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a b s t r a c t

Aqueous iron-ion batteries are regarded as one of the most promising candidates for grid applications

owing to their low cost, high theoretical capacity, and excellent stability of iron in aqueous electrolytes.

However, the slow Fe (de)insertion caused by the high polarity of Fe2+ makes it difficult to match suit-

able cathode materials. Herein, defect-rich MoS2 with abundant 1T phase is synthesized and successfully

applied in aqueous iron-ion batteries. Benefit from abundant active sites generated by the heteroatom

incorporation and S vacancy, as well as the highly conductive 1T phase, it can deliver a specific capacity

of 123 mAh/g at a current density of 100mA/g, and demonstrates an impressive capacity retention of

88% after 600 cycles at 200mA/g. This work presents a novel pathway for the advancement of cathode

materials for aqueous iron-ion batteries.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The substantial energy demand in contemporary society and

the limited availability of fossil fuels have engendered a profound

contradiction, leading to the rapid advancement of renewable en-

ergy [1–3]. Energy storage systems play a pivotal role in this

progress owing to the unsteadiness of renewable energy in the

temporal distribution [4]. Despite the significant commercial suc-

cess lithium-ion batteries made in portable devices and electric

vehicles, their intrinsic flammability poses a challenge for further

advancements in grid-scale energy storage systems [5]. Aqueous

batteries exhibit significant advantages in terms of safety and cost

compared to organic lithium-ion batteries, owing to their non-

flammable nature and low-cost aqueous electrolyte. This renders

them highly promising for large-scale energy storage applications

[6].

In recent years, the majority of research in aqueous batteries

has primarily focused on zinc-ion batteries, which are plagued

by significant hydrogen evolution, Zn corrosion, and dendrite for-

mation [7–11]. However, alternative metal anodes have remained

largely unexplored for aqueous batteries, among which iron shows

exceptional promise [12,13]. Compared to zinc-ion batteries, iron-

ion batteries exhibit several advantages. Firstly, iron ranks as the

fourth most abundant element in the earth’s crust, surpassing zinc

reserves by a significant margin (4.65 wt% of iron compared to
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0.0083 wt% of zinc) [14,15]. The substantial availability of iron,

coupled with well-established processing techniques, contributes

to its remarkably low price of $60 per metric ton in contrast to

zinc priced at $2600 [13]. Besides, the redox potential of iron

(−0.44V vs. standard hydrogen electrode (SHE)) is comparatively

higher than that of zinc (−0.76V vs. SHE), thereby ensuring en-

hanced stability of iron metal in aqueous electrolytes [16]. More-

over, iron metal exhibits superior gravimetric capacity (960 mAh/g)

and volumetric capacity (7558 mAh/cm3) compared to zinc metal

(820 mAh/g and 5854 mAh/cm3) [17]. In addition, iron metal is less

prone to form dendrites, enhancing the safety and stability of bat-

teries [12]. Consequently, aqueous iron-ion battery is a promising

alternative to aqueous zinc-ion battery.

However, the research of aqueous iron-ion batteries based on

Fe2+ (de)intercalation remains in its nascent stages. Due to the

redox potential of Fe3+/Fe2+ (0.77V vs. SHE), it is difficult to ex-

ploit suitable cathode materials working in such a narrow voltage

window (0–1.21V vs. Fe2+/Fe) [18]. Till now, only a few materials

have been exploited for aqueous iron-ion batteries, such as Prus-

sian blue analogue [17], VOPO4·2H2O [16], PA@VOPO4 [19], sulfur

[20], I2 [21], polyaniline [18,22] and VO2 [23]. However, these ma-

terials are not satisfactory in terms of capacity or cycle stability.

Efforts are still required to develop cathode materials exhibiting

exceptional electrochemical performance for aqueous iron-ion bat-

teries.

MoS2, as a classical two-dimensional transition-metal dichalco-

genide, has been wildly utilized in several types of ion batteries

as cathode material such as Li-ion batteries [24], Na-ion batter-
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Fig. 1. Structural characterization of the as-prepared MoS2–140 and MoS2–220 samples. (a) XRD patterns; (b) Raman spectra; XPS spectra of (c) Mo 3d; (d) S 2p and (e) N

1s; (f) FTIR spectra.

ies [25], and Zn-ion batteries [26,27] due to its large interlayer

spacing. Specifically, MoS2 can be categorized into three phases:

1T, 2H, and 3R, with 1T and 2H phases being relatively common

[28]. Different stacking orders of molybdenum and sulfur atoms

determine the different properties. Typically, 1T phase MoS2 with

octahedral coordination shows metallic properties, the conductiv-

ity of which is about 107 higher than that of semiconductive 2H

phase MoS2 that possesses trigonal prismatic coordination and an

indirect bandgap of about 1.3 eV [29,30]. The excellent conductiv-

ity of metallic 1T-phase MoS2 endows it with great potential as a

cathode material [30]. However, the thermodynamic metastability

of 1T-phase MoS2 often necessitates strategies such as heteroatom

doping and guest molecule insertion, which can significantly im-

pact the material’s properties and enhance its structural stabiliza-

tion [30–33].

Herein, we proposed a defect-rich MoS2 with a substantial pro-

portion of metallic 1T phase as the cathode of aqueous iron-ion

batteries. The relatively low hydrothermal temperature enables in-

situ O and N doping, as well as the generation of a significant

amount of 1T phase and S vacancy. The presence of abundant

functional groups and heteroatoms doping contributes to the sta-

bilization of metastable 1T-phase MoS2. As a result, the synthe-

sized MoS2 sample displays an impressive specific capacity of 123

mAh/g at a current density of 100mA/g and demonstrates a sta-

ble cycling performance (88% capacity retention after 600 cycles

at 200mA/g). This work verified the feasibility of utilizing two-

dimensional transition-metal dichalcogenides as a promising cath-

ode material for high-performance aqueous iron-ion batteries.

In order to obtain different phases, the MoS2 samples were syn-

thesized by a facile one-pot hydrothermal approach at 140 °C and

220 °C, which were labeled as MoS2–140 and MoS2–220, respec-

tively (see Experimental Section in Supporting information). Firstly,

X-ray diffraction (XRD) was adopted to determine the crystal struc-

ture of the as-prepared samples. As shown in Fig. 1a, the char-

acteristic peak of MoS2–220 located at 14.07° corresponds to the

(002) phase of hexagonal MoS2 (PDF#73–1508) [26,34]. Compared

with MoS2–220, MoS2–140 shows obviously weakened intensity

and broadening peaks, indicating its amorphous nature which pro-

vides ample active electrochemical sites and ion diffusion routes

for Fe2+ cations [35,36]. Moreover, the characteristic peak of the

(002) phase shifts to a lower angle of 12.17° in MoS2–140, suggest-

ing the expansion of its layer spacing, which further decreases the

diffusion energy barrier, facilitating the insertion/extraction of Fe2+

in the MoS2 [26].

The Raman spectrum shown in Fig. 1b was performed to inves-

tigate the phase of as-prepared MoS2 samples. MoS2–220 shows

two distinct peaks at 381.5 cm−1 and 408.1 cm−1, corresponding

to the in-plane E1
2g

vibration and out-of-plane A1g vibration of

2H-phase MoS2 [30], suggesting MoS2–220 is composed mainly

of 2H phase. Peaks representing E1
2g (375.6 cm−1) and A1g (405.2

cm−1) vibration were also observed in MoS2–140 with reduced

intensity, slight red shift, and broadening (inserted figure in Fig.

1b), suggesting weaker Mo-S bond (E1
2g
) and weaker interlayer

interaction (A1g) [35]. In addition, a reduced intensity ratio of

A1g and E1
2g

is observed in MoS2–140, indicating an increased

edge exposure that provides more active sites for Fe2+ ions [37].

Besides E1
2g

and A1g peaks, the Raman spectrum of MoS2–140

contains characteristic peaks at 150, 196, 283, and 336 cm−1,

corresponding to the J1, J2, E1g, and J3 vibration modes of 1T-

phase MoS2, respectively [38,39], indicating the coexistence of

1T and 2H phase in MoS2–140. Concretely, E1g vibration origi-

nates from the octahedral coordination of Mo atoms in 1T-phase

MoS2, while J1, J2, and J3 vibration is associated with the lattice

distortion occurring in the 1T phase [40]. The existence of J1,

J2, and J3 vibration indicates the low crystallinity of MoS2–140,

which is consistent with XRD results. Apart from the characteristic

peaks related to 2H and 1T phase, three peaks located at 560.5,

817.9, and 991.3 cm−1 were observed. The characteristic peak

at 560.5 cm−1 represents the vibration of O-Mo-O stretching,

while peaks at 817.9 and 991.3 cm−1 represent the vibration of

Mo=O stretching [39,41,42]. The existence of O-Mo-O

and Mo=O could be attributed to the residual chemical bond

in ammonium molybdate tetrahydrate that could not be broken

under low hydrothermal temperature [43], leading to expanded

interlayer spacing and facilitating Fe2+ diffusion kinetics.

X-ray photoelectron spectroscopy (XPS) was conducted to elu-

cidate the surface chemical composition of MoS2–140 and MoS2–

220. The full spectrum of MoS2–140 (Fig. S1 in Supporting infor-

mation) shows that the sample contains Mo, S, and O. The ra-

tio of Mo and S elements is about 1:1.6, indicating the existence

of S-vacancy defects. The high S-vacancy concentration could at-

tribute to the excess thiourea in the hydrothermal process, which

not only employed as a reductant and S source, but also adsorb

on the surface of primary crystallites, hindering subsequent direc-

tional growth and forming defect-rich structure [37]. The decon-

volution of Mo 3d spectrum for MoS2–140 is shown in Fig. 1c.

Peaks at 231.8 and 228.5 eV can be ascribed to Mo(IV) 3d3/2 and
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Fig. 2. (a) SEM, (b) TEM, and (c) HRTEM images of MoS2–140 sample. (d) SEM, (e)

TEM, and (f) HRTEM images of the MoS2–220 sample.

3d5/2 in 1T-phase MoS2, respectively. While the peaks at 232.6 and

229.3 eV can be attributed to Mo(IV) 3d3/2 and 3d5/2 in 2H phase

[44]. The difference in the binding energy between the 2H phase

and 1T phase is about 0.8 eV, which is consistent with previous re-

ports [45]. The peak at 226.0 eV can be ascribed to S 2s, and the

peak at 235.5 eV could be attributed to Mo(VI) formed due to the

inevitable oxidation of Mo(IV) in metastable 1T-phase MoS2 un-

der high-energy X-ray irradiation during the XPS testing process

[27]. The deconvolution of S 2p spectrum in Fig. 1d shows sim-

ilar results. The peaks at 163.4, 162.3, 162.7 and 161.4 eV can be

ascribed to S 2p1/2 and S 2p3/2 in the 2H phase and 1T phase,

respectively. Moreover, there are two distinct peaks observed at

163.9 and 168.5 eV, which can be attributed to the high valence S

generated by oxygen incorporation [39]. However, the XPS spectra

of MoS2–220 (Figs. S2a and b in Supporting information) predom-

inantly exhibit peaks corresponding to the 2H phase, with only

a few peaks attributed to the 1T phase. The XPS spectra reveal

a significant presence of the 1T phase MoS2 in the synthesized

MoS2–140, which is consistent with the findings from Raman spec-

troscopy. In addition, comparing Fig. 1e and Fig. S2c (Supporting

information), additional peaks at 401.4 and 399.2 eV were observed

in the deconvolution of N 1s spectrum for MoS2–140, correspond-

ing to -NH˙+- and -NH- [46,47]. This observation suggests the pres-

ence of nitrogen incorporation in MoS2–140, which exists within

the interlayer space between MoS2 layers in the form of NH3 or

NH4
+, stabilizing the metastable 1T phase and expanding the in-

terlayer spacing [48].

The functional groups of the as-synthesized samples were fur-

ther investigated through Fourier transform infrared spectroscopy

(FTIR). As shown in Fig. 1f, the strong adsorption band at 1629

cm−1 that was observed in both MoS2–140 and MoS2–220 could

be ascribed to the O–H of the adsorbed water [49]. Other ad-

sorption bands at 1400, 1114, and 899 cm−1 can be attributed to

C–OH, C–O-C, and Mo=O, respectively [49,50], demonstrating the

presence of oxygen-containing functional groups on the MoS2–140

surface. Although the characteristic adsorption band of N–H (1407

cm−1) had not been observed in the FT-IR spectra of MoS2–140

[43], it would be premature to dismiss the presence of N dop-

ing given that the proximity between the characteristic adsorption

bands of N–H (1407 cm−1) and C–OH (1400 cm−1) could poten-

tially lead to overlapping due to limited detection accuracy.

The scanning electron microscopy (SEM) and transmission elec-

tron microscopy (TEM) images of the MoS2–140 and MoS2–220

samples are presented in Fig. 2, revealing a lamellar structure with

some agglomeration for both samples. As shown in Fig. 2c, the

high-resolution transmission electron microscopy (HRTEM) reveals

that the interlayer spacing of MoS2–140 displays an average dis-

tribution around ∼0.72nm, while the interlayer spacing of MoS2–

220 is 0.626nm (Fig. 2f), indicating the enlarged interlayer spac-

ing expanded by O and N incorporation, which are well consis-

tent with the XRD data. In addition, the slight difference in the

observed interlayer spacing of MoS2–140 in different places sug-

gests the inhomogeneity of heteroatom doping. Moreover, the pres-

ence of numerous discontinuous lattice fringes observed in vari-

ous positions of MoS2–140 demonstrates its defect-rich structure

(Fig. 2c and Fig. S3 in Supporting information). Energy dispersive

spectroscopy (EDS) was also used to detect the distribution of el-

ements. As shown in Fig. S4 (Supporting information), the content

of O and N in MoS2–140 is significantly higher than that in MoS2–

220, suggesting the presence of O and N doping in MoS2–140. The

element mapping of MoS2–140 is illustrated in Fig. S5 (Support-

ing information), suggesting a uniform distribution of Mo, S, O, and

N in the sample. The presence of abundant functional groups and

heteroatoms doping confirmed by Raman, FTIR, XPS, and EDS as-

sists in the stabilization of metastable 1T-phase MoS2.

To investigate the electrochemical behavior of MoS2 electrodes

in aqueous iron-ion batteries, the electrochemical behaviors of Fe

foil in different electrolytes were first assessed using the symmet-

rical Fe||Fe battery and asymmetrical Cu||Fe battery. As shown in

Figs. S6 and S7 (Supporting information), the symmetrical Fe||Fe

cell with 3mol/kg (3m) Fe(CF3SO3)2 electrolyte exhibits superior

stability (more than 1000h) compared with 1m Fe(CF3SO3)2, 1m

Fe(ClO4)2, 1m FeSO4 and 1m FeCl2 electrolytes, and greatly ex-

ceeds the lifespan of the symmetrical Zn||Zn battery with 3m

Zn(CF3SO3)2 electrolyte (less than 60h, Fig. S7). Furthermore, no

significant difference in the polarization of Fe deposition/stripping

can be discerned with the 3m Fe(CF3SO3)2 electrolyte, verifying

its stability during the cycling process. To further examine the re-

versibility of Fe deposition/stripping, an asymmetrical Cu||Fe bat-

tery was assembled. As shown in Fig. S8 (Supporting information),

the asymmetrical Cu||Fe battery exhibits a high coulombic effi-

ciency of ∼93%, suggesting the high reversibility of the Fe depo-

sition/stripping process.

Thus, the electrochemical properties of MoS2–140 and MoS2–

220 were measured with 3m Fe(CF3SO3)2 as the electrolyte, Fe

foil as the anode, and MoS2 as the cathode (Fig. 3a). Fig. 3b com-

pares the cyclic voltammetry (CV) curves of the MoS2–140 and

MoS2–220 electrodes at the scan rate of 0.1mV/s. MoS2–140 elec-

trode exhibits a pair of redox peaks, with the oxidation peak ob-

served at 0.75V (vs. Fe2+/Fe) and the reduction peak at 0.28V (vs.

Fe2+/Fe), while MoS2–220 electrode demonstrates negligible cur-

rent within the scanning range, indicating the exceptional electro-

chemical activity of MoS2–140 in iron-ion batteries. CV curves of

the MoS2–140 electrode at different scan rates are shown in Fig.

3c. The oxidation peak (Peak 1) increases with the elevated scan

rate, while the reduction peak (Peak 2) gradually diminishes at

high scan rates, potentially indicating a reduced redox reversibil-

ity of the MoS2–140 electrode under large current densities. In or-

der to investigate the kinetic mechanism of MoS2–140 electrode

in iron-ion batteries, the relationship between the peak current (i)

of Peak 1 and the scan rate (ν) was analyzed using the following

Eq. 1 [51]:

i = aνb (1)

In Eq. 1, a and b are coefficients, with the value of b typically

ranging from 0.5 to 1. A b value of 0.5 indicates the diffusion-

controlled behavior in the battery, while a b value of 1 refers to

a surface-controlled capacitive behavior. The value of b can be ob-

tained by plotting log(i) against log(ν), as shown in Fig. S9 (Sup-

porting information). The b value for Peak 1 is 0.83, suggesting a

high surface-controlled capacitive contribution. Moreover, the ca-

pacitive contribution was further quantitative studied using the

following Eq. 2 proposed by Dunn [51]:

i = k1ν + k2ν
1/2 (2)
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Fig. 3. (a) Schematic diagram of the battery. (b) CV curves of MoS2–140 and MoS2–220 electrodes at 0.1mV/s. (c) CV curves of MoS2–140 electrode at different scan rates.

(d) Surface-controlled capacity contributions of MoS2–140 electrode at different scan rates. (e) GCD curves of MoS2–140 and MoS2–220 electrodes at 100mA/g. (f) Rate

performances of MoS2–140 electrode. (g) Long-term cycle performance of MoS2–140 electrodes at 200mA/g. (h) Nyquist plots of MoS2–140 and MoS2–220 electrodes.

where current response i at a specific voltage can be regarded

as a combination of the surface-controlled pseudo-capacitive con-

tribution k1ν and diffusion-controlled contribution k2ν
1/2. Fig. 3d

and Fig. S10 (Supporting information) show the calculated capac-

itive contributions are 50.9%, 55.7%, 61.1%, 65.8%, and 69.6% at

scan rates of 0.2, 0.4, 0.6, 0.8, and 1.0mV/s, respectively, reveal-

ing the high percentage of capacitive contribution. Fig. 3e displays

the galvanostatic charge-discharge (GCD) curves of the MoS2–140

and MoS2–220 electrodes at 100mA/g. Similar to the results ob-

tained from the CV curves, MoS2–140 exhibits sloping curves with

small plateaus, demonstrating a remarkable discharge capacity of

123 mAh/g. In contrast, MoS2–220 shows no discernible ability

to store Fe2+ ions (10 mAh/g). The electrochemical properties of

MoS2 synthesized at different temperatures (100, 120, and 180 °C)
were also evaluated, revealing their limited performance (Fig. S11

in Supporting information). Fig. 3f shows the rate performance of

the MoS2–140 electrode. The battery shows 121, 112, 98, 76, 61 and

48 mAh/g at current densities of 0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 A/g,

respectively. When the current density reverts back to 0.05 A/g,

the capacity can be recovered to 143 mAh/g, indicating its good

rate capability in iron-ion batteries. Power and energy densities of

MoS2–140 electrode were also calculated (Fig. S12 in Supporting

information). The cycling performance of MoS2–140 at 100mA/g

is presented in Fig. S13 (Supporting information). The initial dis-

charge capacity is 95 mAh/g, which increases to 123 mAh/g after

∼50 cycles due to the activation during the initial stage. After 200

cycles, a capacity of 115 mAh/g is obtained with a Coulombic ef-

ficiency of ∼95%. When current density is increased to 200mA/g

(Fig. 3g), the MoS2–140 electrode demonstrates a specific capacity

of ∼100 mAh/g and exhibits an excellent capacity retention rate

of 88% after 600 cycles, indicating its outstanding cycling stability.

However, the battery exhibits rapid capacity degradation as well

as limited lifespan when the current density increases to 1 A/g

(Fig. S14 in Supporting information), potentially attributed to the

reduced reversibility of the MoS2–140 electrode at high scan rates

observed in CV curves (Fig. 3c) and the unsatisfactory cycling sta-

bility of Fe anode at large current densities (Fig. S15 in Supporting

information). Considering that aqueous iron-ion batteries are pri-

marily designed for large-scale energy storage applications, where

safety, cycle life, and cost rather than power density are primary

concerns, the limited performance of the MoS2–140 electrode at

large current densities can be considered acceptable.

Electrochemical impedance spectroscopy (EIS) was further con-

ducted to investigate the kinetics in MoS2–140 and MoS2–220.

As shown in Fig. 3h and Table S1 (Supporting information), the

charge transfer resistance (Rct) of MoS2–140 (Rct =1.596 �) is sig-

nificantly lower than that of MoS2–220 (Rct =12,789 �), indicating

the enhanced charge transfer kinetics. Furthermore, Figs. S16a and

b (Supporting information) show the relationship between Z’ and

the reciprocal square roots of the frequency (ω− 1
2 ) of MoS2–140

and MoS2–220, respectively, in which the fitted slope represents

the Warburg coefficients (σ ). The Fe2+ diffusion coefficient can be

calculated using the following Eq. 3 [52]:

DFe = R2T2

2A2n4F4c2σ 2
(3)

where R, T, A, n, F, and C correspond to the gas constant, absolute

temperature, electrode area, number of electrons during the redox

reaction, Faraday constant, and molar concentration of Fe2+, re-

spectively. The calculated Fe2+ diffusion coefficient of MoS2–140 is

1.15× 10−12 cm2/s, which is two orders of magnitude higher than

that of MoS2–220 (1.26× 10−14 cm2/s), suggesting the fast Fe2+

diffusion kinetics of MoS2–140 electrode due to a large amount of

conductive 1T phase as well as abundant defects.

In order to further investigate the reversible storage of Fe2+

in MoS2–140 electrode, controlled experiments, inductively cou-

pled plasma emission spectrometer (ICP), EDS, and XPS analysis

were carried out. First of all, it is important to investigate the

proton insertion since the acidity of aqueous Fe(CF3SO3)2 elec-

trolyte. Fig. S17 (Supporting information) shows cycling perfor-

mances and GCD profiles of MoS2–140 electrode in both H2SO4

electrolyte (pH 1) and HCl electrolyte (pH 1) at a current den-
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Fig. 4. (a) EDS results of the cross-section of MoS2–140 electrodes at different SOC.

(b) ICP results of MoS2–140 electrodes at different SOC. (c) Comparison of cycling

stability at low current densities of our work with other reported novel aqueous

batteries [16,21,56-66].

sity of 100mA/g, respectively, using a three-electrode system with

MoS2–140 as the working electrode, active carbon as the counter

electrode and Hg/Hg2SO4 as the reference electrode. Different from

the performance in Fe(CF3SO3)2 electrolyte, the MoS2–140 elec-

trode exhibits a high initial discharge capacity of ∼150 mAh/g in

H2SO4 and HCl electrolytes, but the capacity experiences a rapid

fading in the following cycles, with only 23 mAh/g after 100 cycles

in H2SO4 electrolyte (19 mAh/g after 200 cycles in HCl electrolyte).

Besides, the shape of the GCD curves of the MoS2–140 electrode in

Fe(CF3SO3)2 and H2SO4/HCl electrolytes is different. Those demon-

strate that proton insertion plays a significant role, but the ion

storage processes are different in H2SO4/HCl and Fe(CF3SO3)2 elec-

trolytes, suggesting the Fe2+/H+ co-intercalation mechanism. EDS

was performed on the cross-section of the MoS2–140 electrode at

different states of charge (SOC) (Fig. 4a and Table S2 in Support-

ing information). The Fe content decreases from 23.0% (first dis-

charge) to 8.0% (first charge) and increases to 27.3% after the sec-

ond discharge. The significant differences in Fe content at different

SOCs prove the reversible Fe2+ (de)intercalation. TEM images and

corresponding element mapping of MoS2–140 electrodes at differ-

ent SOCs are also displayed in Fig. S18 (Supporting information).

The content of Fe decreases from 13.9 at% (discharge to 0V) to 5.0

at% (charge to 1V). Furthermore, the ICP of electrodes at different

SOCs was also performed (Fig. 4b). The ratio of Fe:Mo increases

from 0 (pristine state) to 0.33 (fully discharged state), suggesting

the insertion of Fe2+ ions during the discharge process. When fully

charged, the ratio of Fe: Mo decreases to 0.14, which is well con-

sistent with EDS results. The reversible phase transition between

the 1T and 2H phase of the MoS2–140 electrode was also demon-

strated through XPS analysis at different SOCs (Fig. S19 in Support-

ing information). Considering the metastable 1T-phase MoS2 would

convert to Mo(VI) under high-energy X-ray irradiation [27,35,43],

only the content of the stable 2H phase was analyzed. The pro-

portion of the 2H phase decreases from 44.7% at the charge state

to 38.6% at the discharge state, demonstrating the phase transi-

tion triggered by Fe2+/H+ co-intercalation [27,40,53,54]. Compar-

ison between our work and other state-of-the-art novel aqueous

batteries, such as aqueous NH4-ion batteries [55–57], aqueous Al-

ion batteries [58–61], aqueous Mg-ion batteries [62–64], proton

batteries [65,66], and aqueous Fe-ion batteries [16,20] are shown

in Fig. 4c and Table S3 (Supporting information). MoS2–140-based

aqueous iron-ion battery displays remarkable cycling stability at

low current densities compared with other reported novel aqueous

batteries, indicating its promising application prospect in grid-scale

energy storage systems.

In summary, we successfully synthesized defect-rich MoS2 with

a substantial amount of metallic 1T phase by controlling the hy-

drothermal temperature. Rich defects as well as abundant 1T phase

contribute to the enhanced Fe2+ diffusion kinetics, making MoS2–

140 a promising cathode candidate for rechargeable aqueous iron-

ion batteries. Notably, the electrode shows a desirable specific ca-

pacity of 123 mAh/g at 100mA/g and a stable cycling perfor-

mance with 88% capacity retention after 600 cycles at 200mA/g.

Controlled experiments combined with characterizations including

EDS, ICP, and XPS elucidate the reversible Fe2+/H+ storage mech-

anism. This work provides a new perspective for the development

of cathode materials for aqueous iron-ion batteries.
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