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The increasing cost and limited availability of lithium have prompted the development of high-performance

sodium-ion batteries (SIBs) as a potential alternative to lithium-ion batteries. However, it has been a critical

challenge to develop high-performance anodematerials capable of storing and transporting Na+ efficiently.

Amongst the various options, MoS2 has significant advantages including low cost, and a high theoretical

capacity of �670 mA h g�1. Nevertheless, MoS2 has several issues: its electronic conductivity is low and

its structure deteriorates rapidly during charge/discharge cycles, leading to a poor electrochemical

performance. Here, a dual-phase MoS2 (DP-MoS2) is synthesized by combining two distinct 1T (trigonal)

and 2H (hexagonal) phases to solve these challenges. Compared to the conventional 2H-MoS2
counterpart, the DP-MoS2 phase material presents a highly reversible Na+ intercalation/extraction

process aided by expanded interlayer spacing along with much higher electronic conductivity and Na ion

affinity. Consequently, the DP-MoS2 electrode delivers a high cyclic stability with a reversible capacity of

300 mA h g�1 after 200 cycles at 0.5 A g�1 and an excellent rate capability of �220 mA h g�1 at 2 A g�1.

The SIBs assembled with DP-MoS2 and Na3V2(PO4)3 as the negative and positive electrodes, respectively,

have a specific capacity of 210 mA h g�1 (based on the mass of DP-MoS2) at 0.5 A g�1. This performance

demonstrates that DP-MoS2 has a significant potential in commercial devices. This work offers a new

approach to develop metal chalcogenides for electrochemical energy storage applications.
1. Introduction

Lithium-ion batteries (LIBs) have been the predominant
rechargeable devices powering portable electronics and electric
vehicles because of their high energy densities and long cycle
life.1–4 Two of the main concerns surrounding LIBs lie in the
rapidly rising material costs and limited resources of lithium,
which have prompted the search for low-cost alternatives.5 As
a potential alternative, sodium-ion batteries (SIBs) have attrac-
ted signicant interest because of the natural abundance and
low costs of Na precursors.6–8 However, the larger ionic radius
and heavier molar mass of Na+ result in sluggish reaction
kinetics, inevitably leading to lower specic capacities, inferior
cyclic stability, and poorer rate capabilities than LIBs.9 Also,
graphite – the most commonly used anode material for LIBs – is
unsuitable for Na+ intercalation due to the insufficient
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tion (ESI) available. See DOI:

4–2122
interlayer spacing and unfavorable thermodynamics.10–12

Therefore, developing suitable host materials with efficient Na+

storage and transport is critical to achieve energy densities and
cyclic stabilities to the levels of current LIBs.

As a typical layered transition metal dichalcogenide (TMD),
whose monolayer consists of two close-packed chalcogenide
planes sandwiching a transition metal layer, MoS2 is a prom-
ising anode material for SIBs.13,14 Its notable advantages include
a unique layered structure, low cost, and a high theoretical
capacity of �670 mA h g�1.15,16 However, most reported MoS2-
based anodes to date are in the hexagonal (2H) phase, which
has a low intrinsic electronic conductivity and whose structure
tends to deteriorate during repeated charge/discharge cycles,
leading to poor cyclic stability.17 A typical strategy to ameliorate
the structural stability and electronic conductivity of MoS2 is to
combine with a carbon matrix assembling MoS2/C compos-
ites.11,18–22 For example, a sandwich structure was assembled
using MoS2 coupled with porous graphene sheets so that the
electron transport networks ensured structural stability against
volume changes during charge/discharge cycles.20 Another
effective approach is to control the cut-off voltage versus Na/
Na+.11,16,23 It is found that MoS2 underwent an intercalation
reaction rather than a conversion reaction between 0.4 and 3 V
vs. Na/Na+.16 The intercalation/extraction chemistry is highly
This journal is © The Royal Society of Chemistry 2020
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reversible, and the layered structure of MoS2 can be retained
even aer long-term cycle tests.

Benetting from different coordination between Mo and S
atoms, the trigonal (1T) phase MoS2 has a much higher elec-
tronic conductivity than the semiconducting 2H counter-
part.24 This unique structural feature makes 1T MoS2 an
emerging electrode material for batteries,25–28 super-
capacitors,24,29 and catalysts.30–32 Compared to the stable 2H
phase, however, 1T MoS2 is metastable by nature and can be
easily converted into the 2H phase by oxidation.33 An effective
approach to obtain 2D MoS2 with a high fraction of the 1T
phase is the intercalation of alkali metal ions into MoS2 akes
followed by exfoliation.34,35 However, this method is compli-
cated and hazardous because highly ammable n-butyl
lithium needs to be used as the reaction agent.34,35 Recently,
the 1T-MoS2 was stabilized by inserting NH4

+ molecules using
a facile solvothermal method, which was used in super-
capacitors or for the evolution of hydrogen.36,37 Meanwhile,
only a few reports have so far demonstrated the potential of
1T-MoS2 as an anode for LIBs or SIBs.25–28,38 For example,
freestanding metallic MoS2 was grown on a graphene foam to
serve as an anode for SIBs with a reversible specic capacity of
313 mA h g�1 aer 200 cycles.28 However, its cyclic stability
and rate capability were rather poor because the deep charge/
discharge cycles took place in the voltage range from 0.005 to
3 V vs. Na/Na+.

Herein, we synthesized a dual-phase MoS2 (DP-MoS2) by
a facile solvothermal method, which was used for the storage of
Na. If the cut-off voltage remained between 0.4 and 3 V vs. Na/
Na+, the DP-MoS2 electrode underwent highly reversible Na+

intercalation/extraction cycles, as supported by ex situ X-ray
photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM) analyses. The theoretical simulations indi-
cate that Na atoms more favorably absorbed and diffused in DP-
MoS2 than in 2H-MoS2. The DP-MoS2 electrode delivers
a reversible capacity of 300 mA h g�1 aer 200 cycles at 0.5 A g�1

along with an excellent rate capability of �220 mA h g�1 at
2 A g�1. A 2.5 V prototype full cell composed of the DP-MoS2
anode and a Na3V2(PO4)3 (NVP) cathode retains an excellent
specic capacity of 168 mA h g�1 aer 100 cycles, corresponding
to a capacity retention rate of �80%.
2. Experimental section
2.1 Material preparation

DP-MoS2 was synthesized through a facile solvothermal method
in a mixture of dimethylformamide (DMF) and deionized water
(v/v ¼ 3 : 2). Specically, 1.5 mmol sodium molybdate
(Na2MoO4) and 5 mmol L-cysteine were dissolved in 70 mL
mixed solution under continuous stirring. The solution was
then transferred to a 100 mL Teon-lined autoclave, which was
maintained at 200 �C for 12 h. Aer cooling to room tempera-
ture, the obtained black DP-MoS2 powders were thoroughly
washed with ethanol and dried in a vacuum oven at 60 �C
overnight. For comparison, the 2H-MoS2 was obtained by
annealing DP-MoS2 at 700 �C for 3 h under N2 ow.
This journal is © The Royal Society of Chemistry 2020
2.2 Structural and morphological characterization

The XRD patterns were obtained on a Philips PW1830
diffractometer with Cu Ka radiation. The morphologies of
materials were examined by scanning electron microscopy
(SEM) (JSM-6700F, JEOL) and TEM (FEI TECNAI G2 F30). The
Raman spectra were collected using a Raman spectrometer
(HORIBA Labram HR Evolution) equipped with a 532 nm Ar-
ion laser. The UV-vis spectra were collected on a SEC2000
UV-visible spectrophotometer (ALS Co., Ltd.). The XPS
spectra were recorded using an ESCALAB 250Xi (Thermo
Fisher) with a monochromatic Al Ka source. Nitrogen
adsorption/desorption isotherms and Brunauer–Emmett–
Teller (BET) surface area were obtained using a Micro-
meritics ASAP 2020 analyzer. The electrical conductivities of
DP-MoS2 and 2H MoS2 were measured on a four-probe
resistivity/Hall system (HK5500PC, Bio-Rad). For the ex situ
XPS and TEM characterizations, the coin cells were rst
disassembled in an Ar-lled glove box (Mbraun), and the
electrodes were then thoroughly washed with dimethyl
carbonate (DMC).
2.3 Electrochemical measurements

The working electrode was composed of the active material,
either DP-MoS2 or 2H-MoS2, carbon black, and sodium car-
boxymethyl cellulose binder at a weight ratio of 7 : 2 : 1. The
homogeneously mixed slurry was coated onto a thin Cu foil
and dried at 80 �C in a vacuum oven for 12 h. Subsequently,
the electrodes were punched into circular discs of 12 mm in
diameter. The typical loading of the active materials was 1.0–
1.2 mg cm�2, a value consistent with literature reports.18,27

The CR2032-type coin cells were assembled in an Ar-lled
glove box using Na metal foil as the counter electrode and
glass microber (Whatman, GF/D) as the separator. 1 M
NaCF3SO3 in diglyme and 1 M NaClO4 in propylene carbonate
(PC) with 5 vol% uoroethylene carbonate (FEC) were chosen
as the electrolyte. The galvanostatic charge/discharge (GCD)
tests were conducted on a battery testing system (Land
2001CT) over a potential range from 0.4 to 3.0 V. Galvano-
static intermittent titration technique (GITT) measurements
were carried out by applying a constant current of 100 mA g�1

for 10 minutes followed by a 4 h relaxation to reach equilib-
rium. Cyclic voltammetry (CV) tests were performed at a scan
rate of 0.1 mV s�1 in the same voltage range on an electro-
chemical workstation (CHI 660C). Electrochemical imped-
ance spectroscopy (EIS) measurements were conducted in the
range of frequency from 10 mHz to 100 kHz on the same
workstation.

Na-ion full cells were assembled using the DP-MoS2 anode
and an NVP cathode at an anode to cathode mass ratio of 1 : 4.
The cathode slurry was prepared by mixing NVP with carbon
black and polyvinylidene diuoride (PVDF) binder at a weight
ratio of 8 : 1 : 1 in N-methyl pyrrolidone (NMP) solvent. The NVP
electrode was fabricated by coating the mixed slurry on the
carbon-coated Al current collector. The specic capacities of
batteries were calculated based on the mass of DP-MoS2 or 2H-
MoS2.
J. Mater. Chem. A, 2020, 8, 2114–2122 | 2115
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Fig. 1 (a) SEM, (b) TEM, (c and d) HRTEM images and (e) STEM-EDX
maps of DP-MoS2.
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2.4 Theoretical calculations

All spin-polarized density functional theory (DFT) calculations
were performed under the general gradient approximation
(GGA) using the Perdew–Burke–Ernzerhof (PBE) functionals as
implemented in the Vienna ab initio simulation package
(VASP).39,40 The core and valence electronic interactions were
treated with the projector augmented wave method. The van der
Waals (vdW) interaction between the MoS2 layers was corrected
using the vdW-D3 method.41 The kinetic cutoff for plane-waves
was set at 500 eV, and 5 � 5 � 3 Monkhorst–Pack grids were
used. 2 � 2 supercells with the Mo8S16 composition were
modeled. The force convergence criterion was set at 0.02 eV Å�1.
The binding energy per Na atom, Ebinding, of DP-MoS2 and 2H-
MoS2 is dened as42

Ebinding ¼ EMoS2þ nNa � EMoS2 � nENa

n
(1)

where EMoS2+nNa is the total energy of sodiated structures with n
Na atoms intercalated, EMoS2 is the energy of MoS2 alone without
Na, and ENa is the energy of a single Na atom in the Na crystal.
We also performed ab initio molecular dynamics (AIMD)
simulations at 600 K in an NVT ensemble with the Nosé ther-
mostat to control the temperature.43 For the MD simulations,
the same 500 eV kinetic cutoff was used and the Brillouin zone
was sampled on a G-centered 1 � 1 � 1 k-point grid. The total
simulation time was 30 ps with a step of 2 fs. The mean-squared
displacement (MSD) of Na was calculated using the following
expression:44

MSDðDtÞ ¼ 1

n

Xn

i¼1

���riðtþ DtÞ � riðtÞ
���2 (2)

where n is the total number of Na atoms in the MoS2 supercell.
Fig. 2 (a) XRD patterns, (b) Raman spectra, and (c) UV-vis spectra of
DP-MoS2 and 2H-MoS2. The inset of (c) shows a photograph of the
DP-MoS2 and 2H-MoS2 suspensions in water. (d) Deconvolved Mo 3d
XPS spectra of DP-MoS2 and 2H-MoS2.
3. Results and discussion
3.1 Properties of DP-MoS2

The morphology and structure of DP-MoS2 were examined by
SEM, TEM, and high-resolution TEM (HRTEM), as shown in
Fig. 1. The size of DP-MoS2 particles was 250–300 nm (Fig. 1a
and b), and the interlayer spacing was �9.4 Å (Fig. 1c). The
HRTEM image (Fig. 1d) veries the coexistence of both the 1T
and 2H phases in DP-MoS2. As revealed by different coordina-
tion modes of MoS2 (rightmost side of Fig. 1d), the red square
area with a symmetrical Mo arrangement illustrates the pres-
ence of 1T-MoS2, whereas the yellow square area with
a symmetrical Mo–Mo spacing surrounded by 3 S atoms indi-
cates the existence of 2H-MoS2.36,45 The scanning transmission
electron microscopy (STEM) image and the corresponding
energy dispersive X-ray (EDX) spectrum shown in Fig. 1e
conrm the uniform distribution of Mo and S atoms
throughout DP-MoS2. The 2H-MoS2 particles had a size and
morphology similar to those of DP-MoS2 (Fig. S1a and b†). The
TEM image (Fig. S1c†) presents an interlayer spacing �6.3 Å of
2H-MoS2. The HRTEM image (Fig. S1d†) displays the charac-
teristic atomic arrangement of 2H-MoS2, indicating the
2116 | J. Mater. Chem. A, 2020, 8, 2114–2122
transformation from the dual phase to the pure 2H phase aer
annealing.46

The X-ray diffraction (XRD) patterns of DP-MoS2 and 2H-
MoS2 are presented in Fig. 2a. The 2H-MoS2 displays three
major diffraction peaks at around 13.7�, 33.2�, and 58.7�, which
can be assigned to the (002), (100), and (110) planes, respec-
tively. In contrast, DP-MoS2 has a (002) diffraction peak at�9.4�

corresponding to an interplanar distance of 9.4 Å, in agreement
with the TEM result (Fig. 1c). The enlarged interlayer of DP-
MoS2 is a reection of the intercalation of S–Mo–S layers by the
NH3/NH4

+ species generated during the solvothermal
synthesis.36,37
This journal is © The Royal Society of Chemistry 2020
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The Raman spectra (Fig. 2b) of DP-MoS2 had the typical E1g
mode of 1T phase at 283 cm�1. Three additional peaks located
at 148 (J1), 234 (J2), and 335 (J3) cm

�1 also conrm the presence
of the 1T phase.25,29 In contrast, 2H-MoS2 had only two sharp
peaks at 383 and 406 cm�1, which can be attributed to the
E1
2g and A1g modes of 2H phase MoS2, respectively.18,47,48 We

noticed that DP-MoS2 also had two small peaks characteristic of
2H-MoS2, supporting the concurrence of 2H and 1T phases in
this material. The UV-visible absorption spectra of DP-MoS2 and
2H-MoS2 dispersions were also measured to distinguish the
phases in two materials, as shown in Fig. 2c. The 2H-MoS2
possessed two excitonic peaks (A and B) at 620 and 670 nm,
indicating semiconducting characteristics. These two peaks
disappeared in DP-MoS2 due to its metallic nature, consistent
with previous reports.27,49–51 The optical images in the inset of
Fig. 2c also conrm the presence of different phases in the DP-
MoS2 and 2H-MoS2 by showing that the 2H-MoS2 dispersion
was yellow-green while the 1T-MoS2 counterpart was dark
grey.27,50

The XPS spectra also support the above ndings for DP-
MoS2, as shown in Fig. 2d. The deconvoluted Mo 3d spectrum of
2H-MoS2 showed two prominent peaks at 232.8 and 229.6 eV,
corresponding to Mo 3d3/2 and Mo 3d5/2, respectively.48 The
spectrum of DP-MoS2 exhibit two characteristic doublets. The
peaks in the rst doublet at 232.0 and 228.7 eV can be attributed
to the Mo 3d3/2 and Mo 3d5/2 peaks of the 1T phase,19 while the
Fig. 3 CV curves of (a) the 2H-MoS2 and (b) DP-MoS2 electrodes; (c) GCD
(d) cyclic performance and (e) rate capability of the DP-MoS2 and 2H
electrode at 2 A g�1; (g) electrochemical performance of published SIB

This journal is © The Royal Society of Chemistry 2020
peaks in the other doublet at 232.8 and 229.6 eV correspond to
the Mo 3d3/2 and Mo 3d5/2 peaks of the 2H phase. This obser-
vation is consistent with the coexistence of both 1T and 2H
phases. According to the XPS peak deconvolution, the fraction
of 1T phase in DP-MoS2 was �62.5%. It is worth noting that the
S 2p3/2 and 2p1/2 peaks of DP-MoS2 exhibited similar down shis
(Fig S2a) as a result of the presence of metallic 1T phase.25 A new
peak appeared at 401.7 eV in the N 1s spectrum of DP-MoS2
(Fig. S2b†), suggesting the intercalation of NH4

+.37

The BET surface area of DP-MoS2 was 13.2 m2 g�1, a value
65% larger than that of 2H-MoS2, see Fig. S3a.† The pore size
distribution calculated by the Barrett–Joyner–Halenda (BJH)
method indicates the hierarchical porous structure in DP-MoS2
(Fig. S3b†). The large surface area and mesoporous structure
favor the transport of electrons and ions and ultimately benets
high rate performance.52 The electrical conductivities measured
using the 4-probe method at room temperature were 9.8 S m�1

and 1.2� 10�3 S m�1 for DP-MoS2 and 2H-MoS2, respectively, in
agreement with the literature.49 The higher electrical conduc-
tivity of DP-MoS2 is expected to boost the battery performance,
especially at high rates.
3.2 Electrochemical performance

CV measurements were carried out to investigate the funda-
mental Na+ storage behavior of the MoS2 electrodes assembled
without adding carbon or binder for a pure system. For 2H-
curves of the DP-MoS2 electrode for the first three cycles at 0.1 A g�1;
-MoS2 electrodes; (f) long-term cyclic performance of the DP-MoS2
anodes compared with the current work.

J. Mater. Chem. A, 2020, 8, 2114–2122 | 2117
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MoS2, two sharp cathodic peaks appeared at 0.95 and 0.70 V
(Fig. 3a) and are ascribed to the intercalation of Na+ into the 2H
phase MoS2.53 In contrast, DP-MoS2 exhibited poorly-dened
peaks relative to 2H-MoS2 without any peaks at 0.95 V in the
rst cathodic scan (Fig. 3b), indicating no phase transformation
during the intercalation of Na+ into DP-MoS2. The CV curves for
the second scan and onwards almost overlapped, suggesting
highly reversible cyclic performance.

The rst three GCD proles of the DP-MoS2 electrode
(Fig. 3c) present initial discharge and charge capacities of 468
and 330 mA h g�1, respectively, with an initial Coulombic effi-
ciency (CE) of 68%. The capacity loss in the rst cycle was
probably triggered by the formation of a solid-electrolyte inter-
face (SEI) lm.18,52 Aer the rst cycle, the CE became and
remained higher than 99%, indicating a good electrochemical
reversibility of the electrode. Fig. 3d reports the cyclic perfor-
mances of the two electrodes at 0.5 A g�1, which were activated
at 0.1 A g�1 for 3 cycles. The initial charge capacities were 280
and 220 mA h g�1 for the DP-MoS2 and 2H-MoS2 electrodes,
respectively. It is worth noting that the DP-MoS2 electrode
maintained a capacity of almost 300 mA h g�1 without decay for
the whole 200 cycles, showing excellent cyclic stability. The
capacity of the 2H-MoS2 electrode initially decreased until about
50 cycles. Beyond that point, it reversed its trend to increase
continuously for the rest of the 200 cycles. A similarly abnormal
phenomenon has been observed previously for transition metal
compounds,25,54 for which the reversible formation of organic
polymeric/gel-like layers by electrolyte decomposition and the
activation of the electrode material led to a gradual increase in
capacity.55,56 The rate performance of the electrodes are shown
in Fig. 3e, and the corresponding GCD curves are given in
Fig. S4.† The DP-MoS2 cell delivered reversible capacities of 320,
300, 280, 255, and 220 mA h g�1 at 0.1, 0.2, 0.5, 1, and 2 A g�1,
respectively. These values were signicantly higher than those
of the 2H-MoS2 cell, namely, 220, 210, 200, 170, and
145 mA h g�1, respectively. The DP-MoS2 electrode also deliv-
ered a high charge capacity of 220 mA h g�1 aer 500 cycles at
2 A g�1 along with �100% CE, as shown in Fig. 3f.

To demonstrate the potential of DP-MoS2 as an anode
material for practical SIBs, its Na storage performance is
compared with those of other state-of-the-art anode mate-
rials,11,27,28,53,57–60 as shown in Fig. 3g. The capacities vs. current
density of the present DP-MoS2 anode are higher than the
majority of the reported anode materials, except the 1T-MoS2
anode. The slightly higher capacity of 1T-MoS2 nanosheets may
be explained by the high 1T phase fraction of �70% and the
lower cut-off potential of 0.01 V vs. Na/Na+. However, it should
be noted that the 1T-MoS2 nanosheet electrode delivered
a much lower initial CE of 60% and poorer capacity retention of
94% aer only 200 cycles than the DP-MoS2 counterpart. Apart
from the performance, the Li+ ion intercalation-assisted exfoli-
ation method used to prepare the 1T-MoS2 nanosheets is inef-
cient and always introduces residues of foreign ions into the
as-prepared MoS2 nanosheets.13 The detailed data used in the
comparison are shown in Table S2.† Considering the full-cell
performance of DP-MoS2//NVP batteries, the DP-MoS2 has
2118 | J. Mater. Chem. A, 2020, 8, 2114–2122
a signicant potential in commercial devices (see details in
Section 3.4).

It should be pointed out that the electrolyte also played an
important role in determining the electrochemical performance
of the DP-MoS2 electrode (Fig. S5†). The cyclic stability of the
DP-MoS2 electrode signicantly improved when the ether-based
electrolyte (i.e. 1 M NaCF3SO3 in diglyme) was used in place of
the carbonate-based electrolyte (i.e. 1 M NaClO4 in PC with
5 vol% FEC). The above nding signies that the use of ether-
based electrolyte ensured the formation of a stable SEI lm,
which in turn avoided the consumption of electrolyte during
repeated cycles. In addition, we measured the cyclic perfor-
mance of both DP-MoS2 and 2H-MoS2 electrodes at 0.5 A g�1 for
potentials (vs. Na) from 0.01 to 3.0 V. As shown in Fig. S6,† the
DP-MoS2 electrode had a capacity of nearly 440 mA h g�1 cor-
responding to a retention of �92% at the 100th cycle. In
contrast, the capacity of the 2H-MoS2 electrode decreased
sharply aer the 70th cycle. The improved cyclic performance of
DP-MoS2 can be attributed to the enhanced capability of 1T-
MoS2 to suppress the release and dissolution of S species over
2H-MoS2.27,45 It is worth noting that the cyclic performance of
DP-MoS2 tested between 0.01 and 3.0 V was worse than the one
assessed between 0.4 and 3 V, especially aer 100 cycles. This
may due to the structural degradation at low voltages (below
0.4 V vs. Na/Na+), where the 1T-NaxMoS2 is decomposed into Mo
and Na2S.16

The intercalation reaction of Na//DP-MoS2 was probed by ex
situ XPS in the voltage window between 0.4 and 3 V vs. Na/Na+,
as shown in Fig. S7a.†When the DP-MoS2 cell was discharged to
1.6 V, both the 1T and 2H phases of MoS2 coexisted. Upon
discharging to 0.4 V, however, only the 1T-MoS2 phase
remained, suggesting phase transition from 2H to 1T triggered
by Na+ intercalation. When the cell was recharged to 3 V, the 2H-
MoS2 phase reappeared, indicating a reversible intercalation/
extraction as supported also by the overlapped CV curves
(Fig. 3b). Further, we recorded ex situHRTEM images of the DP-
MoS2 electrode aer discharging to 0.4 V in the 100th cycle
(Fig. S7b†). It is clear that the DP-MoS2 anode remained crys-
tallographically layered with no fragmented Mo particles. These
ndings support the idea that the intercalation storage mech-
anism was dominant when the voltage was cut-off at 0.4 V in the
Na//DP-MoS2 battery.

To investigate the energy storage kinetics, the diffusion
coefficient of Na+ (DNa+) was estimated using the GITT within
the voltage window of 0.4–3 V. Fig. 4a shows the GITT curves of
DP-MoS2 and 2H-MoS2 obtained aer activation. During the
GITT measurements, the cells were discharged/charged at
100 mA g�1 for 10 min, followed by a relaxation for 4 h to reach
the steady-state voltages (Fig. 4b). The DNa+ was obtained using
the formula:61

DNaþ ¼ 4

ps

�
mBVM

MB S

�2�
DEs

DEt

�2

(3)

where s denotes the constant current pulse time; mB, MB, and
VM are the mass, molar weight, and molar volume of the active
materials, respectively. S is the total contact area between the
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) GITT potential profiles of DP-MoS2 and 2H-MoS2, (b) a single step of a GITT experiment. Na+ diffusion coefficients calculated from
GITT potential profiles during (c) sodiation and (d) desodiation. (e) Nyquist plots and (f) plots of u�1/2 versus Z0 of DP-MoS2 and 2H-MoS2.
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electrolyte and the electrode. DEs and DEt are the changes in
steady-state voltage aer subtracting the IR drop and the total
transient change in cell voltage during a single titration. The
DNa+ values are plotted as a function of cell voltage during both
discharge and charge processes, as shown in Fig. 4c and d,
respectively. The DP-MoS2 electrode generally presented higher
DNa+ values than the 2H-MoS2 counterpart in both the charge
and discharge cycles. The DNa+ values for DP-MoS2were in
a range of 2.23 � 10�11 to 3.60 � 10�10 cm2 s�1, which are on
par or much higher than those reported previously for SIB
anode materials using the same GITT method: for example,
10�10 to 10�15 cm2 s�1 for NaTi2(PO4)3,62 10

�11 to 9 � 10�11 cm2

s�1 for rice husk-derived hard carbon anodes,63 4.26 � 10�14 to
1.42 � 10�10 cm2 s�1 for CuS,64 and 10�11 to 10�14 cm2 s�1 for
Fe2(SO4)3.65 The highly intrinsic electronic conductivity of DP-
MoS2 is partly responsible for the high Na+ diffusion rate, which
also contributed to its good rate capability.

The EIS spectra obtained aer 100 cycles at 0.5 A g�1 are
shown in Fig. 4e. The equivalent circuit model given in Fig. S8†
was used t the EIS curves and the impedance parameters
determined thereby are given in Table S1.† The charge transfer
This journal is © The Royal Society of Chemistry 2020
resistance, Rct, values of the DP-MoS2 and 2H-MoS2 electrodes
were 13.8 U and 31.3 U, respectively, consistent with the much
higher electrical conductivity of the former. The EIS spectra
were further analyzed using a model based on the non-linear
distribution of diffusion times (NL-DDT).66 The experimental
impedance curves were well tted over the entire frequency
range, giving estimated DNa+ values of 7.3 � 10�11 and 3.9 �
10�11 cm2 s�1, respectively, for the DP-MoS2 and 2H-MoS2
electrodes (Fig. S9†). These DNa+ values are of the same order as
those estimated by GITT. The Z0 versus u�1/2 (u ¼ 2pf) curves in
the low-frequency region are shown in Fig. 4f. The lower slope
value of the former than the latter electrode, i.e. 8.4 vs. 12.2,
agrees well with the lower Rct and the higher DNa+ of the DP-
MoS2 electrode.
3.3 Theoretical analysis

DFT calculations were performed to elucidate the root causes of
electrochemical performance of DP-MoS2. The interlayer
spacing of 1T-MoS2 and 2H-MoS2 models were set at 9.4 Å and
6.3 Å, respectively, according to the XRD and TEM results. The
number of Na atoms accommodated by the MoS2 lattice varied
J. Mater. Chem. A, 2020, 8, 2114–2122 | 2119
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Fig. 5 Atomic structures of Na intercalated in (a) 2H-MoS2 and (b) 1T-MoS2; (c) binding energies of Na atoms in expanded 1T-MoS2 and 2H-
MoS2; (d) Na MSD and (e) DOS of 1T-MoS2 and 2H-MoS2. (f) Schematic illustration of the formation mechanism and direction of the built-in
electric field at the 1T- and 2H-MoS2 heterointerface.
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from 1 to 4 to form NaxMoS2 (with x ¼ 0.125, 0.25, 0.375, and
0.5). The optimized atomic structures of Na+ intercalated 1T-
MoS2 and 2H-MoS2 are shown in Fig. 5a and b, respectively. The
binding energies of NaxMoS2 were consistently lower for 1T-
MoS2 than 2H-MoS2 by more than 2.5 eV, as shown in Fig. 5c,
suggesting a much higher Na affinity of 1T-MoS2. The MSD
values determined by AIMD simulations are shown in Fig. 5d.
The diffusivity of Na+ in 1T-MoS2 was consistently higher than
in 2H-MoS2, as evidenced by the large MSD values over the
whole range of steps, in agreement with the GITT and EIS
Fig. 6 (a) Schematic illustration of the DP-MoS2//NVP full cell; (b) cycl
0.5 A g�1. The inset shows the LED array powered by the full battery.

2120 | J. Mater. Chem. A, 2020, 8, 2114–2122
results. The metallic nature of the density of states (DOS)
plotted in Fig. 5e theoretically conrms the enhanced electronic
conductivity of 1T-MoS2. In summary, the simulation results
support the enhanced electrical conductivity, higher Na affinity
and higher Na+ mobility of 1T-MoS2, which are responsible for
the improved electrochemical performance of DP-MoS2 in view
of the predominance of the 1T phase. In addition, the difference
in Fermi energy between the 1T- and the 2H-MoS2 could induce
an internal electric eld at the corresponding heterointerface,
see Fig. 5f.67–69 The electrostatic potential intrinsically built
ic performance of the DP-MoS2//NVP full cell at a current density of

This journal is © The Royal Society of Chemistry 2020
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between the 1T- and 2H-MoS2 phases could attract the Na+

towards the 2H-MoS2 side, promoting the migration of Na+. In
addition, Jiang et al. reported that the formation that 1T–2H
heterointerfaces can improve the overall electrical conductivity
of the hybrid, while the integration of 2H phase is benecial to
stabilize 1T phase and ensure the durability of 1T/2H MoS2
material.70,71
3.4 Full-cell performance

To verify potential application of the DP-MoS2 electrode, full
cells (DP-MoS2//NVP) were assembled using the DP-MoS2 anode
and an NVP cathode, as illustrated in Fig. 6a. The XRD pattern
and SEM image of the NVP cathode are shown in Fig. S10.† The
cells were rst activated at 0.2 A g�1 for 3 cycles, followed by
testing at 0.5 A g�1 in the following 100 cycles. Fig. S11† shows
the GCD curves of the full cell at 0.5 A g�1, delivering a high
reversible capacity of�213 mA h g�1 in the operation window of
0.5–3 V. It maintained a high specic capacity of 168 mA h g�1

aer 100 cycles with capacity retention of �80%, as shown in
Fig. 6b. These values are superior to previous reports of NMF//
NVP full cell,72 MoSe2/rGO//NVP full cell,73 and NVPF//SnS/G
full cell.74 The potential of the full cell in real-world applica-
tions was partly proven by powering a light-emitting diode
(LED) array, see the inset of Fig. 6b.
4. Conclusion

We have synthesized DP-MoS2 with expanded interlayer
distance by a facile solvothermal method. As conrmed by the
experimental results and DFT calculations, the expanded
interlayer spacing and the predominance of the 1T phase
signicantly improved the electrical conductivity and enhanced
the Na+ diffusivity of DP-MoS2 compared to the common 2H-
MoS2. The DP-MoS2 electrode delivered a high reversible
capacity of 300 mA h g�1 aer 200 cycles at 0.5 A g�1 in the
potential range of 0.4–3.0 V. Furthermore, full cells were
assembled by pairing the DP-MoS2 anode with an NVP cathode
and demonstrated stable cyclic performance at 0.5 A g�1 for 100
cycles. The preparation approach and excellent electrochemical
performance signify promising potential applications of DP-
MoS2 as an anode for SIBs.
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