer thickness
as the reaction time progresses. After 1 h of reaction, the dia-
meter of 1T-MoS,/CNFs 1 h sample increased to approximately
257 nm, indicating that surface reactions initiate early in the
process. Between 2 and 4 h of reaction time, the fiber thick-
ness reached a plateau of around 540 nm, and the MoS, layer
was ~200 nm. During this period, significant surface changes
were observed, with more MoS, flakes forming and arranging
themselves on the CNF surface. For 1T-MoS,/CNFs 6 h, the
fiber diameter showed a sharp increase to approximately
1100 nm (MoS, layer thickness of ~480 nm), followed by stag-
nation in growth until the 18-hour mark. For 1T-MoS,/CNFs
24 h, the fiber diameter increased further to approximately
1600 nm (MoS, layer thickness of ~730 nm). The cause of the
stagnation periods during growth is not yet fully understood.
It is likely that consistent temperature and pressure conditions
within the autoclave may influence the nucleation and growth
dynamics of MoS,. During these plateau periods, a dynamic
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equilibrium might occur where newly formed MoS, on the
CNF surface undergoes simultaneous formation and dis-
solution, preventing further thickness increases. Additionally,
it is possible that nucleation of MoS, in the solution or on the
autoclave walls becomes more favorable during these intervals,
reducing deposition on the CNFs.

Elemental analysis using energy-dispersive X-ray spec-
troscopy (EDX) was performed on the fiber surface to further
investigate the coverage of MoS, on CNFs. The EDX results for
samples at different reaction times, ranging from the initial
stage to 4 hours, are shown in Fig. 2. The C and Mo content
are presented to compare the ratio of MoS, to CNFs on the
surface. For 1T-MoS,/CNFs 1 h, the C signal remains strong,
while the Mo signal begins to appear. As the reaction time
increases from 2 h to 4 h, the C signal weakens while the Mo
signal strengthens. Quantitatively, after 1 h of reaction, the C
content is approximately 84 wt%, while Mo and S account for
around 5 wt% (Table S27). This indicates that only a small
amount of MoS, has bound to the CNF surface at this stage,
which is consistent with the slight increase in fiber diameter
observed in Fig. 1b. As the reaction time increases, the C
content gradually decreases, while the Mo content increases.
For 1T-MoS,/CNFs 2 h, the C content drops significantly to
7.7 wt%, while Mo and S rise to 84.7 wt%. After this point, as
the reaction time exceeds 2 h, the C content continues to
decrease slightly to around 4%, and MoS, becomes the domi-
nant material on the CNF surface. This indicates that the
density of MoS, sheets on the CNF surface increases rapidly
within the first 2 hours, while after 2 hours, the growth of
MoS, sheets appears to level off. This stagnation likely reflects
a dynamic equilibrium, where the formation and decompo-
sition of MoS, on the CNF surface reach balance. Additionally,
the N signal primarily originates from the CNFs, showing a
similar trend to that of C. N-containing species can provide
chemically active sites, which are beneficial for electro-
chemical processes.’” As the MoS, layer thickens after 6 hours,

(c)

)

Fig. 2 EDX mapping of C and Mo in the 1T-MoS,/CNFs hybrids. C mapping of 1T-MoS,/CNFs with the reaction time of (a) 1 h, (b) 2 h, (c) 3 h and (d)
4 h. Mo mapping of 1T-MoS,/CNFs with the reaction time of (e) 1 h, (f) 2 h, (g) 3 h and (h) 4 h. Scale bar: 2.5 pm.
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the growing MoS, layer effectively shields the underlying CNF
material, making it difficult to assess the MoS, coverage using
EDX at this stage.

The Raman spectra of the hybrid samples, shown in Fig. 3,
were recorded to identify the components of the nanohybrids.
No vibrational modes related to Mo species were observed on
1T-MoS,/CNFs 1 h. Only the D-band and G-band of carbon,
located at 1353 cm™" and 1585 cm™ respectively, were present,
indicating that only a small amount of Mo composites had
formed at this early stage (Fig. 3a). Starting at 2 h of reaction,
the formation of Mo composites became detectable in the
Raman spectra, with vibrational modes related to Mo species
appearing in the range of 100-1000 cm™' (Fig. 3b). At
150 cm™" and 338 cm™, the J; and J; vibrational modes associ-
ated with the 1T-phase of MoS, are observed.® Vibrational
modes at 378 cm ™" and 405.5 cm™" correspond to the in-plane
(Ez¢) and out-of-plane (A,,) vibrations of the 2H MoS,
phase.”®?**! Lattice modes related to MoOj; are observed at

(a)| | B JA D
sl MoO, fi MoO,; CNFs G CNFs
/“ )\Lw’..)‘wl\") ‘\-«..J\ S .__/L

Intensity (a.u.)

500 1000 1500 2000 2500

Raman shift (cm™)
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Fig. 3 (a) Raman spectra of the 1T-MoS,/CNFs hybrids labelled with

the reaction time. (b) Magnification of the Raman spectra of the hybrids

in the range of 50-450 cm™.
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125 em™, corresponding to the out-of-plane B,, deformation
mode of the O=Mo—0 and O=Mo bonds.*”** A peak at
284 cm™' represents the bending mode of the Mo=O
vibration, while the peak at 819.5 cm™' corresponds to A,
modes of MoO;, associated with stretching vibrations of O
atoms in the O-Mo-O bond. Additional weak peaks at
214.5 em™" and 667.5 cm™' are attributed to the A, defor-
mation mode and the stretching B;; mode of MoOj;. All these
characteristic peaks are present in the 1T-MoS,/CNFs hybrid
samples except for the 1T-MoS,/CNFs 1 h. This suggests that
1T-MoS,, 2H-MoS,, and MoO; coexist in the 1T-MoS,/CNFs
hybrids. As the reaction time increases, the peaks related to
MoS, and MoO; become more pronounced, while the intensity
of the carbon-related peaks diminishes, indicating that the
CNF surface is progressively less exposed.

To further confirm the simultaneous presence of 1T-MoS,,
2H-MoS,, and MoO;, X-ray photoelectron spectroscopy (XPS)
and X-ray diffraction (XRD) measurements were conducted on
typical samples, including 1T-MoS,/CNFs 2 h, 1T-MoS,/CNFs
6 h, and 1T-MoS,/CNFs 24 h. As shown in Fig. 4a, the Mo 3d
region of the XPS spectrum displays distinct signals, which
were fitted using three components for Mo and one for S, with
the S 2s peak (225.8 eV) overlapping in this region. The peaks
at 228.1 eV and 231.3 eV correspond to Mo(1T) 3ds,, and Mo
(1T) 3ds,,, respectively. Peaks at higher binding energies, 229.1
eV and 232.2 eV, are attributed to Mo(2H) 3d5/, and Mo(2H)
3d;/,. Additionally, peaks at 232.7 eV and 235.6 eV correspond
to MoO; 3ds, and MoO; 3dj.,, indicating the presence of
MoO,, which forms during synthesis. These MoOs-related
peaks are visible in Fig. 4b but disappear in Fig. 4c, suggesting
a transformation of MoO; to MoS,. The XPS results clearly
demonstrate that the MoS, coverage consists of two MoS,
phases on the surface of 1T-MoS,/CNFs 24 h: predominantly
1T-phase MoS,, with a minor amount of 2H-phase MoS,. For
1T-MoS,/CNFs 2 h and 1T-MoS,/CNFs 6 h, MoO; is also
detected. Two trends emerge with increasing reaction time:
first, a significant increase in the metallic 1T-phase, which
rises from 57.25% after 2 hours to 81.52% after 6 hours, and
further increases to 87.09% after 24 hours; and second, a
decrease in MoOj; content, which drops from 23.02% to zero
over the same period (Table S3.f). By comparing the XPS
spectra of these three samples, it is clear that the increase in
the 1T-phase is not solely due to a phase transition from 2H to
1T but it also involves the conversion of MoO, to sulfides. It is
likely that MoOj; forms initially and is later volcanized, leading
to the formation of MoS,. In contrast to the Raman data from
the sample 1T-MoS,/CNFs 24 h, no MoO; is detected in the
XPS spectrum of the same sample. This discrepancy might be
attributed to the use of an intense 532 nm laser during Raman
measurements, which provides sufficient energy to produce
some MoO; on the surface of the material.*

The XRD traces in Fig. 4d illustrate the crystalline pro-
perties of CNFs, 1T-MoS,/CNFs 2 h, 1T-MoS,/CNFs 6 h, and
1T-MoS,/CNFs 24 h. The pure CNFs exhibit two broad and
weak reflexes at 20 = 24°, corresponding to the (002) plane of
graphitic crystallites.*® The reflexes of 1T-MoS,/CNFs 2 h align

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Mo 3d high-resolution XPS spectra of (a) 1T-MoS,/CNFs 2 h, (b) 1T-MoS,/CNFs 6 h and (c) 1T-MoS,/CNFs 24 h. (d) XRD patterns of CNFs

and the representative 1T-MoS,/CNFs hybrids.

well with the 2H-MoS, phase (JCPDS: 37-1492). However, for
1T-MoS,/CNFs 6 h and 1T-MoS,/CNFs 24 h, characteristic
reflexes of the 1T-phase appear at 9.27° for the (002) plane and
18.17° for the (004) plane, indicating that the MoS, coating on
the CNFs in these two samples primarily exists in the 1T-
phase. A slight peak shift towards higher 260 angles compared
to literature values is observed, suggesting a reduction in inter-
layer spacing relative to previously reported values, as lower 20
angles typically correspond to wider interlayer spacings in crys-
talline materials.”” When comparing the results from Raman
spectroscopy, XPS, and XRD, it is evident that the phase con-
figuration and surface characteristics of the 1T-MoS,/CNFs
hybrids differ significantly. XRD analysis reveals distinct phase
formation in Mo-based composites, showing that the primary
crystal structure differs from the surface composition. Initially,
the reaction favors the formation of 2H-MoS,, while 1T-MoS,

This journal is © The Royal Society of Chemistry 2025

emerges through a phase transformation of 2H-MoS, and
direct monomer-based formation, as indicated by the exclusive
presence of dominant 1T-MoS, phase in 1T-MoS,/CNFs 6 h
and 1T-MoS,/CNFs 24 h. Additionally, no clear XRD signals
corresponding to MoO, are detected, implying that MoO,
species are predominantly amorphous and primarily located
on the surface of the Mo-based composites. On the other
hand, on the surface of the Mo composites, a mixture of
different phases is consistently observed, with a clear trend
indicating phase transformation from 2H-MoS, and MoO, to
1T-MoS, over the reaction time (Fig. 4a—c).

2.2 Supercapacitive performance

Based on the previous characterization, representative
1T-MoS,/CNFs 2 h, 1T-MoS,/CNFs 6 h, and 1T-MoS,/CNFs
24 h were selected for electrochemical measurements, which

Nanoscale, 2025, 17, 10706-10717 | 10711
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correspond to different thicknesses of MoS, coverage and
varying Mo species ratios on the surface. The electrochemical
performance of the MoS,/CNFs hybrids was first evaluated in a
Swagelok-type electrochemical cell, using 1 M H,SO, as the
electrolyte and a SiO, Whatman membrane as the separator.
For comparison, the electrochemical performance of pure
CNFs was also tested. Fig. 5a shows the cyclic voltammetry
(CV) curves of pure CNFs and 1T-MoS,/CNFs hybrids at 10 mV
s~! within the potential window of 0-0.8 V. The CV curves of
all electrodes, except for 1T-MoS,/CNFs 24 h, display nearly
rectangular shapes without distinct redox peaks, indicating
electrical double layer capacitance (EDLC). In contrast, the CV
curves of 1T-MoS,/CNFs 24 h show quasi-rectangular shapes
with a pair of weak but distinguishable redox peaks at 0.4 V
and 0.6 V, indicating faradaic redox pseudocapacitance associ-
ated with both surface and bulk faradaic mechanisms.
Notably, the current and integral area of the CV curve for
1T-Mo0S,/CNFs 2 h is significantly larger than those of the
other electrodes, suggesting enhanced specific capacitance
due to the positive synergistic effects between the ultrathin
MoS, sheets on the surface and the CNF skeleton. Fig. 5b
shows the galvanostatic charge/discharge (GCD) curves of the
samples at a current density of 1 A g~'. The nonlinear behav-
iour of the charge/discharge curves of the hybrids confirms
the involvement of redox processes due to hybridization. The
longer charge/discharge times of 1T-MoS,/CNFs 2 h compared
to pure CNFs further demonstrate the improved capacitance of
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1T-MoS,/CNFs 2 h. In contrast, the shorter charge/discharge
times of 1T-MoS,/CNFs 6 h and 1T-MoS,/CNFs 24 h highlight
the poorer performance of these two samples. It is noteworthy
that 1T-MoS,/CNFs 24 h exhibited a longer charge/discharge
time compared to 1T-MoS,/CNFs 6 h, with an asymmetrical
plateau during the charging process. This suggests the pres-
ence of an irreversible reaction and a possible phase change.*®
Fig. 5c and Table S47 present the Cg of all samples at different
scan rates. As expected, the Cg of all samples decreases as the
scan rate increases. The 1T-MoS,/CNFs 2 h electrode achieves
the highest Cg, with a value of 29.7 F g~* at 10 mV s, outper-
forming the other samples (~20 F g~'). However, at higher
scan rates (above 200 mV s™'), pure CNFs (8 F g~ " at 500 mV
s~") outperform 1T-MoS,/CNFs 2 h (5 F g~ at 500 mV s ). In
stark contrast, 1T-MoS,/CNFs 6 h and 1T-MoS,/CNFs 24 h
show significantly lower Cg, with performance dropping below
2 F g~! after 200 mV s~ . This is likely due to the inferior elec-
trical conductivity and the thicker, aggregated structure of
1T-MoS, in these samples. However, between 1T-MoS,/CNFs
6 h and 1T-MoS,/CNFs 24 h samples, 1T-MoS,/CNFs 24 h
shows slightly higher C;. Based on these observations, we infer
that the enhancement of the capacitance of the hybrids varies
with the thickness of the 1T-MoS, layer. In 1T-MoS,/CNFs 2 h,
the MoS, layer, with a thickness of ~200 nm, achieves an
optimal balance between high conductivity, fast ion transport,
and active site availability. However, as the MoS, layer thickens
to 480 nm in 1T-MoS,/CNFs 6 h, conductivity and ion accessi-
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Fig. 5 (a) CV curves of the as-prepared 1T-MoS,/CNFs hybrids and CNFs at 10 mV s™*. (b) Galvanostatic charge/discharge curves of 1T-MoS,/CNFs
hybrids and pristine CNFs. (c) Cs of 1T-MoS,/CNFs hybrids and bare CNFs as a function of scan rate. (d) Nyquist plots of the 1T-MoS,/CNFs hybrids
and the bare CNFs. (e) Capacitance retention based on discharge capacity and coulombic efficiency versus cycle number for 1T-MoS,/CNFs 2 h.
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bility decrease. When the MoS, layer becomes excessively thick
in 1T-MoS,/CNFs 24 h, charge storage increases slightly, but
this enhancement is primarily attributed to faradaic reactions
from 1T-MoS,, as evidenced by the redox peaks and plateau
observed in Fig. 5a and b.

An electrochemical impedance spectroscopy (EIS) test was
performed to evaluate the electrical conduction and ion trans-
fer kinetics of the as-prepared electrodes. The comparative EIS
results for the electrodes are shown in Fig. 5d and Table S5.1
In comparison, the charge-transfer resistance (R.) of the
1T-MoS,/CNFs hybrids is noticeably higher than that of the
bare CNFs, indicating slower charge transfer kinetics across
the capacitor materials/electrolyte interface (Table S51). As the
MosS, layer thickness increases, the R becomes larger, which
reduces conductivity and hampers ion transfer kinetics.
Additionally, the straight lines observed in the low-frequency
region suggest that faster ion transfer occurs when the MoS,
layer is thinner or absent. This indicates that the absence of
MoS, or a thinner MoS, layer facilitates faster ion transport.
Durability tests were conducted over 5000 cycles to assess the
performance retention of 1T-MoS,/CNFs 2 h at 1 A g *
(Fig. 5e). Initially, a sharp decline in discharge capacity was
observed during the early cycles, followed by a gradual
decrease that eventually stabilized at approximately 87% reten-
tion. This reduction in capacitance is likely due to a decrease
in the active surface area, possibly resulting from compo-
sitional changes in the material, as further explained in Fig. 6
description. The coulombic efficiency, defined as the percen-
tage ratio of the electrode’s discharge capacity to its charge
capacity, was 88.3% in the first cycles. It then increased and
stabilized above 93% after 30 cycles. This initial rise in cou-
lombic efficiency may be attributed to the phase transition of
MoS,, which likely slows down the charge capacity in the early
cycles, as confirmed by the subsequent XPS analysis.

High-resolution XPS measurements were conducted to
examine the oxidation states of Mo within the nanohybrids
after the capacitance test. The distinctive peaks corresponding
to 1T-MoS,, 2H-MoS,, and MoO; are observed in all three
hybrids. However, the ratio of these phases has significantly
changed compared to the pre-capacitance test samples.
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Specifically, the proportion of the 1T-phase has decreased dra-
matically, while the amount of MoO; has increased signifi-
cantly. These findings indicate that the conductive 1T-phase
has been converted into either the less conductive 2H-MoS, or
MoO;, both of which negatively impact electrochemical
performance.

These results clearly demonstrate that hybrids synthesized
with different reaction times exhibit varying thicknesses of
1T-MoS, on CNFs, which in turn affects their capacitance.
CNFs coated with 1T-MoS, layer enhance capacitance at lower
scan rates due to the synergistic interaction between CNFs and
1T-MoS,. This effect is most pronounced when 2 h of reaction
time produces a thin 1T-MoS, layer of ~200 nm, which facili-
tates ion diffusion without compromising conductivity.
However, hybrids synthesized with longer reaction times,
which form thicker MoS, layers, exhibit reduced capacitance.
As the MoS, thickness increases, charges become trapped at
the surface, as the thick metallic 1T-phase prevents efficient
charge displacement toward the CNF core. Although the fara-
daic reaction within MoS, contributes to capacitance, its effect
is negligible compared to the EDLC of CNFs. Additionally, the
1T-phase is metastable and tends to convert into the less con-
ductive 2H-phase or fully oxidize to MoO;, which further
increases resistance and hinders charge transfer.

2.3 HER performance

Given the unique structure and the increased exposure of
active sites in the 1T-MoS,/CNFs hybrids, these are promising
candidates for electrocatalysis in the HER. To evaluate their
electrocatalytic activity, linear sweep voltammetry (LSV)
measurements were conducted in a 0.5 M H,SO, solution
using a glassy carbon working electrode, Ag/AgCl reference
electrode, and Pt counter electrode setup. Fig. 7 presents the
LSV curves of bare CNFs and the hybrids. The bare CNFs show
a large overpotential of 0.66 V at 5 mA cm >, whereas the
1T-MoS,/CNFs samples exhibit significantly lower overpoten-
tials, with the 1T-MoS,/CNFs 6 h showing the smallest overpo-
tential of 0.2 V at 5 mA cm™? (Table S61). This demonstrates
that the addition of the 1T-MoS, layer substantially reduces
the overpotential for HER. Fig. 7b shows the Tafel plots
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Fig. 6 Mo 3d high-resolution XPS spectra of (a) 1T-MoS,/CNFs 2 h, (b) 1T-MoS,/CNFs 6 h and (c) 1T-MoS,/CNFs 24 h after the GCD test.
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Fig. 7 (a) LSV, (b) Tafel slope and (c) ECSA-normalized polarization
curves of pristine CNFs and of the 1T-MoS,/CNFs hybrids. (d)
Chronoamperometry plot of 1T-MoS,/CNFs 6 h, plotted at a constant
volt of —2.5 V vs. RHE.

derived from the LSV curves for all samples. The Tafel slopes for
the 1T-MoS,/CNFs hybrids range between 67 mV dec™" and
75 mV dec™', compared to a much higher Tafel slope of 312 mV
dec™ for bare CNFs. This indicates that the hybrids exhibit sig-
nificantly faster HER kinetics than bare CNFs. Therein, the
electrochemical surface area (ECSA)-normalized polarization
curves of both CNFs and 1T-MoS,/CNFs samples further
confirm that the 1T-MoS, coating enhances the intrinsic HER
activity of CNFs (Fig. 7c and Table S71). Therefore, although the
availability of electrochemical active sites on CNFs contribute to
catalytic performance, they are not the primary factor respon-
sible for the improved activity. Instead, the active sites on
1T-MoS, are mainly responsible for HER. The long-term stability
of 1T-MoS,/CNFs 6 h was tested by chronoamperometry at an
applied voltage of —0.25 V vs. RHE for 5.5 h, and this also
showed that there was a gradual reduction from 10.6 mA cm™>
to 8.7 mA cm™ in the current density before reaching stability.
This might be associated with the desorption of some catalyst
from the glassy carbon substrate during operation and not to an
intrinsic material degradation (Fig. 7d).

Overall, our results suggest that CNFs and 1T-MoS,/CNFs
hybrids show potential for both supercapacitor and electro-
catalytic applications. However, their performance in these two
electrochemical uses varies significantly. For supercapacitors,
pure CNFs and CNFs partially covered with MoS, (1T-MoS,/
CNFs 2 h) outperform the other samples. Notably, the
1T-MoS,/CNFs 2 h hybrid exhibits higher Cs than pure CNFs at
low scan rates, due to the synergistic effect between the two
components. However, at high scan rates, the diffusion layer
thickness of 1T-MoS,/CNFs 2 h decreases, leading to lower
capacitance compared to pure CNFs. As the hydrothermal reac-
tion time increases beyond 6 hours, the MoS, layer thickens
significantly, nearly covering the CNF core and reducing its
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contact with the electrolyte. Since pure CNFs have better con-
ductivity and surface area (Fig. 6b and c) than the hybrids, the
capacitance of bare CNFs remains superior. Furthermore, the
conversion of 1T-MoS, to the less conductive 2H-MoS, and
MoO; reduces charge transfer speed and worsens the capaci-
tance performance.

For electrocatalytic HER, low resistance and high ECSA can
enhance performance, but they are not the main contributors.
1T-MoS,/CNFs 6 h performs as the best catalyst for HER. The
related MoS, thickness strikes a balance between good conduc-
tivity and a sufficient number of active sites for HER. Unlike
pure CNFs, which have a higher ECSA but less effective HER
performance, the 1T-MoS, layer in the hybrids provides
effective active sites for H* intermediate adsorption and H, de-
sorption, leading to lower overpotentials and improved HER
activity.*> While CNFs have high ECSA and low resistance, the
charges adsorbed on pure CNFs do not efficiently reduce the
HER reaction barrier, resulting in a higher overpotential com-
pared to the hybrids.

3 Conclusions

In summary, we have designed 3D hierarchical MoS,/CNFs struc-
ture through a combination of electrospinning/stabilization/car-
bonization and hydrothermal approaches. The thickness of the
MoS, grown on the surface of CNFs shows a stepwise relationship
with reaction time. This might be due to some dynamic balance
during the examined different reaction times that leads to the for-
mation and decomposition of MoS, under specific pressure and
concentration of the precursors. Representative samples with
different thickness of the MoS, layer on the CNFs surface were
used for electrochemical tests. Benefiting from the high electrical
conductivity of CNFs and synergistic effect between CNFs and a
thinner MoS, layer, the SC performance under low scan rate of
1T-MoS,/CNFs 2 h results improved compared to that of bare
CNFs. On the other hand, the hybrids with a thick MoS, layer
exhibit low Cs, which result from the low conductivity of the
MoS, layer and poor phase transfer in 1T-MoS,.

The hybrids display enhanced electrocatalytic activity for
HER compared to the pure CNFs, and 1T-MoS,/CNFs 6 h has
the optimized MoS, thickness to result in the lowest overpo-
tential of 0.2 V at 5 mA ¢cm™” in acidic electrolyte. The opti-
mized sample provides the balance of conductivity and
number of active sites. Our strategy to combine MoS, with
CNFs sheds new light on the development of transition-metal
chalcogenides/nanocarbon hybrids for high-performance
energy systems, which will have an impact on future sustain-
able and low-cost devices for powering electronics and the IoT.

4 Experimental
4.1 Materials

Chemicals and solvents including PAN, dimethyl formamide
(DMF) ethanol (EtOH), H,SO, and CN,H,S were purchased from

This journal is © The Royal Society of Chemistry 2025
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Sigma Aldrich and used as received, unless otherwise specified.
The ammonium molybdate (para) tetrahydrate (NH,)sMo0,0,,4
4H,0 was purchased from Alfa Aesar with a purity of 99%. Milli-
Q water was used as a solvent for the preparation of the electro-
lytes for the electrochemical measurements.

4.2 Preparation of CNFs

For CNFs production, 1.131 g PAN (My, = 150.000) are dis-
solved in 15 mL DMF under continuous stirring between 300
and 500 rpm to obtain an 8 wt% solution of PAN. Afterwards,
the polymer solution is electrospun using a self-constructed
electrospinning setup. Two high-voltage power sources
(Scientific Instruments, TSI-HV) are used to setup a potential
between a pre-treated needle tip and a collecting electrode. An
injection needle with an inner diameter of 1.2 mm is used for
insertion of the polymer solution into the electrospinning
chamber. As the fiber-collecting electrode a rotating metallic
drum with an inner diameter of 5 cm was connected to the
other power source. Both electrodes were positioned with a
12 cm distance to each other. Before this process the drum roll
is wrapped with aluminium foil and then rotates at 65 rpm
during deposition. The polymer solution was injected using a
syringe pump from HAVARD APPARATUS, PHD 2000 Infusion.
The flow rate was set to 0.25 mL h™"' that the insertion of
15 mL is done within 60 h. The collecting electrode was set to
a potential of —2 kV while at the needle tip a potential of 10.75
kv was applied. Additionally, the electrospinning setup is
placed in a box enabling the control of the relative humidity of
30-35% by a N, flow. Afterwards, the produced nanofibers
were cut into pieces of 2 x 2 cm” and stabilized in air at 325 °C
for 2 h with a heating rate of 2 °C h™". After cooling down, the
nanofibers were carbonized in a tube furnace under N, atmo-
sphere. The N, flow was fixed at 100 mL min~". Again, using a
heating rate of 2 °C h™" to heat the samples up to 800 °C,
which was hold for 1 h.

4.3 Preparation of 1T-MoS,/CNFs hybrids

After cooling down, the CNFs were coated with a layer of hydro-
thermally produced MoS,. Therefore, 1.6 g of CN,H,S were dis-
solved in 20 mL deionized H,O acting as S source. As Mo
source, H;,Mo0,N¢O,5 was dissolved as well and the solution
was stirred for 60 min. Afterwards, the solution was transferred
into a Teflon autoclave reactor (V = 45 mL) reaching a filling
factor of 44.4% (Fig. 1a). To the solution two pieces of CNFs
were inserted into the reactor and closed tightly. The autoclave
reactor was put into a furnace at 200 °C and a reaction time of
1h,2h,3h,4h,6h,14 h, 18 h and 24 h was used to produce
1T-MoS,/CNFs hybrids having different amounts of MoS,
grown onto the surface of CNFs. After reaction, the reactor was
cooled down to room temperature under ambient conditions.
The samples are carefully removed from the reactor and rinsed
with water to clean the samples from residual solution. After
three times of washing with H,O, the hybrids were washed in
EtOH for three times. As a final step, the washed hybrids were
inserted into a vacuum drying furnace for 18 hours at 40 °C to
remove residual solvents.

This journal is © The Royal Society of Chemistry 2025
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4.4 Morphological and physico-chemical characterizations

SEM images were acquired using a Zeiss Gemini SEM 560 with
an acceleration voltage of 3 kv and a 20.0 pm aperture size. A
secondary electron detector was used to capture the images.
EDS measurements were conducted with an Oxford Instruments
Ultimax detector, employing an acceleration voltage of 5 kV and
a 75.0 pm aperture size. Raman spectra were collected using a
Bruker Senterra Infinity 1 spectrometer over a range of
50-2500 cm™ ", equipped with an optical microscope for sample
alignment at a magnification factor of 50x. A 532 nm excitation
laser was used for the measurements. XRD data were obtained
with an Anton Paar XRDynamic 500 using a Cu Ka radiation
source (A = 0.154178 nm) operated at 40 kV and 40 mA. The inci-
dent beam angle was set to 0.5°. XPS measurements were per-
formed using a PHI 5000 VersaProbe IV Scanning ESCA
Microprobe (Physical Electronics) equipped with a monochro-
mated Al Ka X-ray source (1486.6 eV). The X-ray source operated
in high-power mode with a beam diameter of 200 pm, a power
of 50 W, and a lamp voltage of 15 kV. Samples were prepared by
filling a Teflon sample cap and securing it to the XPS holder
with insulating tape. Detailed spectra were collected with a step
size of 0.2 eV, a dwell time of 50 ms, and an analyzer pass
energy of 27 eV, while survey spectra were measured at a pass
energy of 127 eV. The chamber pressure during measurements
was maintained between 107 Pa and 10~° Pa. Data analysis was
conducted using CasaXPS software. The MoS, 3d orbitals were
fitted using an asymmetric Gaussian-Lorentzian function
(A(0.35, 0.4, 0) GL(20)), while the MoO, 3d and S 2p orbitals
were fitted with SGL(80) and GL(10) functions, respectively.

4.5 Electrochemical characterization

For supercapacitive test, symmetrical Swagelok-cells were built
using 1 M H,SO, solution as electrolyte. As separator SiO,
fibrous membranes from Whatman were used. CVs were
recorded using an Autolab galvanostatic and potentiostatic in
the range from 0-0.8 V with scan steps of 2.44 mV at different
scan rates of 10 mV s™%, 20 mV s™', 50 mV s, 100 mV s},
150 mV s, 200 mV s, 250 mV s~!, and 500 mV s~'. Sample
stabilization was done ranging from -0.1-0.1 V below and
above the open circuit potential for 20 cycles. The sample
cycling was done 6 times to ensure the equilibrium state of
samples and only the polygon area of the last cycle was used
for calculating the specific capacitance. The GCD tests were
conducted at various current density of 1 A g~'. EIS measure-
ments were done using the Autolab including the impedance
module, from the frequency range of 0.1 Hz up to 100.000 Hz
in combination with a Swagelok electrochemical cell.

For HER test, the electrocatalyst inks containing 5.0 mg
mL™" of the ground samples, and 30 pL mL™" of Nafion were
prepared. The inks were first sonicated for 1 h in a water bath,
then drop casted on a glassy carbon with a diameter of 3 mm.
The electrochemical cell was set up using the previously pre-
pared GC as a working electrode, a Pt wire as the counter elec-
trode, an Ag/AgCl electrode as a reference electrode. A 0.5 M
H,S0, solution (pH 0) was used as electrolytes. All the
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measurements were performed at room temperature (298 K).
At the beginning of each measurement, CV with a scan rate of
50 mV s~ " were performed to stabilize the samples. Then, LSV

measurements were measured at a scan rate of 10 mv s™*.
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