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Elucidating the Synergic Effect in Nanoscale MoS2/TiO2 
Heterointerface for Na-Ion Storage 

Chunrong Ma,* Dewen Hou, Jiali Jiang, Yanchen Fan, Xiang Li, Tianyi Li, Zifeng Ma, 
Haoxi Ben, and Hui Xiong* 

Interface engineering in electrode materials is an attractive strategy for 
enhancing charge storage, enabling fast kinetics, and improving cycling 
stability for energy storage systems. Nevertheless, the performance 
improvement is usually ambiguously ascribed to the “synergetic effect”, the 
fundamental understanding toward the effect of the interface at molecular 
level in composite materials remains elusive. In this work, a well-defined 
nanoscale MoS2/TiO2 interface is rationally designed by immobilizing TiO2 

nanocrystals on MoS2 nanosheets. The role of heterostructure interface 
between TiO2 and MoS2 by operando synchrotron X-ray diffraction (sXRD), 
solid-state nuclear magnetic resonance, and density functional theory 
calculations is investigated. It is found that the existence of a 
hetero-interfacial electric field can promote charge transfer kinetics. Based on 
operando sXRD, it is revealed that the heterostructure follows a solid-solution 
reaction mechanism with small volume changes during cycling. As such, the 
electrode demonstrates ultrafast Na+ ions storage of 300 mAh g−1 at 10 A g−1 

and excellent reversible capacity of 540 mAh g−1 at 0.2 A g−1. This work  
provides significant insights into understanding of heterostructure interface 
at molecular level, which suggests new strategies for creating unconventional 
nanocomposite electrode materials for energy storage systems. 
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1. Introduction 

Lithium-ion batteries (LIBs) have garnered 
significant attention in the past decades 
and have been successfully implemented 
in portable electronics and electric vehi-
cles because of their high energy and 
power densities. With the booming elec-
tric vehicle market, the limited lithium re-
sources and the rising raw materials cost are 
the bottlenecks for the sustainable growth 
of large-scale energy-storage systems.[1,2] 

Sodium-ion batteries (SIBs) are an attrac-
tive alternative for large-scale energy stor-
age systems in terms of the abundance of 
sodium resources and the low cost. Never-
theless, the sluggish reaction kinetics and 
severe volume change resulting from the 
larger ionic radius of Na+ currently hin-
der the realization of the high power den-
sity and the long-term cycle life of SIBs.[3–6]  

Therefore, discovering and developing ad-
vanced electrode materials with fast ion 
diffusion and long lifespan is in urgent 
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need to promote the practical application of SIBs. Among vari-
ous anode materials explored in SIBs, two-dimensional molyb-
denum disulfide (MoS2) has been extensively studied due to its 
high specific capacity (670 mAh g−1) and intrinsically enhanced 
safety.[7–9] In particular, the large interlayer space of 0.62 nm 
and weak van der Waals interaction between layers are con-
ductive to facilitate the reversible Na+ ions insertion/extraction. 
Nevertheless, the restacking agglomeration of 2D MoS2 layer 
during charge/discharge processes leads to continuous capac-
ity fading.[10]  Additionally, the reaction intermediates (e.g., Na2S) 
generated from the conversion reaction could cause severe redox 
shuttle issues, which further exacerbates the capacity fading. To 
address these issues, tremendous efforts have been devoted. The 
major effort is related to engineering a variety of MoS2/carbon 
nanocomposites with tailored structures to minimize the me-
chanical stress/strain caused by volume change and to simulta-
neously enhance electronic conductivity.[11–15] Despite many pro-
gresses made in the past, the partial agglomeration and sluggish 
kinetics resulting from the intrinsic poor electronic conductivity 
of MoS2 are still the paramount challenge for high-performance 
SIBs. 
Constructing heterostructure by interfacial design has been 

developed in many research fields, which could endow compos-
ites with unprecedented properties.[16,17] By reducing the length 
scale of the heterostructure interface down to the nanoscale 
regime, strong internal electrical field and increased grain 
boundaries may enhance the reaction kinetics and charge stor-
age. Recent study confirms that polysulfides produced during a 
deep sodiated state can be tightly bonded to some oxides such as 
MgO, MnO, SnO2, and  TiO2. 

[18–21] Among the various secondary 
phase materials, TiO2 is an attractive anode for SIBs due to its re-
activity with Na+ .[22–24] Additionally, first-principles calculations 
suggested that TiO2 shows a larger bonding energy (≈2.30 eV) 
with polysulfides than that of polysulfides on carbon (<0.1 eV),[25]  

which could restrict the reaction with electrolyte and enhance 
the reversibility of the conversion reaction of MoS2. Therefore, it 
is reasonable that rationally integrate MoS2 with TiO2 may offer 
new prospects of the electrode for improving its electrochemical 
properties. Nevertheless, most previously reported heterostruc-
tures with MoS2 show dendritic/dumbbell-like morphology,[26–28] 

and the inferior chemical bonding between MoS2 and other metal 
oxides leads to undesirable structural instability and limits both 
electron and ion transport. It is known that, besides the enhanced 
reaction kinetics, interface engineering in electrode materials 
may increase electrode capacities that often exceed theoretical 
values.[29–32] Nevertheless, little is known regarding what con-
tribute to the enhanced capacity and most work attribute the en-
hancement to the vaguely defined “synergistic effect”. The syn-
ergetic effect on the Na+ ions storage mechanism of the com-
posite electrode remains unclear and the effect of heterointerface 
in the enhanced sodium ion storage has been often overlooked. 
More efforts are needed to be devoted to investigate the mecha-
nisms of heterointerface toward enabling performance enhance-
ment. Therefore, engineering stable heterostructure by rational 
design of MoS2/TiO2 hybrids can serve as a good model system 
to unveil the synergetic effect in composite electrode materials 
for SIBs. 
Here, we rationally designed and synthesized a hierarchi-

cal MoS2/TiO2 heterostructure to study the synergetic effect 

of heterostructure interface, in which carbon-coated 2D MoS2 

nanosheets were decorated with ultrafine TiO2 nanoparticles 
on flexible carbon nanotubes (CNT-MoS2/TiO2-C). The unique 
structure provides a solution to mitigate the degradation issue of 
MoS2 anode for SIBs. The ultrafine TiO2 nanoparticles are tightly 
anchored on MoS2 nanosheets, which is assisted by the carbon 
shell coating through strong interfacial contact. The heterointer-
face is formed between MoS2 and TiO2, which results in a solid-
solution mechanism with lack of first-order phase transitions of-
ten seen in bulk materials for charge storage to enhance the struc-
tural stability during cycling. Moreover, the well-dispersed TiO2 

nanoparticles can adsorb polysulfides and avoid the aggregation 
of MoS2 during the repeated charge/discharge processes, which 
effectively enhances the reaction reversibility of MoS2 at the inter-
face. Furthermore, the strong coupling of MoS2 nanosheets and 
ultrafine TiO2 can provide additional sites for Na+ ions storage 
and promote the pseudocapacitive behavior, ensuring the ultra-
fast reaction kinetics. Importantly, solid-state nuclear magnetic 
resonance (NMR) and first-principles calculations provide an in-
depth understanding toward the Na+ ions transport behavior 
and charge storage mechanisms of the CNT-MoS2/TiO2-C elec-
trode. The as-prepared CNT-MoS2/TiO2-C demonstrates a high 
reversible capacity of 540 mAh g−1 at a current density of 0.2 A 
g−1 , excellent rate capability, and long cycling stability for 5000 
cycles at 5 A g−1 . 

2. Results and Discussion 

The typical synthesis process of CNT-MoS2/TiO2-C is illustrated 
in Figure 1a. Briefly, MoS2 nanosheets anchored on the CNT sur-
face were synthesized by a hydrothermal process with Na2MoO4, 
thiourea, and CNT as the precursors. Subsequently, the ultra-
fine TiO2 nanoparticles were grown on MoS2 nanosheets by a 
solvothermal process. The morphology and structure of the CNT-
MoS2/TiO2-C sample were characterized by scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). 
As shown in Figure 1b, the CNT-MoS2/TiO2-C sample demon-
strates a typical 1D structure of CNT with an average diameter 
of ≈80 nm. The surface of CNT-MoS2/TiO2-C is coarser than 
that of pure CNT (Supporting Information, Figure S1) due to 
the existence of densely packed and wrinkled MoS2 nanosheets. 
The abundant voids enclosed by plate-like structure with a thick-
ness of ≈15 nm can be seen from SEM at high magnifica-
tion (Figure 1c). This porous structure can effectively accom-
modate the volume expansion during cycling. TEM results (Fig-
ure 1d-e) indicate the typical coaxial morphology of the sample, 
which suggest that the 2D MoS2 nanosheets were successfully 
grown on the CNT surface. The CNT served the role of a ca-
ble core to facilitate ion/electron transport. The high-resolution 
TEM image (Figure 1f) illustrates the uniform decoration of TiO2 

nanoparticles on MoS2 nanosheets, indicating the successful for-
mation of MoS2/TiO2 nanocomposite structure. The ultrafine 
TiO2 nanoparticles were encapsulated within the carbon layer 
and this robust carbon shell can effectively inhibit the aggrega-
tion of MoS2 during repeated sodiation/desodiation processes. 
Meanwhile, the carbon coating can enhance the interface bond-
ing strength between MoS2 and TiO2, ensuring structural sta-
bility. To further investigate the feature of CNT-MoS2/TiO2-C, 
the enlarged TEM image of a selected area in the same sample 
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Figure 1. a) Illustration of the synthesis of CNT-MoS2/TiO2-C hybrids, b-c) SEM image, d-g) TEM image and h) EDX mapping with the corresponding 
area of the as-prepared CNT-MoS2/TiO2-C. 

were shown in Figure 1g. The ultrafine TiO2 nanoparticles with 
a particle size of  ≈4 nm are clearly visible and the lattice spac-
ing of 0.354 nm can be ascribed to the (101) plane of anatase 
TiO2. Such small size can facilitate the pseudocapacitive stor-
age for high rate capability. TEM results demonstrate the few-
layered MoS2 nanosheets with an expanded interlayer spacing of 
0.98 nm. Energy dispersive X-ray spectroscopy (EDX) mapping 
was performed to investigate the elemental distribution of CNT-
MoS2/TiO2-C (Figure 1h). It shows that the elements of Mo, S, Ti, 
O, and C are uniformly distributed within the nanocomposite. 

The structure and crystallinity of the as-prepared CNT-
MoS2/TiO2-C are characterized by X-ray powder diffraction 
(XRD) and Raman spectroscopy. The XRD pattern of CNT-
MoS2/TiO2-C is shown in Figure 2a. The (002) characteristic peak 
of MoS2 at 13.9

o is absent and two new peaks at 8.7o and 17.5o are 
observed, which indicates the existence of few-layers MoS2.

[33,34] 

According to Bragg’s Law (2dsin𝜃 = n𝜆),[35]  the expanded in-
terlayer distance of 0.98 nm (8.7o) is determined. Meanwhile, 
the characteristic peaks of TiO2 can be seen at 25.3o , 38.5o, and  
48.2o , which are attributed to the (101), (112), and (200) planes of 
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Figure 2. a) XRD patterns of CNT-MoS2/TiO2-C and CNT-MoS2, b) Raman spectra of CNT-MoS2/TiO2-C and CNT-MoS2 and c–f) High-resolution XPS 
spectra of the Mo 3d, Ti 2p, S 2p, and O 1s in the CNT-MoS2/TiO2-C. 

anatase TiO2 (JCPDS No. 21–1272). The Raman spectra of CNT-
MoS2/TiO2-C are displayed in Figure 2b. The peaks located at 
145, 209, and 639 cm−1 match well with the Eg(1), Eg(2), and  Eg(3) 
modes of anatase TiO2, respectively. Moreover, the MoS2 charac-
teristic peak at 465 cm−1 is present. Two peaks at 1354 and 1597 
cm−1 are ascribed to the D- (induced by defects in carbon) and 
G-band (representative of graphitic structure), typical of carbona-
ceous materials.[26]  The intensity ratio of D and G bands is 1.14, 
suggesting that the carbon is disordered in the CNT-MoS2/TiO2 -
C composite. The surface and chemical properties of the as-
prepared CNT-MoS2/TiO2-C sample were investigated by X-ray 
photoelectron spectroscopy (XPS). XPS survey scan is shown in 
Figure S2a (Supporting Information). From the high-resolution 
Mo 3d XPS spectrum (Figure 2c), the peaks centered at 229.2 and 
232.8 eV can be attributed to the Mo4+ 3d5/2 and Mo4+ 3d3/2, re-
spectively. Notably, an additional peak appears at 236 eV, which 
can be attributed to the Mo6+ 3d3/2 due to the formation of MoS2 

in the air.[15]  The high-resolution XPS spectrum of Ti 2p in Fig-
ure 2d shows two peaks at binding energy of 458.8 and 464.7 eV, 
which are assigned to the Ti4+ 2p3/2 and Ti4+ 2p1/2, respectively. 
In addition, the small peaks at binding energy of 457.3 eV and 
461.8 eV are assigned to Ti3+ 2p3/2 and Ti3+ 2p1/2, respectively, 
indicating the existence of Ti3+ in CNT-MoS2/TiO2-C.

[36]  For the 
high-resolution spectrum of S 2p (Figure 2e), it can be deconvo-
luted into three peaks with binding energy of 162.1, 163.5, and 
164.7 eV, which are attributed to the S 2p3/2, S 2p1/2, and S–C 
bonds, respectively.[37]  The O 1s high-resolution spectrum can 

be fitted into three component peaks as shown in Figure 2f. The 
three peaks at binding energy of 530.2, 532.3, and 533.3 eV cor-
respond to the Ti–O, C–O, and O–H, respectively.[38]  The C 1s 
spectrum (Figure S2b, Supporting Information) is resolved into 
four peaks at 284.3, 285.1, 285.2, and 290.2 eV, respectively. The 
strong peak at 284.3 eV can be assigned to the C–C, the latter 
three peaks are corresponding to the C–O, C=O, and O–C=O, 
respectively.[39]  The thermodynamic stability of CNT-MoS2/TiO2 -
C when exposed in the atmosphere was studied by thermogravi-
metric analysis (TGA). As shown in Figure S3 (Supporting In-
formation), the CNT-MoS2/TiO2-C possesses good thermal sta-
bility when the temperature is below 200 °C. And the calculated 
MoS2/TiO2 content in the CNT-MoS2/TiO2-C is 89.3%. 
The galvanostatic charge-discharge profiles of the CNT-

MoS2/TiO2-C electrode at a current density of 0.2 A g−1 are 
shown in Figure 3a. During the first cycle, the CNT-MoS2/TiO2 -
C electrode delivers discharge and charge specific capacity of 708 
mAh g-1 and 543 mAh g−1 , respectively, corresponding to a high 
initial Coulombic efficiency (ICE) of 77%. The initial capacity 
loss can be attributed to the irreversible reaction arising from 
the formation of solid electrolyte interphase (SEI) layer.[10–13] 

In contrast, the discharge and charge specific capacity of CNT-
MoS2 electrode is only 623 and 424 mAh g−1 with an ICE of 
68.2% (Figure S4, Supporting Information). The enhanced ICE 
in CNT-MoS2/TiO2-C electrode may be attributed to the stabiliza-
tion of the heterointerface during cycling. The introduced TiO2 

nanocrystals on the MoS2 nanosheets could adsorb polysulfides 
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Figure 3. a) Charge-discharge profiles of CNT-MoS2/TiO2-C electrode at a current density of 0.2 A g−1 , b) Cycling performance at a current density of 
1 A g−1 , c) Rate capability at various current density from 0.2 to 10 A g−1 , and d) Long-term cyclic stability of CNT-MoS2/TiO2-C electrode at a current 
density of 5 A g−1 . 

to enhance the reversibility of reaction. In addition, the inter-
faces between CNT and amorphous carbon could provide more 
active sites for Na+ ions.[40]  From the second cycle, the CNT-
MoS2/TiO2-C electrode displays a high reversible specific capac-
ity of 523 mAh g−1 and the CE quickly reaches 90%. In the fol-
lowing cycles, the CE of CNT-MoS2/TiO2-C electrode keeps in-
creasing gradually, and the discharge capacity maintains at ≈520 
mAh g−1 . The cycling performance of the samples is also eval-
uated at a current density of 1 A g−1 and the result is shown in 
Figure 3b. The CNT-MoS2/TiO2-C electrode retains its initial ca-
pacity even after 200 cycles with the Coulombic efficiency close to 
100%. In contrast, CNT-MoS2 electrode fades quickly – only 303 
mAh g−1 is retained for after 200 cycles at current density of 0.2 A 
g−1 . The poor cycling stability of CNT-MoS2 electrode is ascribed 
to the structure collapse and the reduction of active sites due to 
the aggregation of MoS2 nanosheets during the charge/discharge 
processes (Figure S5, Supporting Information). 
The rate capability of the CNT-MoS2/TiO2-C electrode as well 

as CNT-MoS2 electrode are evaluated at various current density 
from 0.5 to 10 A g−1 . As shown in Figure 3c, the CNT-MoS2/TiO2 -
C electrode exhibits capacities of 540, 500, 460, 410, and 360 
mAh g−1 at the current densities of 0.2, 0.5, 1.0, 2.0, and 5.0 A 
g−1 , respectively. In addition, it maintains a high discharge ca-
pacity up to 300 mA h g−1 even at a high current density of 10 A 
g−1 . After deep charge/discharge at high current rates, the dis-
charge capacity of CNT-MoS2/TiO2-C electrode returns to 500 
mAh g−1 when the current is ramped back to 0.2 A g−1 . The rate 
capability in CNT-MoS2/TiO2-C electrode especially at ultra-fast 

charge/discharge demonstrates the stable structure of the elec-
trode. Additionally, the rate performance of CNT-MoS2 electrode 
is shown as a comparison. It exhibits low discharge capacity of 
410, 350, 300, 250, and 200 mAh g−1 at the current density of 0.2, 
0.5, 1.0, 2.0, and 5.0 A g−1 , respectively. These values are lower 
than those of CNT-MoS2/TiO2-C electrode. The rate capability of 
bare TiO2 is shown in Figure S6 (Supporting Information), which 
only exhibits ≈70 mAh g−1 at the current rate of 0.5 A g−1, and  
the discharge capacity plunges sharply with the increase of the 
current rate. Apparently, the rate capability in CNT-MoS2/TiO2 -
C electrode is superior as compared to CNT-MoS2 or CNT-TiO2 

electrode. The electrochemical performance of CNT-MoS2/TiO2 -
C electrode is compared with reported works, the results is shown 
in FigureS7 (Supporting Information). 
The long-term cycling stability is important for the SIBs. How-

ever, the structural collapse and slow reaction kinetics resulting 
from the large radius of Na+ ions significantly hinder the Na+ 

ions insertion/extraction in electrode materials. The cycling per-
formance of CNT-MoS2/TiO2-C electrode is evaluated at a high 
current rate of 5 A g−1 (Figure 3d). A high capacity of 273 mAh 
g−1 still remains after 3000 cycles, indicating the superior cy-
cling stability of the CNT-MoS2/TiO2-C electrode. Moreover, the 
Columbic efficiency reaches to 100% at the 8th cycle, which sug-
gests the high reversibility of the electrode. 
The Na+ ions storage mechanism of CNT-MoS2/TiO2-C is in-

vestigated via cyclic voltammetry (CV). Figure 4a shows the CV 
curves of CNT-MoS2/TiO2-C electrode during the initial four cy-
cles at a scan rate of 0.1 mV s−1 . In the first cathodic scan, a 
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Figure 4. a) CV curves at scan rate of 0.1 mV s−1 , b) CV curves at various scan rate from 0.1 to 2.0 mV s−1 , c) the b-value at different voltages, d) the 
capacitive contribution at scan rate of 0.2 mV s−1, e) GITT profile,  f)  Na+ ions diffusion coefficient at corresponding potentials, AFM images g1) 2D 
image, and g2) 3D image of fresh CNT-MoS2/TiO2-C, h1) 2D image, and h2) 3D image of CNT-MoS2/TiO2-C electrode discharged to 0.01 V, I1) 2D 
image, and I2) 3D image of CNT-MoS2 electrode discharged to 0.01 V. 
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peak at 0.8 V can be observed, which is attributed to the inser-
tion of Na+ ions in MoS2: MoS2 + xNa+ + xe− → NaxMoS2, as  
well as the formation of SEI layer.[41]  The reduction peak located 
at 0.5 V corresponds to the conversion reaction from NaxMoS2 

to Mo: NaxMoS2 + (4 − x)Na+ + (4 − x)e− → Mo + 2Na2S.
[42]  

For the initial anodic scan, the sharp peak at 1.75 V is ascribed 
to the Na+ ions extraction and Mo oxidation: Mo + 2Na2S → 
MoS2 + 4Na+ + 4e− .[42]  For the subsequent cycles, the shape of 
CVs is well maintained without obvious change and overlapped 
together, suggesting the high reversibility of CNT-MoS2/TiO2-C 
electrode. To better understand the kinetics of Na+ ions storage 
in CNT-MoS2/TiO2-C electrode, CV curves were measured at var-
ious scan rates from 0.1 to 2 mV s−1 (Figure 4b). The charge stor-
age mechanism can be described by the power law relationship: 
i = avb , [43]  where i is the current density, v is the scan rate and a 
and b are adjustable constants. Particularly, the b value is in the 
range of 0.5 to 1, which can be determined from the slope of log 
i versus log v plots. The b value of 0.5 indicates that the charge 
storage process is controlled by diffusion, while the b value of 
1.0 represents the capacitive behavior. Figure 4c shows b value at 
corresponding potentials during the cathodic process, in which 
all of the values are almost above 0.8. Such results indicate that 
the Na+ ions storage in CNT-MoS2/TiO2-C electrode has a high 
contribution from pseudocapacitance, resulting in fast kinetics. 
To quantitatively determine the capacitive contribution in the 

whole charge process, the current can be expressed by the equa-
tion: i = k1v+k2v1/2 , [43]  where the k1v is the capacitive contribution 
and the k2v

1/2 is the diffusion-controlled process. The capacitive 
contribution in the entire CV profile at scan rate of 0.2 mV s−1 is 
shown in Figure 4d. About 75% charge storage is from the pseu-
docapacitive process (red area), and the diffusion behavior mainly 
occurs near the redox peaks. Based on the CV analysis, it is con-
cluded that the fast reaction kinetics for the ultra-fast rate capa-
bility of the CNT-MoS2/TiO2-C electrode are mainly originated 
from its pseudocapacitive characteristics. Galvanostatic intermit-
tent titration technique (GITT, Figure S8, Supporting Informa-
tion) was conducted to further investigate the Na+ ions diffusion 
coefficient (DNa 

+). Figure 4e illustrates the GITT profile of CNT-
MoS2/TiO2-C electrode obtained by applying a series of current 
pulses at 100 mA g−1 for 0.5 h at 2 h rest intervals. The  DNa 

+ can 
be calculated according to the equation[44]: 

DNa+ = 
4 
𝜋 

( 
mB VM 

MB A 

)2( 
ΔE s 
ΔE t 

)2 (
𝜏 ≪  

L2 

DNa+ 

) 

(1) 

As shown in Figure 4f, the DNa 
+ of the CNT-MoS2/TiO2-C elec-

trode is mostly constant at ≈10−9 cm2 s−1 across the voltage range 
in the discharge process. In contrast to the CNT-MoS2 electrode, 
CNT-MoS2/TiO2-C electrode demonstrates improved diffusion 
kinetic. 
Based on the aforementioned results, the excellent elec-

trochemical performance of CNT-MoS2/TiO2-C electrode can 
be ascribed to the following factors: 1) The ultrafine TiO2 

nanoparticles on MoS2 nanosheets can effectively suppress 
the aggregation of MoS2 restacking during Na+ ions inser-
tion/extraction. Meanwhile, the MoS2-based anodes for SIBs of-
ten suffer from the shuttle effect of intermediate polysulfides dur-
ing the charge/discharge process. The TiO2 nanoparticles uni-
formly distributed on the surface of MoS2 nanosheets serve as ad-

sorbent to immobilize polysulfides, which effectively suppresses 
the shuttle of polysulfides for improved stability. 2) The expanded 
layer spacing of MoS2 nanosheets from 0.64 nm to 0.98 nm could 
not only facilitate the insertion and diffusion of Na+ ions but also 
offer more active sites to adsorb Na+ ions. It results in the en-
hanced kinetics of Na+ ions transport. Moreover, the voids en-
closed by nanosheet arrays at the substrate surface could accom-
modate volume expansion. In order to investigate the surface fea-
ture of CNT-MoS2/TiO2-C electrode, the 3D rough reconstruc-
tion is conducted by atomic force microscope (AFM). As shown 
in Figure 4g1–2, the surface of the CNT-MoS2/TiO2-C electrode is 
relatively flat before discharging. After discharge to 0.01 V (Fig-
ure 4h1-h2), the insertion of Na+ ions leads to a slightly coarse 
surface and expanded volume of the surface of CNT-MoS2/TiO2 -
C electrode. In contrast, the surface roughness of CNT-MoS2 

electrode (Figure 4I1-2) significantly increases after being dis-
charged to 0.01 V. 3) The glucose can not only serve as carbon 
source to improve the conductivity of the composites, but also 
its derived carbon layer acts as a protective layer to strengthen 
the heterointerface between MoS2 and TiO2 to avoid the struc-
tural collapse, both of which enhance the structural integrity and 
cycling stability. 4) The enhanced pseudocapacitance and hierar-
chical architectures can facilitate the kinetics in charge storage 
and transport and accommodate the volume expansion, which 
contributes to high rate capability. 
In addition to features discussed above for enhancing SIB stor-

age properties, the most crucial features of CNT-MoS2/TiO2-C 
electrode are that it offers abundant heterointerfaces to maximize 
the Na+ ions storage as well as provide stability during extended 
cycling. It is crucial to elucidate the effect of the heterointerface in 
the CNT-MoS2/TiO2-C electrode for its enhanced electrochem-
ical performance. Operando sXRD was performed to monitor 
structural evolution of the CNT-MoS2/TiO2-C electrode during 
the charge/discharge process. The XRD patterns at different 
charge/discharge states during the first cycle were displayed in 
Figure 5a with the corresponding charge/discharge profile of the 
first cycle between 0.01-3 V shown in Figure 5b. The peaks located 
at 3.7o , 7.3o , and 9.6o in the operando XRD are associated with the 
(002) plane of MoS2, (100) plane of anatase TiO2, and (100) plane 
of MoS2. During the Na+ ions intercalation process, the (002) 
peak of MoS2 progressively shifts to lower angles until 1.5 V, 
which is associated with the expansion of interlayer spacing. No 
new peaks appear in the following discharge process, indicating 
that the crystal structure is preserved and Na+ insertion into 
MoS2 occurs via intercalation into the layers following a solid-
solution mechanism. This result suggests that the Na+ storage 
mechanism in CNT-MoS2/TiO2-C electrode is lack of first-order 
phase transition and follows a solid-solution mechanism rather 
than the commonly-discussed “decomposition” reaction.[45,46] 

The result is consistent with the pseudocapacitive behavior of the 
CNT-MoS2/TiO2-C electrode discussed earlier. It is postulated 
that such pseudocapacitive behavior occurs upon a solid-solution 
phase transition process facilitated by the heterointerface be-
tween MoS2 and TiO2, which promote excellent structural 
stability during Na+ ion intercalation. Upon deintercalation, the 
crystal structure of MoS2 maintains well, suggesting that there is 
no significant volume change in the CNT-MoS2/TiO2-C electrode 
and it can reversibly accept/release Na+ . The solid-state nuclear 
magnetic resonance (NMR) was performed to evaluate Na+ 
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Figure 5. a) Operando sXRD patterns of as-prepared CNT-MoS2/TiO2-
C electrode and corresponding charge-discharge profile of the first cycle, 
and b) Experimental and simulated 23Na NMR spectra of MoS2-TiO2 and 
MoS2 electrodes at different states of charge. 

storage in MoS2 and TiO2 of electrodes at different states of 
charge. Figure 5c shows the experimental and correspond-
ing simulated 23Na-NMR spectra of the CNT-MoS2 electrode 
discharged to 0.01 V. From the simulated results, it can be 
concluded that a large amount of Na+ is inserted into MoS2 

nanosheets when discharged to 0.01 V. The peak located at 
-6 ppm is ascribed to the Na+ inserted into MoS2, while the 
other resonance ≈6.8 ppm corresponds to SEI arising from the 
electrolyte decomposition at the first discharge process.[47]  In 
addition to the SEI peak at 6 ppm and Na in MoS2 nanosheets at 
-10 ppm, a new resonance at -25 ppm is detected in the spectra 
of the CNT-MoS2/TiO2-C electrode discharged to 1 V, which can 
be attributed to the Na+ stored at the interface between MoS2 

and TiO2. According to the quantitative analysis, the content 
of Na in MoS2 and SEI is 63% and 7.3%, respectively. The rest 
of Na (29.7%) distributes at the interface between MoS2 and 
TiO2. For the sample discharged to 0.01 V, the 23Na resonance 

of Na in MoS2 demonstrates a shift from -10 ppm to -6.1 ppm 
due to the phase transformation of MoS2 during the discharge 
process. Quantitative analysis shows that 22.9% discharge 
capacity is from the interface when discharged to 0.01 V. It is 
worth noting that Na+ in TiO2 is not determined in the analysis. 
This is because the 23Na resonance of TiO2 is located at -7 ppm 
which overlaps with Na in MoS2.

[47]  Therefore, it is difficult to 
distinguish it from the 23Na resonance of Na in MoS2 due to 
the weak intensity of Na in TiO2. When the electrode is charged 
(desodiated) to 3 V, the peak of Na in MoS2 can return to -10 ppm, 
indicating the reversibility of the Na insertion/extraction from 
MoS2 sheets. Such results reveal that the higher specific capacity 
of the CNT-MoS2/TiO2-C electrode is associated with not only 
the MoS2 and TiO2, but also the heterointerface that offers active 
sites for additional charge storage. 
DFT calculations were performed to understand the interfacial 

behavior in the discharge process. The theoretical study offers an 
atomic level understanding of the improved electrochemical per-
formance of CNT-MoS2/TiO2-C electrode. The models of MoS2 

(001)-TiO2 (110) heterojunction were conducted due to their sim-
ilar orientation (Figure 6a), which has been fully optimized. Be-
fore contact, MoS2 as a p-type semiconductor exhibits the band 
gap of 1.89 eV,[48]  which is higher than that of TiO2 (n-type semi-
conductor, 3.2 eV).[49]  To illustrate the activity of MoS2/TiO2 in-
terface, the adsorption of Na+ on the MoS2, TiO2, and heteroint-
erface were examined (Figure 6b and Figure S9, Supporting In-
formation), respectively. Based on the optimizing model, the Na 
ions tend to coordinate with four nearest neighbor S atoms from 
MoS2 and also coordinate with one O atom at TiO2 surface with 
the Na–S and Na–O bonds, respectively. The results demonstrate 
that the adsorption energy at the heterointerface is larger than 
that at the separated MoS2 or TiO2 surface. The enhanced ad-
sorption strength in MoS2/TiO2 interface suggests smaller en-
ergy barriers, which can be attributed to the synergetic effect. The 
heterointerface could offer additional affinity toward Na, which 
does not affect the original Na–S sites. The electronic structure 
analysis was performed to understand the synergetic behavior. 
The charge density difference at the interface with inserted Na 
is shown in Figure 6c, the charge redistribution mainly occurs 
at the interface where the charges accumulate around S and O 
atoms. It illustrates that the Na atom tend to donate charge to 
the surrounding S and O atoms during the sodiation process, 
which enhances the binding ability. This improvement can be 
qualitatively calculated by Bader charge analysis, which shows 
that doped Na atom contribute 1 eV to the S and O atoms. More-
over, the electron localization function (ELF) was conducted to 
explore the essence of interaction (Figure 6d). The charge den-
sity changes during Na insertion and the blue area around Na 
atom becomes dark while the red color increase around O and 
S atoms. ELF value distribution results illustrate that Na atoms 
interacts electrostatically with O and S atoms on the interface by 
yielding charges. It provides convincing evidence to support the 
charge separation at the heterointerface. Based on the above cal-
culations, a possible Na+ ions storage mechanism is proposed 
in Figure 6e. The built-in electric field at the heterointerface will 
form once the MoS2 and TiO2 are in contact, which will facilitate 
the accumulation of negative charges on the MoS2 side and pos-
itive charges on the TiO2 side. The negative charges accumulat-
ing at the MoS2 surface can be neutralized by attracting Na+ ions 
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Figure 6. a) Relaxed MoS2/TiO2 interface structure, b) Na atom adsorption at the interface, c) Charge density difference plot, d) ELF plot after Na 
doping, and e) scheme illustration of Na+ ions storage mechanism for CNT-MoS2/TiO2-C electrode. 

under the electric field, which greatly promotes the Na+ ions dif-
fusion and enables the formation of a “sodium reservoir” in the 
heterostructure of the sample. 

3. Conclusion 

In summary, we designed and synthesized a novel heterointer-
face which is composed of amorphous carbon-coated MoS2/TiO2 

heterostructure anchored directly on CNT. The ultrathin MoS2 

nanosheets are decorated with ultrafine TiO2 nanoparticles en-
capsulated in amorphous carbon and preferentially assemble 
into the sandwich-like structure between CNT and the carbon 
outer layer. Such coaxial-shaped structure constructed from CNT 
could offer facile paths for Na+ ions diffusion and improve struc-
tural stability. Particularly, the ultrafine particles can create abun-
dant interfacial contacts between MoS2 nanosheets and TiO2 

nanoparticles, which enhances the reaction kinetics, the struc-
tural stability, and modulates the electronic properties of MoS2. 
The experimental and theoretical results reveal that the abun-
dant molecular scale interfacial sites play an important role in 
providing additional active sites for enhanced capacity. Moreover, 
the built-in electrical field formed at the interface could reduce 
the diffusion barrier to strengthen the ion diffusion and charge 
transfer. Further, ultrafine TiO2 nanoparticles serve as an anchor 

to prevent MoS2 from restacking and aggregation as well as ab-
sorbents to bind polysulfide intermediates from redox shuttle for 
improved cycling stability. More importantly, the heterointerface 
between MoS2 and TiO2 gives rise to the pseudocapacitive behav-
ior with suppressed first-order phase transition during cycling 
for fast kinetics. Based on the strong interface synergistic effect, 
the CNT-MoS2/TiO2-C electrode demonstrates excellent rate ca-
pability (300 mAh g−1 at 10 A g−1) and superior cycling stability 
(over 3000 cycles was achieved at 5 A g−1). Given the insights ob-
tained through the systematic study of the heterointerface in this 
work, it provides a new strategy to develop electrode materials 
with tailored interface with both high energy and power density 
for sodium ion storage. 
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