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Supplementary Figures and notes
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Supplementary Figure 1| Physical characterizations of the as-received a-MoQ3. a The X-ray
diffraction (XRD) pattern and b the scanning electron microscopy (SEM) image of MoOs. ¢ High-
angle annular dark-field image (HADDF) of MoOs. Energy dispersive spectroscopy (EDS) for
elemental mapping of d molybdenum and e oxygen.



Supplementary Figure 2| Structure characterizations of the pristine o-MoQOs. a High-
resolution transmission electron microscopic (HR-TEM) image MoOs. The lattice fringe widths
were estimated to be 0.4 and 0.38 nm, corresponding to the (010) and (001) plane spacings of the
a-MoOs, 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 H3;POs-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. ¢ The ionic conductivity of different electrolytes. d XRD pattern of the PSL

electrolyte.



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). ¢ The glass carbon electrodes that work as the current collector.



Q
(e

— 0.35¢ 04V.3h - 0.35 —— 15! discharge
(@] D35V, 15 o (@] —— 2" cycle
g) 2’3 3" gycle
g) 0.00F g) 0.00¢
%) %)
> >
> s
S .0.35} ®-0.35¢
c —— 18! discharge +
% 2" cycle ..“_.c-)’
a 3 cycle a 2Ag"
-0.7Q . : : : -0.70 : . : W . j
0.0 50k 10.0k 150k 20.0k 0 100 200 300 400 500
Time (s) Capacity (mAh g')

Supplementary Figure 6] The protons extraction experiment of MoQO3 electrode. a
Galvanostatic charge-discharge (GCD) and potentiostatic curves (constant voltage steps during
each cycle) of MoOs 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 MoOs3 electrode shows a similar
specific discharge capacity (around 360 mA h g'!) 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 MoOs electrode at 2 A g™!' via two-proton
mechanism using PSL electrolyte.
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Supplementary Figure 8| Electrochemical performance of MoQO3 electrode using the PSL
electrolyte. The first a and b second cyclic voltammetry (CV) curves (at 1 mV s) of MoO;
electrode using PSL electrolyte. The Coulombic ratio of ¢ Oxidation/Reduction peaks and d
Reduction peaks/total coulomb in the first and second CV curves of the MoOs electrode using PSL
electrolyte.

Supplementary Note: The Coulombic ratio in Supplementary Figures 8 ¢ 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 H2SOas.
Cycling performance of MoOs electrodes using b PSL electrolyte and e 2M H>SOs. Nyquist
impedance plot for the MoOj electrodes using ¢ PSL electrolyte and f 2M H>SOa.
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Supplementary Figure 10| Electrochemical performance of a-MoQO3 electrode using PSL
electrolyte. a Rate performance of a-MoOs electrode at the current density of 2 to 400 A g™ b
Specific discharge capacity of a-MoOs electrode at the current density of 2 to 300 A g,
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Supplementary Figure 11| Electrochemical performance of a-MoO3 electrode using the
different acid electrolytes. a The initial four cycles of CV curves of MoOs electrode using 2M
H>S04. Six cycles of GCD curves of a-MoOj3 electrodes using b 2M H>SO4 and ¢ PSL electrolyte.
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Supplementary Figure 12| The O 1s XPS spectrums of a-MoOj3 electrodes performed at different

discharge states.
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Supplementary Figure 13| The XANES spectra of H2.1sMoO; and H283Mo00Os3; compared to Mo
foil and MoO; reference.
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Supplementary Figure 14| In operando XRD measurements of a-MoQs3 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 Hi.ssMo0O3 structure. a to ¢ The DFT
simulated crystal structure, HR-STEM, and SAED pattern of Hi.ssMoO;3 viewed along the [001]

direction. d to f The DFT simulated crystal structure, HR-STEM, and SAED pattern of Hi sMo0O3
viewed along the [010] direction.
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Supplementary Figure 16| Characterizations of the H2.15sMo0O3 structure. a to ¢ The DFT
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and SAED pattern of H2.1sMoOs viewed along the [001]

direction. d to f The DFT simulated crystal structure, HR-STEM, and SAED pattern of H2.1sMoO3

viewed along the [010] direction.
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Supplementary Figure 17| Characterizations of the H25Mo00O3 structure. a to ¢ The DFT
simulated crystal structure, HR-STEM, and SAED pattern of H2.83MoO; viewed along the [001]

direction. d to f The DFT simulated crystal structure, HR-STEM, and SAED pattern of H> $3M00O3
viewed along the [010] direction.
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Supplementary Figure 18| CV curves of a-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 a-Mo0O3 before and after the first cycle.

a The pristine 0-MoO3 and b HMoO:.
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Supplementary Figure 20| The ex-situ XRD curves of a-MoO3 during the protons
(de)intercalation process. a The Hi 3sM0O3 and b H2.1sMoOs.
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Supplementary Figure 21| The ex-situ XRD curves of a-MoO3 during the protons
(de)intercalation process. a The H> 33M0O3 and b Hi.6sMoOs.
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Supplementary Figure 22| The ex-situ XRD curves of o-MoOs during the protons
(de)intercalation process(H2.1M0O3).
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Supplementary Table 1 The structural information and refined lattice parameters of HxMoOs3
obtained from ex-situ XRD pattern refinement.

Stage Phase Spacegroup al/A b/A c/A Beta/®
[ a-MoQO, Pnma 13.8638 3.7004 3.9649 203.41 90
i H, zsMoO4 C2/m 13.9312 3.7752 4.0717  213.756 94 .48
iii H, 53sMoO, C 13.7179 3.8614 4.0661 214.5206 95.14
iv H, ;MoO,4 C 13.6057 3.8674 4,058 212.6369 95.36
\ HMoQO, 12/m 14.0808 3.7163 74735 390.1492 93.96
\ H, ggMoO4 C2/m 13.9811  3.7730 4.0516 213.2424 93.85
vii H, 1sM003 C 13.5835 3.8979 4.0382 213.0686 94.78
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Supplementary Figure 23| The illustration of crystal structures of a-MoQO3 and H:MoO3
composites. a The illustration crystal structural arrangement of oxygen atoms in a-MoOs3,
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 H{MoOs.
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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. ¢ Wavelet transform for the &*>-weighted EXAFS signal of Mo foil.
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Supplementary Figure 25| The EXAFS spectra analysis of the a-MoO3 sample. a The FT-
EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for a-
MoOs in R space. ¢ Wavelet transform for the k*-weighted EXAFS signal of a-MoOs.
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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
HMOoO:s in R space. ¢ Wavelet transform for the k*-weighted EXAFS signal of HMoO:.
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Supplementary Figure 27| The EXAFS spectra analysis of the Hi.ssMo0QO3 sample. a The FT-

EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for
Hi36MoOs in R space. ¢ Wavelet transforms for the k*-weighted EXAFS signal of H; ssMoOs.
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Supplementary Figure 28| The EXAFS spectra analysis of the H2.1sMo0QO3 sample. a The FT-
EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for
H..1sMoOs in R space. ¢ Wavelet transforms for the k*-weighted EXAFS signal of Hz.1sMoOs.
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Supplementary Figure 29| The EXAFS spectra analysis of the H2.353Mo003 sample. a The FT-
EXAFS spectra with the fitting result. b EXAFS spectra and fitting curve of Mo K-edge for
H..53MoOs in R space. ¢ Wavelet transforms for the k*-weighted EXAFS signal of H2 $3MoOs.
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Supplementary Table 2 Structural parameters extracted from the EXAFS fitting.

Sample Shell (07)'} R (A) 02 (103A2) AE, (eV) R factor
Mo foil Mo-Mo 12 (fixed) 2.85+0.01 1.7+1.6 6.1+1.4 0.009
a-MoO3 Mo-O 5.6+0.7 2.18x0.01 1.1+£1.2 49+3.2 0.014
HMoO, Mo-O 49+1.3 2.16+0.01 11.1+£7.9 4.9+1.9 0.009
| H,sM0O; Mo-O  4.410.2 2.10£0.00 1.1+1.2 2.748.1 0.020
H,sMoO; Mo-O  3.9:05 2.02+0.01 12.742.9 1.3+1.9 0.014
H,MoO; Mo-O  3.2+0.3 2.010.01 2.38.1 15425 0.013

CN represents the coordination number; R represents the interatomic distance; o” represents the
Debye-Waller factor; AEy represents the edge-energy shift. R factor: goodness of fit.
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Supplementary Table 3 The theoretical Mo-O distances of a-MoOs.

o s

Mo-O, 1678
Mo-0,! 1.738
Mo-0, 2.244
Mo-0,' 1.949
Mo-0,! 1.949

Mo-O," 2.327
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Supplementary Figure 30| CV curves of the a-MoOQO3 electrode using the non-aqueous acid
electrolyte at the scan rate of 1 mV s™': 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 MoOs electrodes. a pristine electrode, b discharged to 0.35 V, ¢ 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 MoOs electrode, the topographical AFM images of the MoO3 electrode, and the
SEM image of the MoO;3 electrode.

Supplementary Note: The a-MoOs electrode was prepared by casting the slurry of micro-sized
a-MoOs3, 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 a-MoOs
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 Ptlr-coated silicon probe (SCM-PIT-V2,
Bruker) and a topographical scanner (scanning area: 10 x 10 um?) at a 0.5 Hz scan rate. -0.5 V DC
bias was applied on the a-MoOjs 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 a-MoOs electrodes at different
discharge states. b the charge transfer resistance (Rct) of 0-MoOs electrodes at different discharge
states (the error bars were derived from three times of tests using different samples). ¢ The CV
curves of the a-MoOs electrode recorded using PSL electrolyte at different scan rates. d The

overpotential of different redox peaks (from 1 mV s to 10 mV s™) derived from the CV curves in
c.
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Supplementary Figure 33| The SEM images of a pristine a-MoOs electrode, and b MoOs3
electrode after the first GCD cycle using PSL electrolyte.
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Supplementary Figure 34| SEM morphology characterization of MoO3 particles. a to ¢ The
SEM images of MoOs 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 MoOs
particles at low magnification.

38



Supplementary Figure 35| The SEM images of MoQs3 particle after the initial redox peak in
the first discharge process using PSL electrolyte. a-d Sectional view SEM image of MoOj
electrode after the FIB cutting on the left side (1 pm cutting each from a to d).
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Supplementary Figure 36| The SEM images of MoQs3 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 pm cutting each from a to d).
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Supplementary Figure 37| TEM morphology characterization of HMoOs3 particles. a to ¢ HR-
STEM images of the HM0O3 lamella sample with different magnifications viewed along the [001]
direction. d to f STEM images of the HM0Os3 lamella sample with different magnifications viewed
along the [010] direction.
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Supplementary Figure 38| TEM morphology characterization of a-MoOQO3 particles. a to ¢ HR-
STEM images of the a-MoOs3 lamella sample with different magnifications viewed along the [001]
direction. d to f STEM images of the a-MoO;3 lamella sample with different magnifications viewed
along the [010] direction.

42



2! ..:....ix‘
: RELIISERN LS Zts.\ﬁ.z«. g
LZF P FRFRSARY EES RS RE) z.)rt.i.if&\?c. TIRIRADEENG R LR ANZL SR

a \-n-\. oy

R AR A B A AN

ST A Y ERERL Y LYV SN AR ARG F BTSN SRIHTR
PEEAF PP EAAIAARNETIIT 3.2 2 AARAA, uu&\\)t}{x\x\x\}ss\.{ ARER IR HE
ARRP; tﬁ%ﬂga.\i%x ESAINLL RO EOIPRIASSLIPI TR
wﬁﬁa&aﬂgﬁwi RONKIPE 5 E 8 FERESS 8 AN RIS S I E SRS
{Ekm%.{sss}g%(&}. 02 A IR
2 LA RL .{.. K

)

Supplementary Figure 39| High-resolution HADDF image of a-MoOs particle surface layers,
with the inset (orange box) displaying the atomically dense surface oxide layers of a-MoOj

particles.
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Supplementary Figure 40| SEM and TEM morphology characterization of MoQOs3 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. ¢ and d TEM images of the MoOs3 particle after
20,000 GCD cycles.
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Supplementary Figure 41| The photo of 20,000 GCD cycled MoOs 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(Ty)(1 + aAT) for conductor.

Eg
| LS
Equation 2: R; = e 2KpT| for semiconductor. !

Where L is the length, 4 is the cross-sectional area, C is a constant, E, is the band gap.

45



Supplementary Figure 42| Structure characterizations of the a-MoO3 nanobelts. a TEM
image of hydrothermal synthesized a-MoO3 nanoribbon. b SAED pattern of MoOs nanoribbon
with a zone axis along [100].

Supplementary Note: The o-MoO; nanoribbon was prepared by the reported hydrothermal
method.? Typically, 1.0 g of (NH4)sM07024-4H,0 was dissolved in 25 mL de-ionized (DI)water,
and 10 M HNOs 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 a-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 a-MoOj to metallic H:Mo0Os. a pristine a-MoOs. b HMoO:s.
¢ H:MoOs. d H3MoO:s.
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Supplementary Figure 45| Electrochemical performance of a-MoO3/CuFe-PBA full battery.
a Rate performance of full battery at the current density of 1 to 100 A g!. b The first GCD curve
of the full battery, the as-assembled full cell displayed the open circuit potential (OCP) of 0.05 V.
¢ 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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