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Abstract: MoS,, a typical transition metal dichalcogenide, features a layered structure, multi-
phase transition, and tunable band gap, which is a promising candidate for aqueous zinc-ion
batteries (AZIBs). Recent studies have focused on the metastable 1T-MoS, phase, which ex-
hibits superior electrical conductivity and electrochemical activity compared to the more stable
2H phase. Herein, a straightforward one-step hydrothermal method was used to synthesize
three-dimensional MoS, /polymer composites (H-MoS,-PEDOT). Under acidic conditions, the
polymerization and intercalation of EDOT molecules in the MoS; layers promote the phase
transition from 2H to 1T, thereby enhancing its conductivity and electrochemical performance.
Additionally, it was found that the intercalated PEDOT and small amounts of water molecules
have contributed to enhancing Zn?* ion diffusion and cycle stability. As a result, AZIBs
based on the H-MoS,-PEDOT composite deliver a high specific capacity of 173.6 mAh g~
at1 A g~ !, maintaining a specific capacity of 116 mAh g~! and a capacity retention of 82.8%
after 1000 cycles at 5 A g~ 1.
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vanadium oxides (V705 [20], VO, [21,22], V203 [23], etc.) have been widely studied for
their promising electrochemical performance.

In recent years, MoS,, a typical transition metal dichalcogenide (TMDC), has become
a potential cathode material for AZIBs owing to its distinctive layered structure with an
interlayer spacing of approximately 0.62 nm and excellent conductivity [24,25]. However,
bulk MoS; in its natural 2H phase has low electrical conductivity and discharge capacity
(18 mA h g~ 1) [26,27]. Tt could be attributed to the robust electrostatic interactions between
the intercalated Zn%* ions and the host framework [28]. To overcome these challenges,
several strategies have been used to modify MoS,, including defect introduction [29], nanos-
tructure tailoring [24], and coupling with highly conductive matrices [27]. Additionally, by
introducing guest ions or heterostructures, the semiconducting character of the 2H phase
can be effectively converted to the metallic 1T phase [30,31]. The shift of MoS, from 2H
to 1T phase has been verified to enhance its electrical conductivity and electrochemical
performance, rendering it a potential candidate for high-performance AZIBs [28,32]. Recent
studies have demonstrated that incorporating Co ions and water molecules into MoS; can
effectively increase the interlayer spacing and facilitate the phase transition to 1T MoS,,
resulting in enhanced electrochemical properties [33]. Liu et al. demonstrated that the
insertion of Co ions and the introduction of water molecules could achieve a volumetric
capacity of 305.4 mAh cm~3 at 0.1 A cm 3, significantly improving the electrochemical
properties of MoS;-based cathodes [34]. Similarly, Yang et al. developed an Mn-intercalated
MoS, composite, which not only maintained a stable 1T phase but also enhanced the inter-
layer spacing, achieving a specific capacity of 191.7 mAh g~! at 0.1 A g~! and a capacity
retention of 80.3% over 500 cycles at 1 A g~! [35]. The comparison of relevant research
works is shown in Table S1 in Supplementary Material. Despite these improvements,
MoS;-based cathodes still fail to meet the commercial standards for capacity and cycling
stability, indicating the need for further optimization.

In this work, a three-dimensional MoS, /conductive material polymer composite
(H-MoS,-PEDOT) was prepared using a simple one-step hydrothermal method under
acidic conditions. The acidic environment accelerated the polymerization of EDOT
molecules [36]. The intercalation of PEDOT molecules not only expanded the interlayer
spacing of molybdenum disulfide and enhanced its conductivity but also facilitated the
phase transition from 2H to 1T [37]. In addition, some water molecules can be infiltrated
into the molybdenum disulfide layer, resulting in the generation of oxygen defects and
an increase in the ion diffusion rate. As a result, H-MoS,-PEDOT/Zn batteries gained
a specific electrochemical capacity of 173.6 mAh g~! at 1 A g~!, maintaining a specific
capacity of 116 mAh g~! and a capacity retention of 82.8% after 1000 cycles at 5 A g~ 1.

2. Methods and Materials
2.1. Materials Preparation

Three-dimensional MoS, /conductive material polymer composites were fabricated us-
ing a simple one-step hydrothermal method. For comparison, commercial bulk MoS,, sam-
ples without EDOT (MoS,-H,0), and samples without hydrochloric acid (MoS,-PEDOT)
were also synthesized.

Bulk MoS;: Bulk MoS, used was commercial products (Sigma-Aldrich, Darmstadt,
Germany).

Bulk MoS;-H>O: Ammonium molybdate tetrahydrate (99%, Damas-beta, Shanghai,
China) and thiourea (99%, Macklin, Shanghai, China) (mass ratio 1:2) were mixed with
75 mL of deionized (DI) water. The solution was thoroughly mixed and then placed in a
Teflon-lined stainless-steel autoclave and heated at 180 °C for 24 h. The resulting black
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precipitate was washed with DI water and anhydrous ethanol and subsequently dried at
60 °C for 12 h to eliminate any residual solvents (the hydrothermal method).

MoS;-PEDOT: Ammonium molybdate tetrahydrate (Damas-beta, 99%) and thiourea
(Macklin, 99%) (mass ratio 1:2) were mixed with 75 mL of DI water. After the solution
was thoroughly mixed, add 20 pL 3,4-ethylenedioxythiophene (EDOT, 99.0%, Urchem,
Shanghai, China) in this mixed solution. Continue stirring for 30 min. The hydrothermal
process mentioned above for Bulk MoS,-HyO was then repeated.

H-MoS;-PEDOT: Ammonium molybdate tetrahydrate (Damas-beta, 99%) and thiourea
(Macklin, 99%) (mass ratio 1:2) were mixed with 75 mL of DI water. After the solution
was thoroughly mixed, add 20 uL 3,4-ethylenedioxythiophene (EDOT, Urchem, 99.0%)
and 1 mL Hydrochloric acid in this mixed solution. Continue stirring for 30 min. The
hydrothermal process mentioned above for Bulk MoS,-H;O was then repeated.

2.2. Materials Characterization and Testing

X-ray diffraction (XRD) images were obtained using a SHIMADZU XRD-7000 (Kyoto,
Japan), with the 20 angle ranging from 5 to 80°. Scanning electron microscopy (SEM)
images were acquired using the ZEISS SUPRA55 SAPPHIRE (Oberkochen, Germany).
Transmission electron microscope (TEM) images and energy dispersive X-ray spectroscopy
(EDS) element mapping were obtained with a copper mesh grid as the substrate (FEI
Talos F200S microscope, MA, USA). X-ray photoelectron spectroscopy (XPS) data were
collected using a Thermo Scientific K-Alpha (Waltham, MA, USA) spectrometer equipped
with a monochromatic Al Ka X-ray source. Thermogravimetric (TG) were tested in an Nj
atmosphere at a temperature range from 30 °C to 790 °C using the Discovery TGA-5500
Thermogravimetric Analyzer (DE, USA). Fourier transform infrared spectroscopy (FTIR)
was collected using a NICOET iS10 (Thermo Scientific, Waltham, MA, USA) instrument.

The active materials, acetylene black and polyvinylidene fluoride (PVDF), were dis-
solved in N-methyl-2-pyrrolidone at a mass ratio of 7:2:1. The resulting mixture was cast
onto titanium foil and dried under vacuum at 100 °C for 12 h. The active materials were
loaded onto the titanium foil with an average mass of approximately 1.5-2.1 mg cm 2.
The AZIBs were assembled as 2032-type coin cells, with metallic zinc foil as the counter
electrode and 3M Zn(CF3503), solution as the electrolyte. Discharge/charge tests and
cyclic voltammograms (CV) were tested in a potential range of 0.2-1.4 V using a LANHE
Testing System (G340A, LANHE, Wuhan, China). Electrochemical impedance spectra (EIS)
were measured using a DH700 impedance analyzer (Donghua, Shanghai, China).

3. Results and Discussion

The XRD pattern, as shown in Figure 1a, revealed that the bulk MoS, diffraction peaks
are aligned with the standard diffraction peaks PDF#37-1492 (2H MoS;). However, the
diffraction peaks of other samples exhibited a little offset. According to the Bragg equation,
the material layer spacing can be determined [38]. Specifically, the MoS,-H,O layer spacing
was found to be 7.5 A, attributed to the intercalation of water molecules. In contrast, the
larger atomic radius of organic polymers further expanded the layer spacing, with the
H-MOS,-PEDOT layer spacing reaching 9.5 A under acidic conditions. As different guest
molecules were deeply embedded, MoS, underwent a gradual phase transition from 2H to
1T, which corresponded to the observed offsets in the XRD peak [39]. The 1T metal phase
is known for its good electrical conductivity and electrochemical activity, thus enhancing
the overall electrochemical performance of the materials [40]. The chemical composition
and morphological transformation of the samples were further investigated using SEM,
HRTEM, and EDS element mapping, respectively. Figure 1b displays the SEM image and
EDS mapping of H-MoS,-PEDOT, revealing a lamellar 3D network structure of MoS,. The
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elements S, Mo, and O were evenly distributed in the hybrid, confirming the effective
combination of PEDOT with MoS,. Additionally, SEM images and EDS mapping of other
samples are presented in Figures S1-53, clearly showing the morphological change from a
blocky structure to a 3D network structure after the intercalation of guest molecules. The
elements S, Mo, and O were uniformly arranged in each sample. SEM images with the same
magnification are shown in Figure S4. It can be observed that the intercalation of water
molecules and the H-MoS,-PEDOT have the smallest grain size compared to others, along
with a uniform distribution. This small grain size is beneficial for improving electrochemical
performance [40]. The morphology of H-MoS,-PEDOT was further analyzed using TEM,
as shown in Figure 1c,d. Under high magnification, it is verified that the primary particles
consist of nanoscale fibrous structures. The elements S, Mo, O, and C were uniformly
distributed in the composite. The HRTEM image, as shown in Figure 1d, reveals that the
lattice spacing corresponding to the 002 crystal faces was 0.949 nm, which is consistent
with the XRD results.
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Figure 1. Material characterizations of H-MoS,-PEDOT. (a) XRD patterns; (b) SEM images with EDS
mapping images; (c) TEM patterns with EDS mapping images; (d) HRTEM image; (e) XPS spectrum;
(f) TG curves; and (g) FTIR spectrum.

Furthermore, Figure le and Figure S5 displayed the XPS spectra of H-MoS,-PEDOT
composites, which include the Mo 3d and S 2p peaks. The Mo 3d spectrum exhibited
two prominent peaks and two weaker peaks. The two prominent peaks correspond to Mo
3d3/, and Mo 3ds 5, respectively [41]. Specifically, the peaks located at 228.1 eV and 231.3 eV
are attributed to Mo**, while those at 228.7 eV and 231.9 eV are associated with the 2H phase.
Additionally, the peaks at 235.4 eV and 233.1 eV are attributed to Mo®" [34]. The presence
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of Mo®" is attributed to the intercalation of water molecules. Therefore, H-MoS,-PEDOT
consists of water molecules co-intercalated with PEDOT. The peak at 225.2 eV is corresponded
to S 2s [34]. The peaks located at 160.5, 162.3, and 161.4 eV are attributed to S 2pq /5, S 2p3 /2,
and the 1T-phase, respectively. Moreover, the thermogravimetric curve (Figure 1f) illustrates
the amount of absorption/crystal water molecules and PEDOT in the H-MoS,-PEDOT. At
temperatures ranging from 20-100 °C and 100 °C to 200 °C, the weight decreased by 2.94%
and 2.23%, respectively, which is attributed to the evaporation of adsorption and crystal
water. The weight reduction between 200 °C and 400 °C is due to the thermal decomposition
of PEDOT. To further confirm the effective intercalation of polymers and water molecules
into MoS,, the FTIR was presented in Figure 1g. Peaks at 621, 1108, 1616, and 3146 cm !
correspond to the symmetric stretching of the C-S-C, C-O-C, C=C, and C-H bonds of
PEDOT, respectively [42]. A characteristic peak appears at 3386 cm™!, corresponding to the
symmetric stretching of the O-H bond from the intercalated water molecules. The effective
introduction of guest molecules is in favor of enhancing the electrochemical performance.

Figure 2 exhibited the electrochemical performance of AZIBs based on the H-MoS,-PEDOT
composite. Figure 2a shows the CV profiles of H-MoS,-PEDOT at 0.1 mV s~ ! during the
first five cycles, within a potential range of 0.2-1.4 V. Aside from a slightly lower capacity
in the first cycle, the remaining cycle curves showed significant overlap, indicating that the
AZIBs based on H-MoS,-PEDOT exhibited excellent cycle stability. During the cycling, five
redox peaks were located at approximately 0.4 V,1.1V,1.35V,0.75V, and 0.36 V, respec-
tively, providing additional electrochemical insights. The electrochemical performance of
AZIBs based on H-MoS,-PEDOT at 0.1 A g~! was depicted in Figure S6. The discharge
capacities for the 1st, 3rd, 4th, and 5th cycles were 134.9, 237.4, 239.4, and 239.6 mAh g’l,
respectively, aligning well with the CV curve. Figure 2b shows the electrochemical cyclic
curves of different samples at 1 A g~ 1. After 50 cycles at 1 A g~ !, the capacities of bulk MoS,,
MoS,-H,O, Mo0S,-PEDOT, and H-MoS,-PEDOT were 23.5, 122.8, 141.7, and 173.6 mAh g’l,
respectively. Bulk MoS, demonstrated the lowest specific discharge capacity. The intercala-
tion of guest molecules exhibited different specific discharge capacities. Specifically, the
polymer molecular intercalation resulted in a more significant increase in specific discharge
capacity compared to water molecular intercalation. Under acidic conditions, PEDOT
molecular intercalation achieved the highest specific discharge capacity. It was attributed
to the fact that PEDOT can significantly accelerate its polymerization rate under acidic
conditions [43]. Furthermore, Figure 2c displays the rate performance of MoS;. The bulk
MoS; not only exhibited a low capacity but also poor rate performance. The modified water
molecular intercalation demonstrated good magnification performance but a relatively low
capacity. Conversely, the intercalation of MoS, by PEDOT under normal conditions yielded
a higher specific discharge capacity, but its rate performance was unsatisfying. Obviously,
H-MoS;-PEDOT exhibited both a higher discharge capacity and superior rate performance,
achieving specific capacities of 39.4, 215.1, 190.5, 175.1, and 134.4 mAh g_l at0.1,0.5,1, 2,
and 5 A g~ !, respectively. Additionally, Nyquist plots of MoS, were presented in Figure 2d.
Bulk MoS; had the highest resistance, and the resistance reduction was dependent on the
intercalation of guest molecules, aligning with the above results. H-MoS,-PEDOT exhibited
the lowest resistance among the samples. The long-term cycling performance of MoS; at
5 A g~ ! was illustrated in Figure 2e. After 1000 cycles of charging and discharging, the
capacity retention rates for bulk MoS,, M0S;-H;O, M0S,-PEDOT, and H-MoS,-PEDOT
were 15.3%, 49.6%, 31.3%, and 82.8%, respectively. H-MoS,-PEDOT demonstrated excellent
cyclic stability and a high specific discharge capacity, being consistent with the previ-
ous findings. In comparison with other electrodes, H-MoS2-PEDOT exhibited superior
electrochemical performance due to the intercalation of polymer molecules under acidic
conditions.
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Figure 2. Electrochemical performance of AZIBs based on H-MoS,-PEDOT composite. (a) CV curves
at 0.1 mV s~ 1; (b) Electrochemical cycling curves at 1.0 A g*1 ; (c) Rate capability; (d) EIS spectra;
(e) Long-term cycling stability at 5.0 A g~1.

Furthermore, the reaction kinetics were analyzed using the multi-scan CV method
and GITT. The electrochemical energy storage analysis of Zn/H-MoS,-PEDOT batteries
is presented in Figure 3. The CV curves were examined at scan rates ranging from 0.1
to 0.8 mV s~! within a potential window of 0.2 to 1.4V, as depicted in Figure 3a. As the
scanning speed increased, the locations of redox peaks did not vary, and the redox peaks
were distinctive at various scanning speeds. Typically, the battery capacity is composed of
both a pseudo-capacitance-controlled part and a diffusion-controlled part. In general, the
relationship between current and voltage in the CV curve can be described as follows [44]:

i = av® (1)

In this formula, the values of a and b are variables. When the value of b approaches 0.5,
itindicates diffusion control. Whereas, when the value of b approaches 1, it suggests pseudo-
capacitance control. The curve obtained from log (i) to log (v) was fitted to determine the b
value, as illustrated in Figure 3b. The b values corresponding to the five redox peaks were
found to be 0.981, 0.619, 0.620, 0.927, and 0.703, respectively. This implies that the entire
cycle process involved both diffusion control and pseudo-capacitance control. Further
quantitative analysis was conducted to calculate the contribution rate of pseudo-capacitance
as follows [34]:

i(v) = kyo + kyo'/? )
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The diffusion-controlled capacitance and the pseudo-capacitance are represented by
k1v and kpv'/2, respectively. By rearranging the aforementioned formula, we obtain the
following equation:

i(0) /oY% = ko2 4 ky 3)

Figure 3c showed the bar chart of the pseudo-capacitance contribution rate. It is
evident that as the scan speed was increased from 0.1 to 0.8 mV s~ the pseudo-capacitance
contribution rate gradually raised from 42.3% to 81.2%. The fitting curve of the pseudo-
capacitance contribution rate is presented in Figure 3d. The 1st and 4th peaks contributed
the main pseudo-capacitance, corresponding to the b values in Figure 3b. Additionally,
the zinc ion diffusion rate (Dz,) was further analyzed using the GITT technique, as shown
in Figure S7. It was observed that the zinc ion diffusion rate in the cyclic process of
MoS,-PEDOT was 10719 to 10712 cm? s, while it was 107°-10~'! cm? s~ in the cyclic
process of H-Mo0S,-PEDOT. The insertion of PEDOT under acidic conditions facilitated
the acceleration of zinc ion diffusion. Overall, the insertion of the PEDOT polymer under
acidic conditions reduce the crystal size and increase the layer spacing, leading to a faster
ion diffusion rate and excellent electrochemical performance.

To further investigate the changes in crystal structure during the charging and discharg-
ing process, as well as the mechanism of zinc ion desertion/insertion in H-MoS,-PEDOT, a
series of ex-situ tests were conducted. Ex-situ XRD tests, depicted in Figure 4a, revealed
that during the charge and discharge cycle, the diffraction peaks at around 10° and 34°
were shifted to a smaller angle with the decrease in voltage, and there was no obvious new
phase formation in this process. Therefore, the zinc ions were embedded in the interlayers
and vacancies. With the increase in voltage, it could be found that the diffraction peaks
gradually shifted to the initial position, which was considered as the process of zinc ion
desertion. Figure S8 shows the ex-situ SEM images and EDS mapping images. After a
full discharging, S, Mo, and Zn elements were evenly distributed in the crystal. However,
only a small amount of Zn was observed with a full charge, which is consistent with the
XRD results. Additionally, the valence states of the elements were further analyzed using
XPS. The ex-situ XPS curves of Mo 3d of H-MoS,-PEDOT at different states are shown in
Figure 4b. The entire Mo element comprises the 1T phase, the 2H phase, and Mo®*. Mo®*
binds to water molecules in the material, forming oxygen-supplying defects [32]. After
fully discharging, the 2H phase gradually transitions to the 1T phase. It was observed that
the structure and electronic properties of Zn** undergo changes during the Zn?* insertion
process, resulting in a transition from the 2H phase to the 1T phase. As the process was
turned to a charging state, the 1T phase was shifted to the original 2H phase, indicating
that the AZIBs based on H-MoS,-PEDOT exhibit good electrochemical cycle stability [45].
Furthermore, Figure 4c displays the ex-situ XPS curves of Zn 2p for H-MoS,-PEDOT at
different states. In the initial state, no Zn peak is detected. With full discharging, two
signals are observed: Zn?* in the intercalation state and Zn** on the surface. With full
charging, the intercalated zinc ions could be effectively removed, and only surface Zn?* is
detected, which is attributed to the residue of the electrolyte. These results are consistent
with XRD and SEM findings, suggesting the excellent reversibility of AZIBs based on
H-MoS,-PEDOT.
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4. Conclusions

In summary, H-MoS;-PEDOT, with high stability and high capacity, was prepared
using the hydrothermal method. The intercalation of different guest ions in MoS; and acid
conditions was analyzed, revealing that the intercalation with different guest molecules
increases the layer spacing, and polymers with larger molecular volumes provide greater
layer spacing. Compared to normal hydrothermal conditions, acidic conditions promoted
the polymerization of EDOT molecules, enabling them to effectively intercalate into MoS,.
The incorporation of PEDOT with MoS; not only increased the layer spacing of MoS; but
also enhanced its conductivity, cycle stability, and Zn?* diffusion rate. As a result, the
AZIBs based on H-MoS,-PEDOT achieved a specific electrochemical cycling capacity of
173.6 mAh g ! at 1 A g~! and demonstrated excellent long-term cycle stability, maintaining
a specific capacity of 116 mAh g~! and a capacity retention of 82.8% after 1000 cycles at
5 A g~1. The acidic conditions facilitated polymerization and strengthened the bonding
between the polymer and MoS,, dramatically improving the electrochemical property of
AZIBs. It is expected that the AZIBs based on H-MoS,-PEDOT can become one of the
efficient energy storage solutions in the future.
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