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Abstract
Hydrogen ions (H+) and hydroxide ions (OH-) are regarded as ideal charge carriers for rechargeable
batteries thanks to their small size, high ion mobility, low cost, and wide �exibility compared to the metal
ions. However, the implementation of storage of both H+ and OH- in one electrochemical energy device
face grand challenge due to incompatibility between H+ and OH-. Herein, we report an alkali-acid Zn-
MoO3 hybrid battery that employ H+ and OH- as charge carriers of cathode and anode, respectively, in
which the insertion/deinsertion of H+ take place on layer structured MoO3 cathode in acid while OH- are
involved in alkaline conversion Zn anode, which offers a promising route to well address the incompatible
issues of H+ and OH- in one electrolyte. The as-built hybrid battery can deliver a high open-circuit voltage
of 1.85 V, a high rate capability, a high capacity of 158 mAh g-1 at a current density of 5 A g-1, and
excellent capacity retention of above 90% over 200 cycles. This work sheds light on the development of
aqueous energy devices with high voltage and energy density through materials engineering and device
optimization.

Introduction
Electrochemical energy storage and conversion systems play a crucial role in the development of
renewable energy for a sustainable future.1, 2, 3 Among these systems, aqueous-based batteries that
employing metal ions as charge carriers, such as Zn-ion battery,4, 5, 6 have drawn worldwide attentions
due to the advantages of environmental benignity, high safety, high e�ciency, and fast kinetics. Whilst
nonmetal ions battery,7, 8, 9, 10 such as hydrogen ions (H+), hydroxide ions (OH-), NO3

-, and NH4
+, receive

rare research interest it deserved because they are actually ideal charge carriers for rechargeable
batteries, thanks to their small size, high ion mobility, low cost, and wide �exibility compared to the metal
ions.11, 12 Moreover, it remains a grand challenge for the development of rechargeable battery with dual-
nonmetal ions as charge carriers of both anode and cathode.13, 14, 15 In this regard, it is of great
signi�cance to explore the feasibility of developing aqueous batteries with dual-nonmetal ions as charge
carriers and to clarify the associated electrochemical mechanism. Of various nonmetal ions, H+ and OH-

are the ideal candidates as charge carriers for the dual-nonmetal ions battery with hydrogen
insertion/deinsertion in cathode and OH- involved in conversion anode (e.g., Zn, Al, Mg anode),
respectively. To this end, at least two critical issues should be addressed. On one hand, an essential
prerequisite for implementing such hybrid electrochemical device is to explore suitable cathode materials
with capability for reversible H+ insertion/deinsertion. On the other hand, it is a daunting challenge to
integrate H+ and OH- in one electrochemical system because these two ions would react quickly once
mixed.

Orthorhombic α-MoO3 is one of the promising materials for H+ storage,16, 17 which is appropriate for the

insertion/deinsertion of H+ due to its layered structure.18, 19, 20 However, the poor conductivity and the
limited electrochemical activity of α-MoO3 greatly restrict its electrochemical H+ storage capability and
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thus behave low speci�c capacity and fast decay.21, 22 Accordingly, efforts have been made to improve
the conductivity of α-MoO3, typically by coating of conductive polymers on the surface of MoO3,23, 24, 25

such as polyaniline (PANI), polypyrrole (Ppy), owing to their merits of good stability, low cost, and good
conductivity, which is bene�cial to facilitate electrons transfer and to expedite ions exchange, in this
manner can the associated performance be improved to a certain extent, there is great space for further
improvement yet.26, 27

The bottleneck for such electrochemical device with non-mental ions storage is the thermal stability
windows of 1.23 V, which greatly limits the energy density that is directly related to the working voltage
according to the equation (E = Csp * V).28, 29 Hybrid electrochemical devices by coupling acidic cathode
with alkaline anode were reportedly to be capable of broadening the voltage window of aqueous
battery,30, 31, 32, 33, 34, 35 which inspire us to accomplish the idea to develop dual-nonmetal ions H+/OH-

battery. We herein report a surface engineering and defect manufacturing route for fabrication of
vacancy-riced MoO3 porous nanobelt (v-MoO3 PNB), which hold abundant oxygen defects and enlarged
surface area, leading to more exposed active sites and improved electrical conductivity and allowing
faster kinetics for H+ insertion/deinsertion. We demonstrate the v-MoO3 PNB exhibits a speci�c capacity

of 210 mAh g-1 at 5 A g-1 and a high rate performance. Furthermore, we put forward an alkali-acid Zn-
MoO3 hybrid battery by coupling alkaline Zn anode with acidic v-MoO3 PNB cathode that can liberate
impressively high voltage and energy density.

Results
The synthesis process of v-MoO3 PNB is schematically illustrated (Fig. S1, supporting information),
which start a modi�ed hydrothermal method reported previously for the synthesis of MoO3 nanobelt

(MoO3 NB),18 which was then treated by FeCl3 solution.36 The v-MoO3 PNB was �nally obtained by
partially reduction upon thermally annealing with NaH2PO2·H2O as reductant at 250 ºC for 1 h according
to the following reactions:

2 NaH2PO2·H2O (s) → PH3 (g) + Na2HPO4 (s) + 2 HO2 (g)

MoO3 + PH3 → MoO3-x + x /4 H3PO4

The as-prepared v-MoO3 PNB, similar to that of MoO3 NB, shows typical x-ray diffraction (XRD) patterns
of orthorhombic MoO3 phase (JCPDS#35-0609) with three dominant peaks that can be well indexed to
(020), (040), and (060) crystalline facets. (Fig. 1a). Notably, one can obviously observe negative shifts of
peak (020), (040), and (060) for v-MoO3 PNB relative to those of MoO3 NB (Fig. S2, supporting
information), implying the increase of lattice spacing in v-MoO3 PNB arising from the introduction of

oxygen vacancies.37, 38 Fig. 1b-c show the typical scanning electron microscopy (SEM) images of MoO3

NB, displaying a smooth nanobelt morphology with an average width of 240 nm and lengths about 5-10
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μm (Fig. S3, supporting information), while the v-MoO3 PNB show an eminently rough surface due to the
etching treatment of FeCl3 solution (Fig. 1d-e) with well maintaining nanobelt structure (Fig. S4,
supporting information). It is noted that the color changes from the grey-white of MoO3 NB to the blue of
the v-MoO3 PNB (Fig. S5, supporting information), further con�rming inducing the surface defects of
oxygen vacancies. The transmission electron microscopy (TEM) image convinces the existence of the
porous structure in v-MoO3 PNB (Fig. 1f). High-resolution TEM image (Fig. 1g) implies that the well-
de�ned lattice fringe with an interplanar distance of 3.44 Å, corresponding the (020) plane of MoO3.
Moreover, some atomic-leveled distortion could be clearly observed (remarked by red dots, also see Fig.
S6, supporting information), which is due to the presence of oxygen vacancies. The selected area electron
diffraction (SAED) pattern was shown in Fig.1h, indicating the single-crystalline nature of the v-MoO3

PNB, which is attributed to the (010) zone axis diffraction.

Raman spectroscopy and electron paramagnetic resonance (EPR) spectroscopy were carried out to study
the samples. Both the MoO3 NB and the v-MoO3 PNB show three sharp Raman bands located at 663

(B2g/B3g, vas, O-Mo-O stretch), 816 (Ag, vas, Mo=O stretch) and 993 cm-1 (Ag, vas, Mo=O stretch, Fig.
2a),38 con�rming they are orthorhombic structure of α-MoO3. The v-MoO3 PNB exhibits a remarkable
reduction in Raman peak intensity compared to the MoO3 NB, implying the successful introduction of
oxygen vacancies. Fig. 2b shows the Electron Paramagnetic Resonance (EPR) spectroscopy of MoO3 NB
and v-MoO3 PNB. The MoO3 NB almost shows no EPR signal while the v-MoO3 PNB manifests a

remarkable EPR signal in �elds of 3250-3750 Gs. The g1 can be ascribed to the O- as the paramagnetic
center and the g2 is related to the Mo5+ as the paramagnetic center.39, 40 The presence of Mo5+ further
indicates the presence of oxygen vacancy in v-MoO3 PNB.

X-ray photoelectron spectroscopy (XPS) was conducted to further investigate the surface properties and
chemical composition of the samples. The survey spectroscopy shows the sign of Mo, C, and O elements
in both MoO3 NB and v-MoO3 PNB (Fig. S7, supporting information). Fig. 2c presents the high-resolution

XPS spectra of Mo 3d, which can be divided into four peaks, 236.1 eV for Mo6+ 3d3/2, 232.9 eV for Mo6+

3d5/2, 235.4 eV for Mo5+ 3d3/2, and 232.2 eV for Mo5+ 3d5/2, respectively.41, 42 The atomic ratio of

Mo5+/Mo6+ can be employed to character the oxygen vacancies of MoO3. For MoO3 NB, the atomic ratio

of Mo5+/Mo6+ is estimated to be 0.13 (corresponding to MoO2.93), while the corresponding value for v-
MoO3 PNB increases to 0.38 (corresponding to MoO2.82), suggesting that the partial reduction of MoO3

and the oxygen vacancies have been increased after the reduction treatment. The peak of 530.6 eV is
observed for both MoO3 and v-MoO3 PNB from the O1s core-level XPS spectra (Fig. 2d), which is ascribed

to the Mo-O bond. Moreover, the O 1s XPS peak of 531.4 eV for MoO3 NB indicates the absorption of OH-

on the surface of MoO3 NB, while for the v-MoO3 PNB, the peak corresponding to OH- is missing, and

there appear two peaks located at 532.4 and 531.2 eV that can be assigned to the sign of PO3
- and

H2PO4
-,43 further con�rming the partial reduction of MoO3 by phosphate ions during the annealing

process.
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To evaluate the H+ storage capability, cyclic voltammetry (CV) tests were carried out in 1.0 M H2SO4 with
a standard three-electrode system with Ag/AgCl as reference electrode, Pt wire as counter electrode, and
the MoO3 modi�ed carbon paper (1*1 cm2) as working electrode, respectively. Fig. 3a shows the �rst

three CV curves of v-MoO3 PNB at a scan rate of 1 mV s-1 at the potential range from -0.5 to 0.3 V. One
can observe three pairs of redox peaks of 0.074 V/0.01 V, 0.032 V/-0.04 V, and -0.371 V/-0.384 V that are
related to the insertion and deinsertion of H+ into the v-MoO3 PNB electrode. Notably, the peak current of

v-MoO3 PNB is larger than that of MoO3 NB (Fig. 3b), implying a higher H+ storage capacity for v-MoO3

PNB, which can be rationally attributed to the higher conductivity (Fig. S8, supporting information) and
more activity sites derived from large speci�c surface area (Fig. S9, supporting information). Moreover,
the reaction kinetics of H+ insertion and deinsertion were further studied by recording the CV curves at
different scan rates from 0.5 to 10 mV s-1 (Fig. 3c). The peak currents and the peak separations increase
along with the scan rate increases, which is due to the enhanced polarization at high scan rates. The
Randles-Sevcik equation was employed to determine the relationship between the peak currents (ip) and

scan rate (v). The ip linearly increases with the square root of the scan rate (v1/2) over the scan rate range,

with the excellent linearity close to 1 (Fig. 3d), indicating a diffusion process control of the H+ insertion
and deinsertion on the v-MoO3 PNB electrode.

The charge and discharge pro�les from 1 A g-1 to 20 A g-1 of the v-MoO3 PNB are shown in Fig. 4a. Even

at an ultra-high current of 20 A g-1, three obvious pairs of charge and discharge plateaus can be observed,
which match well with the three-step redox behavior in the CV curves. While the charge and discharge
plateaus of MoO3 NB can’t be recognized at large current (Fig. S10, supporting information), implying the
high rate capability for the v-MoO3 PNB thanks to its improved conductivity. Fig. 4b shows the capacity at
different current density of the v-MoO3 PNB, which delivers discharge capacities of approximately 248.2,

245.4, 210.8, and 198.7 mAh g-1 at currents of 1, 5, 10, and 20 A g-1, respectively. The Coulombic
e�ciency is in the range of 97 - 99% can be obtained when the current is reduced to 1 A g-1. However, the
MoO3 NB exhibits a poor rate performance with low speci�c capacity and inferior capacity recovery (Fig.

S11, supporting information). Fig. 4c shows the stability of the v-MoO3 PNB for H+ insertion and

deinsertion. At a current of 10 A g-1, above 92% of its initial capacity can remain with an average
Columbia e�ciency of 96% after 200 cycles, which is superior to those of MoO3 NB (Fig. S12, supporting
information).

Given its quite good H+ storage capability, we developed a alkali-acid Zn-MoO3 hybrid battery that OH- are

involved on alkaline Zn conversion anode while H+ insertion/deinsertion takes place in acidic v-MoO3

PNB cathode (Fig. 5a).

Anode: Zn + 2OH- ↔ ZnO + H2O

Cathode: MoO3-x + H+ ↔ HyMoO3-x
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In this as-developed hybrid device, the redox reactions of anode and cathode can proceed in their optimal
conditions with potential of harvesting the so-called electrochemical neutralization energy (ENE),44, 45, 46,

47, 48 which can signi�cantly enhance the voltage and energy density of energy devices. Fig. 5b shows the
CV curves of the Zn anode in alkali and the v-MoO3 PNB cathode acid at a scan rate of 1 mV s-1. Both
electrodes show redox activity at their individual potential windows, which indicates the availability and
feasibility for fabricating alkali-acid Zn-MoO3 hybrid battery. The as-constructed alkali-acid Zn-MoO3

hybrid battery (Fig. 5b) shows one prominent pair of redox peaks in the potential range of 1.2 V to 1.6 V.
As a result, the battery shows a high open-circuit voltage (OCV) of about 1.85 V (Fig. 5c), higher than
most of aqueous battery.49, 50, 51, 52, 53 And the value is constant for 60 mins, implying the decent stability
of the hybrid battery. Moreover, a single battery can power a red light-emitting diode (LED, 1.8-2.2 V, Fig.
S13, supporting information), further demonstrating the high voltage of the as-built battery. It is noted
that the OCV of the battery varies when the electrolyte is different (Fig. S14, supporting information)
because the H+ insertion and deinsertion are sensitive to the pH value of electrolytes, including the current
and potential (Fig. S15, supporting information).

Fig. 5d shows the charge and discharge pro�les from 1 A g-1 to 10 A g-1 of the alkali-acid Zn-MoO3 hybrid
battery. The distinct charge and discharge plateaus can be observed in all curves at various current
density. The alkali-acid Zn-MoO3 hybrid battery can deliver a discharge capacities of 198.2, 170.2, 157.8,

and 139.2 mAh g-1 at currents of 1, 2, 5, and 10 A g-1, respectively (Fig. 5e), which implies the battery can
afford an excellent rate performance. Moreover, when the current density was back to 1 A g-1, the
reversible speci�c capacity could be recovered, indicating excellent reversibility of the battery even after
high rate current. Meanwhile, high Coulombic e�ciency in the range of 94 - 98% can be achieved. Fig. 5f
exhibits the charge and discharge pro�les (GCD) of the alkali-acid Zn-MoO3 hybrid battery in different

cycle number at a current density of 5 A g-1, in which one can clearly observe two pairs of GCD voltage
plateaus. The dominant GCD voltage plateaus are located at about 1.45 V and 1.85 V for the �rst charge-
discharge process, and they are positioned at a stable level of about 1.91 V and 1.51 V in the following
cycles, indicating that the alkali-acid Zn-MoO3 hybrid battery shows a good reversibility and cycling
stability. Furthermore, long-term cycling performance of the alkali-acid Zn-MoO3 hybrid battery con�rms
the excellent stability. As shown in Fig. 5g, above 90% of its initial capacity can be achieved with an
average Columbia e�ciency of 95% after 200 cycles at a current of 5 A g-1. The phase of the v-MoO3 PNB
has not been changed after long-term stability test, except for peaks from Na�on at 18º and 26.4º, and
crystalline carbon paper at about 25º (Fig. S16, Supporting Information). In addition, the morphology and
microstructure of the v-MoO3 PNB also keep almost unchanged, as demonstrated by the SEM images of
the material (Fig. S17, Supporting Information). Moreover, the CV curve of Zn anode shifts for high
potential, while that of v-MoO3 PNB cathode shifts to low potential (Fig. S18, Supporting Information),

which may be due to the crossover of H+ and OH-. For this purpose, we monitor the pH value variation of
the catholyte and anolyte during cycling. The concentration of H+ and OH- decrease along with cycling
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(Fig. S19, Supporting Information), which induces the capacity decay of the alkali-acid Zn-MoO3 hybrid
battery.

To investigate the mechanism of the alkali-acid Zn-MoO3 hybrid battery, the ex-situ XRD measurements
of v-MoO3 PNB electrode were performed during the charge and discharge process (Fig. 6). As shown in
Fig. 6b, all the XRD patterns during the charge-discharge processes show three predominant peaks of
(020), (040) and (060), indicating that no phase transition exists in the processes, which suggests a solid
solution reaction during H+ ions insertion and deinsertion. Moreover, the peak located at about 18º is
assigned to the Na�on. When discharged to 1.0 V, the peak at 12.7º for the (020) planes of the v-MoO3

PNB shifts to 12.63 V, associated with the (002) planes of H0.88MoO3,16 implying the H+ ions have been
inserted into the v-MoO3 PNB. When charged to 1.7 V and 2.2 V, the peak derived from the (020) planes
returns to 12.67º and 12.7º. During the subsequent discharge process, the (020) peak shifts from 12.7º to
12.63º. These observations reveal that the insertion and deinsertion of H+ are reversible on the v-MoO3

PNB.

Discussion
In summary, we have demonstrated a novel alkali-acid Zn-MoO3 hybrid battery that hydroxide ions (OH-)

can be consumed/released on the Zn anode in alkali and hydrogen ions (H+) can be inserted/deinserted
into/from MoO3 on the cathode in acid. The hybrid battery exhibits a high voltage of 1.85 V and a

reversible capacity of 157 mAh g-1 with a near 100% Coulombic e�ciency at a high current density of 5 A
g-1, which is contributed to the fast kinetics of charge carriers of H+ and OH-, improved conductivity and
active sites induced by high density of oxygen vacancies in v-MoO3 PNB, and the utilization of
electrochemical neutralization energy. The present work may open a new avenue for developing high
voltage and high energy density aqueous electrochemical energy devices.

Methods
Preparation of α-MoO3 nanobelt (MoO3 NB): Typically, 10 mL of saturated ammonium heptamolybdate
tetrahydrate was added in a beaker. 20 mL of 10% HNO3 solution was dropped into the beaker with the
assistance of stirring. The pH of the mixed solution was adjusted to about 1 by 20% HNO3. Then, the
obtained solutions were transferred into a 50 mL Te�on-line autoclave and heated at 180 ºC for 40 h. The
α-MoO3 nanobelt was obtained by washing with absolute ethanol and distilled water for several times
and then drying at 60 ºC.

Preparation of vacancies abundant MoO3 porous nanobelt (v-MoO3 PNB): 100 mg of as-prepared MoO3

was dispersed in 20 mL of 0.1 M FeCl3 solution, and then stirring for 6 h. The product of MoO3 nanobelt
with a porous structure (MoO3 PNB) was collected after washing and drying. 50 mg of the as-collected
product was placed in a combustion boat, and 5 g NaH2PO2·H2O at the upstream side of the tube
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furnace. The v-MoO3 PNB was obtained by calcining the MoO3 PNB powder at 250 ºC for 1 h in the Ar
atmosphere.

Characterization

The morphologies of samples were checked by �eld-emission scanning electron microscope (FESEM;
Hitachi, SU8010, 5 kV) and transmission electron microscope (TEM, FEI, F20, 200 kV). The phase of
products was performed on the powder X-ray diffraction (Hitachi, Mini�ex600). X-ray photoelectron
spectra (XPS) were collected by ESCALAB 250Xi (Thermo Scienti�c) XPS spectrometer with an Al Kα as
the excitation source (1486.6 eV). The N2 adsorption-desorption isotherms were accomplished on a
Micromeritics Instrument Corporation sorption analyzer at 77 K (Micromeritics TriStar II 3020), from
which we can obtain the information of speci�c are and pore properties for samples.

Hydrogen ions insertion/deinsertion measurements

The electrochemical measurements were carried out on a CHI 760E electrochemical work station
employing a typical three-electrode system in the solution of 1 M H2SO4, in which MoO3 modi�ed carbon
paper electrode, Ag/AgCl, and Pt mesh were used as working electrode, the counter electrode, and the
reference electrode, respectively. 10 mg of MoO3 material was dispersed and sonicated in 500 µL of a
solution containing 250 µL of denied-ion water, 50 µL of Na�on (5%, Dupont) and 200 µL of ethanol,
forming the link. The MoO3 modi�ed carbon paper electrode was prepared by dropping 100 µL of ink on

the carbon paper (e�cient are, 1 cm2) with the mass loading of 2 mg cm-2.

Assembly and tests of alkali-acid Zn-MoO3 hybrid battery

To assemble alkali-acid Zn-MoO3 hybrid battery, MoO3 modi�ed carbon paper electrode was inserted in 2
M H2SO4 solution and the Zn plate was immersed in 4 M NaOH. Between which a Na�on 117 membrane
was employed to separate the acid-alkali solution, avoiding bulk neutralization. The Na�on membrane
was treated by 1 M H2SO4, then 3% H2O2 at the temperature of 80 ºC for 1 h, respectively. Finally, the

Na�on membrane was converted to the Na+ conductive membrane after the treatment of NaOH at the
temperature of 80 ºC for 1 h. The membrane was stored in the 1 M NaSO4 solution. The open-circuit
voltage, CV curves, and open-circuit voltage pro�les were recorded on the CHI 760E electrochemical
working station. GCD tests were conducted on a battery test system (CT2001 A, LAND).
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Figure 1

(a) XRD patterns of MoO3 NB and v-MoO3 PNB. (b, c) SEM images of MoO3 NB. (d, e) SEM images; (f)
TEM image (g) HRTEM image; and (h) SAED of v-MoO3 PNB.
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Figure 2

(a) Raman spectra; (b) EPR spectroscopy of MoO3 NB and v-MoO3 PNB. (c) Mo 3d core level; (d) O 1s
core level of XPS for MoO3 NB and v-MoO3 PNB.
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Figure 3

(a) CV curves of the v-MoO3 PNB electrode for the �rst three cycles at a scan rate of 1 mV s-1. (b) CV
curves of v-MoO3 PNB and MoO3 NB electrodes at a scan rate of 10 mV s-1. (c) CV curves of v-MoO3
PNB at different scan rates from 0.5 to 10 mV s-1. (d) The corresponding plots of peak currents vs.
square root of scan rates of v-MoO3 PNB.
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Figure 4

(a) Charge-discharge pro�les at different current; (b) Rate performance at current densities from 1 to 20 A
g-1; Cycle performance and Coulombic e�ciency at a current density of 10 A g-1 of v-MoO3 PNB
electrode.  
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Figure 5

Electrochemical performance of the as-built alkali-acid Zn-MoO3 hybrid battery. (a) Schematic diagram of
the as-built Zn-MoO3 hybrid battery; (b) CV curves of Zn anode, v-MoO3 PNB cathode, and the as-built Zn-
MoO3 hybrid battery with a scan rate of 1 mV s-1. (c) Open-circuit voltage (OCV); (d) Charge-discharge
pro�les at different current; (e) Rate performance at current densities from 1 to 10 A g-1; (f) Charge-
discharge pro�les at a current density of 5 A g-1 at different cycle number; (g) Long-term cycling
performance and corresponding Coulombic e�ciency at a current density of 5 A g-1 of the as-proposed
Zn-MoO3 hybrid battery.  
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Figure 6

(a) Charge and discharge pro�les of the v-MoO3 PNB electrode in the Zn-MoO3 hybrid battery. (b) Ex-situ
XRD patterns of the v-MoO3 PNB at different charge-discharge status. (c) Magni�ed XRD pattern at the
range of 10-15 .
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