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In this work, nitrogen-doped molybdenum sulfide was directly deposited on titanium dioxide nanotubes sub-
strate (TiO2/N-MoS3) during hydrothermal synthesis. The study focuses on the influence of hydrochloric acid
concentration used for the synthesis, with the results indicating its essential role in thioacetamide hydrolysis and
thus in the effectiveness of the N-MoS; deposition. The electrode material itself is characterized by an initial
capacitance of 320 mF cm™2 with 76 % capacitance retention after 10 000 cycles. Moreover, the effect of ni-
trogen source on the physical and capacitive properties is investigated, revealing that the simultaneous addition
of aniline and ammonium persulfate contributes to the improvement of crystallinity and overall electrochemical
performance of the electrode material. The analysis of charge storage mechanisms also indicates that the
introduction of nitrogen atoms significantly affects the contribution of diffusion-controlled processes. In the
construction of a symmetrical device, the specific capacitance of 76 F g~! and areal capacitance of 70 mF cm ™2
with the superior coulombic efficiency and 84 % of capacitance retention after 15,000 cycles is observed, with
11.1 W kg ™! and 5193.4 Wh kg ! of energy and power density of the device, respectively.

In the case of electrode materials for supercapacitors, the most
commonly used are carbonaceous ones, such as graphene, carbon

1. Introduction

Nowadays, supercapacitors, also known as electrochemical capaci-
tors, are one of the key elements of energy management systems, mainly
due to their high-power density, but also because of the possibility of
integrating them with energy conversion devices [1]. In addition to their
ever increasing use in electric vehicles [2,3], they are also attracting
attention for their use in portable and wearable electronics [4-6].
Furthermore, in order to constantly improve their properties, primarily
related to the improvement of the energy density and the expansion of
the device operation voltage, new electrode materials are still being
sought, as they are one of the key elements affecting the overall elec-
trochemical performance.
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nanotubes and porous carbons of different types [7]. Carbon electrodes
store the charge mainly through an electrical double layer (EDL), which
is formed when a potential is applied to the electrode and the ions adsorb
on the surface. This group of electrode materials is one of the mostly
studied, as they possess a high specific surface area and a high porosity
which facilitates the diffusion of the charged species [8]. Furthermore,
2D materials like graphene have been receiving a considerable atten-
tion, mainly due to its two-dimensional structure and hence the possi-
bility of a large surface area accessibility, as well as its mechanical and
electronic properties [8-10]. Especially in the case of both Na- and Li-
ion batteries, expanding the spacing between graphene/graphite
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layers enables efficient energy storage [11]. It is the two-dimensional
structure that is one of the properties that draws the attention in the
relation to energy storage materials. Among these 2D structures, apart
from carbon ones, materials such as MXenes [12,13], transition metal
oxides and phosphates [14-17], but also transition metal dichalcoge-
nides (TMDs) are of particular interest.

TMDs is a group of layered materials that are characterized by the X-
M—X structure, composed of transition metals (M) and chalcogens (X).
Materials from this group like MoSy, WSy, VS, and MoTey [18-21],
recently are gaining more and more interest in terms of their application
in energy storage, mainly due to their properties such as edge sites, large
specific surface area and ease of intercalation [22]. Special attention is
paid to MoS,, which seems to be the most thoroughly studied one,
however, due to the variety of synthesis methods and attempts to deposit
MoS; on various substrates, there is still no systematic knowledge about
the correlation between material properties and synthesis parameters,
and many other questions related to this arise, for which the answer still
remains open. Nowadays, an increasingly widely used approach is hy-
drothermal synthesis, which offers a fast and low-cost procedure for
obtaining nanostructured 2D TMDs. MoS; synthesized by hydrothermal
method in the form of various structures such as: nanosheets [23],
nanospheres [24], nanowires [25], nanorods [26], or hollow nano-
particles [27] has been repeatedly reported in the literature. However,
due to the diverse selection of precursors, solvents and additives, as well
as the inability to precisely control the processes taking place in the
hydrothermal vessel, the MoS; crystal growth mechanism and the in-
fluence of individual parameters on the final properties of the material
are not entirely clear. One of the most frequently chosen solvents in
hydrothermal synthesis is deionized water [28-30], but an aqueous
solution of hydrochloric acid [31-33] or organic solvents [34,35] are
reported, and each of them plays an essential role in the final properties
of the material. Therefore, the crucial aspect of hydrothermal synthesis
is to understand the importance and the influence of each parameter on
material’s growth mechanism. However, as far as authors are concerned,
so far there was no investigation on the impact of HCI concentration on
the physical and electrochemical properties of MoS; altogether with its
energy storage abilities.

In general, when it comes to electrode materials for energy storage,
apart from investigating the influence of individual synthesis parame-
ters, a number of studies are carried out in order to improve the
capacitive properties of the materials. Among such solutions, the aim is
to synthesize materials in the nanoscale and, above all, to create hybrid
electrode materials. TMDs are commonly combined with conductive
polymers [36,37], carbon materials [38,39], or MXenes [40], which
results in increased energy density and enhanced stability of electrode
within charge-discharge cycles. The improvement of electrochemical
properties, and in particular the improvement of material’s conductiv-
ity, is also performed by doping TMDs with various metal atoms,
including: nitrogen [28,41,42], cobalt [43], platinum [44], or copper
[45]. Moreover, material doping may also lead to imperfections due to
atomic rearrangement and thus results in creating more active sites [45].

When it comes to materials used for energy storage, not only should
the capacitive properties be considered, but also the material’s inter-
action with the current collector at the interface. The most common
practice is the synthesis of materials in the form of powders altogether
with the polymer binders application for connecting the active material
with the current collector. Unfortunately, binders application contrib-
utes to an increase in resistance and reduction of the positive effect
caused by the formed nanostructures. Therefore, obtaining materials
directly on the conductive substrates is one of the steps to improve the
electrochemical performance of energy storage materials. In the case of
MoS, only few papers have been reported about the synthesis of elec-
trode materials performed in this way [46-49]. However, a major lim-
itation is the fact that most of them require advanced equipment or/and
hard synthesis conditions, and thus an efficient, low-cost, and scalable
synthesis technique is still being sought.
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In this work, we present a facile hydrothermal synthesis of nitrogen-
doped molybdenum sulfide (N-MoS;) performed directly on TiOq
nanotubes substrate with a thorough investigation of the influence of
hydrochloric acid concentration on the physical and electrochemical
properties of the electrode material. Furthermore, the effect of the
addition of aniline and ammonium persulfate during the synthesis was
studied, with the results indicating that their presence significantly
enhanced the capacitive properties of the electrode material. The
resulted TiOy/N-MoS, electrode material was characterized by the
initial capacitance of 320 mF cm ™2, and the improved electrochemical
performance was achieved mainly through adjusting concentration of
hydrochloric acid and introducing nitrogen atoms into MoS; structure.
Furthermore, TiO3/N-MoS, material was used to construct a symmet-
rical device, for which the obtained specific capacitance reached 76F g_1
(Careal = 70 mF cm™~2), with energy density of 11.1 W kg ™! and superior
power density (5193.4 Wh kg™ 1).

2. Materials and methods
2.1. Materials

In the anodic oxidation process titanium foil (0.127 mm thick,
annealed, 99 %), purchased from Alfa Aesar, was used and the synthesis
was preceded by a sonication procedure using acetone and isopropanol
mixture (Chempur). The electrolyte consisted of reagents from Chem-
pur: ammonium fluoride (NH4F) pure p.a., ethylene glycol (CoHgO2),
phosphoric acid (H3PO4), and distilled water. Hydrofluoric acid used for
etching was purchased from Fischer Chemical. Reagents used for the
hydrothermal process: potassium molybdenum oxide, anhydrous (99.8
% metals basis, Alfa Aesar), thioacetamide (Chemat), ammonium per-
sulfate (APS) (98 %, Sigma-Aldrich), and aniline (ANI) (99.8 % pure,
Acros Organics) were all at pure analytical grade. Sulfuric acid (POCH)
was used for electrochemical measurements and as an electrolyte in
supercapacitor construction. The device was constructed using heat-
sealable foil and a fiberglass separator using a vacuum packing ma-
chine (CAS CVP-350/MS, Hertogenbosch).

2.2. TiOy nanotubes synthesis

Titanium dioxide nanotubes (TiOy NTs) were prepared by applying
an anodic oxidation procedure according to our previous report [50]. In
short, titanium foil was cut into pieces (2 cm x 2 cm), cleaned using
ultrasonic treatment in isopropanol: acetone mixture (1:1 v/v) for 20
min, and rinsed with distilled water eventually. The as-prepared Ti foil
constituted a working electrode (WE) and another Ti foil as a counter
electrode (CE) in a two-electrode configuration in the anodization pro-
cess. The synthesis was carried out at a constant temperature (23 °C)
using a cooling bath thermostat (KISS K6, Huber), with a voltage of 40 V
applied for over 2 h. After that, the electrode was rinsed with distilled
water and etched by immersing in HF several times. In the final step, the
electrode was calcinated in the quartz tube furnace through heating up
to 450 °C in 2 h, sintering at this temperature for 2 h and 45 min.

2.3. TiOz/N-MoS; preparation

TiO2/N-MoS; was obtained by hydrothermal synthesis. For this
purpose, 0.5 g of potassium molybdate and 1 g of thioacetamide were
diluted in 25 ml of 0.5 M HCI and stirred for 10 min. Subsequently, 63
mg of aniline (26 mM) and 153 mg ammonium persulfate (26 mM) were
added and stirred for another 20 min. Finally, the mixture was trans-
ferred to the Teflon liner altogether with the TiO3 NTs sample (inside of
a stainless steel autoclave) and placed in an oven for 24 h at 200 °C. After
the process, the TiO2/N-MoS; electrode was rinsed with distilled water
and dried at room temperature. In order to investigate the effect of the
hydrochloric acid concentration, it was changed from 0.1 to 5 M,
respectively.
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2.4. Electrochemical measurements

Electrochemical measurements were performed using potentiostat/
galvanostat (BioLogic VSP 2078) in a three-electrode configuration —
platinum mesh constituted a counter electrode (CE), Ag/AgCl vs 3 M KCl
worked as a reference electrode (REF) and TiO2/N-MoS; was a working
electrode (WE). Measurements were carried out in 1 M sulfuric acid
(H2S04) aqueous solution and a number of electrochemical techniques
have been applied, e.g. cyclic voltammetry (CV), galvanostatic charge
and discharge tests (GCD), and electrochemical impedance spectroscopy
(EIS). EIS was performed in a frequency range between 20 kHz and 100
mHz with a voltage amplitude of 10 mV. The impedance of the constant
phase element Q used in the model is represented by the Equation
below:

Z(w) = P (jw)™" (€))

In order to investigate the performance in a two-electrode configu-
ration, a symmetric supercapacitor was constructed using two TiOz/N-
MoS; electrodes. The total mass loading in the supercapacitor con-
struction was 1.83 mg. Electrodes were separated using a fiberglass
separator soaked in 1 M HySOy4 electrolyte and they were encased with a
heat-sealable foil using a vacuum packing machine.

2.5. Material characterization

The as-prepared electrode materials were characterized by micro-
scopic techniques, including Scanning Electron Microscopy (SEM) using
JSM-7800F (JEOL, Tokyo, Japan) field emission scanning electron mi-
croscope. The images were analyzed using a beam accelerating voltage
at 5 kV. EDX analysis was performed with a silicon nitride window’s
detector (OCTANE ELITE model, EDAX company, Mahwah, NJ, USA),
and Transmission Electron Microscopy (TEM) (FEL, Tecnai F20X-Twin)
with the measurement parameters: voltage 200 kV from FEG, imaging
in bright field (BF) with CCD camera (Gatan, Orius), vacuum in the
chamber 10 Pa. Raman spectroscopy measurements were performed
with a micro-Raman spectrometer (Renishaw InVia) operating at 1 % of
its total power (50 mW), with Ar laser emitting at the wavelength of 514
nm. X-ray Photoelectron Spectroscopy was carried out with an X-ray
photoelectron spectrometer (Argus Omicron NanoTechnology) with Mg-
Ka source of X-ray and anode operated at 15 keV, 300 W. XPS mea-
surements were conducted under ultra-high vacuum at room
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temperature, with pressure below 1.1 x 10® mbar. XRD analysis was
done with a diffractometer (Xpert PRO-MPD) with Cu Ka emission (A =
0.15406 nm).

3. Results and discussion

3.1. Characterization of the TiO2/N-MoS; electrode materials prepared
with different HC concentrations

Electrode materials obtained with different hydrochloric acid con-
centrations were investigated using Scanning Electron Microscopy
(SEM) and the results are presented in Fig. 1, indicating that the con-
centration significantly influenced the morphology of the samples.
When the concentration was low (0.1 and 0.2 M), the formation of
nanostructures was not observed, whereas, for the highest HCI concen-
tration, nanostructures in a form of cubes and spheres may be distin-
guished. However, according to the results of Raman spectroscopy and
XPS analysis, it may be assumed that the cubes and spheres formation is
not due to the MoS; synthesis, but is strictly related to the change in the
structure of TiO, nanotubes, which was caused by the treatment with 5
M HCI. According to some literature reports, treatment of TiO2 nano-
tubes with HCl may considerably affect the shape of nanotubes, but the
pH value may have some impact on crystallinity and morphology, as
well [51-53]. Furthermore, Fan et al. also pointed out that the treatment
of carbon nanotubes with hot concentrated HCl led to the formation of
closed-capped nanotubes [54]. The closing of TiO5 NTs was confirmed
by the cross-section image and EDS analysis for the 5 M sample (see
Figs. S1 and S2a), which clearly shows that the composition is only ti-
tanium and oxygen, as well as that the tip of the nanotube has been
transformed into a cube, cutting off access to the inside of the nanotubes.

The enhanced signal from titanium was also reported for the sample
with 3 M HCI (Fig. S2b), indicating that the synthesis of MoS; was also
not fully effective. However, one may see that the resulting morphology
for 0.5 and 1 M samples of TiO2/N-MoS; is fairly similar, as the structure
of nanosheets may be observed for both of them. Furthermore, for both
of them, the EDS analysis confirmed the presence of elemental Mo and S
in the deposited layers (see Fig. S2¢,d). The SEM results are consistent
with the morphology that can be seen in the transmission electron mi-
croscopy (TEM) images (see Fig. 2). TEM measurements were performed
for the precipitate that was formed during the synthesis. It is impossible
to indicate the presence of nanostructures for the samples prepared with
0.1 M and 0.2 M HCI, however, the 0.2 M sample is noticeably more

300 nm

Fig. 1. SEM images of TiO,/N-MoS, electrode materials obtained after hydrothermal synthesis performed with different hydrochloric acid concentrations.
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Fig. 2. TEM images of TiO,/N-MoS; electrode materials obtained after hydrothermal synthesis performed with different hydrochloric acid concentrations.

crystalline. The crystal structure is also clearly distinguishable with 0.5
M and 1 M materials, especially at the edges of the nanosheets, whereas
materials prepared with the highest HCl concentration are mostly
amorphous. These results were also confirmed by the XRD results, pre-
sented in Fig. 3. Despite the fact that the results mainly show signals
from Ti/TiOy substrate, it is possible to extract the signals from mo-
lybdenum sulfide, as well. Peaks typical for the hexagonal structure of

MoS; may be indicated, including ones at 32.48° and 57.31° corre-
sponding to (100) and (110) planes, respectively [55]. However, the
signals are visible only for the materials prepared with 0.2 M, 0.5 M, and
1 M hydrochloric acid, with the highest intensities of the peaks recorded
for the 0.5 M HCI sample. Among other signals coming from the sub-
strate, one can distinguish signals of titanium at 40.36° and 53.15° for
(101) and (102) planes, respectively [56]. Moreover, several signals
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Fig. 3. XRD results for TiO,/N-MoS, electrode materials obtained after hydrothermal synthesis performed with different hydrochloric acid concentrations.
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from the anatase phase of TiO5 were recorded, including 25.42°, 38.03°,
38.70°, 48.05°, 54.15°, and 55.15° corresponding to (101), (004),
(112), (200), (105) and (211) planes, respectively [57]. Also, the
presence of a rutile phase was confirmed, especially for the samples
treated with high concentration hydrochloric acid. It was shown
recently that the HCI environment enhances the anatase to rutile tran-
sition [58], which is probably even more triggered when the concen-
tration is increased.

On this basis, it may be concluded that the synthesis of MoS; was
strictly dependent on the hydrochloric acid concentration, as the
deposition was effective only when the concentration was moderate (0.2
—1 M). The conclusions were also based on Raman spectroscopy results
(see Fig. S3a), for which one may see the presence of a hexagonal phase
of MoSy, confirmed by the presence of peaks at 376 cm~! and 404 cm_l,
attributed to the vibrations in 2H-MoS, molecules, namely Eég in-plane
and Ajg out-plane active modes, respectively [59,60]. However, with
both decreased and increased concentration, the synthesis was not
effective as only the signals characteristic for TiO5 may be distinguished.
To further verify the presence of the synthesized MoS, and the nitrogen
dopant, the XPS analysis was applied.

The results of the XPS analysis are presented in Fig. 4. The results
indicate, that even for the materials prepared with the lowest and the
highest hydrochloric acid concentration, some amount of molybdenum
in the form of Mo*" and Mo®*, as well as sulfur, may be detected.
However, in the case of the 3 M HCI sample, the signal mainly comes
from the trigonal phase of molybdenum sulfide, whereas for the highest
HCI concentration, the most intense signal is due to the presence of
Mo®*, and stoichiometry does not indicate the presence of molybdenum
sulfide. Nevertheless, for the moderate acid concentration, two signals at
227.9 and 231.1 eV suggest the presence of the trigonal phase (1T) of
MoS,, whereas the existence of the 2H phase is confirmed by the signals
recorded at 228.9 and 232.2 eV [59,60]. Analogously, one can distin-
guish between signals recorded for sulfur — the values of the S 2p; 2 and
2p3,/ signals from 2H and 1T phases are placed at 161.8 and 163.6 eV,
and 161.3 and 163.3 eV, respectively [61,62]. Furthermore, XPS spectra
reveal the presence of SO, which may be related to the presence of
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synthesis residues, but also the S conversion [63]. For most of the
samples, the XPS profile of the N1 s consists of the band at 394.3 eV,
assigned to Mo 3ps3/2, as well as two bands N1 at 399.5 eV and N2 at
397.0 eV, which resulted from nitrogen presence in the samples. The N1
signal is related to the presence of non-charged nitrogen, ascribed to the
N—C bonding. On the other hand, the signal designated as N2 indicates
the presence of negatively charged nitrogen resulting from Mo-N
bonding [64]. Comparing the results obtained for different HCI con-
centrations, it may be stated that the 0.5 M and 1 M samples are char-
acterized by the highest nitrogen content, and the difference is
particularly clear due to the higher intensity of the N1 signal. The atomic
percentage of nitrogen estimated from XPS analysis, % ratio of both N1
to N2 and total N to Mo is presented in Table S1.

3.2. Electrochemical measurements for TiO2/N-MoS; electrode materials
prepared with different HCI concentrations

For the evaluation of the electrochemical properties, electrode ma-
terials synthesized with various HCI concentrations were investigated in
3-electrode configuration in 1 M HSO4. Firstly, using cyclic voltam-
metry, the potential range within which electrode materials are capable
of charge storage was determined and the results are presented in
Fig. 5a. It turned out that TiO2/N-MoS; electrode materials obtained
with both 0.5 M and 1 M HCI were characterized by the best capacitive
properties, which can be observed in the cyclic voltammetry curves. It
was also confirmed during galvanostatic charge and discharge mea-
surements (see Fig. 5b) — the results show that for the TiO3/N-MoS,
electrode material synthesized with 0.5 M HCI, the areal capacitance
value was the highest, which was indicated by the initial capacitance of
320 mF cm2, as well as it was characterized by better capacitance
retention after 1000 cycles in comparison with other materials. It is
worth mentioning that the deposited MoS; layer was not very thick at
all, (which could be the cause of such improved capacitance value), and
despite its unevenness, it was only up to several micrometers at its
thickest point (see Fig. S3b). Therefore, for the TiO2/N-MoS; electrode
material presenting the best capacitive properties, a further study on the

S 2p N1s
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Fig. 4. XPS results for TiO2/N-MoS, electrode materials obtained after hydrothermal synthesis performed with different hydrochloric acid concentrations.
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Fig. 5. a) CV curves (v = 50 mV s~ recorded in 1 M H,SO, for TiO,/N-MoS, electrode materials prepared with various HCl concentrations; b) Areal capacitance
value during 1000 cycles, calculated on the basis of GCD tests; c) Areal capacitance and coulombic efficiency for TiO5/N-MoS, (0.5 M) electrode material during
10 000 GCD cycles; d) CV curves for TiO2/N-MoS; (0.5 M) before and after 10 000 GCD cycles.

ability of energy storage was conducted. After 10000 galvanostatic
charge-discharge cycles, electrode material was characterized by the
areal capacitance of 240 mF cm 2, with the coulombic efficiency of
around 99.98 % (see Fig. 5¢). Moreover, the shape of the cyclic vol-
tammetry curve after galvanostatic tests indicates that despite the loss of
some capacitance, the material is still capable of charge storage.

3.3. The influence of HCl concentration on the growth of MoS, on TiO,
nanotubes substrate

MoS; synthesis using the hydrothermal method has been repeatedly
reported in the literature, however, the mechanism of molybdenum
sulfide crystal growth in solution still remains an open question. In order
to explore this issue, the influence of hydrochloric acid concentration on
the properties of the obtained MoS; layer was analyzed, and the possible
course of the reaction was proposed. The synthesis of molybdenum
sulfide begins with the hydrolysis of thioacetamide, and this process can
be efficiently catalyzed and accelerated through the acidic reaction
medium [65-67], and the obtained hydrogen sulfide forms the following
equilibrium when dissolved in water:

C,H;sNS +H,OH"— CH;COOH + H,S 4 NH; (@3]
HySg) < Hiyy +HS ) 3
HS <H'+8* )

The hydrogen sulfide obtained in the reaction is the main source of
sulfur in the further synthesis process, and acts as a reducing agent that
reacts with the molybdenum precursor present in the solution [68]:

4MoO2™ 49 H,S + 6 CH;COOH —4 Mo$S, + S0~ + 6 CH;COO™ + 12 H,0
)

When hydrochloric acid was not present during the synthesis, no
formation of nanostructures was observed, and the electrochemical
properties of the material were insufficient (see Figure S4). Similar
observations were made for the synthesis with low concentrations of
hydrochloric acid, but increasing its concentration to 0.5 M resulted in a
significant improvement in the material’s capacitive properties, and the
formation of nanosheet structures was observed, which is attributed to
the increased amount of HsS, and thus the accelerated reaction of thi-
oacetamide hydrolysis in a more acidic environment. Furthermore, ac-
cording to the TEM measurements, it may also be concluded that all
together with the increasing HCI concentration, the crystallinity of the
MoS; was improved, and similar observations were reported by Matsui
et. al for the ZrO, synthesis [69], as well as by Li et al. for the perovskites
synthesis [70], with pointing out the fact that the concentration of H*
ions significantly affects the single particle size. However, no further
enhancement in electrochemical properties was observed with
increasing acid concentration. The reason for such a phenomenon may
be the unfavorable interference of HCl with the substrate material — TiO5
nanotubes. As the results presented above show, high concentrations of
HCI not only changed the surface of the nanotubes but also contributed
to the formation of an additional TiO5 crystal phase (rutile). As a result,
it hindered the effective deposition of molybdenum sulfide on the sub-
strate, and the effect was intensified with an increase in the acid
concentration.

3.4. The role of aniline (ANI) and ammonium persulfate (APS) in the
hydrothermal synthesis of TiO2/N-MoS2

During the simultaneous synthesis and deposition of molybdenum
sulfide on TiOg substrate by hydrothermal method, apart from pre-
cursors of molybdenum and sulfur, aniline and ammonium persulfate
were added. According to the literature, the synthesis of molybdenum
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sulfide altogether with polyaniline, commonly with the assistance of
hydrothermal synthesis, is frequently reported [71-76] and considered
successful. The presented synthesis was also initially aimed at obtaining
a layer of a hybrid MoS,/PANI electrode material, deposited on a TiO5
substrate. However, the results of the solid-state physics analysis do not
indicate the presence of polyaniline in the electrode material. Moreover,
the results obtained using cyclic voltammetry also do not evidence that
polyaniline was effectively deposited on the TiO5 substrate (see Fig. 5a),
as characteristic peaks related to the polyaniline redox reactions [77]
can’t be distinguished. Unexpectedly, when aniline and ammonium
persulfate were excluded from the synthesis, the electrode material lost
a significant part of its capacitive properties, which is presented in
Fig. 6a. On the basis of the cyclic voltammetry results, it may be
concluded that the addition of aniline or ammonium persulfate sepa-
rately caused a similar effect and the presence of both during synthesis
somehow contributes to improved electrochemical performance. In
order to investigate the differences between the electrode materials and
reveal the reason for the improved charge storage ability with the ANI
and APS addition, scanning electron microscopy was used for the
morphology study, and the results are presented in Fig. 6b. Each syn-
thesis was conducted with a 0.5 M hydrochloric acid concentration. For
the electrodes prepared with aniline and APS, the structure of the
nanosheet is observed, but in general, they look quite alike. One may say
that the structure of the nanosheets is more developed, especially in the
presence of both ANI and APS, and what was pointed out by TEM
measurements is that at the edges of these structures a crystalline form is
observed in particular. Moreover, although Raman spectroscopy
(Fig. 6¢) showed no significant changes in the composition, only con-
firming the presence of the 2H MoS; phase in each electrode material,
XRD analysis indicated some differences. XRD measurements were
performed on the layer scraped off the TiO3 substrate in order to further
analyze the properties of the deposited layer. As presented in Fig. 6d,
when ANI and APS were added during the synthesis, some characteristic
diffraction peaks at 12.85°, 32.30°, 35.44°, and 57.04° may be distin-
guished that could be assigned to (002), (100), (102) and (11 0) planes
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+APS
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oh hexagonal phase of MoS,, respectively (JCPDS No. 37-1492). Also,
two more diffraction peaks at 28.28° and 43.11° with considerably
lower intensities are visible, corresponding to the (004) and (006)
planes [55]. However, when the additional reagents were not included
in the synthesis, a decrease in the intensity of the diffraction peaks was
observed, especially when both of them were not present. The results
indicate that the addition of aniline and ammonium persulfate may
significantly influence the crystallinity of the MoS, layer.

To further evaluate the differences between the electrode materials,
XPS analysis was performed with the recorded spectra shown in Fig. 7.
The results are consistent with the ones obtained from other techniques,
indicating the presence of both hexagonal and trigonal phases of mo-
lybdenum sulfide (see Fig. 7a). Moreover, for each sample, a small
amount of molybdenum in a 6 + oxidation state was detected, probably
related to the sample oxidation upon the air. Sulfur was also identified in
each electrode material (see Fig. 7b), with trace amounts of SO?{, which
can be related both to the presence of synthesis residues, but also the S
conversion [63]. Most informative are the results for the region of ni-
trogen binding energy, presented in Fig. 7c. It may be observed that
when aniline and ammonium persulfate were not present during the
synthesis, the XPS profile of the N1 s mainly consists only of the band at
394.3 eV, assigned to Mo 3ps/2, with a weak signal at 397.0 eV indi-
cating the presence of negatively charged nitrogen resulted from Mo-N
bonding. On the other hand, the band at 399.5 eV is only recognizable
for the sample with both ANI and APS, indicating that in this case, the
doping process was most successful.

The investigation of the influence of both aniline and ammonium
persulfate was also evaluated for the impact on the mechanism by which
energy storage takes place. Pseudocapacitance is frequently associated
with surface redox reactions, however, these reactions usually take place
not only at the interface between electrode and electrolyte but also
throughout the electrode material, altogether with reversible insertion
of charge balancing ions [78]. According to Trasatti’s approach [79], it
is possible to estimate the contribution of the “outer” and “inner” surface
of the electrode in energy storage processes, using Eq. (6):

Fig. 6. a) CV curves (v = 50 mV s™1) recorded in 1 M H,S04, b) SEM images, ¢) Raman spectroscopy and d) XRD results for TiO,/N-MoS, and TiO»/MoS, electrode
materials prepared with and without the addition of aniline and ammonium persulfate during synthesis, respectively (with 0.5 M HCI).
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Fig. 7. XPS spectra of a) Mo3d, b) S2p and c) N1s for TiO»/N-MoS, and TiO»/MoS, electrode materials prepared with and without the addition of aniline and

ammonium persulfate during synthesis (with 0.5 M HCI).

ar =¢q;+4q, (6)

where q; represents the total amount of charge, g, stands for the
charge at the inner surface and q; represents the charge stored at the
“inner” surface and q, is related to the charge stored at the outer surface.
After cyclic voltammetry measurements at different scan rates, a linear
relationship between the reciprocal of the calculated areal capacitance
(C™1) and the square root of the scan rate (see Eq. (7)):

c!' = constovl/quC;l )

Cy corresponds to the sum of both “outer” and “inner” capacitance.
Eventually, the dependence between the capacitance and the reciprocal

C =conste v /2+Cq ®

On the other hand, Conway’s approach [80], modified by Dunn et al.
for nanostructured transition metal oxides, is based on the statement
that the total current response is the sum of the current related to the
diffusion-limited and surface-controlled processes:

i(V) =kv +kov'/? 9

The linear dependence between the slope (k;) and Y-intercept (ko)
allows for determining the contribution of both surface-confined and
diffusion controlled processes to the total charge being stored:

of the scan rate enables estimating the contribution of the “outer” layer i(v) vl 1k 10)
(Co), according to Eq. (8): iz~ +ka
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Fig. 8. Comparison of the contribution of the inner surface (and diffusion controlled), an outer surface (and non-diffusion controlled) capacitance calculated by
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The results for the TiO5/N-MoS, and TiO5/MoSs electrode materials
are presented in Fig. 8. The values obtained from Conway’s analysis
show that when ANI and APS were not present during the synthesis, the
surface-confined processes have a major contribution to energy storage
(Fig. 8a). Furthermore, Trasatti’s approach also points out the enhanced
contribution of the “outer” layer. On the other hand, when the intro-
duction of nitrogen atoms was performed during the synthesis, mecha-
nisms of energy storage changed significantly. For the TiO,/N-MoSy
electrode material, the “outer” layer contribution decreased to 20 %
(according to the Trasatti method), and a similar dependence was
observed for the results obtained from Dunn’s approach (Fig. 8b),
namely the diffusion of ions into the whole body of the material plays a
major role in charge storage. An exemplary cyclic voltammetry curves
for TiO3/MoS; and TiO/N-MoS; with the calculated non-diffusion
controlled processes contribution is presented in Fig. 8c and 8d. Such
a transition from surface confinement to diffusion limitation may be
observed when the path for ion transport lengthens due to the increase
in layer thickness [81]. The comparison of the layers thickness is pre-
sented in Figure S5, and the results indicate that when the synthesis was
performed with ANI and APS, the thickness of N-MoS, layer was
increased (which thickness is around 1.8 um in comparison with 0.6
um). The electrode materials were also characterized by electrochemical
impedance spectroscopy. The spectra of TiOz/ MoS; and TiO2/N-MoS;
are presented in Fig. 8e and 8f. A semicircle may be distinguished in the
high-frequency region of the spectra, and their diameter corresponds to
the charge transfer resistance R.; (R2) The decreased slope in the low-
frequency region may indicate pseudocapacitive behavior [78,82].
Nevertheless, the electrode material that consists of differently obtained
MoS; on the TiO3 nanotubes is a very complex system and elaboration of
the appropriate model is difficult to achieve. Thus, here the fragmentary
analysis that covers only the high-frequency range was performed. The
same electrical equivalent circuit (EEC) was applied for all spectra
(shown in the inset of Fig. 8e), where Q stands for constant phase
element (CPE). The results are shown in Table S2. R, (R1) values that
originate from the electrolyte and cable resistance are the same for both
spectra (~0.147 Q). As could be predicted from the shapes of the
spectra, the R for N-modified electrode material is lower (0.33 Q) than
for TiO2/MoS; (5.27 Q), suggesting that nitrogen atoms in the MoS;
structure can significantly increase its conductivity [83]. The P value of

j/mAcm™
3 4 5 6
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CPE that corresponds to the capacitance of electrode material is much
higher for TiO2/N-MoS, which is in good agreement with cyclic vol-
tammetry curves shown in Fig. 8c and 8d. Moreover, the n values are
quite close to 1 (~0.91) for TiO2/MoS; thus both CPEs act here almost as
capacitors. The values of n for TiO5/N-MoS; (0.73 and 0.78) suggest that
diffusion-related phenomena may contribute to the CPEs used in the
analysis which is in line with the results presented in Fig. 8a and 8b.

3.5. Electrochemical measurements of N-MoSz/TiO electrode material in
symmetric supercapacitor (SS)

Finally, the TiO2/N-MoS; electrode material was investigated in the
symmetric two-electrode configuration in “coffee bag” construction. In
order to determine the operating voltage window, cyclic voltammetry
measurements were applied (see Figure S6). On this basis, the voltage
value was fixed at 0.6 V, for which the galvanostatic charge-discharge
tests at different current densities were performed. Regardless of the
current density, only a small iR drop was observed during the discharge
process in Fig. 9a. Moreover, as presented in Fig. 9b, the specific
capacitance of 80 F g~! was achieved at 3 A g1, as well as areal
capacitance of 85 mF cm 2 at 2.6 mA cm 2. The highest specific
capacitance value, 140 F g%, was observed for the current density of 0.7
A g L. One of the crucial parameters for supercapacitors, which is long-
term cycling stability, was also evaluated for the symmetrical device for
the current density of 3 A g2, as displayed in Fig. 9c. The device was
characterized by the initial specific capacitance of 76F g~ and areal
capacitance of 70 mF cm ™2, altogether with the capacitance retention of
84 % after 15 000 cycles. Taking SEM images allowed to establish that
the electrode morphology did not change significantly, and that the
nanostructures retained their spherical shape with nanosheet structures
around them (see Figure S7). However, it was also observed that in
some places the shell in the form of nanosheets has detached, which may
have been one of the reasons for the decrease in capacitance after cycles.
The superior electrochemical performance of the device was also
confirmed by the coulombic efficiency of almost 100 % throughout the
whole long-term cycling test (see Fig. 9d). Moreover, the triangle shape
of chronopotentiometry curves before and after the cycles, presented in
the inset of Fig. 9d, indicates that even after long-term measurements,
the electrode material in the two-electrode configuration was

7 8
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Fig. 9. a) GCD curves for different current densities for TiO2/N-MoS; SS; b) Specific and areal capacitance the TiO2/N-MoS, SS as a function of applied current
density; c¢) Long-term cycling testing at 3 Ag-1; d) Coulombic efficiency during long-term cycling with the inset presenting GCD curves for the initial and final cycles
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N-MoS, SS compared with literature reports on MoS,-based electrode materials.
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characterized by capacitive properties, which is also consistent with EIS
results (Fig. 9e). The analysis of the high-frequency range was per-
formed using the same EEC as shown in Fig. 8e. The differences between
the spectra recorded before and after the charge/discharge test are
subtle, however, according to the fitting results a slight increase in
charge transfer resistance with a simultaneous decrease in capacitance
has been determined. The results are shown in Table S2. As shown in
Fig. 9f, TiO2/N-MoS; SS presented a maximum specific energy of 11.1
W kg™! (at power density of 432.8 Wh kg™1), and the highest specific
power of 5193.4 Wh kg™ ! (at specific energy of 2.4 W kg™1) at high
current density of 9 A g~*, which is much higher in comparison with the
literature results obtained for comparable current values [46,84-87].
Despite the fact that higher specific energy has been presented in some
literature reports, it is highly likely to achieve such results also with the
TiO5/N-MoS, material, if used in an asymmetric construction.

4. Conclusions

In summary, the study focused on the synthesis of N-MoS; directly on
a solid substrate of TiO, nanotubes using the hydrothermal method. The
synthesis procedure was evaluated for the effect of hydrochloric acid,
and on the basis of the results it was concluded that higher concentration
promoted more effective synthesis of molybdenum sulfide. However, an
excessive increase in HCl concentration led to both structure and
morphology disruption of the TiOy substrate. The TiO2/N-MoS; elec-
trode material obtained with 0.5 M HCl was characterized by the highest
areal capacitance value of 320 mF cm~? and the most appropriate
overall electrochemical performance for energy storage applications in
general. Moreover, the influence of aniline monomer and ammonium
persulfate during the synthesis was investigated. The results indicated
that their addition not only significantly increased the crystallinity of
the material, but also contributed to the enhanced capacitive properties.
The reason for this was the introduction of nitrogen atoms into the
structure of MoSy, which also led to change in charge storage mecha-
nism - from the surface confinement control, a major contribution was
ascribed to diffusion controlled processes related to Faradaic capaci-
tance. Finally, the symmetrical device constructed of two TiO2/N-MoS;
electrodes was characterized by the specific capacitance of specific
capacitance of 76 F g’1 and areal capacitance of 70 mF cm 2, with the
superior coulombic efficiency and 84 % of capacitance retention after
15,000 cycles. Furthermore, the obtained values of energy and power
density (11.1 W kg™! and 5193.4 Wh kg%, respectively) indicate that
the presented synthesis of MoS; directly on solid substrates may be an
effective method for the preparation of electrode materials for high-
power applications.
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