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49 ABSTRACT: Atomic intercalation of different agents into two-dimensional layered materials
can engineer the intrinsic structure at the atomic scale and thus tune the physical and chemical
54 properties for specific applications. Here we successfully introduce tin (Sn) atoms into the

56 interlayer of a-MoQOj3 nanobelts forming a new MoOs-Sn intercalation with ultra-stable structure.
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Combining with theoretical calculations, our synchrotron radiation-based characterizations and
electron microscope observations clearly reveal that the intercalated Sn atoms could bond with
five O atoms, forming a pentahedral structure. Subsequently, the Sn-O bonds induce a less
distorted [MoQg] octahedral structure, resulting in a unique structure that is distinct with pristine
a-MoOs or any other Molybdenum oxides. Employing as anode for lithium-ion battery, the as-
prepared MoOs-Sn nanobelts display a much higher capacity of 520 mAhg™ at 500 mAg™" than
o-MoO; nanobelts (291 mAhg™), with a Coulombic efficiency of 99.5%. Moreover, owing to the
strong intercalation from Sn ions, the MoO;-Sn nanobelts pose superior cyclability, durability

and reliability.
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Two-dimentional (2D) layered materials have attracted considerable attention in the past
decade for their excellent physical, chemical, electronic and optical properties with their various
potential for technological applications as well as an abundant of unexplored fundamental
science' . Typically, 2D layered materials exhibit strong in-plane covalent bonding and weak

out-of-plane van der Waals interactions through the interlayer gap. Therefore different types of
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intercalation agents can be intercalated into the interlayer space, without causing a chemical
bond rupture and structure damage in 2D materials'>'®. Such intercalations provide a facile way
to create new types of multifunctional materials to promote the physical and chemical properties.
For examples, the larger interlayer distance was reported to generate more active site and ion

19,20

channels for chemical reactions . The changed band structure induced by intercalatation can

cause the promotion of conductivity and optical performance®'

, which largely extends 2D
layered material’s applications for opto-electronic devices, energy storage and conversion,

photoelectrocatalysis, etc.

As an energy storage device, Lithium-ion batteries (LIBs) have shown a high performance
application for mobile electrical devices and electric vehicles due to high energy density and

longer lifespan®

. However, as the insertion/extraction of Li ions, the charge-discharge process
often results in variations in the layer distances, which is accompanied by successive phase
transitions. In addition, low stability of circulation at high rates prevents the LIBs to accomplish

the industry needs of these new applications®*>?

. Therefore, looking for new materials or
designing new structure to develop LIBs has become a urgent need. Fortunately, by controlling
the morphology and structure of the developed 2D layered materials, the expanded interlayer
spacing and reduced distance for Li" and electron diffusion can improve the performance of
LIBs. A recent study revealed that the effect of different interlayer cations on the storage
capacity and cycling stability of layered manganese oxide (MnO,)*, it’s influenced by the

interlayer spacing and the potential Coulomb repulsion forces between cations. These results

provide promising ideas for the efficient design of advanced electrodes for LIBs.

Among various candidates, layered molybdenum trioxide (MoOs) was carefully investigated

as an anode for LIBs due to its good chemical stability and unique 2D layered structure. In fact,
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MoO; nanobelts were considered to be a promising anode material for rechargeable LIBs

because of the efficient electron transport pathways and facile strain relaxation®>>**

. However,
the undesirable ionic and electronic conductivity of MoOj; leads to poor electrochemical kinetics
and a serious capacity fading during cycling, especially at high rates failing to achieve theoretical
capacity by using pure sample. Orthorhombic MoO; (a-Mo0Os3) phase is a thermodynamically
stable phase than monoclinic MoOs (f-Mo00O3) and hexagonal MoO; (A-MoQOs) phases. The a-
MoOs; phase is constituted by corner-sharing [MoOg] octahedra along [001] and [100] directions.
Two sublayers are stacked together by sharing the edges of octahedra along the [001] direction to
form a layer. Moreover, an anisotropic structure with layers along the [010] direction with van
der Waals interaction leads to the formation of a-MoO; with a two-dimensional layer structure,
thus it allows guest atoms (Li", M™") insert into the layers by intercalation®**®*’. Furethermore,
the [MOg] octahedron in a-MoOj is significantly distorted, there is a clear tendency towards
molybdenyl MO,*" formation®®. Traditionally, tin and tin oxide are good candidates for an anode
of lithium-ion batteries, but they have relatively low theoretical capacity compared with a-MoQOs3
(Sn: 992mAhg-1, SnO,: 782mAhg-1, a-MoOs: 1111mAhg-1) #*>*° Considering of this, we
assume a-MoOj as a good host for tin metal ions within its inner planes to create Mo-O-Sn-O-
Mo structure in order to protect the structural stability and enhance conductivity of LIBs. To
demonstrate the predication, we synthesized white single crystalline a-MoOj; nanobelts and Sn
ions intercalated a-MoOs nanobelts (MoOs-Sn nanobelts) by using a facile hydrothermal
method. Our theoretical calculations and experimental results confirmed the atomical
intercalation of tin atoms in the interlayer of molybdenum oxide, which demonstrate a promising

anode candidate for LIBs with high capacitance and excellent long cycling performance.
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1

2

i Typically, the MoO3-Sn nanobelt was synthesized by using a simple hydrothermal method in
5 . . . . .

6 acetone solution. Figure la illustrates the synthesis process of our samples. Firstly, the
7

8 synthesized a-MoO; nanobelt was dispersed into acetone solution and ultrasonic to achieve a
9

10 uniform mixture. Then, the tartaric acid and stannous chloride dihydrate were dissolved into the
11

1; mixture with heating and continuously stirring. During the reaction, the solution appeared
14

15 obvious color change from white to blue. Finally, the blue product was obtained. This reaction
16

17 has two processes: firstly, zerovalent Sn atoms were inserted into the interlayer of a-MoOQOj via a
18

;g disproportionation redox reaction of Sn(I), according to the previous reports*’*?; afterward, the
21

22 Sn atoms in the interlayer interacted with the oxygen atoms of the layer to form a stable structure
23

24 which will be discussed in the following section.
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44 Figure 1. (a) [llustration of the synthesis process of the MoO3-Sn nanobelts, (b) XRD patterns of
46 a-MoOj; nanobelts, MoOs3-Sn nanobelts and standard card PDF#01-0706, (c) Raman spectrum
48 (532.2 nm excitation) of a-MoO; nanobelts and the MoOs-Sn nanobelts, (d-g) SEM, TEM ,
HRTEM (selected area electron diffraction pattern inserted) and STEM-EDS element mapping

53 images of MoOs3-Sn nanobelts.
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First of all, X-ray diffraction results show the crystal structures and phases of the pure a-MoO3
nanobelts and the MoO;-Sn nanobelts. As shown in Figure 1b, all diffraction peaks can be
exclusively indexed as the orthorhombic a-MoOs phase and a space group of Pbnm (PDF#01-
0706), suggesting a high purity of the products. The strong intensity of the diffraction peaks at
12.82°, 25.73°, 39.13°, which can be indexed to (020), (040), (060) planes of a-MoO; nanobelts,

36,343 .
24303638 1 the meanwhile, Raman

indicates that there is a preferred orientation on the ac plane
spectroscopy of a-MoOs nanobelts and the MoOs-Sn nanobelts was collected under 532.3 nm
excitation, which shown in Figure lc in the range 100-1200 cm™ *****% Compared with a-
MoOj3 nanobelts, there is no obvious change from Raman spectrum after Sn atoms intercalation.
This suggests that the MoO;-Sn nanobelts maintained the original a-MoOs structure without
obvious changes, which is consistent with the XRD characterization. The corresponding SEM
images of a-MoO; nanobelts and MoOs3-Sn nanobelts are shown in Figure Sla (Supplementary
information) and Figure 1d. It can be observed that before and after intercalation, the nanobelts
keep the morphology with width of 200-500 nm and lengths of about 10 um. To further
understand the morphology and micro-structure of samples, transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HRTEM) were employed. As
shown in Figure S1b and Figure le, both of a-MoOj; nanobelts and MoOs-Sn nanobelts have the
similar appearance without any impurity, indicating the introduction of Sn atoms did not affect
the morphology. The smooth surface was retained after the intercalation which is in good
agreement with SEM observations. By magnified the HRTEM image (Figure 1f), MoOs-Sn
nanobelts display two set of obvious crystal lattice fringes, corresponding to the 0.37 A and 4.0

A atomic spacings, which are assigned to the {001} and {100} planes respectively, consistent

with previous reports of a-MoOj3 nanobelts®*~>***47 The SAED pattern of MoOj3-Sn nanobelts
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can be attributed to the [010] zone axis, according to HRTEM analysis. It reveals the single-
crystalline nature of the MoOs;-Sn nanobelts. The SAED of a-MoO; nanobelt in Figure Slc
displays similar patterns. Based on the above electron microscope analys, we can suggest that the
nanobelts grow along the [001] direction. The chemical composition of MoOs3-Sn nanobelts was
further probed by element mapping and energy dispersive spectroscopy (EDS) analyses. Figure
S1d indicates three elements of O, Mo, and Sn in the as-synthesized samples. According to EDS
analysis, the content of Sn element in MoOj; nanobelts is 1.68 at% (see Table S1). The elemental
mapping images show the homogeneous distribution of three elements in the whole nanobelts
(see Figure 1g). According to these analysis results, it can be concluded that the intercalated Sn
atoms are uniform distribution in the interlayers of nanobelts, and the host a-Mo0O; maintains the

original structure.

X-ray photoelectron spectroscopy (XPS) was conducted to analyze the elemental composition,
content and chemical state of the a-MoQO3 nanobelts and MoOs3-Sn nanobelts. Figure 2a shows
the high resolution XPS spectra of Mo 3d of a-MoO; nanobelts and MoQOs-Sn nanobelts. The
XPS spectrum of Mo 3d in the a-MoOs nanobelts displays two characteristic peaks, located at
233.1 eV and 236.3 eV arising from Mo (VI) 3ds;, and Mo (VI) 3d;/, orbital, which is similar to

- 28,48
the previous reports™

. Meanwhile, M0Os-Sn nanobelts show the similar shape with Mo 3d
peaks located at 232.8 eV and 236.0 eV. However, there are obvious downshifts to the lower
binding energy compared with a-MoOs nanobelts, implying Mo atoms gain some electrons. The
XPS of Sn 3d in the MoO3-Sn nanobelts was also tested (Figure 2b), which displays two peaks at
about 486.7 ¢V and 495.3 eV attributed to the Sn (IV) 3ds, and Sn (IV) 3d3, respectively”.

Base on the reaction process, it can be reasonably proposed that the intercalated zerovalent Sn

atoms combined with the oxygen atoms of a-MoO3 accompanied by electron transfer, and then
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these Sn atoms lost some electrons to state of nearly four valence. Considering the detection of

XPS technique, we also obtained the content of Sn in MoOj3 nanobelts is 1.48 at% (see Table S1),

The Journal of Physical Chemistry Letters

consistent with the EDS analysis.
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Figure 2. (a, b) XPS spectra of a-MoO; nanobelts and MoQO3-Sn nanobelts Mo 3d peak and Sn
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bond length and coordination state for SnO, and MoO;-Sn nanobelts.

In order to further identify the microstructure of Sn atoms in the interlayer of a-MoOs
nanobelts, we used the synchrotron radiation-based X-ray absorption fine structure spectroscopy

(XAFS) which can investigate local bond lengths and coordination environment of a given
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element. Figure S2a shows the XANES spectra of Mo edge and the corresponding Fourier-
transformed (FT) EXAFS spectra revealing the Mo-O bond length and coordination state for
MoOj; foil, a-MoO; nanobelts and MoOs-Sn nanobelts. It indicates that after introduction of Sn
atoms, the microstructure of MoOs nanobelts has not been damaged. This conclusion is
consistent with the previous analysis. However, in the real space, there is a difference of Mo-O
bond at the second peak in the Figure S2b, indicating the coordination number of Mo-O has a
little increase than Sn atoms intercalation before. It means the structural change of [MoOg]
octahedral due to the intercalation of Sn atoms. The length of Mo-O bond has a slight blue shift,
indicating the average bond length is shorter. Figure 2¢ displays XANES spectra of Sn K-edge of
SnO, SnO, and MoO3-Sn nanobelts. It can be observed that the structure of Sn in the MoO3-Sn
nanobelts is close to SnO; rather than SnO. It is consistent with the analysis of XPS. The Sn
atoms exist in nearly four valence state. The FT curves of SnO, and MoO3-Sn nanobelts shown
in Figure 2d indicate the SnO, and MoOs-Sn nanobelts have the same Sn-O bond, but the
coordination number of Sn-O in the M0oO;-Sn nanobelts is less than SnO,. To obtain quantitative
structural information of Sn atoms in the nanobelts, a least-squares curve parameter method was
performed. The fitting results are summarized in Figure S3 and Table S2. According to the
fitting data, it can be concluded that the intercalated Sn atoms in the interlayer of MoOs
nanobelts are bonding with O atoms. The Sn-O bond length is about 2.05 A and the coordination
number is 5.2. The structure of [MoOg] octahedral is affected by Sn atoms due to the interaction

between Sn atoms and O atoms.
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Figure 3. (a) Assumptions of different Sn atomic positions in MoOj structure, (b) related the
total energy of different Sn atomic positions, (c) the optimum structure of (Sn 2), (d) the

calculated total densities of states of a-MoO3 and MoQOs3-Sn structure.

Periodic DFT code VASP calculations were further carried out to understand the Sn atomic
occupying information. We have assumed seven different Sn atomic positions as shown in
Figure 3a. According to the structure of each Sn atoms occupies position, we calculated the total

energy at different situations. Figure 3b displays the obtained calculation result, we can see that

ACS Paragon Plus Environment

10

Page 10 of 24



Page 11 of 24

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

the lowest total energy of -541.82 eV was obtained when Sn atoms locate at the position (Sn 2)
(Different model of the Sn atoms bonding environment and total energy shown in Figure S4 and
Table S3). It indicates that (Sn 2) is the most stable structure in the seven hypotheses. The
optimum structure of (Sn 2) displayed in the Figure 3¢ shows that the intercalated Sn atoms in
the interlayer of MoOs structure combines with 5 O atoms forming a pentahedral structure with
the bonding length of 2.06 A, consistent with the EXAFS analysis result. Besides, according to
the calculation result, the Mo-O bond length of [MoOg] octahedral was obtained (shown in Table
S4). Compared with a-MoOs nanobelts, the Mo-O average bond length of MoOs-Sn nanobelts
becomes shorter and more average after the intercalation of Sn atoms, consistent with the
EXAFS analysis result. Therefore, the [MoQOg] octahedral in MoO; will be less distorted and
more stable after the Sn intercalation. The calculated total densities of states of a-MoO; and
MoO;-Sn structure are shown in Figure 3d. It can be clearly observed that the impurity states
exist in the band gap, which is mainly contributed by Sn atoms. The impurity states services as a
donor and enhances the density of charge carrier. By means of the detailed calculation, each Mo
atom gains 0.032 electrons after the intercalation, resulting in the system conduction band
minimum (CBM) position reduce and the forbidden band width decrease, as well as the electrical

conductivity of sample increases (Figure S5).

As mentioned above, the poor electrochemical kinetics and serious capacity fading during
cycling limite the application of a-MoOs in LIBs field. However, the intercalated Sn atoms
enhance the structural stability and electroconductibility of a-MoOj;, which motivate us to
investigate as-prepared MoOs-Sn nanobelts for LIB application. As shown in Figure 4a, the rate
performance of a-MoQOj3; nanobelts and MoQOs-Sn nanobelts were studied at different cycling rates.

Clearly, the MoOs3-Sn nanobelts exhibit much better performance with average initial discharge
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capacity of 657, 602, 520, 411, 329, 159 mAh g'1 at current density of 100, 200, 500, 1000, 2000,
5000 mA g, respectively, which is almost twice higher than the initial capacity of a-MoOj;
nanobelts at high rates. It is worth noting that the discharge capacity can still reach 518 mAh g’
when the current density changes back to 100 mA g'. This result suggests a high rate capability
and good stability of the LIBs with MoOs-Sn nanobelts electrodes. Figure 2b displays the
discharge/charge voltage profiles of the MoO;-Sn nanobelts at a current density of 500 mA g'1
over a voltage range from 0.01 to 3.0 V. It can be observed that the charge and discharge
capacity of MoOs-Sn nanobelts electrode can reach 537 and 896 mAh g in the first cycle, and
the coulombic efficiency is estimated as 60.1%. In the following cycles, the coulombic efficiency
rises up to 99%, and remains higher than 99%. Due to the activation process, the capacity
decreases at the beginning, and then recovers as the cycle test. After 300 cycles, the discharge
and charge capacity can still remain at 500.1 and 505.5 mAh g"'. Even until 500 cycles, it still
maintains a high capacity. The cycling performance of the a-MoOj; nanobelts and MoOs3-Sn
nanobelts at a current density of 500 mA g in 200 cycles is shown in Figure 4c. It can be seen
that compared with the a-MoO; nanobelts, MoOs-Sn nanobelts display the higher cycling
capacity, consistent with the rate performance test. Furthermore, in order to prove the stability of
MoOs-Sn nanobelts electrodes, we tested the electrodes for 200 cycles at 100 mA g and 500
cycles at 500 and 1000 mA g (Figure S6). It further demonstrates the cyclic stability of MoOs-

Sn nanobelts electrodes at high rates.
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Figure 4. (a) The rate performance of a-MoQO; nanobelts and MoOs-Sn nanobelts at different
cycling rates, (b) the discharge/charge voltage profiles of the MoO;-Sn nanobelts at a current
density of 500 mA g-1 over a voltage range from 0.01 to 3.0 V, (c) The cycling performance of
the a-MoO; nanobelts and MoOs-Sn nanobelts at a current density of 500 mA g-1, (d)

electrochemical impedance spectroscopy (EIS) analysis of MoOs; nanobelts and MoO;-Sn

The significantly enhanced rate and cyclic performance of MoOs3-Sn nanobelts electrodes may
be closely related to their excellent conductivity, which has been further confirmed by
electrochemical impedance spectroscopy (EIS) analysis. Figure 4d shows Nyquist plots of the

two samples over the frequency range from 100 kHz to 0.01 Hz. It clearly shows that both the
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nyquist curves compose two parts, a semicircle in the high frequency region and a straight line in
the low frequency region. The semicircle is related to the charge-transfer resistance (Rct) and the
double-layer capacitance between the electrolyte and anode (Cdl). The inclined line is the
Warburg impedance (Zw), which is associated with the Li" ion diffusion in the bulk electrode
active particles*’. Obviously, the diameter of the semicircle of the MoO3-Sn nanobelts electrode
is much smaller than that of a-MoOs nanobelts electrode, suggesting a lower charge-transfer
resistance of the MoOs-Sn nanobelts. Apart from this, the impedance slope of the MoO;-Sn
nanobelts electrode is much higher than that of a-MoOs nanobelts, indicating a higher mobility
of Li" ions in MoOs-Sn nanobelts electrode. To further demonstrate this, we calculated the
diffusion coefficient of Li" ion according to the EIS data (shown in Figure S7). As a result, the

Li" ions diffusion coefficient of MoOs-Sn nanobelts (7.28 X 10" ecm?s™) is much higher than
that of a-MoO5 nanobelts (3.32 X 10™* cm?s™). It is probably due to the intercalation of Sn atoms

extending the layer spacing of a-MoOQ3 nanobelts, resulting in the fast transmission of Li" ions.
In addition, the intercalated of Sn atoms reduced the CBM, making the fast electronic
transmission. In order to exclude the Sn atoms providing the LIB capacity, we made the XRD
analysis of MoOs-Sn nanobelts electrode after discharge. Figure S8 shows XRD patterns of
Mo0O;-Sn nanobelts electrode after Li insertion, it can be well indexed to Li,MoO4 (PDF#12-
0763) and Cu (PDF#01-1241). There is no diffraction peak attributed to Li-Sn compounds,
indicating the intercalated Sn did not participate in the charge and discharge reaction of MoOs-
Sn nanobelts electrode. Moreover, to confirm the cyclic stability of MoO3-Sn nanobelts electrode,
the cyclic voltammograms was carried out. Figure S9 displays the CV curves of a-MoO;
nanobelts and MoO3-Sn nanobelts with 1st, 2nd, 5th cycles. It shows the same peaks without any

new peak, meaning the same electrochemical process during lithiation/delithiation process. Due
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to the structure of MoOj; nanobelts has a little change after the intercalation of Sn atoms, the peak
position has a little deviation. The presence of Sn atoms stabilizes the structure of the a-MoOs

nanobelts and leads to the cyclic stability increased.

In summary, we have successfully introduced Sn atoms into the interlayer of a-MoOs
nanobelts, with the Sn-MoOj3 nanobelts retaining the original morphology and good structural
satability without any damage except for the increase of layer spacing. The intercalated Sn atoms
were uniform distributed in the interlayer of a-MoO; nanobelts. By means of the XAFS analysis
and first-principle calculation, Sn atoms were clearly proved to be bonded with five O atoms
forming a pentahedral structure with the Sn-O length of about 2.05 A. Furthermore, the
intercalated Sn atoms lead to a less distorted [MoQOg] octahedral structure due to the interaction
between Sn atoms and O atoms, resulting in the structure of MoOs nanobelts more stable. The
as-prepared MoOs-Sn nanobelts displayed a much higher charge and discharge capacity and
superior cyclic stability than the orighnal MoOj3 nanobelts in lithium battery performance. This
can be ascribed to the intercalation of Sn atoms extending the layer spacing of a-MoOj; nanobelts,
leading to the fast transmission of Li" ions and electronics. This study provides a novel route to

design new anode materials for LIB and other related applications.
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