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Fig. S1 CV curves of MoOy in a LiCl, b NaCl, and ¢ KCl electrolytes at 5 mV s, d LSV curves
of structural cation extraction for M-MoOy (M = Li, Na and K)
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Fig. S2 a K 2p XPS spectra of K-MoOx and Al-MoOx. b Al 2p XPS spectra of AI-MoOx

100

~—~90

Weight (%

79.03

MoOx

0 100 200 300 400 500 600
Temperature (°C)

Fig. S3 TGA analysis of MoOx in air and nitrogen atmosphere with a heating rate of 10 °C/min

70

The MoOx sample was analyzed by the thermogravimetric analysis (TGA) under nitrogen and
oxygen atmospheres to determine the value of x [S1]. With the increase of heating temperature,
the adsorbed and structural water within MoOx can be released and the sample is fully converted
into MoOs at around 600 °C. Equation S1 shows the calculation of the oxygen vacancy

concentration based on TGA analysis:
M(MoO,)  80.35% (S1)
M(Mo) +xM(0O) 79.03%
The molecular formula of MoOx obtained from Eq. S1 is M0oO-.s, and the oxygen vacancy
concentration is calculated to be 0.15.
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Fig. S4 XRD patterns of electrodes

Fig. S6 SEM images of K-MoOx at different magnifications
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Fig. S8 DFT-optimized structures of a MoOx, b K-MoOx and ¢ Al-MoOx
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Fig. S9 Bader charge of a MoOx, b K-MoOx and ¢ Al-MoOx
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Fig. S10 The migration path of AI** in a MoOx and b K-MoOx
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Fig. S11 PITT profiles as well as linear fitting of Inl-t slope for a, b MoOx and ¢, d K-MoOx

The corresponding co-insertion of AI** and H* diffusion coefficients of K-MoOx and MoOx
were calculated according to Eq. S2:

dhla)ﬂki
d =

where D is chemical diffusion coefficient, L the electrode thickness, | the current and t the time.

D=-

(S2)
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Fig. S12 a LSV curves of MoOy and K-MoOxin 2 M KCl at 0.5 mV s. b EDS spectrum, ¢
Mo 3d XPS spectrum and d XRD pattern of the sample at red dot (0.35 V) in ()

To further prove that the oxidation peak around 0 V at Fig. 4d corresponds to the extraction of
structural K*, the LSV curves of MoOy before and after CV running at 2 M KCI was compared
(Fig. S12a). It can be clearly observed that no peak was observed for MoOyx without K* insertion
(green curve) while the peak appears for the K-MoOx between 0 V and 0.35 V. The detailed
EDX analysis (Fig. S12b) for the sample obtained at 0.35 V confirms the remaining of K to Mo
is 0.1:1 after extraction while XPS result shows the average valence of Mo also increased from
5.24 to 5.49 due to the extraction of structural K* in K-MoOx. The corresponding XRD result
indicates no crystalline MoO3s was formed during the process, illustrating that the increase in
the average valence of Mo is caused by the removal of structural K.
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Fig. S13 a LSV curves of MoOx and H-MoOy in HCI (with the same pH to that of 2 M AIClz3)
at 0.5 mV s. Mo 3d XPS spectra of the sample obtained at b 0.35V (red dot) and ¢ 0.8V
(blue dot) as well as d the corresponding XRD patterns in (a)

To prove that the oxidation peak of 0.5 V corresponds to the extraction of structural H* in Fig.
4d, the LSV curves of MoOx before and after CV running in HCI (H-MoOx) with a pH value of
0.4 (the same pH value to AICIs used for Al-MoOy) were compared in Fig. S13a. It can be
clearly observed that a peak at around 0.5 V appears for H-MoOx while no similar peak is
observed for MoOx. Correspondingly, the peak at 0 V that is related to the extraction of
structural K is absent for H-MoOx. The subsequent XPS analysis for the two samples obtained
at 0.35 V and 0.8 V indicates the valence state of Mo increases from 5.23 (at 0.35 V) to 5.5 (at
0.8 V) because of the structural H* extraction. XRD analysis did not detect the formation of any
crystalline phase, which also confirms the increase of Mo valence state is attributed to H*

extraction.
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Fig. S14 CV curves of a Mg-MoOx and MoOy, b Ca-MoOx and MoOy, and ¢ Sr-MoOx and
MoOx at 2 mV st in the corresponding electrolytes
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It can be clearly observed that the CV area of M-MoOx (M= Mg, Ca, Sr) is apparently larger
than that of MoOx, respectively, confirming the enhanced capacity of M-MoOx with
effectively inhibited hydrogen evolution reaction.
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Fig. S15 Mo 3d XPS spectra of Mg-MoOy, Ca-MoOx, and Sr-MoOx
0.0 - (b)15_

o o
Mo .
h

-

o

1

Current (mA)
I

o
a
1
-
o
L

lPotlentiall 1\ Vs. $C E) @
g

o
2

[N
=]

Unit: Ag™" Unit' mVst!
0 20 40 60 80 100 120 140 160 180 07 -06 04 03 02 01 00
Specific capacity (mA h g) Potentlal (V vs. SCE)

Fig. S16 a GCD curves of Al-MoOx at different current densities. b CV curves of Al-MoOy at
different scan rates
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Fig. S17 a GCD curves of MoOx at different current densities. b CV curves of MoOx at
different scan rates
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Fig. S18 a GCD curves of K-MoOx at different current densities. b CV curves of K-MoOx at
different scan rates. ¢ Rate capability of K-MoOx
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Fig. S21 CV curves of a AlI-MoOx in 0.5 M AIClIs electrolyte with different pH values adjusted
by the addition of HCI, and b Al-MoOx in different electrolytes with the same pH (the pH value
of 0.5 M AICI3 was adjusted by the addition of HCI)
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Fig. S23 Bader charge of protonated a MoOy and b Al-MoOx
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Fig. S25 XRD patterns of Al-MoOx and K-MoOx after 7500 cycles
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Fig. S26 EDS spectra of a K-MoOx and b Al-MoOx after 7500 cycles
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Fig. S27 Cycling performances of MoOx in the electrolytes of 2 M AICIs; and 2 M KCI (with
the addition of HCI to adjust its pH value to be the same with that of 2M AICl3) at 12 A g*
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Fig. S28 Cycling performance of Sr-MoOx in 2 M SrCl» (with the addition of HCI to adjust its
pH value to be the same with that of 2 M AICls) at 12 A gt
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Fig. S29 CV curves of structure cation extraction for Sr-MoOy before and after cycling. The
shape of CV curves is not changed and the corresponding iH/iSr values are close (0.49 -10%"
cycle vs. 0.65-7500" cycle)
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Fig. S30 a Cycling performance of Al-MoOx at 1.2 A g and b EDS spectra of Al-MoOx after
7500 cycles in HCI electrolyte (adjusted with the same pH value to that of 2 M AICl5)
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Fig. S32 Structural characterizations and electrochemical performances of MnO;. a, b SEM
images, and ¢ XRD patterns of MnO,. Galvanostatic discharge-charge profiles of EG electrode
in different electrolytes at d the first, e the second, and f the 20th cycling

Table S1 Mo 3d XPS results of the as-prepared MoOy, K-MoOx and Al-MoOx

Samples Component (eV) Content Average valence  Assignment
(%)

231.1 40 Mo%*(3ds/2)

234.3 Mo°*(3dsr2)

MoOx 232.8 " 56 MoS*(3dsr)

235.9 Mo®*(3d32)

230.9 76 Mo°*(3dsy2)

234.1 Mo°>*(3d32)

K-MoOx 5353 ” 5.24 Mo® (30s)

235.5 Mo®*(3d32)

230 13 Mo**(3ds/2)

233.2 Mo**(3dsr2)

231.05 Mo5*(3ds/)

Al-MoOx 23495 64 5.1 Mo®*(3dla)

232.3 23 Mo®*(3ds2)

235.5 Mo®*(3d3)

Table S2 The elemental contents in M-MoOx measured by ICP
Electrode Mo Al M (Li/Na/K) Al/Mo M/Mo
(mol kg'h (mol kg'h (mol kgh molar ratio molar ratio
K-MoOx 1.0213 - 0.4163 - 0.4076
Na-MoOx 1.1011 - 0.4968 - 0.4512
Li-MoOx 1.1443 - 0.4956 - 0.4331
Al-MoOy 0.9815 0.1469 0.0108 0.1497 0.0110
Al-MoOy-L 1.0534 0.0535 - 0.0508 -
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Table S3 Mo 3d XPS results of the as-prepared Mg-MoOy, Ca-MoOx and Sr-MoOx

Samples Component (eV) Content Average valence  Assignment
(%)
229.8 9 Mo**(3ds/2)
233 Mo**(3ds2)
231 Mo%*(3ds2)
Mg-MoOx 2342 63 5.19 Mo®*(3d2)
232.4 28 Mo®*(3ds2)
235.6 Mo®*(3d32)
229.8 15 Mo**(3ds/2)
233 MO4+(3d3/z)
231 Mo°*(3ds/2)
Ca-MoOx 234.2 51 519 Mo%*(3ds2)
232.4 34 Mo®*(3ds2)
235.6 Mo®*(3d32)
229.8 8 Mo**(3ds/2)
233 Mo**(3d32)
231 Mo>*(3ds/2)
Sr-MoOy 2349 65 5.19 Mo5*(3da0)
232.4 57 Mo®*(3ds/2)
235.6 Mo®*(3d3r)

Table S4 Mo 3d XPS results of Al-MoOx and MoOx at different states of charge

Samples Component (eV) Content Average Assignment
(%) valence
230.2 10 Mo*(3dsr;)
233.4 Mo™(3dsz)
5+
MoO,-discharge 224112 66 514 mgs+8333
2325 o4 Mo®*(3dsr2)
235.7 Mo (3dsz)
230 8 Mo**(3ds/2)
233.2 Mo™(3ds.;)
5+
MoOx-charge ggi é 55 5.29 mgsggzg
232.3 27 Mo (3dsr2)
235.5 Mo (3dsz)
230.1 27 Mo*(3dsr2)
2333 Mo*(3ds2)
5+
Al-MoOx-discharge ggiég 51 4.75 mgwggﬁ
2324 1 Mo®*(3dsr2)
235.6 Mo®™(3dy2)
230.0 19 Mo**(3dsr2)
233.2 Mo (3ds3)
231.05 Mo (305
Al-MoOx-charge 934,95 61 5.01 Mo5+53d3/2;
232.3 20 Mo®*(3dsr2)
235 5 Mo (3dsr2)
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Table S5 The calculated total Gibbs free energy of protonated MoOy and Al-MoOx

Samples MoOx Al-MoOx

Total energy/ eV -760.11 -792.06

Table S6 ICP results of Mo concentration in the electrolytes with the same volume after 7500
cycles

Samples Electrolyte Mo concentration/ mg L™
MoOx 2 M AICI3 2.34

K-MoOy 2 M KCl with the pH of 0.4 1.65

Al-MoOy 2 M AIClI3 141

Table S7 Mo 3d XPS results of the as-prepared samples after 7500 cycles

Samples Component (V) Content Average Assighment
(%) valence
230.15 13 Mo**(3ds/2)
233.35 M04+(3d3/2)
231.25 |V|05+(3d5/2)
K-MoOx 234 45 63 511 Mo® (3ds)
232.5 24 Mo°*(3ds/2)
235.7 Mo®*(3day2)
230.0 14 Mo**(3ds/2)
233.2 Mo**(3dsp)
231.1 Mo°*(3ds/2)
Al-MoOy 234 3 66 5.11 Mo (3ds2)
232.3 20 Mo®*(3ds/2)
235.5 Mo®*(3ds12)

Table S8 The iH/iM ratios of M-MoOx at 10" and 7500'" cycles

10t cycle 75001 cycle
Samples
iH iM iH/iM iH iM iH/iM
K-MoOx 0.8952 2.0762 0.43 1.6141 0.7452 2.17
Al-MoOy 0.9928 1.8385 0.54 0.9249 1.4745 0.63

Table S9 Performance comparison of different anode materials for half cells

Material Electrolyte Potential Cycling  Capacity Journal Year
window (V)  number  fading per
cycle (%)
Al-MoOy 2 M AICI3 0~-0.7 (vs. 7500 0.0024 This
SCE) work
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PTCDA 1 M H2SO4 0~-0.55 120 0.208 Angew. Chem. 2017
[S2] (vs. Int. Ed.
Ag/AgCl)
MoO3[S3] 1M H2SO4 03~-05 100 0.33 Angew. Chem. 2018
(vs. Int. Ed.
Ag/AgCl)
PTO [S4] 2MHSO4+2 0~0.7(vs. 1000 0.022 Nat. Commun. 2020
M MnSO4 Ag/AgCl)
MoOs3[S5] 9.5 M H3PO4 03~-05 1000 0.018 Adv. Energy 2020
(vs. Mater.
Ag/AgCI)
HATN [S6] 2 M ZnSO. 03~11 5000 0.0014 Angew. Chem. 2020
(vs. Int. Ed.
ZnlZn?)
MoO3[S7] 6 M HzSO4 03~-05 5000 0.0026 Adv. Funct. 2020
(vs. SCE) Mater.
ALO[S8] 2MHBFs+2M 0.4~-03 500 0.0228 Adv. Funct. 2021
Mn(BF), (vs. Mater.
Ag/AgClI)
MoOs3[S9] 4.2MHSO4+5 0.3~-05 500 0.026 Small 2021
M glucose (vs. SCE)
MoOs polyphosphoric 0.5 ~-0.4 200 0.053 Nat. Commun. 2022
[S10] acid (vs.
Ag/AgCl)
H17sM00z 8 M H2SO4 0.7~-0.38 5000 0.004 J. Am. Chem. 2022
[S11] (vs. Soc.
Ag/AgCl)
MP [S12] 0.25M 0~ -1 (vs. 2500 0.0048 Energy Storage 2022
NH.H,PO, + SCE) Mater.
0.25 M
(NH4)2HPO4
Table S10 Performance comparison of different materials for PB full cells
Anode//Cathode Voltage  Energy Cycling Journal Year
Vo ey S
(Wh/kg)
Al-MoOx//MnO- 1.37 160.2 1000/91.3 This work
PTO// 0.85 132.6 5000/80 Nat. Commun. 2020
MnO.@GF [S4]
MoOs// MnO,@GF 1.09 177.4 300/81 ACS Energy Lett. 2020
[S13]

S17/S19
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Nano-Micro Letters

MoOs//H-TBA [S5] 0.91 40 1000/85 Adv. Energy 2020
Mater.

ALO//MnO,/CF [S8] 1.2 174.6 300/68 Adv. Funct. Mater. 2021

PNAQ//PNAQ [S14] 0.65 55.4 500/70 Small Methods 2021

MoO3//LiVPO4F [S10] 0.85 66.5 1000/-100 Nat. Commun. 2022

H1.7sM00O3//H1 75M003 0.4 59 1000/75 J. Am. Chem. Soc. 2022

[S11]

MP//Cu-HCF [S12] 1.3 55.3 500/75.7 Energy Storage 2022
Mater.
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