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Supplementary Figures 

 

Supplementary Figure 1 Rietveld refinement of XRD pattern for α-MoO3.  

  



 

 

Supplementary Figure 2 TEM and SEM images. (a) Low-resolution and (b) high-resolution TEM images 

of α-MoO3 nanowire. Scale bar in (a), 50 nm. Scale bar in (b), 3 nm. SEM images of (c) α-MoO3 and (d) e-

MoO3. Scale bars in (c, d), 100 nm. In comparison with the smooth surface of α-MoO3, clear cracks were 

observed for e-MoO3. 

  



 

 

Supplementary Figure 3 Characterizations of α-MoO3 and e-MoO3. (a) FTIR and (b) Raman. 

  



 

 

Supplementary Figure 4 EPR spectra of α-MoO3 and e-MoO3. 

  



 

 

Supplementary Figure 5 XPS spectra. (a) O 1s XPS spectra of α-MoO3 and e-MoO3. (b) O 1s XPS 

spectrum of e-MoO3, which is de-convoluted into peaks of lattice O (530.7 eV) and intercalated H2O (531.8 

eV). 

  



 

 

Supplementary Figure 6 XPS spectra. (a) Survey and (b) Li 1s XPS spectra of α-MoO3 and e-MoO3. 

  



 

 

Supplementary Figure 7 XRD patterns of α-MoO3, lithiated α-MoO3 and e-MoO3 samples after thermal 

treatment at 500 °C in N2 or air atmosphere. Li-MoO3 refers to lithiated α-MoO3, which was obtained by 

dispersing α-MoO3 in n-butyl lithium solution in hexane for 24 hours. The sample was further washed with 

hexane for several times. N2- and air- refers to the atmosphere during thermal treatment. 

  



 

 

Supplementary Figure 8 Optimized supercells. (a) α-MoO3 (Mo16O48) and (b) α-MoO3-x (Mo16O47). 

  



 

 

Supplementary Figure 9 Optimized supercells. (a) Mo16O47·H2O, (b) Mo16O46·2H2O, (c) Mo16O45·3H2O, 

(d) Mo16O44·4H2O, (e) Mo16O43·5H2O, and (f) Mo16O42·6H2O. 

  



 

 

Supplementary Figure 10 The most stable configuration of H2O-incorporated MoO3 calculated from DFT. 

  



 

 

Supplementary Figure 11 Simulated crystal structures. Crystal structures of (a1, b1, c1) MoO3, (a2, b2, 

c2) oxygen-deficient MoO3, and (a3, b3, c3) H2O-incorperated MoO3 projected along different 

crystallographic directions. (a1, a2, a3), (b1, b2, b3) and (c1, c2, c3) are projected along [100], [010], and 

[001], respectively. 

  



 

 

Supplementary Figure 12 UPS results. (a, b) Valance-band spectra and (c) secondary electron cutoff of α-

MoO3. (d, e) Valance-band spectra and (f) secondary electron cutoff of e-MoO3. 

  



 

 

Supplementary Figure 13 Valance band margins of α-MoO3 and e-MoO3. 

  



 

 

Supplementary Figure 14 NEXAFs O K-edge of α-MoO3 and e-MoO3. 

  



 

 

Supplementary Figure 15 Conductivity of e-MoO3 measured with the Van der Pauw method. 

  



 

 

Supplementary Figure 16 Projected density of state. (a) α-MoO3 and (b) α-MoO3-x·xH2O. Calculation for 

α-MoO3 and α-MoO3-x·xH2O used supercell Mo16O48 (Supplementary Fig. 7a) and Mo16O45·3H2O 

(Supplementary Fig. 8c). 

 

  



 

 

Supplementary Figure 17 The initial three CV cycles at 0.1 mV s−1. (a) α-MoO3 and (b) e-MoO3 electrodes. 

  



 

 

Supplementary Figure 18 CV curves collected at various scan rates. (a, b) α-MoO3 and (c, d) e-MoO3 

electrodes.  

  



 

 

Supplementary Figure 19 Rate tests. Galvanostatic charge/discharge curves at various current densities for 

(a) α-MoO3 and (a) e-MoO3 electrodes. (c) Rate performance of α-MoO3 and e-MoO3 electrodes. 

 



 

 

Supplementary Figure 20 GITT charge discharge curves. (a) α-MoO3 and (b) e-MoO3 electrodes (50 mA 

g−1 for 10 min, open circuit step for 3 hours). 

  



 

 

Supplementary Figure 21 Cross sectional SEM images. (a) α-MoO3 and (b) e-MoO3 electrodes. The 

thickness of α-MoO3 and e-MoO3 electrodes are determined to be 6.2 and 6.0 μm, respectively. Scale bars, 3 

μm. 

  



 

 

Supplementary Figure 22 Nyquist plots of α-MoO3 at different potentials. 

  



 

 

Supplementary Figure 23 EIS results. (a) Rs and (b) Rct of α-MoO3 and e-MoO3 electrodes as a function of 

potential. 

  



 

 

Supplementary Figure 24 Characterizations of δ-MnO2 and e-MnO2. SEM images of (a, b) δ-MnO2 and 

(c, d) e-MnO2. Scale bars in (a, c), 100 nm. Scale bars in (b, d), 500 nm. XRD spectra of δ-MnO2 and e-

MnO2, showing the corresponding e, (001) peak and f, (002) peak. The black line refers to δ-MnO2, while 

the red line refers to e-MnO2. g, TGA curves of δ-MnO2 and e-MnO2 measured in nitrogen and air atmosphere. 

  



 

 

Supplementary Figure 25 Electrochemical performance of δ-MnO2 and e-MnO2. (a) Rate performance 

of δ-MnO2 and e-MnO2. (b) Cycling performance of δ-MnO2 and e-MnO2 at 1 A g−1. 

  



 

 

Supplementary Figure 26 Electrochemical performance of the graphite cathode tested in half cell. (a) 

CV curves collected at various scan rates. (b) Specific capacity as a function of scan rate. (c) Galvanostatic 

charge/discharge curves measured at different current density. (d) Nyquist plots. (e) Cycling performance at 

500 mA g−1. 

  



 

 

Supplementary Figure 27 The initial three galvanostatic charge/discharge profiles of graphite electrode. 

  



 

 

Supplementary Figure 28 CV curves of the DIES device at 20 ~ 100 mV s−1. 

  



 

 

Supplementary Figure 29 The log (current density) versus log(v) plot of the main cathodic and anodic peaks. 

  



 

 

Supplementary Figure 30 Configuration of the full cel1 device. 

  



 

 

Supplementary Figure 31 Rate performance of e-MoO3//graphite device based on the mass of active 

materials. 

  



 

 

Supplementary Figure 32 Ragon plots. Ragon plots of the e-MoO3//graphite device based on (a) the mass 

and (b) the volume of active materials. The gravimetric energy density and power density are compared with 

state-of-the art energy storage devices like TiO2(B)//CNT,1 CNT/TiO2//CNT/AC,2 TiO2/graphene//AC,3 

Nb2O5//AC4, CNT/Nb2O5//AC,5 Nb2O5@C/rGO//AC,6 V2O5/CNT//AC,7 and Al//graphite8. The volumetric 

energy density and power density are compared with literature reported active materials with high volumetric 

performance, like MPG,9 graphene@Ppy,10 CNTs // Li4Ti5O12,11 activated carbon,12 and porous graphene13. 

  



 

 

Supplementary Figure 33 Electrochemical performance of the e-MoO3//LiCoO2 device. (a) The initial 

three galvanostatic charge/discharge cycles at 100 mA g−1. (b) CV curves of the device at different scan rates. 

(c) Change of the gravimetric capacity based on the total active mass as a function of v−1/2. (d) Ragone plots 

of the e-MoO3//LiCoO2 device in comparison with the e-MoO3//graphite device and state-of-the-art high-rate 

batteries. (e) Cycling performance of the e-MoO3//LiCoO2 device at 400 mA g−1. 

  



Supplementary Tables 

Supplementary Table 1 Raman peak assignment for MoO3 and e-MoO3. The results are also compared 

with the reported MoO3 and MoO3-x. 

Type of peaks 

Raman shift (cm−1) 

MoO3 e-MoO3 
Reported 

MoO3
14 

Reported oxygen-

deficient MoO3
15 

Antisymmetric stretching (Ag of 

Mo=O) 
990 969 995 996 

Symmetric stretching (B1g of Mo-O-

Mo) 
814 

724 

818 820 

Antisymmetric stretching (B2g, B3g 

of Mo-O-Mo) 
660 666 667 

Scissoring modes (B1g of Mo-O-Mo) 376 

346, 221, 

199 

377 366–380 

Bending (Ag, B1g of Mo-O-Mo) 335 336 338 

Wagging vibrations (B2g, B3g, 

Mo=O) 
288 289 285 

Scissoring mode (B3g of Mo-O-Mo) 246 245 245 

Polyhedra along the chain axis (Ag, 

B1g) 
156 153 157 158 

Unclear peaks  561, 486   

 

 



Supplementary Table 2 Electrochemical performance of our e-MoO3 compared with α-MoO3 and recently reported MoO3 based electrodes.  

Type of electrode Loading mass 
Scan rate or  

current denstiy 
Gravimetric capacity Areal capacity Ref 

e-MoO3 0.6 mg cm−2 
0.1 mV s−1 

10 mV s−1 

964 C g−1 

388 C g−1 

578 mC cm−2 

233 mC cm−2 
This work 

α-MoO3 0.6 mg cm−2 
0.1 mV s−1 

10 mV s−1 

756 C g−1 

34 C g−1 

454 mC cm−2 

20 mC cm−2 
This work 

MoO3-x 0.04 mg cm−2 
1 mV s−1 

10 mV s−1 

980 C g−1 

800 C g−1 

39 mC cm−2 

32 mC cm−2 

16 

MoO3/SWCNTs 0.27 mg cm−2 
0.1 mV s−1 

10 mV s−1 

1000 C g−1 

400 C g−1 

270 mC cm−2 

108 mC cm−2 

15 

MoO3/functionlized SWCNTs 0.45 mg cm−2 
0.1 mV s−1 

10 mV s−1 

698 C g−1 

334 C g−1 

314 mC cm−2 

150 mC cm−2 

17 

Mesoporous α-MoO3 low mass loading 
1 mV s−1 

10 mV s−1 

600 C g−1 

500 C g−1 
- 18 

Plasma etched α-MoO3 Not provided 100 mA g−1 990 C g−1 - 19 



Supplementary Notes 

Supplementary Note 1 

In Supplementary Fig. 1, all XRD peaks can be indexed into an orthorhombic α-MoO3 unit cell with the 

refined lattice parameters of a = 3.96 (6) Å, b = 13.85 (1) Å, c = 3.70 (5) Å, with space group of Pbnm. The 

peaks located at 12.7, 23.3, 25.7, 27.3, 29.7, 33.7, 35.5, 39.0, 45.7, 46.3, 49.2, and 64.5° are attributed to 

(020), (110), (040), (021), (130), (111), (041), (060), (200), (210), (002), and (062) planes. 

Supplementary Note 2 

As shown in Supplementary Fig. 3a, α-MoO3 displays three characteristic peaks at 987, 850, and 532 cm−1, 

corresponding to the stretching vibration of Mo=O, the stretching vibration of Mo-O-Mo, and B3u mode of 

the stretching vibration of Mo-O-Mo, respectively.14 By contrast, e-MoO3 presents two new and apparent 

peaks associated with the stretching (3412 cm−1) and bending (1622 cm−1) vibration of -OH groups, which 

originate from the incorporated H2O in e-MoO3.20 Moreover, the peak of e-MoO3 related to B3u mode of Mo-

O-Mo is positively shifted to 539 cm−1, indicating the existence of oxygen vacancies.21 Meanwhile, the peaks 

associated with the stretching vibration of Mo=O (968 cm−1) and Mo-O-Mo (827 cm−1) are negatively shifted, 

which was not observed in the reported oxygen-deficient MoO3.21 This result implies the possible 

coordination of H2O to Mo atoms, which changes the local structural environment surrounding the Mo atoms. 

Supplementary Fig. 3b further compares the Raman spectra of α-MoO3 and e-MoO3, which reveal that the 

incorporated H2O molecules have a significant effect on the structure of e-MoO3. All the Raman peaks of our 

α-MoO3 sample agree well with those of reported α-MoO3
14,22 (as listed in Supplementary Table 1). 

Meanwhile, e-MoO3 shows a remarkable change in its Raman peaks compared with MoO3
14 and the 

previously reported oxygen-deficient MoO3
15. This result further supports that the incorporation of H2O 

disturbs the crystal arrangement of the [MoO6] octahedra bilayers.  

Supplementary Note 3 

As observed in Supplementary Fig. 7, the rectangle frame indicates the peaks corresponding to Li compounds 

in Li-MoO3, Air-LiMoO3, and N2-LiMoO3. However, these peaks are not found in e-MoO3 based samples, 

which implies Li was removed from the crystal lattice during sonication and wash in water. 

 



Supplementary Note 4 

Supplementary Fig. 10 illustrates the most stable configuration, in which H2O occupies the sites 

corresponding to oxygen anions connected to Mo cation. The incorporated H2O induces the distortion of the 

[MoO6] octahedra, leading to substantial changes in typical O-O distances (both intra and inter-layer ones). 

Supplementary Fig. 11 compares the structures of MoO3, oxygen-deficient MoO3, and H2O-incorporated 

MoO3 projected along different crystallographic directions, in which the calculated O-O distances are 

displayed. It is revealed that H2O-incorporated MoO3 presents the largest spaces for Li-ion storage/diffusion 

sites.23 In combination with the in-operando XRD analysis, the improved rate capability and cycling stability 

of e-MoO3 can be attributed to (1) the enlarged spaces for Li-ion storage/diffusion sites, which accelerate the 

Li+ diffusion and prevent irreversible phase transition of e-MoO3 during the initial lithiation, and (2) the 

shielding effect of the incorporated H2O, which diminishes the electrostatic interaction between Li+ and 

MoO3 lattice24,25, allows a lower ion-diffusion energy barrier, and alleviates the volume change of e-MoO3 

during charge and discharge. 

Supplementary Note 5 

An excitation of 168.9 eV was utilized in the measurements of valence band structure and secondary electron 

cutoff. The binding energy (BE) was calibrated and referenced to the Ef of Au foil. The work function (Φ) of 

the sample was determined according to the equation Φ = hv − ΔE, where ΔE is the spectral width, i.e., the 

energy difference between the secondary electron cutoff and the sample Fermi level. In order to obtain the 

secondary electron cutoff, a −10 V bias was applied to the sample, which accelerated all the photoelectrons 

with higher kinetic energy to overcome the work function of the analyzer. 

As shown in Supplementary Fig. 12, the valence band margin of α-MoO3 is 1.0 eV below the Fermi level, 

and the second electron cutoff is located at 166.5 eV. Thus, the work function is determined to be 3.4 eV for 

α-MoO3. By contrast, the work function of e-MoO3 is calculated to be 4.0 eV, which is slightly higher than 

that of α-MoO3. Moreover, the increment in band density near the Fermi level was reported to be assigned to 

the oxygen defects (Supplementary Fig. 13).26 

Supplementary Note 6 

Supplementary Fig. 14 compares the O K-edge NEXAFs spectra of α-MoO3 and e-MoO3. The high-intensity 

peak within 528–537 eV originates from the hybridization of O 2p with Mo 4d states, which is split into the 



t2g and eg (dz2, dx2−y2) like peaks. In comparison with the eg peak of α-MoO3, the intensity increment in the 

eg peak of e-MoO3 is because of the increased density of conduction band by oxygen vacancies.27,28 

Supplementary Note 7 

Compared with α-MoO3, α-MoO3-x·xH2O shows an additional valance band near valance band maximum, 

which shows a typical Mo-d characteristic (Supplementary Fig. 16). This newly formed band bridges the gap 

between valance band and conduction band, thus explains for the greatly improved conductivity of our e-

MoO3 sample. Of note is that this newly formed valance band is in good agreement with the increment in 

valance band observed in Supplementary Fig. 13. 

Supplementary Note 8 

δ-MnO2 nanoflowers were prepared through a solution based refluxing method. Briefly, 10 mmol of 

MnSO4·H2O was dissolved in 300 mL distilled water, followed by adding 25 mmol of KMnO4. The obtained 

homogeneous solution was refluxed under continuous magnetic stirring at 150 °C for 6 hours. Upon cooling 

to room temperature, the product was washed with distilled water for three times and dried under vacuum at 

80 °C. e-MnO2 was obtained by dispersing 500 mg of δ-MnO2 in 16 mL of 0.8 M n-butyl lithium in hexane. 

The mixture was then stirred for 24 hours at room temperature under the protection of inert argon atmosphere. 

The lithiated compound was separated by vacuum filtration and washed several times with hexane. 

Subsequently, the sample was placed in 100 mL of distilled water and stirred for half an hour. Finally, the 

sample was centrifuged and dried in a vacuum oven at 80 °C. 

SEM images show almost no difference between the morphologies of initial δ-MnO2 (Supplementary Fig. 

24a and b) and treated δ-MnO2 (denoted as e-MnO2, Supplementary Fig. 24c and d). The slight vdW gap 

expansion of e-MnO2 was evidenced by the XRD peak shift observed for e-MnO2 compared with δ-MnO2 

(Supplementary Fig. 24e and f). In detail, the (001) and (002) peaks of e-MnO2 are negatively shifted by 0.3° 

and 0.6°, respectively. TGA (Supplementary Fig. 24g) of δ-MnO2 and e-MnO2 in air was conducted to 

estimate the amount of incorporated H2O in the whole sample. Both samples present the loss of intercalated 

water and the re-oxidation of oxygen-deficient MnO2 below 350 °C,29 which are indicative of MnO1.84·0.58 

H2O and MnO1.82·0.70 H2O for δ-MnO2 and e-MnO2, respectively. Admittedly, the effect of our strategy on 

δ-MnO2 is not significant as it is on α-MoO3, in terms of the vdW gap expansion degree and the amount of 

incorporated H2O. However, we believe that e-MnO2 can be further optimized by adjusting parameters related 



to material post-treatment (temperature, concentration of n-butyllithium, treatment time, and so on). 

The electrochemical performance of δ-MnO2 and e-MnO2 as cathodes (loading mass of 1.6 mg cm−2) for Zn-

ion aqueous batteries was assessed in a two-electrode system with Zn foil as anode (Supplementary Fig. 25). 

To prepare the electrodes, active materials (δ-MnO2 and e-MnO2), binder (polyvinylidene fluoride) and Super 

P carbon black were mixed with a weight ratio of 8:1:1. The mixture was dispersed in N-methyl pyrrolidone 

and coated on a piece of carbon cloth, followed by drying at 80 °C for 12 hours under vacuum. As shown in 

Supplementary Fig. 25a, the specific capacity of δ-MnO2 decays fast from 286 to 224 mAh g−1 during the 

first five charge/discharge cycles at 100 mA g−1. In contrast, e-MnO2 depicts gradually increasing capacity 

from 250 to 270 mAh g−1 during the first five cycles at 100 mA g−1. When the current density is increased to 

1 A g−1, the specific capacities of δ-MnO2 and e-MnO2 are 82 and 102 mAh g−1, indicating the better rate 

capability of e-MnO2 than that of δ-MnO2. Moreover, e-MnO2 shows better cycling performance than δ-

MnO2 (Supplementary Fig. 25b). After 500 cycles at 1 A g−1, the capacity of e-MnO2 first increases from 120 

to 150 mAh g−1 and then keeps almost stable, while the capacity of δ-MnO2 gradually decreases from 113 to 

93 mAh g−1. All these results imply the feasibility of our H2O-incorporation strategy in improving the charge 

storage ability of birnessite δ-MnO2. 

Supplementary Note 9 

Identified by both CV and galvanostatic charge/discharge curves (Supplementary Fig. 26), the anion 

intercalation into graphite displays high kinetic with a potential window of 3.5-5.3 V vs. Li+/Li. The capacity 

reaches 387 C g−1 at 0.1 mV s−1, while 350 C g−1 is retained at 8 mV s−1. Moreover, the capacity almost keeps 

the same during galvanostatic charge/discharge tests when the current density increased from 50 mA g−1 

(capacity of 396 C g−1) to 500 mA g−1 (capacity of 392 C g−1). Graphite also demonstrates outstanding cycling 

stability with almost no capacity decay after 1000 charge/discharge cycles at 500 mA g−1. 

Supplementary Note 10 

Supplementary Fig. 29 presents the plots of log (i) versus log (v) from 0.1 to 10 mV s−1 for the main redox 

peaks. Following equation (1), the charge storage kinetics can be also reflected by determining b-value. It is 

well established that a b-value of 0.5 is indicative of a diffusion-controlled process, while a b-value of 1.0 

identifies a surface-controlled process. As revealed, the b-values for anodic and cathodic peaks are 

determined as 0.83 and 0.78, which further confirms the combination of diffusion-related contribution and 



capacitive contribution. 

i = avb    (1) 

Supplementary Note 11 

As shown in Supplementary Fig. 30, mass loading for e-MoO3 is 0.6 mg cm−2, while the mass loading for 

graphite is 1.5 mg cm−2. Since the loading mass of graphite is 2.5 times of that of e-MoO3, as well as the 

volume of graphite, is more than 5 times of that of e-MoO3 electrode, we conclude it would be further 

beneficiary to the full-cell energy density and power density if the cathode with comparable capacity could 

be developed. 

Supplementary Note 12 

The full e-MoO3//LiCoO2 Li-ion cell was assembled by using a two-electrode stainless steel Swagelok cell. 

e-MoO3 coated on Cu foil and LiCoO2 coated on Al foil were used as anode and cathode, respectively, with 

a mass ratio of 1:2. Supplementary Fig. 33a presents the first three charge/discharge cycles of the e-

MoO3//LiCoO2 device at 100 mA g−1, revealing a reversible specific capacity of 309 C g−1 for the e-

MoO3//LiCoO2 device within a voltage window of 0.2-3 V. CV curves were collected for the e-

MoO3//LiCoO2 device at scan rates from 0.1 to 100 mV s−1 (Supplementary Fig. 33b). Supplementary Fig. 

33c plots the specific capacity as a function of v−1/2, which shows a close-to-linear shape. This means that the 

specific capacity of the device is significantly limited by the solid-state diffusion, and is dependent on the 

scan rate. This behavior is apparently different from the e-MoO3//graphite device, whose capacity is mostly 

independent on the scan rate. The Ragone plots of e-MoO3//LiCoO2 are calculated and compared with those 

of e-MoO3//graphite and other reported cation-ion batteries (Supplementary Fig. 33d). Although the 

maximum energy density of e-MoO3//LiCoO2 device (146 Wh kg−1) is slightly higher than that of e-

MoO3//graphite device (133 Wh kg−1), the power density of e-MoO3//LiCoO2 is far below that of e-

MoO3//graphite device. Finally, the cycling stability of the e-MoO3//LiCoO2 device was assessed at 400 mA 

g−1 (Supplementary Fig. 33e). The device can be stably operated for about only 60 cycles. Afterwards, the 

capacity decays very fast at a capacity decay rate of 1.28 C g−1 cycle−1. On the other hand, by employing 

commercial LiNi1-x-yCoxMnyO2 (NCM) as cathode, the fabricated full Li-ion cell based on e-MoO3 is hoped 

to achieve slightly higher energy density and better cycling stability. However, the power density is predicted 

to be still much lower than our e-MoO3//graphite device, as the rate performance of NCM is significantly 



lower than anion-intercalation graphite. Therefore, we conclude that the limitation of constructing high-rate 

Li-ion batteries based on e-MoO3 anode lies in the unsatisfying performance of cathode, especially the rate 

performance. Developing cation-intercalation cathode with high discharge potential, large rate capability and 

long-term cycling stability would be beneficial for further boosting the performance of Li-ion batteries based 

on e-MoO3 anode. 
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