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ABSTRACT: Proton, as the cationic form of the lightest element-H, is regarded as most ideal charge carrier in “rocking chair”
batteries. However, current researches on proton batteries are still at the infancy and they usually deliver low capacity and suffer from
severe acidic corrosion. Herein, electrochemically activated metallic H; sMoO3 nanobelts are developed as a stable electrode for
proton storage. The electrochemically pre-intercalated protons not only bond directly with the terminal O3 site via strong O-H bonds,
but also interact with the oxygens within the adjacent layers through hydrogen bonding, forming a hydrogen-bonding network in
H; 7sMo0Os nanobelts and enabling a diffusion-free Grotthuss Mechanism as a result of its ultralow activation energy of ~0.02 eV. To
the best of our knowledge, this is the first reported inorganic electrode exhibiting Grotthuss mechanism-based proton storage. Addi-
tionally, the proton intercalation into MoQOs with formation of H; 7sMo0O; induces strong Jahn-Teller electron-phonon coupling, ren-
dering metallic state. As a consequence, the H; 7sMoOj3; shows an outstanding fast charging performance and maintaining a capacity
of 111 mAh/g at 2500 C, largely outperforming the state-of-art battery electrodes. More importantly, symmetric proton ion full cell
based on H;7sMoO3 was assembled and delivered an energy density of 14.7 Wh/kg at ultrahigh power density of 12.7 kW/kg, which
ouperforms those of fast charging supercapacitors and lead-acid batteries.

. enabling superfast intercalation and deintercalation in aqueous
Introduction batteries.” However, electrodes for proton ion battery are still
largely unexplored and the assocaited reaction mechanisms are

An ideal energy storage device would store a large amount of neither intensively understood.

energy with light weight and in short time.! Based on the caculaiton

of therotical capacity of electrode, the lower the atomic mass of Efforts have been spent on developing novel electrode material
chgrge carriers, the.larger th§ theoretical energy Qen51ty can be for proton battery in aqueous and non-aqueous electrolyte’.
delivered.? Lithium ion batteries (LIBs) have occupied the most (_)f Previous researches focusing on organic electrode, including
consumer market share of portable ;r;ergy storage devices in 3,4,9,10-perylenetetracarboxylic ~ dianhydride® and  poly(3,4-
regards to the low atomic weight of Li.” However, owning to the ethylenedioxythiophene)'?, as well as inorganic electrode such as
limited resources and rising price of Li as well as the low rate WO03-0.6H20!", MoO3'2, Turnbull’s blue’™®, have reported good
capability, it 1s4 very challenging to expand LIBs to grids-level cyclability of these electrode materials. However, previous studies
energy storage.” Therefore, large number of research efforts have suggest that MoOs undergoes rather sluggish diffusion-controlled
been spent on the batteries utilizing earth-abundent elements as behaviour of H* storage in MoOs3'3. Thus, boosting the kinetic of
s . . - . >
charge carriers.” However, non-metal ions are ignored, especially the electrode would be crucial in achieving high power application
proton ions, wh1ch. 1S more plentlful.on earth cornpgred to the in MoOs. Expanding the interlayer gap of MoOs using H20
metalhc charge c.arrlers.6 Moreover, as ideal charge carriers, proton molecules is suggested to be an efficient stragety to boost the
ions have the unique features of very small radius (a single proton), charge-storage kinetics of electrodes'* and is usually achievable in

and fast diffusion via the proton hopping/Grotthuss mechanism, aqueous battery by solvated ion intercalation'®. On the other hand,



recent studies revealed that solids with abundunt hydrogen-
bonding networks would take the advantages of Grotthuss
conduction, such as hydrated metal-organic frameworks!® or even
for lithium conduction'’. Recently, our group have successfully
demonstrated Prussian blue analogue for fast proton conduction
enabled by the continuous hydrogen-bonding network inside the
lattice 72, Grotthuss proton conduction is widely accepted as reason
for the for the ultra fast proton conduction, and would boost the
charge transfer kinetics by orders of magnitude’®. However,
currently there are no reports verifying the Grotthuss mechansim in
inorganic materials.

Herein, we target the electrochemically activated metallic
Hi75MoO;3 nanobelts as electrode for proton ion battery, which
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takes the advantages of Grotthuss proton conduction as verified by
the ultralow activation energy measured both experimentally and
therotically. Hi7sMoO3 nanobelts maintain a high capacity of 111
mAh/g at the current density of 2500 C (1C =200 mA/g) for 5000
cycles, outperforming the state-of-art proton insertion electrodes,
wiping out the hoping mechansim and confirming the Grotthuss
proton conduction mechanism in metallic Hi7sMoO3; nanobelts.
The full cell based on symetric Hi.7sMoO3 nanobelts delivered an
energy density of 14.7 Wh/kg at a maxim power density of 12.7
kW/kg, demonstrating its potential suitability for grid-scale high-
power energy storage device. Addtionally, proton intercalation into
MoO:s host induces strong Jahn-Teller electron-phonon coupling,
rendering the metallic electrode upon activation.
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Figure 1. (a) XRD of MoOs3; and Hi1.7sM00O3 nanobelts. (b, d) Band structure and (c, e) electronic density of state of a-MoO3 and
Hi7sMoQOs, respectively. All the energy valus are in reference to the femi level. (f) Schemetic illutration of the transition of MoO3 to
H1.7sMo00Os through Jahn-Teller effect. (g) high-resolution HAADF STEM image, and (h) the SAED pattern of MoQO3 nanobelts under zoon
axis of [100]. (k) The intensity line scan along the layer and vertial to the layer in Figure 1g. (I) MoOs crystal viewed along the [001]
direction. (i) High-resolution HAADF STEM image and j) the corresponding SAED pattern of Hi.7sMoO3 nanobelts. (m) The intensity line
scan along the layer and vertial to the layer in Figure 1i. (n) Hi7sMoOs3 crystal viewed along the [001] direction.

Discussion

Pure phase a-MoOs are prepared via one-step hydrothermal
method with well defined nanobelts morphology as confirmed in
Figure S1 and act as precursor for the electrochemical activation.
The synthesis procedure is described in detail in supporting
information. During the initial discharging process (Figure S2),
MoO3 nanobelts transform to Hi7sMoOs; nanobelts with the
intercalation of protons. The structural change and electronic
properties during the electrochemical activation process are
carefully studied via X-ray diffraction (XRD), scanning
transmission electron microscope (STEM), and density functional
theory (DFT) calculation. XRD patterns of MoO3 nanobelts in
Figure 1a show diffraction peaks at 12.69°, 23.28°, 25.57°,27.45°,
38.97°, 46.17°, and 58.99°, which correspond to the (020), (101),
(400), (210), (600), (002), and (810) planes of orthorhombic MoO3
(JCPDF card no. 04-008-4311). After discharging to -0.4 V to
realize electrochemical avtivation, the obtained Hi7sMoQOs3
nanobelts maintain the orthorhombic structure with the entire
proton intercalation. XRD patterns in Figure la reveal that the

(020) peak at 12.80° moves towards lower angle (to 12.35°) with
the interlayer spacing expanding from 6.9 A to 7.2 A (Figure S2a),
which is also confirmed by synchrotron XRD in Figure S2b. The
expanded interlamellar spacing is primarily due to the improved
interactions between the layers with the intercalated protons's.
Atomic-level study of the electrochemical activation process was
conducted by high angle annular dark field (HAADF) STEM
images and SAED patterns in Figure 1. The HAADF images shown
in Figure 1g and 1i reveal the zigzag array of Mo atoms in both
MoO:s and Hi.7sMoOs nanobelts propagates preferentially along the
[001] direction. The apparent Van der Waals gap between the
zigzag arrays of Mo atoms reveal the layered structure of both
pristine MoOs and Hi17sMoOs crystals. From the selected area
(electron) diffraction (SAED) patterns in Figure lh and 1j,
Hi7sMoQO;3 nanobelts still maintain the orthorhombic symmetry,
while atomic distance between Mo atoms along different directions
was carefully studied in HAADF STEM images. Figure 1e shows
the intensity line scan along the layer and vertial to the layer in
Figure 1g, showing the atomic distance between Mo atoms along
[010] and [001] dirctions, respectively as illustrated in Figure 1f.



The d-spacings along [010] and [001] dirctions are 0.69 and 0.33
nm on average, respectively, which are in consistent with the
schematic structure of a-MoOs3 viewed from [100] direction
(Figure 11). After electrochemical activation, as shown in Figure 1i
and 1j, the d-spacings along [010] and [001] dirctions are 0.73 and
041 nm on average, respectively, suggesting the structural
distortion induced by the proton intercalation. The intercalated
protons are bonded with terminal oxygens (the apical O atoms
pointing to the Van der Waals gaps) of MoOs octahedrons,
resulting in the elongated Mo-O bonds and expanded (001) planes.
Moreover, the reaction mechanism is also investigated by in-situ
Raman spectra. As shown in Figure S3 and S4, upon initial
discharge process, the graduate disappearance of sharp peak at
989.6 cm! indicates the breaking of asymmetric Mo-O3 stretching
vibrations at terminal sites of MoOs octahedrons and the formation
of 03-H bonds with intercalated proton'®. Moreover, in Figure 1k-
n, the bonding length between proton and the terminal oxygens in
the adjacent layers is about 0.238 nm, suggesting the existence of
hydrogen bonds in Hi.7sMoOs lattice.

The band structures of MoO3 and Hi75MoOs3 are studied by
DFT calculations in Figure 1b-1e and Figure S5. The MoO3 shows
a band gap of 1.9 eV while no band gap is observed in Hi.7sMoOs3,
suggesting the metallic nature of the Hi7sMoOs in Figure 1b. To
further elucidate the origin of the metallic state of Hi.7sMoO3, we
further projected density of states (DOS) onto the oxide slab. As is
known, three types of oxygen environment exist in MoOs, namely
the asymmetric bridging O1, the symmetric bridging O2, and the
terminal O3. After proton intercalation, the interaction of O3 p
orbitals with intercalated proton ions leads to a positive shift of Mo
d orbital. Consequently, the valence band at maximum of S and the
conduction minimum at X shift towards lower energy values. After
proton intercalation, Mo layers relax alternately towards rows of
bridging oxygen, Ol and O2, breaking the glide-plane symmetry.
In this way, the Jahn-Teller distortion leads to a semimetal-to-metal
transition, 2

To evaluate the proton storage properties of HizsMoOs
nanobelts, three-electrode cells based on Hi.7sM003 nanobelts are
assembled and tested in a voltage window of -0.38 to 0.7 V. Figure
S6 represents the Cyclic Voltammetry (CV) curves in the initial
cycle. Electrochemical activation takes place during the initial
discharging process, leading to the formation of Hi7sMoOs
nanobelts. The CV at initial cycle shows the broad cathodic peaks
at 0.058, -0.12, and -0.31 V due to the insertion of protons and
while the CV curves in subsequent two cycles in Figure 2a show
two pairs of redox peaks at 0.23/-0.019 V and -0.22/-0.33 V are
observed. The different CV curves confirm the activation process
of MoO; in acidic electrolyte. Figure 2b summarizes the stability
test of Hi.7sMoO3 nanobelts at 100 A/g for 50 cycles and the
Hi7sMoOs3 nanobelts deliver the high initial specific capacity of
188 mAh/g and maintain a capcity of 153 mAh/g after 50 cycles,
with capacity retention of ~81 %. The rate performances are
summarized in Figure 2¢ from 50 to 700 A/g. At 50 A/g, the
Hi7sMoO3 nanobelts maintain a capacity of 233 mAh/g with two
obvious platform which correpsonds well the CV curves in Figure
2a, and notably, at 600 A/g, Hi7sMoOs nanobelts retain a high
discharge capacity of 115 mAh/g. The large voltage drop is related
to the internal resistance when the ultrahigh current passes through
the battery. We also compare our rate performance with the state-
of-art proton ion battery in Figure 2d and the H17sMo0O3 nanobelts
retains not only the highest capacity at rather low current density,
but also the largest rate up to 700 A/g, within a charging time less
than 1 s. Moreover, to test the long cycle stability, the cells are
tested at 500 A/g for over 5000 cycles. In Figure 2e, Hi1.7sMoOs3
nanobelts deliver an initial specific charge capacity of 111 mAh/g
and after 5000 cycles, Hi17sMoO3 nanobelts maintain the capacity

of 89 mAh/g, corresponding to a capacity retention of 80%,
indicating remarkable long cycling stability. The capacity decay is
believed to be related to the gradual etching of the electrode in the
acidic electrolyte (Figure S7).

The electrochemical kinetics of proton intercalation into
Hi175Mo0O; electrode were studied by analytical approaches to
quantitatively distinguish the diffusion or capacitive controlled
proton storage processes. Notably, CV curves maintain similar
shapes, despite the increasing scan rates in Figure 3a. The
anodic/cathodic peaks are still obvious at 120 mV/s. Power-law
relationship is applied'?® 2! to describe the kinetics as below:

i=av® (1)

and log(i) vs. log(v) follows the linear relationships and b-value can
be solved at each peak in Figure 3b. The b value is determined by
the slope, and calculated to be 0.92, 0.84, 0.80, and 0.79 (Figure
3c), respectively, implying that the current response of Hi 7sMoO3
nanobelts is domniated by capacitive behavior. The equation is
further expanded in the full voltage window as below:

i=kv+kv” 2)

Based on the caculation, the results show that with the rising of the
scan rate, the contribution ratio of capacitive is increased to 98.8%
at 100 mV/s, revealing the dominance effect of capacitive behavior
at high rate. Additionally, a pair of new redox peaks at 0.43/0.27 V
is observed, which is belived to to be related to new intercalation
site in H1.7sMoOs nanobelts.
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Figure 2. (a) CV curves at 10 mV/s in the initial two cycles.
(b) Cycling performance at 50 A/g with charge/discharge profile
inset. (c) Rate performance at ultrahigh current density up to 700
A/g and (d) comparison of the state-of-art proton insertion battery
electrode. (e) Long term cycling stablity test at 500 A/g.

Furthermore, to investigate the electrochemical kinetics of
Hi1.7sMoQO;3 nanobelts-based proton battery, the Electrochemical
Impedance Spectroscopy (EIS) of the cell at different states are
implemented. In Figure S8, the spectrum is composed of a
compressed semi-circle at high frequency implying the charge-
transfer resistance in the electrode and in both charged and



discharged states show very low charge-transfer resistance, which
is is endowed by the metallic state electrode. The Arrhenius plot
based temperature-dependent charge transfer resistance in Figure
3d and Figure S9 reveals the ultralow activation energy of 0.02 eV,
which suggest a desolvation free charge transfer process in the
electrode/electrolyte interface, confirming the fast migration of
hydronium ions. Furthermore, the ultralow activation energy
derived from proton transport of 0.23 eV also verifies the Grotthuss
mechanism-dominated proton conduction in Hi7sMoOs. To
provide better mechanistic insight in the diffusion of proton into the
proton-defiecient Ho.1oMoOs3 and proton-rich Hi.7sMoOs structures,
we performed DFT caculation to consider the proton insertion into
proton-defiecient state Ho.19MoOs host structure. The proton
transport mechanism involves a transition state where proton is
bonded to two neighboring O ions. The activation energy dervied
from the DFT caculation is only 0.14 eV (Figure 3e), which
suggests that proton diffusion in proton-defiecient Ho.19MoOs3
requires minum energy and is close to that of Grotthuss mechanism.
Moreover, when one proton is removed from its own structure, the
proton in proton-rich Hi.7sMoO3 structure would, after relaxation,
migrates to next O3 site as displayed in Figure 3g. which further
confirms the spontaneous proton transport and further verifies the
Grotthuss mechanism. To further verify this, we also computed
different proton number in HxMoOs3 structure, spontaneous proton
transport is observed until the proton number is 1.1 in the structure
in Figure 3f. Taken together, the ultralow activation energy derived
from the experimental and caculation results suggest the direct
relationship of the Grotthuss mechanism in either proton-rich
Hi1.7sM00O3 nanobelts or proton-deficient Ho.1oMoO3 .
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Figure 3. (a) CV curves at different scan rates ranging from 5
to 100 mV/s, (b) Randles-Sevcik plot obtained from the CV data,
(c) the contribution ratio of the capacitive and diffusion-limited
capacities at different scan rates, (d) plots of logS against 1000/T
for Hi.7sMoOs3 nanobelts. (e) The diffusion energy battier and (f, g)
the diffusion paths in proton-rich Hi.7sMo0Os nanobelts and proton-
defiecient Ho.19MoO:s.

The ex-situ XRD patterns were performed at typical depth of
discharge states during the first cycles. As displayed in Figure 4b,
during discharge process, the peak at 12.35° slightly decreases to a
higher angle of 11.72° from state I to [V, with the interlayer space
expanding from 7.2 A to 7.5 A. The increased interlamellar spacing
is ascribed to the extraction of protons during the charging process.
When the electrode is discharged to -0.38 V, the characteristic peak
at 11.7° returns back to a lower angle at 12.38°, revealing reversible
structural change. To investigate the valence state change of the
electrode material, ex-situ XPS was carried out at different states.
The pristine MoO3 nanobelts in Figure S10 is composed of two

band energies at 232.9 and 236.1 eV, which can be ascribed to
3d5/2 and 3d3/2 peaks of Mo®", repectively. Compared with
pristine MoO3, at the initial state of Hi75sMo0O3 nanobelts, Mo 3d
spectrum in Figure 4c and d displays two more bands located at
231.7 and 234.9 eV, which are the characteristic peaks of Mo’",
indicating that the valance of Mo is reduced with the intercalation
of protons. As shown in Figure 4d, upon charging, the two big
bands located at 231.7 and 234.9 eV still exist, indicating that Mo>*
is partially oxidized to Mo®". This phenomenon suggests that a
portion of protons are extracted from Hi7sMoOs during the
charging process. The O 1s XPS spectra in Figure 4e and 4f further
confirm the redox reaction during activation and charging process.
In Figure S10b, the dominant O 1s peak located at 530.8 eV is
ascribed to molybdenum trioxide in pristine MoO3 nanobelts. After
the electrochemical activation, the O 1s peak was deconvoluted and
two new peaks at 531.3 and 532.6 eV represent Mo pentoxide and
oxygen bonded with protons, respectively. At charging state, the
area of O 1s peak at 532.6 eV decreases and the area of O 1s peak
at 532.6 eV increases, indicating Mo is partially oxidized back to
Mo®", and protons partially break the bonding with oxygen. These
results reveal that only a portion of protons in Hi 7sM0O3 nanobelts
can be reversibly extracted. To identify the intercalation sites and
confirm the structural reversibility of Hi.7sMoO3 upon extraction
and insertion of protons, in-situ Raman spectroscopy was
conducted. Figure 4g-i display the in-sifu Raman spectrum of
Hi.7sMoO3 nanobelts and its charge and discharge curves during in-
situ Raman testing. As shown in Figure 4h, the characteristic peak
intensity of initial Hi75sMoOs is low. Upon charge to 0.5 V, it
presents significantly increased intensities of all the peaks. When
discharged to -0.38 V, the intensities of all the peaks become
weaker again. The weakening of the Raman may be related to the
decreased crystalinity as evidenced by the ex-situ XRD in Figure
4a. In five cycles, Raman spectroscopy present periodically
increase and decrease in peak intensity along with charging and
discharging reversibly and this phenomenon indicates that the
structure of bilayered Hi7sMoOs shows increased symmetric
degree with the extraction of protons. Upon discharging, decreased
intensity reflects asymmetry, introduced with the inserted protons.
The increase and decrease on intensity of Raman spectrum upon
charge and discharge reveal the high reversibility of structural
change with the insertion and extraction of protons. Detailed
change of in-situ Raman spectrum can be observed with normalized
intensity. As displayed in Figure 4i, at the initial state, Hi.7sMoOs3
nanobelts show two peaks located at 300.4 and 737.1 cm™. The
broad peak at 300.4 cm™! is assigned to the wagging modes of the
terminal Mo=O groups while the sharp peak at 737.1 cm!
corresponds to the symmetric Mo-O-Mo stretching.?? When the cell
is charged to 0.5 V, two new sharp peaks appeared at 973.5 and
1053.2 cm™'. The strong new peak at 973.5 cm™! can be assigned to
the asymmetric Mo=0 stretching.?>2* Additionally, the small peak
at 1053.2 cm’! can be assigned to the singly coordinated oxygen
with molybdenum, which is sensitive to the oxidization state of
Mo.?! The appearance of these two peaks indicates the debonding
of protons with terminal oxygens and the formation of Mo=0 at the
terminal sites of MoOs octahedrons. Meanwhile, the Mo>" is
oxidized to Mo®". After discharging to -0.38 V, these two new
peaks gradually disappear, suggesting the breaking of Mo-O3
bonds and the regeneration of O-H bonds. This evidence validates
that the terminal oxygens are the active sites for protons
conduction. The structural change upon intercalation of protons is
highly reversible, with the formation of hydrogen-bonding network
in MoOj3 structure.

The STEM-HAADF experiments were further acquired from
the Hi.7sMoOs phase after full charge. As shown in Figure 4j, after
charged to 0.5 V, Hi1.7sMoOs still maintains the orthorhombic
symmetry. The zigzag array of Mo atoms still propagates



preferentially along the [001] direction, indicating no phase
transformation with the extraction of protons. To investigate the
structural change, atomic distance between Mo atoms is further
measured. Figure 4k shows the intensity line scan along the layer
and vertial to the layer in Figure 4j. Compared with the atomic
distance in HiesMoOs, the sample shows increased atomic
distances along [010] and [001] dirctions, which are about 0.711
and 0.378 nm, respectively. The increased atomic distance probally
results from the breaking of Mo-O-H bond and the generation of
the shortened Mo=0 bonds, leading to the expanded lattice along
both (010) planes and (001) planes. Therefore, w the
electrochemical reactions is described as shown in Figure 4l.
During the electrochemical activation, the initial discharge process
on the cathode side is:

and in the subsequent cycles, the redox reaction for peak 1/4 is:
H1.7sMoO3 <> Ho.74M00O3 + 1.01 H" + 1.01 ¢ “)
the redox reaction for peak 2/3 is:

Ho.74M0O3 < Ho.19M0O3 + 0.55 H" + 0.55 ¢ %)

Furthermore, the micron-sized MoOs is also ultilized for testing the
electrochemical proton storage performance and shows indentical
redox behavior, but with slightly lower capacity at high current,
which is suspected to be linked with the less active sites (Figure
S11).
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Figure 4. (a) Typical charge and discharge curves under the current density of 5 A/g, (b) ex-situ XRD patterns of Hi.7sMoO3 nanobelts
collected at selected voltages, XPS spectra of Mo 3d at (c) initial and (d) charge states, and O 1s at [ initial and (f) charge states. (g) Charge
and discharge curves for the in-situ Raman testing, (h) in-situ Raman spectra of Hi.7sM0O3 nanobelts collected during the five cycles shown
in Figure 4g and (i) the Raman spectrum with normalized intensity at different states. (j) High-resolution HAADF STEM image of Hi.7sM0O3
after fully charged, (k) intensity line scan along the layer and vertial to the layer in the HAADF image, (1) schemetic illutration of protons
deintercalation and intercalation in Hi.7sMoO3 during following reversible cycles.

Based on the two distict peaks from MoOs, the symetrical
proton ion full cell made of two MoOs electrodes ultilizes redox
reactions (4) at high voltage as cathode and redox reactions (5) at
low voltage as anode as shown in Figure 5a. The stability test in

Figure 5b reveals the long-term cyclability at 20 A/g for over 1000
cycles. The electrochemical working window is from -0.70 to 1.35
V vs. Ag/AgCl. All redox reaction of the symetrial MoOs electrode
are involved in the electrochemical working window and thus no



side reactions such as hydrogen/oxygen evolution reaction are
involved in the full cell. Initially, the cycling performance at 20 A/g
is tested and the full cell retains 75% of the initial capacity after
1000 cycles. The rate performance of the full cell is further
investigated from 20 to 100 A/g in Figure 5c and the charge-
discahrge curves in Figure 5d shows stable voltage output at ~ 0.4
V, which is consensus with the CV curves and remarkably, the full
cell delivers an outstanding rate capability with 138 and 120 mAh/g
(caculated by the mass of cathode material) at 20 and 100 A/g,
respectively. Minor capacity loss is observed at ultrahigh current,
further confirming fast Grotthuss proton transporting mechanism
in metallic Hi1.7sM0O3. More importantly, the maxim power density
can reach as high as 12.7 kW/kg at energy density of 14.7 Wh/kg
while the maxium energy density of 59 Wh/kg at power density of
8.7 kW/kg, demonstrating the potential for high power, grid scale
energy storage device.
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Figure 5. (a) CV curves of MoOs-based symetrical proton ion

full cell. (b) Cycling performance at 20 A/g. (c, d) Rate

performance and the charge-discharge curves of the full cell.

Conclusions

In summary, we first report the Grotthuss mechanism-driven
ultrafast proton storage in inorganic electrode materials via a facile
electrochemical activation/protonation process transforming MoO3
to metallic Hi.7sM00Os. The loosenly packed O3 in the edge of the
layer of metallic Hi.7sMoO;3 acts as proton binding site for fast
Grotthuss proton conduction as evidenced by the ultralow
activation energy of ~0.02 eV. The metallic Hi.7sMoO3 shows a
excellent rate capability as well as high capcity as proton insertion
electrode. At high current density of 500 A/g, Hi.7sMo00O3 nanobelts
is able to maintain reversible capacity of 111 mAh/g for over 5000
cycles within charging time of less than 1 second, largely
outperforming the state-of-the-art proton batteries. Furthermore, a
symmetric proton full cell based on two Hi7sMoO; electrodes
delivered the energy density of 14.7 Wh/kg at maxim power density
of 12.7 kW/kg, which ouperforms those of supercapacitor and lead-
acid battery, demonstrating its promising applicable future for high
power, grid scale energy storage device. Our report on the ultrafast
proton storage electrode through Grotthuss mechanism would
boost the study on battery systems with non-metal ions as charge
carriers.
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