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ARTICLE INFO
In this paper, several approaches to the synthesis of molybdenum-based electrode materials for supercapacitors

are presented, including anodization, hydrothermal process and annealing. For the material prepared via
anodization of a molybdenum plate, followed by a hydrothermal process in thiourea aqueous solution, a thor-
ough study of the Pt-surface modification through repetitive cycling in 1 M sulfuric acid with Pt acting as a
counter electrode is performed, including X-ray photoelectron spectroscopy analysis and energy storage mech-
anism contribution. Along with the increasing number of cycles, an increase of the capacitance value is observed
up to 1.064 F cm ™2 after 60 000 cycles, resulting in more than tenfold growth (by over 1 150%). The analysis
reveals progressive changes in the electrode material’s chemical composition and the increasing pseudocapa-
citance contribution in energy storage processes, which is strictly caused by the formation of mixed molybdenum
oxides with oxygen vacancies. Thus, Pt-surface modification effectively improves the electrochemical perfor-
mance of the electrode material with excellent coulombic efficiency and capacitance retention. In a symmetric
two-electrode configuration with Pt-modified electrode materials, the areal capacitance of 140.5 mF cm ™2 is
obtained after 50 000 cycles (with capacitance retention of 123%) indicating that Pt-surface modification of
MoS, may provide a novel approach for electrode materials for high-performance supercapacitors.
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Energy storage

1. Introduction that exhibit higher energy density than conventional capacitors and

higher power density than batteries[1,2].

Nowadays, the whole world is struggling with environmental prob-
lems related to the pollution caused by the use of fossil fuels. These
problems do not end with pollution, as it is known that the depletion of
these sources could soon lead to an energy crisis. As a consequence, a
majority of countries have currently been focusing on the use of
renewable energy sources, which can be a solution to this emerging
problem. However, it is important to be aware of the limitation of their
periodic availability, which is especially noticeable in the case of solar or
wind energy. The answer to this problem may be the application of
effective and efficient technologies that will enable the storage of energy
in order to use it at the most convenient time. Supercapacitors, also
known as electrochemical capacitors, are one of energy storage systems
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What is more, in energy storage devices such as batteries or super-
capacitors, binders are quite often an inherent element, which does not
support the energy storage process, but plays role in improving physical
contacts. However, their use also contributes to the deterioration of
some parameters of the device, causing the reduction of volumetric and
gravimetric capacitance. Its presence also may contribute to the occur-
rence of side reactions during the charging and discharging processes,
usually leading to additional costs, and in the case of the binders such as
polyvinylidene fluoride, an additional increase in the resistance value
may be observed[3,4]. Therefore, the synthesis of the electrode material
directly on the current collector is an eminently desirable process in
obtaining the superior overall performance of the energy storage device.
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Transition metal dichalcogenides, in particular, are gaining more
and more attention in terms of their use as energy storage electrode
materials, precisely because of their layered structure and the weak van
der Waals bonds between the individual layers [5,6], which enable fast
charging and discharging, while maintaining stability comparable to
that offered by two-dimensional carbon materials [7-9]. MoS, structure
consists of three planes in the order of S-Mo-S, with molybdenum
sandwiched between two sulfur layers[10] (see Fig. 2a,b). Depending
on which phase of MoS; is investigated, it is characterized by distinctive
features. When it comes to energy storage applications, the most
attention is paid to the 1T trigonal and the 2H hexagonal MoS; structure.
Octahedral 1T phase is a metallic one, which is mainly obtained through
the transition from the 2H phase by an electron beam application, laser
irradiation, or ion intercalation process [11-13]. Obtaining a 1T phase is
particularly desirable and the research is directed toward this one
mainly due to its high conductivity, although its stability is still a
challenge to face. On the contrary, the 2H phase, which is a trigonal
prismatic structure, possesses semiconductive properties and exceeds
other polymorphs in terms of stability. Sakar et al. reported molybde-
num sulfide electrode material, containing both 1T and 2H phases, that
exhibited a volumetric capacitance of 212 F cm 2 and even 343 F cm ™3
when it was combined with reduced graphene oxide [14]. Furthermore,
a thin film of MoS; obtained by Pujari et al. using low temperature soft
chemical synthesis approach was characterized by the volumetric
capacitance of 911 F cm™> [15]. MoS, synthesis through DC sputtering
was also shown to be an effective way to obtain thin, nanostructured
films of specific capacitance of 138 F g~! and the cycling ability of 86%
after 5 000 cycles [16]. In another report by Acerce et al.[17], metallic
1T MoS; phase exhibited the volumetric capacitance ranging from 400
to 700 F em 3, depending on the aqueous electrolyte that had been used.

When characterizing electrode materials for energy storage, a
commonly used counter electrode is platinum, also for materials with
other applications, such as electrochemical hydrogen evolution reaction
(HER), photoelectrochemical water splitting and amperometric sensors.
It is well known that, due to its excellent electrochemical inertness,
electrical conductivity and mechanical stability, platinum is considered
to be one of the most appropriate materials for use as a counter electrode
in electrochemical measurements. However, Cervino et al. were the first
to describe that platinum may undergo dissolution at high anodic po-
tentials in an acidic environment [18]. The influence of polarization on
the dissolution was also observed by some other authors, as well
[19-21]. Apart from that, there are other several factors that may affect
the rate of Pt dissolution like temperature, scan rate, and potential range
[22-26]. Moreover, some recent reports on the use of a Pt electrode in
HER measurements also indicate that the Pt electrode may undergo an
electrochemical dissolution-deposition process and thus greatly affect
the experimental results [19,27-29]. As a matter of fact, the phenome-
non of platinum dissolution has already been widely studied in relation
to fuel cells application, and recently the issue has also been raised by
Wei et al. questioning its use as a counter electrode in HER measure-
ments [30], but it was also pointed by Jerkiewicz [31] that a great deal
of the knowledge regarding platinum electrochemistry is undocu-
mented. Furthermore, many reports not only on MoS;, but also other
transition-metal dichalcogenides, as well as carbon materials indicate
that the dissolution-deposition phenomenon of Pt but also the doping
itself can be used to improve the properties of an electrode material [20,
21,32-36]. However, most reports on this topic primarily deal with
hydrogen evolution reactions and thus, we believe that this is the first
time when the phenomena is observed in the electrochemical mea-
surements performed for electrode materials with application for energy
storage in supercapacitors.

Furthermore, there are no reports about a change in the chemical
composition of the material upon Pt doping and/or repetitive cycling. In
the literature, MoS, conversion to MoOs was reported by Ko et al.[37].
using plasma oxidation. The transformation was also obtained by
ambient pressure X-ray photoelectron spectroscopy combined with heat
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treatment [38]. Recently Hou et al. investigated the phase transition of
MoS; during sodiation in charge/discharge cycles, indicating that one of
the intermediate products is metallic Mo, some of which oxidizes during
the charging process, resulting in MoOs and oxygen-deficient MoOx
[39]. The presence of molybdenum oxides in electrode materials for
energy storage has been extensively considered due to their promising
specific capacitance, multiple oxidation states, and environmental
friendliness. Especially when it comes to molybdenum oxides with
intrinsic oxygen vacancies, they are highly attractive as they are char-
acterized by greatly increased conductivity [40,41] but which was also
presented by Dunn et al., oxygen vacancies facilitate faster charge
storage kinetics, leading to improved capacitance and cycle life [40].
Furthermore, it is often recognized that molybdenum-based oxides have
limited cycle life and poor performance hinders the application for
long-term energy storage applications. To increase capacitance reten-
tion, several approaches are being introduced. As an example, Cai et al.
stated that by introducing K into the MoO, structure, it was possible to
shift from Mo®*/Mo®" to Mo**/Mo®* charge storage redox couple. As a
consequence, both the conductivity and the overall electrochemical
performance were enhanced, altogether with the prolonged cycle life of
the supercapacitor [42].

In most of the cases observed with MoS,-based materials for energy
storage applications, the material degrades after repeated charging and
discharging cycles, resulting in a decreasing capacitance. The phenom-
enon of capacitance increase was observed in several literature reports,
however, it was temporary and only observed in the initial charge and
discharge cycles [43], as generally for MoSs-based electrode materials it
is typical to observe a gradual degradation of specific capacitance with
subsequent cycles, which is a major limitation in long-term energy
storage applications. The exception is the work presented by Bissett
et al., who reported a significant increase in capacitance during the first
3000 cycles for MoSy/graphene composite, which was attributed to the
progressive exfoliation of the material, associated with ion inter-
calation/deintercalation [44]. Furthermore, little work has so far
analyzed what happens to the material during charge/discharge cycles.
Several reports only indicate phase transition occurring during the
intercalation and deintercalation of lithium or sodium ions in the ma-
terials used in battery applications, including MoS,-based materials
[45-48]. Nonetheless, no detailed investigation of the changes taking
place in the material during charge/discharge cycles was performed
together with the analysis of the charge storage mechanism, with the
simultaneous observation of the phenomenon of a significant increase in
specific capacitance.

Therefore, in this work, several approaches to the synthesis of
molybdenum-based electrode materials for supercapacitors are shown,
including anodization, hydrothermal process, and annealing. Further-
more, we present a complex analysis of the Pt-surface modification
during multiple charging and discharging cycles of the electrode mate-
rial prepared via anodization of a molybdenum plate, followed by a
hydrothermal process in thiourea aqueous solution with the energy
storage mechanism study. The influence of platinum-surface modifica-
tion and using platinum as a counter electrode on charge storage per-
formance and charge storage mechanism in studied electrode material is
investigated as well. It was shown that the prolonged process of modi-
fication of the electrode surface with platinum enhanced the phenom-
enon of the capacitance increase. After 60 000 cycles, the specific
capacitance of the electrode material modified with Pt particles
increased to over 1 F cm ™2, whereas the symmetric two-electrode system
reached a capacitance of 140 mF cm 2 and in each case, the coulombic
efficiency was above 97% during all the cycles. Furthermore, this study
reveals the changes taking place in the composition of the molybdenum
disulfide thin layer, presenting the transition to mixed molybdenum
oxides. Together with the transition from sulfides to oxides and intro-
duction of oxygen vacancies, the contribution of the pseudocapacitive
energy storage mechanism is enhanced. It is also emphasized that when
Pt counter electrode is used in the study of energy storage materials,
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careful consideration should be given to the investigation due to the
dissolution-deposition phenomenon of platinum.

2. Experimental section

Chemicals used: Molybdenum (Mo) foil (0.05 mm thick, 99.95%)
(Alfa Aesar) was sonicated in acetone (C3HgO) and isopropanol (C3HgO)
(both obtained from Chempur). The electrolyte for the electrochemical
oxidation of titanium foil consisted of ammonium fluoride (NH4F) p.a.,
ethylene glycol (CoHgO2), phosphoric acid (HsPOy), all from Chempur,
and distilled water. Thiourea (CH4N3S) used in the hydrothermal
method and potassium sulfate (KoSO4) was purchased from Alfa Aesar
and sulfuric acid (H2SO4) (p.a. 95%) used for electrochemical charac-
terization was received from POCH.

Anodization of Mo foil: At first, molybdenum foil was cut into pieces,
cleaned using ultrasonic treatment in isopropanol:acetone mixture (1:1
v/v) for 10 min, and eventually rinsed with distilled water. In the
anodization process, the as-prepared Mo foil constituted an anode and
the titanium plate was a cathode. The synthesis was carried out at a
constant temperature (23 °C) using a cooling bath thermostat (KISS K6,
Huber) with a voltage of 5 V applied for 2 h and the electrolyte was
prepared according to the previous report [49].

Hydrothermal synthesis: The final step of electrode preparation was to
perform a hydrothermal procedure. For this, an anodized molybdenum
plate was placed in a Teflon-lined stainless-steel autoclave (50 mL) with
thiourea (1 M) aqueous solution (25 mL). The autoclave was transferred
to an oven for 24 h at 200 °C. After that, the autoclave was cooled to
room temperature and the obtained plate with deposited molybdenum-
based material was washed a few times with ultrapure water.

Different approaches for Mo foil modification: Apart from the electrode
material that was obtained as described above, some different ap-
proaches of molybdenum foil modification were included, namely,
anodic oxidation (A), hydrothermal process (H) and annealing (A450) of
modified molybdenum plate were combined in different order and
combination, which is accurately presented in Fig. S1. The samples were
designated by the letters ascribed to the individual processes in the order
in which they were carried out (e.g. Mo(AH) denotes to anodization
followed by the hydrothermal process). The annealing process was
performed in a tube furnace in an air atmosphere with a heating rate of
2 °C/min for over 3 h and 45 min to 450 °C and eventually hold at this
temperature for 2 h.

Electrochemical Pt-surface modification: Electrochemical modification
of the surface with platinum particles was carried out in a three-
electrode system. The working electrode was a chosen Mo-based mate-
rial and the Pt electrode was used as a counter electrode. Pt (99.9%) was
in the form of a 1 cm x 1 cm mesh with a wire diameter of 0.04 mm and
with a nominal aperture 0.12 mm. The modification was based on re-
petitive cycling in 1 M H3SO4 in the potential range from -0.35 V to
+0.2 V vs. Ag/AgCl (3 M KCl). Up to 60 000 cycles were carried out to
investigate the changes taking place in the structure of the electrode
material. For comparative purposes, the material that was not modified
with platinum particles was tested in a system in which the working
electrode was separated from the counted electrode using an electrolytic
key filled with gel electrolyte, which was 0.5 M K2SO4 with the addition
of gelatin.

Materials Characterization: The morphology of the as prepared ma-
terials was investigated using Scanning Electron Microscopy (SEM) (FEIL,
Quanta 3D FEG) and Transmission Electron Microscopy (TEM) (FEIL
Tecnai F20X-Twin). Element identification was performed by energy
dispersive X-ray spectrometer (EDS) with energy resolution of 134 eV
(EDAX, model RTEM SN9755+). SEM samples were tested directly on
the synthesized molybdenum foil without preparation. Samples for
TEM, after peeling off the layer from the molybdenum foil, was placed
on a copper TEM grid covered with a carbon layer (Lacey type Cu 400
mesh, Plano). Measurement parameters: SEM - voltage 10-20 kV from
FEG, Everhart-Thornley detector (ETD), vacuum in the chamber 10~*
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Pa; TEM - voltage 200 kV from FEG, imaging in bright field (BF) with
CCD camera (Gatan, Orius), vacuum in the chamber 10~*Pa. Moreover,
materials were characterized using X-ray Photoelectron Spectroscopy
(Escalab 250Xi, Thermo Fisher Scientific) with Al Ka radiation and the
spectra were analyzed and deconvoluted by an envelope of a Gaussian-
Lorentzian sum function using the spectrometer software Avantage
(Version 5.973). The vibrational characteristics of the samples were
studied using micro-Raman spectrometer (Renishaw InVia) with argon
laser emitting at the wavelength of 514 nm and operated at 1% of its
total power (50 mW). The determination of crystal structure was per-
formed using a diffractometer (Xpert PRO-MPD) with Cu Ko emission (A
= 0.15406 nm).

Electrochemical measurements: At first, they were performed using
potentiostat/galvanostat (BioLogic VSP 2078) in three-electrode
configuration. The measurements were performed in 1 M HySO4 with
the as synthesized electrode materials constituted as a working electrode
and Pt mesh and Ag/AgCl (3 M KCl) were used as counter and reference
electrode, respectively. Measurements were conducted in 1 M HySO4
aqueous solution, which was used as an electrolyte for a super-
capacitor’s construction, too. Moreover, electrochemical impedance
spectroscopy (EIS) was performed in a frequency range between 20 kHz
and 100 mHz with the voltage amplitude of 10 mV. For the chosen
material’s characterization, various techniques have been applied, e.g.
galvanostatic charge-discharge tests (GCD) with current densities
ranging from 4.5 to 34 mA cm ™2, and cyclic voltammetry at 50 mV s~ in
order to determine the potential range within which an electrode ma-
terial is capable of charge storage.

3. Results and discussion

3.1. Characterization of the electrode materials resulted from different
Mo foil modifications

Fig. 1 presents images of molybdenum foil before (Fig. 1a-b) and
after different modifications, obtained using Scanning Electron Micro-
scopy. In comparison with non-modified molybdenum foil, different
morphologies might be observed. In the images obtained at lower
magnifications, the initial structure of the molybdenum foil, which is
caused by the metal processing, can be observed. Moreover, the anodic
oxidation process caused the formation of a rough and rippled surface
structure (Fig. 1c-d). The pattern is also clearly visible for the electrodes
for which anodization was the first stage of the modification. On the
other hand, when Mo foil was subjected to a hydrothermal process, the
film that was formed almost uniformly covered the entire surface, and
the formation of moss-like nanostructures was observed (Fig. 1c-d). The
moss-like covering of the surface is also visible for samples Mo(AH)
(Fig. le-f) and Mo(AA450H) (Fig. 1k-1). Furthermore, when the
annealing process was performed as the last stage, the formation of
crystal structure in the form of cuboids and cubes is distinguished
(Fig. 1i-j).

X-ray Photoelectron Spectroscopy measurements were also per-
formed for the prepared samples (see Fig. 2¢-1). For the anodized sample
(Fig. 2c and 2h) spectra show that the material consists of molybdenum
oxides of various oxidation states, which is quite common for the
anodized molybdenum foils reported in the literature [50,51]. A
confirmation may be the signal distinguished in the Ols spectrum at
about 530.5 eV, which proves the presence of Mo-O bonds in the sample
[52,53]. O1s spectrum reveals the presence of both hydroxide and water
in the sample [54-56], which is also observed for the molybdenum foil
after anodization and annealing (see Fig. 2f and 2k). The difference
between both samples results from the uniformity of the molybdenum
oxidation state, namely an almost complete transition to the 6+ oxida-
tion state is observed after annealing. Recorded signals of Mo 3ds,2 and
3ds3/5 at around 233 eV and 233.1 eV may be assigned to the presence of
MoOs [57,58], which was also confirmed by Raman spectroscopy. For
the remaining samples, the synthesis of which took into account the
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Fig. 1. SEM images for Mo foil before modifications (a-b) and after anodization Mo(A) (c-d), hydrothermal process Mo(H) (e-f), anodization and hydrothermal
processes Mo(AH) (g-h), anodization and annealing Mo(AA450) (i-j) and subsequent anodization, annealing and hydrothermal processes Mo(AA450H) (k-1).
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Fig. 2. Top and side views of a) 2H and b) 1T structures of the MoS, and the presentation of the trigonal prismatic coordination in 2H-MoS; and the octahedral
coordination in 1T-MoS; for the molybdenum atom (cyan). Crystal structures created with VESTA 3 software[69]. XPS spectra of Mo foil after different modifications:
Mo(A) (c,h); Mo(H) (d,i); Mo(AH) (e,j); Mo(AA450) (f,k); Mo(AA450H) (g,1); m) Raman spectra of Mo foil after different modifications with detailed spectrum (n) for
the electrode material Mo(A) and Mo(AH); o) XRD spectra of Mo foil after different modifications with the magnification of the area between 10 and 50°.
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hydrothermal process, the results clearly indicate that each of them
contains mainly MoS,. This is confirmed by the results presented in the
Mo 3d spectra of Mo(H), Mo(AH) and Mo(AA450H) samples (see
Fig. 2d, e, g), where two peaks at around 232.2 and 229.0 eV are related
to the 1T MoS; phase, whereas the signals at 233.2 and 230.1 eV confirm
the presence of 2H phase [14,59]. Worth noting is that the shift of 1T
phase is about 1 eV from the 2H phase, which is consistent with the
literature reports in each case [14,60]. At the same time, the S 2p; ,» and
2ps3,, signals (Fig. 2i, j, 1) from 1T and 2H phases are located at 163.0
and 161.7 eV, and 163.2 and 162.1 eV, respectively [59,61]. Further-
more, the peaks located in the higher binding energy the S 2p spectrum
may correspond to the vacant S atoms in both 1T and 2H phases [62,63].
The results also show the signals coming from molybdenum in its
oxidized form (M06+), which is present in small amounts in the form of
molybdenum oxide [58,61].

The as-modified molybdenum-based electrode materials were also
characterized using Raman spectroscopy. As it is shown in the Raman
spectrum in Fig. 2m, Mo after anodization (A) is rather amorphous.
When molybdenum foil was subjected to both anodization and hydro-
thermal process (AH), a significant amount of distinct signals can be
observed in the Raman spectrum. The two most characteristic peaks at
375 cm™! and 404 cm ™! can be attributed to the vibrations in thermo-
stable 2H-MoS, molecules, which are ascribed to Eég in-plane and A
out-plane active modes, respectively [14,59,62,64]. Those signals are
also observed for the sample Mo(H), indicating the presence of
2H-MoS,, as well. Apart from those two prominent signals, some addi-
tional peaks at spectrum of Mo(AH) could be distinguished at 195, 216
and 347 cm ™! that indicate the presence of the trigonal phase of MoSy in
the analyzed sample [14,64-66]. Moreover, weak Raman modes in the
range from 445 to 930 cm ™! may suggest that the material contains a
minor amount MoOy molecules in the intermediate oxidation state,
where 2 < x < 3 [67]. In order to present the Raman bands of Mo(AH)
more clearly, this spectrum has also been presented in a separate figure
(Fig. 2n). After modification in the form of anodization with annealing
(AA450), a crystalline MoO3 was obtained, which was confirmed by the
presence of the main band at about 820 cm™!, attributed to the
stretching vibrations in Mo-O-Mo [57]. Another characteristic peak at
996 cm ! is strictly related to the stretching vibration of Mo=0, whereas
a maximum at 665 cm ™! refers to a triply coordinated bridging oxygen
stretching mode of a-MoOs. Furthermore, Raman modes that are located
below 400 cm ™! are assigned to various bending vibrations and lattice
modes of MoO3[57,68]. For the last sample (AA450H), there are two
intense peaks at about 400 cm ™!, which are characteristic of vibrations
in MoS; molecules and are already described above. For samples (H) and
(AA450H) the peaks indicating the presence of the trigonal phase of
MoS; are not clearly seen, probably due to their smaller amount in the
sample. Summing up, it can be stated that anodization causes the for-
mation of an amorphous oxide layer, annealing generates crystalline
MoOs, whereas the hydrothermal process allows obtaining MoS; (from
both the native oxide from anodization and the crystalline one).

The XRD patterns of the studied materials are shown in Fig. S2
(Supplementary Information) and Fig. 20. Fig. S2 shows the whole
pattern in the full range obtained for the prepared samples. Due to the
fact that the performed synthesis leads to the deposition of thin layers
directly on the surface of the current collector, the recorded signal comes
mainly from the molybdenum substrate. However, when the diffracto-
gram area between 10 and 50° is magnified, some signals may be
distinguished, especially for the (AA450) sample. The results are
consistent with the Raman spectroscopy, namely, the layer consists of
MoOj3 [70-72]. Furthermore, for the Mo(A) and Mo(H) samples a signal
at 39° from the molybdenum substrate may be identified. However, for
the anodized sample, its intensity is relatively lower than for the sample
that was not subjected to the anodization process. The reason is that the
anodization process and subsequent modifications influence the crystal
structure of molybdenum foil and thus the signal from the (110) plane
fades [73], which is also visible in the XRD results of the other electrode
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materials. It can be simply explained by the growth of the film on the
molybdenum surface, suggesting that this plane is privileged and the
amorphous MoOs film is formed. Furthermore, the other samples seem
to be characterized by an amorphous nature as the lack of signals may be
observed. It is also worth noting that for the material’s modifications
that included a hydrothermal process, a weak signal at around 17° may
be observed. However, due to the fact that the indicated signal is
characterized by very low intensity, the authors note that this may only
suggest the presence of MoS; as this is the value at which the (002) phase
signal of 2H MoS; is usually observed [65,74-77]. It may also be stated
that the broadening and low intensity are due to the ultrathin di-
mensions of MoS, and low crystallinity [78].

3.2. Electrochemical evaluation of the Mo-based electrode materials

In order to investigate the electrochemical performance of the elec-
trode materials, cyclic voltammetry was applied. It is clearly seen in
Fig. 3a that the widest potential range with electrochemical activity and
with no occurrence of hydrogen reduction at cathodic scan, as well as
the highest current density values were obtained for the Mo(AA450)
electrode material, at least during the first few scans. It has to be
mentioned that Mo(AA450) exhibits a drastic drop in electrochemical
activity at the beginning of electrochemical tests and thus, the experi-
ment performed at different scan rates was performed after several cy-
cles in order to achieve some stability. It has already been reported that
under repetitive charging and discharging, MoO3 undergoes irreversible
structure changes and as a result, poor kinetics and fast capacitance
fading are observed [79-81]. Moreover, the cathodic limit of system
stability is shifted towards more anodic potentials. Similar behavior was
already shown and utilized for the modification of MoOs-based elec-
trodes for HER [82]. Cyclic voltammetry curves recorded at different
scan rates for individual electrode materials are included in Supple-
mentary Information (see Fig. S3, Supplementary Information). In order
to investigate how the capacitance of each electrode material changes
with a scan rate, cyclic voltammetry measurements with scan rates from
2to 500 mV s~ was performed, and the results are shown in Fig. 3b. For
each material the capacitance was calculated according to Eq. (1) by
analyzing the area under the CV curve, which is strictly related to the
amount of charge stored by the electrode:

_ [I(V)dV
¢= _/2v AV M

Where [I(V)dV is the total voltammetric charge calculated by integra-
tion of positive and negative sweep in the potential window, v is a scan
rate and AV is the potential window width. For the Mo(AA450) elec-
trode material when increasing the scan rate, a rapid decrease in
capacitance is observed, see Fig. 3b. This phenomenon can be due to the
decomposition process of the electrode material and therefore its
instability, especially observed when increasing the scan rate value.
Moreover, at higher scan rates, the slower processes are kinetically
hindered and cannot participate in a charge transfer onto or across the
electrode/electrolyte interface, which is reflected by lower electro-
chemical capacitance [83-85]. The capacitance values of Mo (AA450)
for the highest scan rates were even lower than for the Mo(AH) electrode
material, which was also characterized by high capacitance values,
especially in comparison with other molybdenum-based materials.
Another advantage of the Mo(AH) may be observed in the EIS spectra,
presented in Fig. 3c. Knowing that the reactance (Z ") can be described
by Eq. (2):

= b 2

2rfC

where f is the frequency and C is the capacitance value, the Mo(AH)
electrode material may offer the most promising capacitive properties.
Also, the equivalent series resistance (ESR) is the parameter that may be
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Fig. 3. a) CV curves recorded in 1 M HySO4 (v = 50 mV s 1) for Mo foil modifications; b) Areal capacitance in a function of a scan rate; ¢) Nyquist plots in a frequency
range from 20 kHz to 100 mHz in 1 M H,SOy; d) specific capacitance in the function of applied frequency; e) Changes of specific capacitance during 1 000 cycles and
f) changes of specific capacitance retention during 1 000 cycles for the Mo(AH) electrode material; inset: GCD curves before and after 1 000 cycles for the Mo(AH).

described as the intercept with the x-axis and its value depends not only
on the electrolyte resistance, but also includes the electrode resistance
and the contact resistance between the electrode material and the cur-
rent collector [86]. Therefore, it may be concluded that the Mo(AH)
electrode material is characterized by the lowest value of its internal
resistance. Furthermore, a Nyquist plot for both (AA450) and (AA450H)
materials in a low-frequency range has a flatter slope and therefore a
smaller value of the phase angle, and in the high-frequency range, an
appearance of a semi-circle forming might be observed, indicating that
the charge transfer resistance arises and hinders the mobility of the ions
[87]. A lack of the semicircle in the high-frequency range confirms that
there is no ion adsorption/desorption on the electrode material surface
coupled with electron transfer to the surface [88]. Moreover, especially
in the case of Mo(A), Mo(H), and Mo(AH) electrode materials a line
rising up vertically at a low-frequency range may be distinguished,
pointing to the capacitive nature of the materials. However, the capac-
itance value for the Mo(AH) is considerably higher compared to other
modifications (Fig. 3d) and the material is characterized by the best
charge propagation in the range of very low frequencies, even lower
than 1 Hz. Furthermore, capacitance values obtained from the electro-
chemical impedance spectroscopy measurements also confirm the loss of
electrochemical activity of MoOg3 in the Mo(AA450) sample along with
subsequent electrochemical measurements.

Initial charge and discharge measurements (GCD) were carried out
for each material at different current densities applied (in a 3-electrode
system). Prior to the cycling measurements, for each material the most
optimal value for the applied current was selected, namely both charge
and discharge time should be equal and not exceed 10 to 15 s — exem-
plary GCD curves are shown in Supplementary Information in Fig. S4
(Supplementary Information). Then, at the selected current values, 1
000 charge and discharge cycles were performed, on the basis of which
specific capacitances were calculated and presented in Fig. 3e. The re-
sults of GCD measurements are consistent with the cyclic voltammetry
results presented above, especially when comparing the capacitance
obtained at the 1st cycle with the values in Fig. 3b. The Mo(AA450)
electrode material was characterized by the highest specific capacitance
value, however, as the charging and discharging cycles progressed, a
sharp decrease in capacitance was observed after the first 50 cycles, and

capacitance retention after 1 000 cycles was just about 24%, see Fig. 3e.
A rapid drop was also observed in the case of the Mo(H) electrode ma-
terial (after 100 cycles), which was no longer characterized by capaci-
tive properties. The loss of energy storage capacity is also seen in the
case of molybdenum foil after anodization (Mo(A)). The highest
capacitance retention was noticed for Mo(AA450H) which was at about
95%. However, for the Mo(AH) the capacitance value was even twice
higher, namely 70 mF cm 2, and the capacitance retention was at 85%,
which is presented in Fig. 3f. Moreover, the inset in Fig. 3f shows that
even after performing 1 000 charge-discharge cycles, a GCD curve pre-
served its triangular shape, without the increase of the ohmic drop.
With the aim to fully evaluate the electrochemical performance of
the Mo(AH) electrode material and investigate the process of Pt-surface
modification, an exceedingly large number of galvanostatic charge/
discharge tests was performed with an initial value of current density of
4.5 mA cm ™2 applied in the potential range from +0.2 V to —0.35 V. The
cathodic potential limit was adjusted to —0.35 V in order to maintain the
coulombic efficiency during cycles at the highest possible level. The
resulting areal capacitance is presented in Fig. 4a and the inset shows
the galvanostatic charge/discharge profile before (at 4.5 mA cm™2) and
after (at 34 mA cm™~2) 60 000 cycles. The results obtained up to 1 000
cycles are consistent with the ones presented above, while the phe-
nomenon of a gradual increase in the value of the capacitance is
observed during subsequent cycles, which is also confirmed by the inset
in Fig. 4a, indicating an increase in both the charging and discharging
time, while maintaining a shape that specifies capacitive properties. Due
to the phenomenon of increasing capacitance, the value of applied
current needed to be adjusted to maintain the appropriate charge/
discharge time for supercapacitors, as well as to preserve a high level of
coulombic efficiency during the subsequent cycles. Therefore, the cur-
rent density was changed from 4.5 to 34 mA cm,_2 which is presented in
Fig. 4a. Furthermore, the gradual increase in the capacitance led to an
increase in capacitance retention of around 1 000% after 60 000 cycles.
Fig. 4b shows the value of coulombic efficiency, which remained at a
very high level, averaging 100% during all cycles. The resulting
capacitance increase was previously observed in the literature in the
case of MoSy-based electrode materials [43,44] and was e.g. explained
by the activation process that takes place and enables the electrolyte
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Fig. 4. a) Areal capacitance calculated on the basis of 60 000 GCD cycles for the Mo(AH) with the current adjustment during cycles; inset: GCD curves before and
after 60 000 cycles, b) coulombic efficiency during 60 000 cycles; inset: CV curves before and after the measurements, c¢) CV curves for the Mo(AH) electrode material

after subsequent cycles (v = 50 mV s~ 1).

diffusion into the interlayers of MoS,. Moreover, Fig. 4c presents the
cyclic voltammetry curves after subsequent cycles, and it can be seen
that the value of the current density increased significantly, especially in
the negative potential range. As far as the authors are concerned, this is
the highest capacitance value obtained for MoS,-based electrode mate-
rials, but also one of the highest values for all supercapacitor materials.

3.3. Investigation of the increasing capacitance and the influence of the
electrochemical dissolution-deposition process of Pt

In order to determine the cause of the constantly increasing capaci-
tance and to investigate possible changes that took place in the
morphology of the electrode material, additional SEM measurements
were carried out after 15 000 charging and discharging cycles. As can be
seen in Fig. 5a-d, the electrode’s morphology after multiple charge/
discharge cycles is markedly different from that of the Mo(AH) electrode
material (see Fig. 1g-h). SEM images clearly show the delamination of
the material, which is in striking contrast to that of the Mo(AH) before
electrochemical measurements. In some previous studies [89-92] the
electrochemical treatment has been demonstrated to be one of the
techniques that leads to the exfoliation of the material. According to the
literature, an exfoliated material is said to be characterized by a higher
electrochemical capacitance compared to a bulk material [93-97].
Therefore, it may be concluded that the main cause of the increase in

material’s capacitance is the exfoliation process that takes place during
the charge/discharge cycles. In fact, both of those effects were reported
previously by Bissett et al. [44], finding the increase of the capacitance
as a result of ion intercalation and partial exfoliation. The fact that the
material may change during energy storage should be taken into account
especially in the case of materials characterized by a layered structure
with Van der Waals interactions, namely graphene and both transition
metal oxides and dichalcogenides.

The SEM images obtained at higher magnification (see Fig. 5b-d)
show changes that occurred in the electrode material during multiple
charge/discharge cycles. In the structure of the material, one can
observe particles embedded in the layer that were not present in the as-
prepared material. The results of the EDS analysis (see Fig. S5a, Sup-
plementary Information) and mapping results presented in Fig. 5e-h
clearly indicate the presence of Pt particles embedded at the surface of
the Mo(AH) electrode material. Even though the phenomenon of Pt
dissolution-deposition has been discussed in a number of reports, still no
universal mechanism describing the phenomenon was presented.
Nevertheless, it may be assumed that the crucial parameter is the po-
larization potential of the Pt counter electrode. During galvanostatic
charge/discharge cycles performed in a three-electrode configuration,
the working electrode was cycled in the potential range from +0.2 to
—0.35 V. Simultaneously, a potential of Pt CE was also recorded and one
can see that it was polarized from 1.55 V to around —0.3 V (vs. Ag/AgCl

Fig. 5. a-c) SEM images and d-h) EDS mapping results for the Mo(AH) electrode material after 15 000 GCD cycles.
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(3 M KCl) (see Fig. S5b, Supplementary Information). According to the
literature reports, the oxidation and reduction of platinum occur prin-
cipally after reaching high potential values during polarization, but the
most intensified dissolution and deposition of Pt may occur during
reversible cycling within a certain potential range, enabling repetitive
oxidation and reduction of Pt [19,20,98]. Topalov et al. [99]. proposed
that the oxidation of the Pt surface takes place about +1.15 V (vs. RHE)
and as the potential value increases, the creation of a sub-surface oxide
may occur, as well. The latter’s presence is crucial during cathodic
sweeping, as it contributes to the weakening of Pt-Pt bonds and as a
consequence, during repetitive potential cycling, PtO, undergoes sub-
sequent chemical and electrochemical dissolution [29]. Furthermore,
oxygen atoms may distort the surface lattice through tunneling into the
deeper layers and triggering the dissolution [100,101]. As a result, both
Pt?* and Pt** ions are generated, according to Eqs. (3) and (4):

PtOy) + 4H " + 2 =P 4y + 2H,0 3)

PtOy5) + 4H " (=Pt (og) + 2H,0 4

To the best of our knowledge, this is the first time when the phe-
nomenon is observed in the electrochemical measurements performed
for electrode materials with the application for energy storage in
supercapacitors. The reason for this may be both the fact that, in the case
of the analyzed electrode material very high current densities are ob-
tained, as well as the fact that there is little research in the literature on
electrode materials for supercapacitors that thoroughly investigate the
changes taking place in the material during multiple charge/discharge
cycles. Therefore, bearing in mind Wei’s et al. critical approach to the
use of platinum electrode in HER measurements[30], authors would like
to emphasize that when a Pt counter electrode is used in the study of
energy storage materials, careful consideration should be given to the
investigation, as well. Therefore, in order to make sure whether the
incorporation of platinum into the material affects its overall perfor-
mance, galvanostatic charge/discharge tests were performed with the
separation of the working electrode from the counter electrode, and the
results are presented in Fig. S6. Based on all the results presented above,
the Mo(AH) material with Pt-surface modification was further investi-
gated and from this moment, it was designated as Pt@1T/2H-MoS,,
whereas the electrode material that was not subjected to the
Pt-modification was designated as 1T/2H-MoS,.

The obtained results indicate, that despite the absence of Pt on the
surface of the working electrode, an increase in capacitance is still
observed, but it is almost two times smaller than in the case of disso-
lution and deposition of platinum (Fig. S6a). Moreover, no matter how
the measurement system was designed, the electrode material still has
an almost ideal coulombic efficiency (Fig. S6b), and the GCD curves
retain a triangular shape (inset of Fig. S6a). The phenomenon of
increasing capacitance is also confirmed by the EIS results presented in
Fig. S6¢. A slightly increasing slope of the curves indicates an improving
capacitive behavior [102], while a gradually decreasing value of the
imaginary element of impedance additionally confirms these observa-
tions, in accordance with Eq. (2). The absence of platinum on the surface
of the electrode material was confirmed by SEM and XPS analysis per-
formed after 15 000 charge-discharge cycles (see Fig. S7, Supplemen-
tary Information). The chemical composition of the sample remained
almost unchanged, only the presence of traces of SO3~ was observed. In
the case of the morphology of the surface, moss-like nanostructures are
still present and visible as before the cycles, but the surface has become
more solid with numerous cracks. However, the obtained results may
indicate that the process of dissolution-deposition of Pt significantly
contributes to the acceleration of the activation process which results in
a greater increase in the capacitance. On the other hand, when platinum
is not present in the solution and thus the deposition does not occur, the
activation process is slower. However, it can undoubtedly be said that
Pt-assisted activation of the electrode material is beneficial in the energy
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storage process.

For further analysis of the capacitance increase and a more thorough
investigation of the Pt-surface modification, XPS analysis was performed
in order to investigate the changes occurring in the Pt@1T/2H-MoS,
electrode material during long-term cycles. As shown in Fig. 6, for the
electrode material before cycles (Oth) the Mo 3d spectrum shows that it
is possible to distinguish two polymorphs of MoS,, as it was confirmed
with Raman spectroscopy results and described in the first part of the
manuscript. With subsequent cycles, one can observe more intense peaks
coming from Mo®t at 233.3 and 236.4 eV [37] and a new pair of dou-
blets coming from Mo®" assigned to the peaks at 231.8 and 235.2 eV
[39,103,104] (see spectrum after 3 000 cycles). The results indicate a
decreasing and finally completely disappearing presence of both 1T and
2H-MoS; (see spectrum after 21 000 cycles). The transition of both 1T
and 2H-MoS; into mixed non-stoichiometric molybdenum oxides also
confirms the spectrum recorded for S2p, showing that with the succes-
sive cycles, S2 is converted to SO3~ [39] (see Fig. S8, Supplementary
Information). XPS analysis also confirmed the presence of platinum in
the electrode material, mainly in the metallic form, but also small
amounts of Pt>* and Pt*" were observed (see Fig. S8, Supplementary
Information). Moreover, in the first part of repetitive cycling, one may
see the increase of peaks assigned to Mo®". According to the literature
reports, a metal/metal oxide interaction should also be taken into
consideration as it influences the conductivity and metal oxide’s reac-
tivity[103]. Small amounts of Mo®" that are present in the sample after
synthesis, probably related to the anodization carried out in the first
stage of the synthesis, are reduced in contact with the metal substrate,
and the metal is oxidized, which may also contribute to the increased
amount of metal oxides observed in the material. Furthermore, with the
increasing number of repetitive cycles, the amount of molybdenum
oxides is increased at the expense of molybdenum sulfide, which is
confirmed by XPS results after subsequent cycles as the dominance of
molybdenum in the 5+ and 6+ oxidation state can be observed. With the
elongation of galvanostatic measurements, the presence of reduced
forms of molybdenum is noted — Mo** at 231.2 and 234.5 eV[105], as
well as Mo®" at 229.5 and 232.6 eV. Mo®'relates to the oxidation states
0 < & < 4 and may be related with the presence of oxygen vacancies in
MoOs, lattice [106,107]. Furthermore, as it was stated by Grainer et al.,
Mo°* cations are also formed as a result of oxygen vacancy defects in
MoOs, and after a certain vacancy concentration is reached, Mo** cat-
ions develop [103,104]. Despite the appearance of molybdenum in the
4+ oxidation state, it is not a signal from the original MoS, compound,
as no signal indicating the presence of sulfur was registered again, which
indicates the formation of only oxygen compound of molybdenum
(MoOy) with mixed valence states. Furthermore, on the basis of the
Mo-O phase diagram it can be stated that MoOj is not expected to
equilibrate directly with Mo at Mo/MoOs interface, but the equilibrium
may be reached between Mo and MoO, [108]. There are also several
intermediate, non-stoichiometric molybdenum oxides with mixed
oxidation states that may be stable in between MoOs and Mo. On this
basis it may be concluded the results obtained after a major number of
cycles are consistent with that, as we observe diminishing intensity of
peaks related to Mo®+ and Mo°* at the expense of lower oxidation states.
Furthermore, in several reports it was stated that when Mo®* is domi-
nant in the sample, a material is characterized by a poorer conductivity,
and with its subsequent reduction, the Mo 4d states that were empty are
being filled with electrons, resulting in the increased conductivity [40,
42,102,104]. Carrying out subsequent cycles consistently increased the
intensity of signals from forms on lower oxidation states, which is in
agreement with the continually increasing capacitance.

Furthermore, the morphology of Mo(AH) electrode material before
and after repetitive cycles was investigated using transmission electron
microscopy and the results are presented in Fig. 7. The results for the
sample before cycles (Fig. 7a-c) confirm the morphology observed at
SEM images, namely curled nanoflake-like structure may be distin-
guished that is mainly amorphous. However, the crystalline structure of
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Fig. 6. XPS spectra of Mo 3d for the Pt@1T/2H-MoS, electrode material before and after subsequent (3, 9, 15, 21, 27, 30 and 60k) GCD cycles with Pt-surface

modification.

MoS; may be observed on the edges of the structure, as well. For the
Pt@1T/2H-MoS, material after 30 000 cycles, the results exhibit the
presence of Pt particles in Pt@1T/2H-MoS; electrode material occurring
as darker spots, which was also confirmed by EDS analysis (see Fig. 7d-
f). What is more, when the cycles were performed with the separated WE
and CE areas (see Fig. 7g-i), the morphology more closely resembles the
one observed before the cycles.

3.4. Charge storage mechanism analysis

In order to properly classify the electrode material being used, it is
essential to determine the mechanism through which the charge is being
stored. One of the approaches to differentiate capacitances was firstly
presented by Conway et al. [109]. and followed by its application by
Dunn et al. to analyze the charge storage mechanism of nanostructured
transition metal oxides [110-112]. This method allows for quantitive

separating the contribution of the surface-confined elements from the
diffusion-controlled processes responsible for charge storage by
assuming that the total current response at a specified potential (i(V)) is
the sum of the current related to surface controlled and diffusion-limited
processes, according to the following Eq. (5):

i(V) = kv + kov'/? (5)

where i(V) represents a measured current, k; and k3 are constant values,
and v is a scan rate. After transforming Eq. (5) to the form of Eq. (6), the
obtained linear dependence with the slope (k;) and Y-intercept (k2)
values enables to determine the contribution of the outer surface (k;v)
and inner surface (k;v"/?) to the total charge being stored at a given
potential:

i(V)

m=k1\’1/2+k2 (6)
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Fig. 7. TEM images and EDS spectra of a-c) Mo(AH), d-f) Pt@1T/2H-MoS, after 30 000 cycles and g-i) 1T/2H-MoS, after 30 000 cycles.

Fig. S9 shows the results of the Dunn’s method application for the
analysis of the Mo(AH) charge storage mechanism (before modification
with Pt particles), namely cyclic voltammetry curves carried out at
different scan rates in the range from 10 to 500 mV s~ ! are presented. It
can be noticed that when the scan rate value increases, the increase in
the surface-controlled contribution is observed and it remains at a high
level with the increasing scan rate applied. To analyze in detail how and
whether Pt-doping affects the energy storage mechanism, the presented
approaches of differentiating capacitances were used for both Pt@1T/
2H-MoS; and 1T/2H-MoS; electrode materials during repetitive cycling.

Another method of differentiating capacitances was proposed by
Trasatti and coworkers [113] stating that it is possible to estimate the
contribution of diffusion-controlled and surface-controlled charge to the
overall charge being stored, according to Eq. (7):

qr =qi + 4, @)

where gr is the total amount of charge, g; represents the charge stored at
the “inner” surface and g, is the charge stored at the “outer” surface. The
proposed approach is based on the fact that charge storage at the outer
electrode surface is independent of the scanning rate, whereas the

process of charge storage at the inner surface is controlled by diffusion.
Performing cyclic voltammetry at different scan rates and evaluating
corresponding areal capacitances constitute a base to investigate
capacitive contribution from electrical double layer and pseudo-
capacitive reactions. Assuming that the diffusion of ions follows a
semi-infinite pattern, it should be possible to observe a linear relation-
ship between the reciprocal of the calculated areal capacitance (C~1)
and the square root of the scan rate (v'/2), according to Eq. (8):

C!' = constv'? + o 8)

where Cy is a total capacitance, namely the sum of pseudo-capacitance
and electric double layer capacitance. Furthermore, plotting the
capacitance (C) versus the reciprocal of the scan rate allows to estimate
the value of the contributed capacitance of the electrical double layer
(Co), according to Eq. (9):

C = constv™'* + Cp (©)]

Eventually, subtracting Cp from Cr results in a determination of
maximum pseudo-capacitance value. The evaluation of the contribution
of the Mo(AH) electrode material before galvanostatic charge/discharge
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tests is presented in Fig. 8a,b, whereas the final results are compared
with Dunn’s analysis in Fig. 8c. The values were obtained from a linear
fit within the restricted range of the scan rate — the rest of the polari-
zation range was disregarded due to the high ohmic drop caused by the
electrode material’s internal resistance.

It is clearly seen in Fig. 8c that even though the non-diffusive
contribution is higher for the Dunn’s analysis, especially for the higher
scan rates. The trend towards an increase of surface-controlled contri-
bution may also be observed in the case of the highest scan rates, for
which the differentiation of the capacitance was carried out using
Dunn’s method and the outer surface contribution reaches 94% (see
Fig. §9, Supplementary Information). Processes responsible for energy
storage reactions can be expressed as shown below in Eq. (10) [114,
115]:

(M0S3) paee + H" + € = (MoS; H) 10)

surface surface

On the other hand, as mentioned above, a layered structure allows
ions to intercalate, which results in a contribution of a pseudocapaci-
tance similar to a battery-type one [116], but often wrongly confused
with it. According to the literature and both empirical studies and
mathematical models presented therein, in the case of 2H-MoS, elec-
trode materials, it is necessary to provide a high voltage value that
would allow the transfer of electrons through a wide band gap in order
to fill the unoccupied states of 2H-MoS; and hence contributing to the
increasing pseudocapacitance contribution [117]. Therefore, the 2H
phase is mainly characterized by EDL capacitive properties, especially in
aqueous electrolytes. On the contrary, 1T-MoS; is able to store charge
using both EDL and pseudocapacitive mechanisms. According to the
literature, reversible redox reactions may occur at a large density of
states, namely a significant number of d-orbitals of molybdenum atoms
above the Fermi level may be observed. For both crystallographic pha-
ses, pseudocapacitance’s occurrence is mainly due to Mo-edge activity
[17,117]. Furthermore, the cyclic voltammetry curves (see Fig. S3,
Supplementary Information) clearly show the combination of nearly
rectangular shape and pseudocapacitive behavior, and the latter may be
depicted as follows in Eq. (11):
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MoS, + xe™ + xH"—(MoS — SH) an

For the 1T/2H-MoS, electrode material, the results of Dunn’s and
Trasatti’s analysis after 15 000 and 30 000 cycles are presented in
Fig. S10 (Supplementary Information, with the CE and WE areas sepa-
rated). The obtained results indicate that with the successive charging
and discharging cycles, we do not observe such significant changes in
the energy storage mechanisms. As with the original material, energy is
mainly stored through the formation of an electrical double layer. The
conclusions are consistent with the previously presented observations
that the composition of the material does not change and neither does
the energy storage mechanism. On the other hand, for the Pt@1T/2H-
MoS,, as it was stated above, during the repetitive cycling and simul-
taneous Pt-modification, the change in the chemical composition of
electrode material may be observed, and thus a change in the energy
storage mechanism. Consequently, with the increasing number of cycles,
an increase in the diffusion-controlled contribution is observed (see
Fig. 8d,e). The results are consistent with the presented XPS results,
which indicate that the material is transformed into mixed molybdenum
oxides MoOy. Transition metal oxides, including molybdenum oxides,
are characterized by pseudocapacitive properties and it has been already
reported that oxygen-deficient MoOy with varieties of oxidation states
are particularly promising for energy storage applications [40,118,119].
Therefore, due to its enhanced overall electrochemical performance, the
Pt@1T/2H-MoS; electrode material obtained after 10 000 repetitive
charge/discharge cycling was tested in a two-electrode system.

3.5. Two electrode configuration measurements

The results of the two-electrode measurements for the Pt@1T/2H-
MoS; electrode material obtained after 10 000 repetitive charge/
discharge cycling are presented in Fig. 9. The electrode material in the
two-electrode configuration was subjected to 50,000 charge/discharge
cycles with an applied voltage of 0.6 V and a flowing current of 11.9 mA
cm™2. In Fig. 9a, it can be seen that the capacitance remains stable, and
the value of which does not decrease with time. Moreover, a slight
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increase in capacitance was recorded with the increasing number of
cycles performed, which is probably due to the still occurring, albeit to a
smaller extent, intercalation process and the complementary changes in
the electrode material. The increase in capacitance is also visible in the
inset provided, showing the recorded voltammetry curves before and
after 50 000 cycles. The material in the symmetric supercapacitor sys-
tem was also characterized by a high-reaching coulombic efficiency
during multiple cycles (Fig. 9b) and unprecedented capacitance reten-
tion (120% after 50 000 cycles), and it was recorded that by applying a
voltage of 0.6 V it is distributed almost symmetrically over both elec-
trode materials (Fig. 9d). Electrochemical impedance spectroscopy
analysis was also performed during the repetitive cycling and the results
are shown in Fig. 9c. It can be observed that before the measurements,
the impedance curve was a straight line, also in the higher frequency
range, indicating capacitive properties. Along with the subsequent cy-
cles, in the high-frequency range, a semicircle can be distinguished,
pointing to the increasing resistance associated with the charge transfer
processes. Furthermore, the appearance of the semicircle in the high-
frequency range confirms that an ion adsorption/desorption on the
electrode material surface coupled with electron transfer to the surface
takes place [88]. There is also a noticeable shift of the intersection with
the x-axis value towards higher ones, suggesting an increase in the
equivalent series resistance. Nevertheless, at each stage of the repetitive
cycling, the overall resistance is small, indicating the good conductivity
of the electrode. Moreover, for a comparison, multiple charge/discharge
cycles were also performed for the 1T/2H-MoS; electrode material
without Pt surface modification (see Fig. S11, Supplementary Infor-
mation). In this case, an increase in the capacitance was also observed,
as well as an almost perfect coulombic efficiency, as in the case of ma-
terials in a three-electrode configuration cell. However, for the material
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that was not modified with Pt particles, the values of the recorded
capacitance were much smaller, and therefore the supercapacitor was
working at lower current values and the operating voltage value was
lower. Nevertheless, Pt@1T/2H-MoS,; symmetric supercapacitor was
primarily characterized by unprecedented capacitance retention, with
no significant degradation of the electrode material. A comparison with
current literature data on Mo-based electrode materials for super-
capacitors is provided in Table S1 (Supplementary Information).

4. Conclusions

The investigation of the different approaches for the synthesis of
MoS; electrode material was performed, including anodization, hydro-
thermal process, and annealing, with the results indicating that
depending on the processes carried out, amorphous molybdenum oxide,
amorphous molybdenum sulfide or crystalline molybdenum oxide is
obtained. The electrode material prepared via anodization of a molyb-
denum plate, followed by a hydrothermal process in thiourea aqueous
solution was obtained in a form of a thin layer on metallic molybdenum
substrate. The electrode material was characterized by the increasing
capacitance during subsequent cycles, which was strictly related to the
platinum dissolution-deposition process that occurred during repetitive
cycling in 1 M sulfuric acid with Pt acting as a counter electrode. The
analysis of the Pt-surface modification during multiple charging and
discharging cycles revealed that Pt-surface modification happening
simultaneously with the H' ions intercalation resulted in boosting the
exfoliation process, and as a result, the increase of capacitance was
higher in comparison with non-modified MoS,. After 60 000 cycles, the
specific capacitance of the Pt@1T/2H-MoS; electrode material
increased to over 1 F cm™2, with the coulombic efficiency above 97%
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during all the cycles. Furthermore, this study revealed that upon Pt-
surface modification, the material’s composition has been changed.
XPS analysis revealed that the transition to mixed molybdenum oxides
took place altogether with the introduction of oxygen vacancies into the
structure. Altogether with the platinum deposition, significant changes
in the energy storage mechanism were observed. Pt-modified electrode
material was characterized by a greater contribution of pseudocapaci-
tance in the charge storage processes, which was increasing with the
greater number of cycles applied. The phenomenon was strictly related
to the presence of mixed molybdenum oxides on the surface and thus,
such a modified material was used for the symmetric two-electrode
configuration with the capacitance reaching 140 mF cm 2 after 60
000 galvanostatic cycles and the coulombic efficiency at around 100%
during all cycles.

The authors also believe that the conclusions drawn and the obser-
vations presented are a noteworthy and profound insight that provides a
novel approach for understanding the ongoing processes taking place in
the measurement system, especially when the counter electrode for
electrochemical measurements is considered. Furthermore, the authors
are of the opinion that paying attention to the constant variability of the
material during charge-discharge processes, resulting in electrochemical
but also physicochemical changes, can certainly help in gaining in-depth
knowledge about the mechanisms underlying energy storage by elec-
trode materials. We also believe that careful consideration should be
taken into account when Pt counter electrode is used in the study of
energy storage materials due to the dissolution-deposition phenomenon
of platinum, which, may have a positive effect on the overall electro-
chemical performance of the electrode material, should not be ignored
regardless of the circumstances. Nevertheless, the results indicate that
Pt-surface modification of MoSs may provide a novel approach for
electrode materials for high-performance supercapacitors.
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