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Supplementary Figures and notes 

 

Supplementary Figure 1| Physical characterizations of the as-received α-MoO3. a The X-ray 

diffraction (XRD) pattern and b the scanning electron microscopy (SEM) image of MoO3. c High-

angle annular dark-field image (HADDF) of MoO3. Energy dispersive spectroscopy (EDS) for 

elemental mapping of d molybdenum and e oxygen. 
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Supplementary Figure 2| Structure characterizations of the pristine α-MoO3. a High-

resolution transmission electron microscopic (HR-TEM) image MoO3. The lattice fringe widths 

were estimated to be 0.4 and 0.38 nm, corresponding to the (010) and (001) plane spacings of the 

α-MoO3, respectively. b Selected area electron diffraction (SAED) pattern with a zone axis along 

[100]. 
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Supplementary Figure 3| Photographic photo of the H3PO4-based electrolytes.  
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Supplementary Figure 4| Physical characterizations of the phosphoric acid surfactant 

lyotropic liquid crystalline (PSL) electrolyte. a Fourier transform infrared spectroscopy (FT-IR) 

of different phosphoric acid (PA) electrolytes. b Differential scanning calorimetry (DSC) data of 

different electrolytes. c The ionic conductivity of different electrolytes. d XRD pattern of the PSL 

electrolyte. 
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Supplementary Figure 5| Photographic photos of the Swagelok-type cell used for 

electrochemical testing. a The full cell. b The working electrode (left), separator (middle), and 

counter electrode (right). c The glass carbon electrodes that work as the current collector. 
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Supplementary Figure 6| The protons extraction experiment of MoO3 electrode. a 

Galvanostatic charge-discharge (GCD) and potentiostatic curves (constant voltage steps during 

each cycle) of MoO3 electrodes. b the corresponding GCD curves from a.  

 

Supplementary Note: A constant voltage of 0.35 V was applied for 1.5 h after the first charge 

process to extract the trapped protons. After the second discharge process, a constant voltage of 

0.4 V was applied for 3 h to extract the trapped protons. The MoO3 electrode shows a similar 

specific discharge capacity (around 360 mA h g-1) compared with the one without potentiostatic 

treatment. The purple oval circle in Supplementary Figure 6 b indicated the curves changes 

comparing the GCD curves without constant voltage steps treatment in Figure 2 a.  
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Supplementary Figure 7| The GCD curve of the MoO3 electrode at 2 A g-1 via two-proton 

mechanism using PSL electrolyte. 
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Supplementary Figure 8| Electrochemical performance of MoO3 electrode using the PSL 

electrolyte. The first a and b second cyclic voltammetry (CV) curves (at 1 mV s-1) of MoO3 

electrode using PSL electrolyte. The Coulombic ratio of c Oxidation/Reduction peaks and d 

Reduction peaks/total coulomb in the first and second CV curves of the MoO3 electrode using PSL 

electrolyte. 

 

Supplementary Note: The Coulombic ratio in Supplementary Figures 8 c and d was calculated 

based on the integral area of different redox pairs in Supplementary Figures 8 a and b. 
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Supplementary Figure 9| Electrochemical performance of MoO3 electrode using the different 

acid electrolytes. GCD curves of MoO3 electrodes using a PSL electrolyte and d 2M H2SO4. 

Cycling performance of MoO3 electrodes using b PSL electrolyte and e 2M H2SO4. Nyquist 

impedance plot for the MoO3 electrodes using c PSL electrolyte and f 2M H2SO4. 
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Supplementary Figure 10| Electrochemical performance of α-MoO3 electrode using PSL 

electrolyte. a Rate performance of α-MoO3 electrode at the current density of 2 to 400 A g-1. b 

Specific discharge capacity of α-MoO3 electrode at the current density of 2 to 300 A g-1. 
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Supplementary Figure 11| Electrochemical performance of α-MoO3 electrode using the 

different acid electrolytes. a The initial four cycles of CV curves of MoO3 electrode using 2M 

H2SO4. Six cycles of GCD curves of α-MoO3 electrodes using b 2M H2SO4 and c PSL electrolyte. 

  



13 
 

 

 

 

Supplementary Figure 12| The O 1s XPS spectrums of α-MoO3 electrodes performed at different 

discharge states. 
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Supplementary Figure 13| The XANES spectra of H2.15MoO3 and H2.83MoO3 compared to Mo 

foil and MoO2 reference. 
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Supplementary Figure 14| In operando XRD measurements of α-MoO3 electrodes. a The first 

galvanostatic discharge and charge cycle and b The second cycle using PSL electrolyte with a 

three-electrode system (Ag/AgCl worked as the reference electrode). The asterisks represent the 

background peaks of carbon paper. 
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Supplementary Figure 15| Characterizations of the H1.86MoO3 structure. a to c The DFT 

simulated crystal structure, HR-STEM, and SAED pattern of H1.86MoO3 viewed along the [001] 

direction. d to f The DFT simulated crystal structure, HR-STEM, and SAED pattern of H1.86MoO3 

viewed along the [010] direction. 
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Supplementary Figure 16| Characterizations of the H2.15MoO3 structure. a to c The DFT 

simulated crystal structure, HR-STEM, and SAED pattern of H2.15MoO3 viewed along the [001] 

direction. d to f The DFT simulated crystal structure, HR-STEM, and SAED pattern of H2.15MoO3 

viewed along the [010] direction. 
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Supplementary Figure 17| Characterizations of the H2.83MoO3 structure. a to c The DFT 

simulated crystal structure, HR-STEM, and SAED pattern of H2.83MoO3 viewed along the [001] 

direction. d to f The DFT simulated crystal structure, HR-STEM, and SAED pattern of H2.83MoO3 

viewed along the [010] direction. 
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Supplementary Figure 18| CV curves of α-MoO3 electrodes tested in a three-electrode system 

using PSL electrolyte. a The first cycle and b the second cycle. The marked point indicated the 

cut-off potential for ex-situ XRD tests. 
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Supplementary Figure 19| The ex-situ XRD curves of α-MoO3 before and after the first cycle. 

a The pristine α-MoO3 and b HMoO3. 
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Supplementary Figure 20| The ex-situ XRD curves of α-MoO3 during the protons 

(de)intercalation process. a The H1.86MoO3 and b H2.15MoO3. 
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Supplementary Figure 21| The ex-situ XRD curves of α-MoO3 during the protons 

(de)intercalation process. a The H2.83MoO3 and b H1.68MoO3. 
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Supplementary Figure 22| The ex-situ XRD curves of α-MoO3 during the protons 

(de)intercalation process(H2.1MoO3). 
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Supplementary Table 1 The structural information and refined lattice parameters of HxMoO3 

obtained from ex-situ XRD pattern refinement. 
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Supplementary Figure 23| The illustration of crystal structures of α-MoO3 and HxMoO3 

composites. a The illustration crystal structural arrangement of oxygen atoms in α-MoO3, 

highlighting three distinct types: the terminating oxygen (O1) coordinated to a single Mo atom, the 

bridging oxygen (O2) coordinated to two Mo atoms, and the oxygen shared among three Mo atoms 

(O3). b The illustration of the DFT calculation results, highlighting the probable locations of proton 

storage sites in HxMoO3. 
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Supplementary Figure 24| The EXAFS spectra analysis of the Mo foil sample. a The FT-

EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for Mo 

foil in R space. c Wavelet transform for the k2-weighted EXAFS signal of Mo foil. 
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Supplementary Figure 25| The EXAFS spectra analysis of the α-MoO3 sample. a The FT-

EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for α-

MoO3 in R space. c Wavelet transform for the k2-weighted EXAFS signal of α-MoO3. 
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Supplementary Figure 26| The EXAFS spectra analysis of the HMoO3 sample. a The FT-

EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for 

HMoO3 in R space. c Wavelet transform for the k2-weighted EXAFS signal of HMoO3. 
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Supplementary Figure 27| The EXAFS spectra analysis of the H1.86MoO3 sample. a The FT-

EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for 

H1.86MoO3 in R space. c Wavelet transforms for the k2-weighted EXAFS signal of H1.86MoO3. 
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Supplementary Figure 28| The EXAFS spectra analysis of the H2.15MoO3 sample. a The FT-

EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for 

H2.15MoO3 in R space. c Wavelet transforms for the k2-weighted EXAFS signal of H2.15MoO3. 
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Supplementary Figure 29| The EXAFS spectra analysis of the H2.83MoO3 sample. a The FT-

EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for 

H2.83MoO3 in R space. c Wavelet transforms for the k2-weighted EXAFS signal of H2.83MoO3. 
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Supplementary Table 2 Structural parameters extracted from the EXAFS fitting. 

 

CN represents the coordination number; R represents the interatomic distance; σ2 represents the 

Debye-Waller factor; ΔE0 represents the edge-energy shift. R factor: goodness of fit. 
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Supplementary Table 3 The theoretical Mo-O distances of α-MoO3. 
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Supplementary Figure 30| CV curves of the α-MoO3 electrode using the non-aqueous acid 

electrolyte at the scan rate of 1 mV s-1: 1M trifluoromethanesulfonic acid in an ionic liquid 1-

Ethyl-3-MethylImidazolium Bis (TriFluoroMethylSulfonyl) Imide a The first cycle, b The second 

cycle, and c the third to fifth cycles. The experiment was conducted in an Argon-filled glovebox. 
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Supplementary Figure 31| Current-sensitive atomic force microscopy (CS-AFM) analysis of 

different MoO3 electrodes. a pristine electrode, b discharged to 0.35 V, c discharged to -0.15 V, 

d discharged to -0.45 V, e discharged to -0.65 V. Each column from top to down: the current 

response of the MoO3 electrode, the topographical AFM images of the MoO3 electrode, and the 

SEM image of the MoO3 electrode. 

 

Supplementary Note: The α-MoO3 electrode was prepared by casting the slurry of micro-sized 

α-MoO3, Super C65 conductive carbon, and polyvinylidene fluoride (ratio: 8:1:1) on the titanium 

foil. After drying in the vacuum oven at 60 degrees for 24 hours, the electrodes were pressed under 

5 MPa using a hydraulic press machine to reduce the surface roughness. Then the α-MoO3 

electrodes were discharged to different states using a three-electrode Swagelok system. After 

washing and drying, the current-sensitive atomic force microscopy (CS-AFM) analysis was 

performed in Tunneling Current AFM mode on the Dimension Icon Atomic Force Microscope 

system. The current mapping was performed with a PtIr-coated silicon probe (SCM-PIT-V2, 

Bruker) and a topographical scanner (scanning area: 10 x 10 μm2) at a 0.5 Hz scan rate. -0.5 V DC 

bias was applied on the α-MoO3 electrodes during measurements. 
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Supplementary Figure 32| Electrochemical performance of MoO3 electrode using the PSL 

electrolyte. a The electrochemical impedance spectroscopy of α-MoO3 electrodes at different 

discharge states. b the charge transfer resistance (Rct) of α-MoO3 electrodes at different discharge 

states (the error bars were derived from three times of tests using different samples). c The CV 

curves of the α-MoO3 electrode recorded using PSL electrolyte at different scan rates. d The 

overpotential of different redox peaks (from 1 mV s-1 to 10 mV s-1) derived from the CV curves in 

c. 
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Supplementary Figure 33| The SEM images of a pristine α-MoO3 electrode, and b MoO3 

electrode after the first GCD cycle using PSL electrolyte. 
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Supplementary Figure 34| SEM morphology characterization of MoO3 particles. a to c The 

SEM images of MoO3 particles after the initial redox peak in the first discharge process using PSL 

electrolyte, which is used for Focused Ion Beam (FIB) cutting. d The SEM image of MoO3 

particles at low magnification. 
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Supplementary Figure 35| The SEM images of MoO3 particle after the initial redox peak in 

the first discharge process using PSL electrolyte. a-d Sectional view SEM image of MoO3 

electrode after the FIB cutting on the left side (1 μm cutting each from a to d). 
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Supplementary Figure 36| The SEM images of MoO3 particle after the initial redox peak in 

the first discharge process using PSL electrolyte. a-d Sectional view SEM image of MoO3 

electrode after the FIB cutting on the right side (1 μm cutting each from a to d). 
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Supplementary Figure 37| TEM morphology characterization of HMoO3 particles. a to c HR-

STEM images of the HMoO3 lamella sample with different magnifications viewed along the [001] 

direction. d to f STEM images of the HMoO3 lamella sample with different magnifications viewed 

along the [010] direction. 
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Supplementary Figure 38| TEM morphology characterization of α-MoO3 particles. a to c HR-

STEM images of the α-MoO3 lamella sample with different magnifications viewed along the [001] 

direction. d to f STEM images of the α-MoO3 lamella sample with different magnifications viewed 

along the [010] direction. 
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Supplementary Figure 39| High-resolution HADDF image of α-MoO3 particle surface layers, 

with the inset (orange box) displaying the atomically dense surface oxide layers of α-MoO3 

particles.  
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Supplementary Figure 40| SEM and TEM morphology characterization of MoO3 particles. 

a SEM image of MoO3 electrode after the 20,000 GCD cycles using PSL electrolyte. b the zoom-

in HR-SEM image of the white box area in a. c and d TEM images of the MoO3 particle after 

20,000 GCD cycles.   
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Supplementary Figure 41| The photo of 20,000 GCD cycled MoO3 particles before a and after b 

modified with conducting wires. 

 

Supplementary Note: Resistance measurements were carried out with a four-terminal 

configuration. The sample was put onto a SiO2 (300 nm)/Si substrate, and the thickness was 

verified using an atomic force microscope (Dimension Icon). Subsequently, the electrodes were 

patterned via electron-beam lithography (Crestec-9000), followed by e-beam evaporation of Ti (10 

nm)/Au (90 nm) metals. Room-temperature electrical measurements were performed on Keithley 

4200 semiconductor parameter analyzer. Low-temperature electrical measurements were 

performed in a Physical Property Measurement System (Quantum Design). The fitting curves of 

resistance-temperature data for the conductor and the semiconductor followed the below equations:  

Equation 1: 𝑅(𝑇) = 𝑅(T0)(1 + 𝛼𝛥𝑇) for conductor. 

Equation 2: 𝑅𝑖 =
𝐿

𝐴𝐶
𝑒
[

𝐸𝑔

2𝐾𝐵𝑇
]
 for semiconductor.1  

Where L is the length, A is the cross-sectional area, C is a constant, Eg is the band gap. 
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Supplementary Figure 42| Structure characterizations of the α-MoO3 nanobelts. a TEM 

image of hydrothermal synthesized α-MoO3 nanoribbon. b SAED pattern of MoO3 nanoribbon 

with a zone axis along [100]. 

 

Supplementary Note: The α-MoO3 nanoribbon was prepared by the reported hydrothermal 

method.2 Typically, 1.0 g of (NH4)6Mo7O24⋅4H2O was dissolved in 25 mL de-ionized (DI)water, 

and 10 M HNO3 was added in to adjust the pH to 2. After stirring for 30 minutes, the solution was 

transferred to the 50 mL autoclave and was kept at 180 °C for 16h. The obtained powder was 

washed with DI water several times and dried at 60 °C overnight. 
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Supplementary Figure 43| The photos of hydrothermal synthesized α-MoO3 nanoribbon before 

a and after b modified with conducting wires. 
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Supplementary Figure 44| Evolution of PDOS with increasing H+ intercalation levels, suggesting 

the transformation of semiconducting α-MoO3 to metallic HxMoO3. a pristine α-MoO3. b HMoO3. 

c H2MoO3. d H3MoO3. 
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Supplementary Figure 45| Electrochemical performance of α-MoO3/CuFe-PBA full battery. 

a Rate performance of full battery at the current density of 1 to 100 A g-1. b The first GCD curve 

of the full battery, the as-assembled full cell displayed the open circuit potential (OCP) of 0.05 V. 

c Energy density and power density of the full battery. The current density and specific discharge 

capacity were calculated based on the mass of both cathode and anode active materials. 
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