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Abstract: Orthorhombic molybdenum trioxide (MoO3) is one of the most promising 

anode materials for sodium-ion batteries because of its rich chemistry associated 

with multiple valence states and intriguing layered structure. However, MoO3 still 

suffers from several major challenges like low rate capability and poor cycle induced 

by pulverization during de/sodiation. Here, we reported an ingenious two-step 

synthesis strategy to fine tune the layer structure of MoO3 targeting stable and fast 

sodium ionic diffusion channels. By an integration of partially reduction and organic 

molecule intercalation methodologies, the interlayer spacing of MoO3 was remarkable 

enlarged to 10.40 Å and the layer structural integration are reinforced by dimercapto 

groups of bismuththiol molecules. Comprehensive characterizations and Density 

functional theory (DFT) calculations proved that the intercalated bismuththiol 

(DMcT) molecules substantially enhanced electronic conductivity and effectively 

shield the electrostatic interaction between Na+ and the MoO3 host by conjugated 

double bond, resulting in improved Na+ insertion/extraction kinetics. Based on these 
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beneficial features, the newly devised layered MoO3 electrode shows lower internal 

reaction resistances and charge transfer resistance, as well as prolonged cycling 

stability for sodium-ion batteries. Specifically, It can deliver remarkable capacity (256 

mA h g-1 at 0.2 A g-1) with excellent long-term performance under a high current (105 

mA h g-1 at 5 A g-1 after 1200 cycles) for sodium-ion batteries. Impressively, our 

assembled sodium-ion full batteries coupled with Na3V2(PO4)2O2F (NVPOF) cathode 

manifest an impressive specific capacity of 130 mA h g-1 after 100 cycles at a current 

density of 0.2 A g-1 and outstanding rate-performance with 100% capacity retention. 

These achievements are of vital significance for the preparation of sodium-ion battery 

anode materials with high-rate capability and long cycling life using intercalation 

chemistry. 

 

1. Introduction 

Last few years，the sodium-ion batteries (SIBs) have captured the attention of 

many researchers because of the natural abundance and inexpensive cost of sodium 

resources, environmental friendliness, especially similar physical and chemical 

properties between lithium and sodium.[1-4] Accordingly, it is commonly believed that 

the SIBs are a potential alternative to the lithium-ion batteries (LIBs) for portable 

electronic devices and electric vehicles.[3, 5-8] Thus, multitudinous anode materials 

have been studied for SIBs，such as carbon-based materials,[9-12] transition metal 

sulfides and oxides,[5, 13-16] as well as some sustainable organic materials.[17-19] Among 

them, transition metal oxides have attracted widespread attention due to its high 

volumetric and excellent rate behaviors.[16, 20] In particular, MoO3 is an important 

layered transition metal oxide electrode materials with unique functional properties, 

which can deliver an outstanding theoretical capacity of 1117 mA h g−1 during 

insertion and conversion reactions.[21-23] Unfortunately, like majority high-capacity 

anode materials, the MoO3 also has some disadvantages, for instance, large volume 

change, weak conductivity and poor ion diffusion power during de/sodiation. 
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To enhance the specific capacity and improve energy density of MoO3, most 

researchers achieve it by regulating and controlling various MoO3 nanostructures. For 

example, Wu et al. reported the electrochemical performances of MoO3 nanosheets 

electrode materials for LIBs and SIBs.[21] This work constructs a three-dimensional 

array-type hierarchical architecture for energy storage by loading the MoO3 

nanosheets on carbon fiber cloth, and there are a huge amount of gaps within the 

structure, allowing large volume expansion to buffer during the Li+/Na+ 

insertion/extraction, which enables the enhanced in cycling stability and rate 

capability. In addition, intercalation chemistry, a chemical process to reversibly insert 

foreign species at the crystal gap, has been discovered and employed over the past 

few years, until recent years, more emphasis has been laid on the research.[24] Since 

then, intercalating foreign species has grown dramatically in the field of energy 

storage. For instance, alkali metal ions (Li+, Na+ or K+) and a few multivalent cations 

(Ca2+, Mg2+, Fe2+, Mn2+, Zn2+, etc.) are introduced into the layers of the electrode 

materials with layered structure to increase the capacity of batteries.[25-30] Liang et al. 

and his team reported a series of LixV2O5·nH2O as cathodes for aqueous zinc-ion 

batteries (ZIBs).[31] In their work, Li ions are intercalated in the interlayers of 

V2O5·nH2O through simple chemical intercalation, which causes an increase in the 

interlayer distance that the d-spacing of (001) face is enlarged from incipient 12.00 Å 

to 13.77 Å. At the same time, this increase of layer spacing further accelerates the 

diffusion of ions. As a consequence, the product of LixV2O5·nH2O after regulation 

delivers ultra-long cycle stability and excellent high-rate performance. Additionally, 

the rapid development of conducting polymers such as polypyrrole, polyaniline, 

polythiophene and so on have been widely applied in the field of energy and 

optoelectronic devices because of their remarkable merits that not only possess the 

unique properties of metal conductors and semiconductors but also own the excellent 

process-ability.[32-34] Based on the above beneficial characteristics, Xia et al. and his 

group fabricated the polyaniline intercalated MnO2 nanolayers through an interface 

reaction, and it exhibits a high-performance for aqueous ZIBs.[35] Because the guest 
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polyaniline in the interlayer strengthen the extended layered structure of MnO2 as well 

as promote charge storage. Accordingly, an unprecedented stability of 200 cycles with 

at a high capacity of 280 mA h g−1 is achieved, as well as a long-term stability of 

5000 cycles. All in all, insertion of guest species will bring the following results: 

larger layered structure，improvement conductivity, reinforcing structural stability, 

and the guest polymer also can participate in the electrochemical process with itself 

and contribute a certain amount of capacity. Therefore, the troublesome problem we 

are currently facing is to seek a suitable interlayer chemical engineering to modify the 

layer structure of different host particles so as to increase the long cycling life and 

improve the capacity of the batteries.  

According to the previous knowledge, the α-MoO3 phase possesses a unique 

layered structure, has been regarded as a promising host for Li/Na ion storage. 

However, the insufficient interlayer spacing of the pristine MoO3 (6.92 Å) and 

intrinsically poor electrical/ionic conductivity often result in sluggish diffusion 

kinetics and poor cycling stability. Consequently, in this work we presented an 

effective interlayer engineering strategy to greatly boost the electrochemical 

performance of MoO3 for SIBs. This two-step synthesis strategy is based on an 

integration of partially reduction and organic molecule intercalation methodologies. 

As a result, the interlayer spacing of MoO3 was gradually enlarged from 6.92 Å to 

10.40Å and the structural integration of layers was reinforced by the intercalated 

DMcT molecules, which serve as anchors to strengthen the extended layered structure. 

Diffusion kinetic analysis, in-situ X-ray diffraction, and ex-situ HRTEM at different 

cycles further confirmed that the DMcT-intercalated MoO3 (DMcT-MoO3) has lower 

internal reaction resistances and charge transfer resistance, as well as a robust 

architecture for prolonged cycling stability. 

2. Result and discussions 

The DMcT-MoO3 is synthetized by an ingenious two-step solution-based 

synthetic route. As is depicted in the Figure 1a, the neutral layered MoO3 compound 

(Figure S1, Supporting Information, JCPDS card no. 05-0508) is converted into MoO3 
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with negatively charged layers and compensating cations (Na+) in the layers by 

partially reduction process. And the structure was verified by X-ray powder 

diffraction (XRD) analysis, all the diffraction peaks can be attributed to orthorhombic 

reduced-MoO3 (rMoO3, JCPDS card no. 39-0634, space group: Cmmm). 

Subsequently, the guest DMcT molecules were inserted into the layered rMoO3 

structure by ion exchange route. The XRD patterns (Figure 1b) of commercial MoO3, 

rMoO3 and DMcT-MoO3 for comparison also proved the as-proposed synthesis 

mechanisms. It can be observed that the (020) peak slightly shifts the left, implying 

the d-spacing of the crystal face increases to a certain extent. According to the 

Bragg’s equation, the d-spacing of (020) facet is enlarged to 9.41Å and subsequently 

expanded to 10.40 Å after inserting DMcT molecules. Besides, it is worth noting that 

the introduction of DMcT does not destroy the laminate structure by comparing the 

characteristic peaks of rMoO3 and DMcT-MoO3. Fourier transform infrared (FTIR) 

analysis is performed to confirm the existence of DMcT and the spectra are displayed 

in Figure 1c. Two absorption bands are located at 3437 and 1622 cm-1 can be ascribed 

to the vibrations of ν-OH and δ-H2O, respectively, which means that all samples have 

a few absorbed water.[26, 36] Distinctly, the spectrum of DMcT-MoO3 is different from 

that of rMoO3 in the range of 900 to 1600 cm-1 band. On the one hand, there is no 

change in the bending mode of Mo-O vibration at 586 cm-1, but the stretching mode 

of Mo=O vibration has shifted from 957 to 975 cm-1.[37] It is speculated that there is a 

certain interaction between DMcT and the host rMoO3, so that DMcT can exist stably 

in interlayer space. On the other hand, some characteristic absorption bands of DMcT 

are also discovered in the spectrum of DMcT-MoO3. These three peaks emerging in 

the band 1020 to 1600 cm-1 can be attributed to the stretching vibration peaks of C=N 

and C-N.[36] Furthermore, to estimate the amount of DMcT in the DMcT-MoO3, 

thermogravimetric analysis (TGA) is carried out and the curves are exhibited in the 

Figure 1d. A huge weight loss before 200°C of both rMoO3 and DMcT-MoO3 

samples mainly related to the consumption of adsorbed water and crystal water. There 

is a slight increase in TG curve of rMoO3 because of the oxidative reaction of Mo5+ in 
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the samples. For the DMcT-MoO3 sample, three descending platforms are found in 

the temperature range of 200 to 800°C, indicating the decomposition and oxidative 

combustion of DMcT, and the weight contents of DMcT are above 2.32% after 

calculated. The FT-IR and TGA further demonstrate the successful intercalation of 

DMcT in rMoO3. Additionally, the elemental composition and chemical states of 

DMcT-MoO3 are characterized by using X-ray photoelectron spectroscopy (XPS, 

Figure S2, Supporting Information and Figure 1e-g). The signals of the element of 

DMcT-MoO3 such as N, S and Mo can be observed in the survey spectrum (Figure 

S2a, Supporting Information). As shown in Figure 1g, the molybdenum element is 

mainly presented in the valence state of Mo(V) and Mo(VI); the existence of Mo(V) 

is caused by the reduction of Mo(VI) between the layers when MoO3 is reduced to 

rMoO3.
[38] Meanwhile, the chemical states of DMcT are also found in the 

high-resolution XPS spectra of N 1s and S 2p region. The pyridinic nitrogen region at 

about 397.5 eV in the Figure 1e, referring to the C=N bond of DMcT.[39] And in the 

Figure 1f, the binding energy locates at 163.5 eV corresponding to the photoelectron 

emission of C-S bond.[40] These results, once again, reveal that the DMcT does exist 

between the layers of rMoO3.  

As shown in Figure S3a-d (Supporting Information) and Figure 2a-c, scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) are 

implemented to observe the morphology and microstructure of rMoO3 and 

DMcT-MoO3. It can be seen that the morphologies of rMoO3 and DMcT-MoO3 are 

different-sized blocks with the typical two-dimensional (2D) structures, which are 

composed of numerous overlapped sheets. And two lattice fringes, d-spacing of 0.368 

nm (Figure S3e, Supporting Information) and d-spacing of 0.388 nm (Figure 2f and g), 

are found in rMoO3 and DMcT-MoO3 high-resolution TEM (HRTEM) images, which 

can be indexed to the (011) and (100) planes of rMoO3, respectively. Meanwhile, the 

single-crystal nature of the rMoO3 and DMcT-MoO3 are also confirmed by very 

luminous and well-regulated selected area electron diffraction (SAED) spots (the inset 

of Figure S3e, Supporting Information, Figure 2h). These results imply that the 
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layered host structure is not changed due to the introduction of DMcT. Besides, the 

layer architectures can be observed in HRTEM images at the cross section of folded 

edges (Figure 2d). From the measurement, it is found that the layer spacing of 

DMcT-MoO3 is about 1.029 nm (Figure 2e), which is in good agreement with the 

layer spacing d020=1.04 nm calculated by Bragg’s equation. More significantly, this 

measurement is much larger than the radius of the Na-ion, which facilitates the rapid 

de/intercalation of Na-ions during charge and discharge without causing volume 

expansion. By comparing the high-angle annular dark field scanning transmission 

electron microscopy (HAADF-STEM) images of rMoO3 (Figure S3f-i, Supporting 

Information) and DMcT-MoO3 (Figure 2h and i) as well as the corresponding element 

distribution mapping, it can be found that the elements are evenly distributed on the 

sheets. The appearance of C, N and S elements once again confirms the successful 

intercalation of DMcT (Figure S4, Supporting Information).  

The electrochemical Na-ion storage property of DMcT-MoO3 is evaluated in 

coin-type cell, which is using Na thin plates as both counter and reference electrodes 

in the voltage range of 0.01-2.5 V. Figure 3a displays the cyclic voltammogram 

(CVs) of the different cycles for the DMcT-MoO3 composite at a scan rate of 0.1 mV 

s-1. The peaks at 1.56, 0.64, and 0.19 V during the initial cathodic sweep originate 

from the Na+ intercalation into the DMcT-MoO3, and the peak at 1.17 V is caused by 

the formation of solid electrolyte interface (SEI) film on the electrode surface. 

Meanwhile, three obvious oxidation peaks at 0.39, 0.73, 1.58 and 1.81 V in the 

reverse anodic scan are attributed to a multistep desodiation process. It is worth noting 

that the curves coincide well in the subsequent cycles, indicating that the 

DMcT-MoO3 material has good electrochemical reversibility.[31, 41] The galvanostatic 

charge-discharge (GCD) curves of DMcT-MoO3 for SIB at 0.1 A g-1 are exhibited in 

Figure 3b. During the initial discharging (Na+ insertion), the battery first drops rapidly 

from the open-circuit voltage of 2.67 to 1.73 V, then gradually decreases to 0.88 V, 

and finally slowly discharges to the set minimum voltage of 0.01 V, which indicates 

that the Na-ions are embedded in multiple steps. Although the total discharge capacity 
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reaches 612 mA h g-1, the initial coulomb efficiency (CE) is only 51%, owing to the 

irreversible reaction that organic electrolytes will generate Na2CO3, NaF, and some 

organic fluorides during the initial cycle as well as the formation of the SEI film.[42-44] 

Afterwards, the excellent rate performance and long-term cycle life of the 

DMcT-MoO3 for SIB are shown in Figure 3c and d. The DMcT-MoO3 electrode 

delivers specific capacities of 296, 256, 229, 205, 179 and 127 mA h g-1 at current 

densities of 0.1, 0.2, 0.5, 1, 2 and 5 A g-1, respectively. Impressively, the reversible 

discharge capacity of 230 mA h g-1 can be recovered when the current density return 

to 0.2 A g-1, and the capacity retention rate is 90%. Meanwhile, it can be found that 

the capacity has almost no attenuation and nearly 100% CE in the subsequent 200 

long cycles. This shows that after experiencing the baptism of the large rate cycle, the 

DMcT-MoO3 structure remains intact. In contrast, as shown in Figure 3d and Figure 

S5 (Supporting Information), the rMoO3 electrode exhibits a relatively low capacities 

of 207, 162, 128, 94, 58 and 44 mA h g-1 at current densities of 0.1, 0.2, 0.5, 1, 2 and 

5 A g-1, respectively. It has the same good stability as DMcT-MoO3 in the next 200 

cycles, but the capacity is only 127 mA h g-1 (200th cycle) far less than the capacity of 

DMcT-MoO3. Additionally, the Figure 3f and Figure S6 (Supporting Information) 

display the long cycling performances of rMoO3 and DMcT-MoO3 at a high current 

density of 5 A g-1. Obviously, the DMcT-MoO3 electrode can still provide 105 mA h 

g-1 after more than 1200 cycles, and has a CE close to 100%. Instead, the rMoO3 

electrode has much worse cycling stability. This is because its relatively small 

interlayer distance does not provide sufficient diffusion space for sodium ions. 

Without the supporting effect of DMcT molecules, the destruction of the layer 

structure and the pulverization of rMoO3 electrode material are accelerated at a large 

current density. Lastly, the SIB performance of DMcT-MoO3 compared with 

previously reported molybdenum based oxides is presented in Figure 3e,[45-52] and the 

DMcT-MoO3 exhibits as the best energy material through a comprehensive evaluation 

of capacity supply, cycle stability and recession trend. 
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To find out the reason for the fast electrochemical kinetics of DMcT-MoO3, 

Figure 4 gives a comprehensive analysis of the correlation test results. For a start, the 

contribution of capacitance behavior and diffusion behavior are analyzed from 

different sweeping CV curves, as shown in Figure 4a-e and Figure S7 (Supporting 

Information). The CV curves of both DMcT-MoO3 and rMoO3 electrode at different 

scan rates are depicted in Figure 4a and Figure S7a (Supporting Information), 

respectively. There are two more oxidation peaks and one reduction peak in the CV 

curve of DMcT-MoO3 than rMoO3, which is attributed to the intercalation of DMcT. 

The relationship between peak current (i) and scan rate (v) can be calculated by the 

equations: i = avb.[3] The type of Na-ions insertion/extraction depends on the b value. 

And as we all know, the value of 1 indicates a surface capacitance-dominated 

behavior, whereas a value of 0.5 represents a typical diffusion-controlled process.[53] 

From Figure 4b, the b values of six peaks are 1, 0.85, 0.72, 1, 0.7 and 0.83, 

respectively, revealing the electrochemical reactions is mainly controlled by 

capacitance. Compared to rMoO3 (Figure S7b, Supporting Information), it can be 

predicted that the capacitance contribution rate of DMcT-MoO3 is higher. Based on 

the equation: i = k1v + k2v
1/2,[54] the contribution rates of capacitors of DMcT-MoO3 

and rMoO3 materials with different sweep speeds are obtained. For DMcT-MoO3 

electrode, the ratio of capacitive contributions is 67.7 % at scan rate of 0.2 mV s-1, and 

the value of capacitive contribution gradually improves with the increase of scan rate 

and reaches 82.6% at 1.0 mV s−1(Figure 4c and d). In contrast, the capacitive 

contribution for the capacity of rMoO3 (Figure S7c and d, Supporting Information) is 

lower than that for DMcT-MoO3, as is visibly presented in Figure 4e. What is more, 

the Galvanostatic Intermittent Titration Technique (GITT) measurement at a current 

density of 0.1A g-1 is used to further investigate the kinetics. As is well-know, the 

fewer the number of pulses, the less the capacity to charge or discharge, and the wider 

the pulse potential step, the greater the polarization of the pulse process. From the 

GITT plots of both DMcT-MoO3 and rMoO3 (Figure 4f), the DMcT-MoO3 electrode 

exhibits more pulse and less polarization, meaning it can deliver more capacity. And 
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from the thermodynamic point of view, it can be explained that the activation energy 

of rMoO3 electrode is higher than that of DMcT-MoO3, which demonstrated charge 

transfer needs to cross higher energy barrier.[55] Furthermore, the ion diffusion can be 

evaluated by the zigzag voltage profiles in GITT plots, using iR drop can calculate 

internal reaction resistance (RR). Figure 4g and h displays the minimum RR of 

DMcT-MoO3 is only 1.6 Ω·g. Remarkably, even if the resistance suddenly rises from 

around 0.8 V during charging, its RRs are lower than rMoO3 from beginning to end. 

This means that DMcT-MoO3 has a better charge transfer capacity in the redox 

reaction. Finally, the electrochemical impedance spectrum (EIS) spectra of the initial 

state are demonstrated in Figure 4i, the semi-circle at the high-frequency region 

represents charge transfer resistance (Rct). After fitting, the Rct of DMcT-MoO3 

(30.7Ω) is lower than that of rMoO3 (86.3Ω).  Besides, the relationship (calculated 

by the equation: Z´= Rs + Rf + Rct + σwω
-1/2)[26, 43] between the real part of the 

impedance and low frequencies is compared in the inset of Figure 4i, the smaller 

slopes of the linear tendency mean faster ion diffusion in the electrochemical 

processes. In conclusion, the more capacitance contribution in DMcT-MoO3 endows 

more excellent high-rate performance and the lower RRs and Rct guarantee the fast 

redox reaction.  

In order to give deep insight into the factors DMcT molecules play in boosting 

the electrochemical performance of MoO3, Density functional theory (DFT) 

calculations were carried out using the projector augmented-wave (PAW) method. 

The optimized atomic structure of DMcT inserted MoO3 is shown in Figure 5a and b. 

As displayed in Figure 5c and d, a representative migration path of the same direction 

was investigated in the DFT calculation. The results clearly show that the diffusion 

barriers of Na+ diffusion in MoO3 and MoO3 with DMcT intercalation are about 0.82 

and 0.53 eV, respectively. The lower energy barrier achieved by DMcT intercalation 

would lead to higher soidum-ion diffusion coefficient, which is in agreement with 

GITT results. It has been demonstrated that the intercalation of inorganic ions or 

organic molecules can enlarge the interlayer spacing of hosts, which makes the shuttle 
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of Na+ subject to small fetters. On the other hand, the electronic interaction between 

guest molecues and hosts also palys another important role in boosting diffusion 

kinetics of Na+. The interlayer electron-electron coupling in the layered MoO3 after 

DMcT insertion is further analyzed (Figure 5e). The charge-density difference 

apprenaly manifests the unbalance charge distribution between DMcT and MoO3 

layers. The calculated electron transfer quantity from DMcT to MoO3 layers is around 

0.42 e−, which induces an interfacial electric-field and effectively shields the 

electrostatic interaction between Na+ and the MoO3 host by conjugated double bond. 

Accordingly, the DMcT-intercalated MoO3 produces excellent Na+ 

insertion/extraction kinetics, which in turn lead to a significant increase in the sodium 

storage performance of the newly devised layered MoO3. 

The possible storage mechanism of DMcT-MoO3 is confirmed by the in-situ 

XRD and ex-situ HRTEM measurements. The in-situ XRD patterns are shown in 

Figure 6a, clearly, it can be seen that the peak of (020) facet of DMcT-MoO3 at 

8.35° always  exists, indicates that the DMcT-MoO3 well remains the layered 

structure of MoO3. As shown in Figure S8, we enlarged the characteristic peak of 

DMcT-MoO3 at 8.35°(corresponding to (020) plane), it was found that the position 

of the peak hardly changed. This is because DMcT-MoO3 has a large interlayer 

distance (1.029 nm) so that it has sufficient sodium ions migration space, thereby 

excellently retaining the layered structure and sheets morphology of DMcT-MoO3. 

Besides, it is also found that other characteristic peaks such as (100), (060), (131), 

(071), and (200) are well retained and has almost no change during the whole 

discharge-charge process. These results point to the electrochemical storage 

mechanism of DMcT-MoO3 belongs to the insertion mechanism in the three major 

mechanisms. Moreover, the TEM images of DMcT-MoO3 at fully charged states of 

the 1st and 3rd cycles (Figure 6b and f) demonstrate the morphology of the 

DMcT-MoO3 is well maintained, indicating its good structural stability during the 

whole cycling. The clear lattice fringes can be seen in the insets of HRTEM images 

(Figure 6c and g) and the d-spacing (0.322 nm) of lattice fringes of both corresponds 
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to the (031) crystal plane, suggesting a high stable crystallinity. Meanwhile, the 

Figure 6d and h still display the single crystalline structure of the DMcT-MoO3 after 

cycling. In addition, the HAADF-STEM images and the corresponding elemental 

mappings (Figure 6e and i) show the uniformly distribution of the N and S elements 

on the sheets, confirming DMcT can still be stably present between the layers of 

rMoO3 throughout the charge and discharge cycle. Based on above results, the 

structural stability of DMcT-MoO3 is an indispensable factor for achieving a highly 

reversible electrochemical reaction, which ensures outstanding cycling stability at a 

high current density of 5 A g-1 as manifested in Figure 3f.  

One way to verify the potential application prospects of the electrode material is 

that the electrode material also has excellent electrochemical performance in a full 

cell. Consequently, a sodium-ion full battery (SIFB) is prepared in which 

DMcT-MoO3 as the anode and NVPOF as the cathode and it is electrochemically 

tested as exhibited in Figure 7. Here, it is important to emphasize that the NVPOF is 

synthesized by the method from a previous report and its basic characterization 

(Figure S9, Supporting Information) and electrochemical performance 

characterization (Figure S10, Supporting Information) are performed.[56] Figure 7a 

exhibits the working diagram of the full battery. In the charging process, the Na+ and 

PF6
− are concurrently inserted into DMcT-MoO3 anode and NVPOF cathode driven 

by impressed voltage, respectively. On the contrary, during the discharging process, 

the cations and anions will be deintercalated from the anode/cathode electrodes and 

return to the electrolyte for driving the circuit. And then, as the Figure 7b shown, the 

SIFB delivers a steady capacity of 130 mA h g-1 (base on the active mass of the anode 

electrode), and offers 99.2% ultra-high capacity retention for 100 cycles. Meanwhile, 

the SIFB also exhibits a remarkable rate performance in the Figure 7c and Figure S11 

(Supporting Information),  it delivers reversible capacities of 129, 99, 72 and 49 mA 

h g-1 at current densities of 0.2, 0.5, 1, and 2 A g-1, respectively. Impressively, when 

the current returns to 0.2 A g-1, a capacity of 130 mA h g-1 could be obtained with 

100% capacity retention, which demonstrates ideal reversibility of the SIFB. 
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Moreover, a simple SIB-shaped LED panel can be lighted by SIFBs as illustrated in 

Figure 7d. These results suggest that the SIFB consisted of DMcT-MoO3 anode 

electrode has great and extensive practical applications in daily life.  

3. Conclusion  

In summary, the DMcT-MoO3 is synthesized through a simple two-step 

strategies of reduction and intercalation process. With expanded interlayer spacing, 

improved conductivity and the reinforced layered structure, the DMcT-MoO3 

electrode exhibits outstanding long-cycle stability at high currents and excellent rate 

performance. Based on comprehensive characterizations and DFT calculations, 

DMcT-MoO3 has  several beneficial advantagesof lower RRs and Rct as well as 

smaller diffusion barriers of Na shuttles, which are keys for achieving fast redox 

reaction and outstanding performance of sodium storage. Then, ex-situ HRTEM at 

different cycles and the in-situ X-ray diffraction further demonstrate this structure 

with large layer spacing is impregnable and has almost negligible  destroy during the 

whole discharge-charge process. Most importantly, the assembled SIFB also displays 

superior electrochemical performances, which further demonstrates the  

promisingapplications potential of our battery in real practice. These achievements are 

of vital significance for the preparation of large-capacity, high-rate new energy 

materials using intercalation chemistry and for practical application of rechargeable 

batteries. 

4. Experimental Section  

Material Synthesis: The DMcT-MoO3 was synthesized by a two-step method. Firstly, 

0.92 g commercial MoO3 was poured into 62.5 mL deionized water, nitrogen bubbled 

through the suspension, and stirred for half an hour. Then, the mixture of 0.5 g 

sodium dithionite (Na2S2O4) and 15 g sodium molybdate dehydrate (Na2MoO4·2H2O) 

was simultaneously added to the above suspension and continued to stir for 3 hours at 

room temperature. Afterwards, the blue-violet metallic-lustered production was 

collected by centrifugation, washed with deionized water, and then dried at 60 oC. 

Secondly, excessive DMcT was dissolved in dimethoxyethane, suitable rMoO3 
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precursor was added this light-yellow solution and the reaction mixture was stirred for 

24 hours at room temperature. Finally, the resulting samples were collected and 

washed with dimethoxyethane and dried at 60 oC under vacuum for 12 h. 

    NVPOF was prepared via a simple hydrothermal method reported previously.[56] 

V2O5 and H2C2O4 (molar ratio is 1:3) were firstly dissolved in the distilled water 

under stirring at 70 °C for 1 h. Afterwards, stoichiometric NH4H2PO4 and NaF were 

added into the above-formed solution under continuous stirring. The pH value of 

solution was adjusted to 7.00 ± 0.05 by using ammonia. After that, the mixed solution 

was transferred into a Teflon-lined autoclave and heated at 170 °C for 12 h with 

natural cooling outside the oven. Finally, light blue precipitation of NVPOF was 

washed with distilled water for several times and dried in a vacuum oven at 80 °C. 

 

Material Characterizations: The composition and crystal structure of all samples was 

confirmed by X-ray powder diffraction (XRD, Rigaku MiniFlex600, Cu Kα). The 

microstructure and morphology were observed by scanning electron microscopy (5 

kV, Hitach-SU8010 field emission) and transmission electron microscopy (FEL-Talos 

F200S, operated at 200 kV). The elemental distributions in the materials were 

investigated by energy-dispersive X-ray spectroscopy (EDS), and high-angle annular 

dark field (HAADF) scanning transmission electron microscopy (STEM) was 

performed. X-ray photoelectron spectroscopy (XPS, Thermo Fisher-Escalab 250Xi) 

was applied to determine the compositions and chemical states. The qualitative 

information was obtained by Fourier transform infrared spectroscopy (FT-IR, 

Thermofisher Nicolet IS50). Thermogravimetric (TG) curves were obtained through a 

STA209 PC (Netzsch, Germany) instrument from 25 to 800 oC. 

Electrochemical Measurements: Electrochemical testing was conducted on CR2032 

coin cells in the glove box filled by high-pure Ar with concentrations of H2O and O2 

below 0.1 ppm. The electrode was prepared by coating a slurry mixed the 

DMcT-MoO3, Super P and polyvinylidene fluoride (PVDF) with the mass ratio of 

7:2:1 onto the copper current collector and dried in a vacuum oven at 60°C for 12 h. 
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Sodium was cut into thin plates as both counter and reference electrodes. Glass fiber 

filter paper (Whatman) was used as the separator. The electrolyte was 1.0 M NaPF6 in 

1, 2-dimethoxyethane (DME). The galvanostatic charge-discharge tests were carried 

out on a battery system (Neware BTS) in the voltage range of 0.01-2.5 V (vs Na/Na+). 

Cyclic voltammetry (CV) curves were tested on a WaveDriver electrochemical 

workstation. The EIS plots were determined in a Gamry electrochemical workstation 

in the frequency ranging from 100 kHz to 0.1 Hz with an amplitude voltage of 5 mV. 

For sodium-ion full battery fabrication, the Na3V2(PO4)2O2F (cathode) electrodes 

were as same as the preparation of DMcT-MoO3 electrodes. The cathode and anode 

were paired by a weight ratio of (3.5-4):1. Before full-cell assembly, all DMcT-MoO3 

electrodes were initially pre-sodiated in a half-cell configuration for five 

discharge/charge cycles (0.01-2.5 V, current density: 0.1 A g-1) so as to ensure the 

formation of a stable solid electrolyte interphase layer on the surface of DMcT-MoO3. 

The electrolyte was the same as that of half cells.  

Computational Methods: In this work, MoO3 layer with DMcT molecular 

intercalation and MoO3 layer without DMcT molecular intercalation were constructed 

respectively, and 4×2×1 supercells were taken for calculation. DFT calculations were 

performed using the projector augmented-wave (PAW) method,[57] as implemented in 

the Vienna Ab Initio Simulation Package (VASP) code.[58, 59] The 

Perdew-Burke-Ernzerhof (PBE) within the generalized gradient approximation 

(GGA) was adopted to examine the electronic exchange-correlation function of the 

interacting electrons.[60] The van der Waals interaction was considered by using the 

empirical correction in Grimme’s scheme, i.e., DFT+D3,[61] in all calculations. The 

energy cutoff is 400 eV for all cases, and 2×3×1 k-meshes were used to sample the 

Brillouin zone for geometry optimization. The convergence tolerance for the residual 

force on each atom during structure relaxation was set to 0.05 eV Å-1 and for energy 

difference between two consecutive self-consistent calculations is less than 10-4 eV, 

respectively. All the sheets were placed in a vacuum spacing of above 20 Å in the 
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direction normal to the sheet, which was sufficient to avoid interlayer interaction 

between the two adjacent periodic images. 
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Figure Captions 

 

 

Figure 1. Preparation and characterization of the DMcT-MoO3. (a) Schematic 

illustration of the synthetic route. (b) XRD patterns of MoO3, rMoO3 and 

DMcT-MoO3 for comparison. (c) FT-IR spectra of DMcT, rMoO3, and DMcT-MoO3. 

(d) TG curves of rMoO3 and DMcT-MoO3. (e-g) XPS spectra of DMcT-MoO3. 
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Figure 2. The microstructure and morphology of DMcT-MoO3 material. (a, b) SEM 

images. (c) TEM image. (d) HRTEM image of layer spacing of DMcT-MoO3. (g, h) 

HRTEM images and corresponding SAED image. (i) HAADF-STEM image and the 

EDX maps. (e) and (f) are the corresponding intensity profiles of the d-spacing in (d) 

and (g), respectively. 
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Figure 3. Electrochemical Na-ion storage performance of DMcT-MoO3 electrode. (a) 

CV curves collected at a scan rate of 0.1 mV s−1. (b) Typical GCD curves at 0.1 A g−1 

between 0.01 and 2.5 V of the cell. (c, d) Rate capacities at current densities between 

0.1 and 5 A g-1 and corresponding GCD curves. (e) Rate-capability comparisons of 

DMcT-MoO3 electrode and other previously reported molybdenum based oxides 

electrodes. (f) Long cycling performances at 5 A g-1. 
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Figure 4. Kinetic analysis of the DMcT-MoO3 electrode. (a) CV curves at various 

scan rates from 0.2 to 1.0 mV s−1. (b) Determination of the b value using the 

relationship between peak current and scan rate. (c) Separation of the capacitive 

(shaded region) and diffusion currents at a scan rate of 1 mV s-1. (d) Contribution ratio 

of the capacitive and diffusion-controlled charge versus scan rate. (e) The comparison 

of capacitive contribution. (f) GITT plots are collected at a current density of 0.1 A g-1. 

(g, h) The comparison of reaction resistance during the charging and discharging 

process. (i) The comparison of EIS spectra, the inset shows the relationship between 

the real part of impedance and low frequencies. 
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Figure 5. The atomic structure diagrams of (a) MoO3 and (b) DMcT-MoO3. Diffusion 

pathways and diffusion barriers of Na shuttles between (c) MoO3 and (d) 

DMcT-MoO3. (e) Charge density difference of MoO3 intercalated by molecules. The 

yellow and blue represent charge accumulation and depletion, respectively. And local 

close-up of charge accumulation and loss around the DMcT molecule.  
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Figure 6. Investigation of the electrochemical reaction mechanism of DMcT-MoO3 

for SIBs. (a) The in-situ XRD patterns for the initial cycle. (b and f) Ex-situ TEM 

images, (c and g) HRTEM images and (d and h) the corresponding SAED patterns, 

and (e and i) HAADF-STEM images and the corresponding elemental mappings of 

the electrode at the 1st and 3rd fully charged states. 
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Figure 7. The energy storage performance of DMcT-MoO3//NVPOF full cell. (a) The 

schematic diagram. (b) Cycling stability at 0.2 A g−1 and Coulombic efficiency. (c) 

Rate performances from 0.2 to 2 A g−1. (d) The photographs of a simple SIB-shaped 

LED panel lighted by full cells. 
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