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-enriched MoO3�x nanobelts for
asymmetric supercapacitors with excellent room/
low temperature performance†

Qi-Long Wu,ab Shi-Xi Zhao, *a Le Yu,ab Xiao-Xiao Zheng,ab Yi-Feng Wang,ab

Lü-Qiang Yu,ab Ce-Wen Nanb and Guozhong Cao*c

Oxygen vacancy-enriched MoO3�x nanobelts with oxygen vacancies up to 20% (equal to MoO2.4) were

synthesized and demonstrated fast reaction kinetics. An asymmetric supercapacitor was assembled with

active carbon (AC) as the anode and the as-prepared MoO3�x nanobelts as the cathode. A new aqueous

electrolyte of H2SO4/ethylene glycol (EG) was investigated and found to work appropriately at low

temperatures, even at �25 �C. The MoO3�x nanobelts electrode possesses excellent specific

capacitance, rate capacity (1230 F g�1 and 1220 F g�1 at 5 A g�1 and 50 A g�1, respectively) and cycle

performance (100% after 38 000 cycles). Its energy and power densities reached 111 W h kg�1 and 803

W kg�1 or 50 W h kg�1 and 27 321 W kg�1 and maintained 80 W h kg�1 and 794 W kg�1 or 17 W h kg�1

and 23 565 W kg�1 at �25 �C. It is hypothesized that the coexistence of oxygen vacancies and low

valence Mo ions enhanced both mass and charge transport kinetics and catalyzed the redox reactions.
1. Introduction

In recent decades, supercapacitors, as a type of device in the
eld of energy storage and conversion, have received increasing
attention1,2 due to their high power density, excellent cycle
stability and good safety. Supercapacitors can be divided into
two types: electrical double-layer capacitors (EDLCs) and pseu-
docapacitors on the basis of their energy storage mechanism.
EDLCs mainly include carbon materials, which store charge by
adsorbing ions in the electrolyte on the interface of electrode
materials/electrolyte. The specic capacity depends much on
the specic surface area of electrode materials, which is usually
very low and cannot meet the requirements of development.
Carbon materials for supercapacitors3 mainly contain active
carbon,4,5 graphene6–8 and carbon nanotubes,9,10 which possess
superhigh specic surface area. However, pseudocapacitors
store charge by highly reversible redox reactions between elec-
trode materials and electrolyte ions and their specic capaci-
tance is much higher than that of EDLCs. Meanwhile, they can
maintain high power density. So, pseudocapacitors have great
potential to achieve high energy density and power density
versity, Shenzhen, 518055, China. E-mail:
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eering, University of Washington, Seattle,

tion (ESI) available. See DOI:

hemistry 2019
which makes them promising to be the next generation of
energy storage and conversion devices.11 Many pseudocapaci-
tive materials such as transition metal oxides/hydroxides
(RuO2,12 MnO2,13 NiO,14 and Ni(OH)2 15), transition metal
suldes (MoS2)16–18 and conducting polymers (PANI and PPy)19–22

have been introduced and studied in the eld of super-
capacitors. These studies achieved high-performance pseudo-
capacitors, including specic capacitance/rate performance/
cycle stability or their integrated performance. Even so, the
energy density of supercapacitors is still lower than that of
rechargeable lithium-ion batteries. The rate performance and
cycle stability of pseudocapacitors are also unsatisfactory
because of their unbetting microstructures and poor electrical
conductivity. The methods to improve the performance of
pseudocapacitive materials can be summarized as follows:23 (1)
optimize the microstructures of electrode materials. E.g., MnO2

nanorods were deposited uniformly on the surface of graphene
oxide. This can prevent the accumulation of MnO2, which is
benecial for improving the speed of electron transportation
and shortening the ion migration path.24 (2) Increase the
contact area between electrode materials and the electrolyte. (3)
Explore new materials with high levels of active sites. E.g.,
ultrathin porous nickel hydroxide–manganese dioxide hybrid
nanosheets can achieve a high specic capacity of 2628 F g�1 (3
A g�1).15 However, these methods have not realized excellent
integrated performance of specic capacitance, rate capacity
and cycle stability. Introducing vacancies in transition metal
oxides has been proved to be highly effective.25 In this way, the
overall electrical conductivity of electrode materials can be
improved effectively. Coupled with optimized microstructures
J. Mater. Chem. A, 2019, 7, 13205–13214 | 13205
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of electrodematerials, excellent integrated performance is likely
to be achieved. Moreover, aqueous electrolytes for super-
capacitors usually cannot tolerate low temperatures below 0 �C,
constraining the application of aqueous supercapacitors.
Therefore, it is quite meaningful to research aqueous electro-
lytes that can tolerate low temperatures.

Mo-based oxides/suldes show high electrochemical activity
due to their multiple valences, and possess great potential in
the eld of energy storage and conversion.26 Among these
oxides/suldes, MoO3 has signicant advantages in various
aspects such as a simple preparation process, high electro-
chemical activity, high theoretical specic capacitance, good
thermal and mechanical stability, low cost and being friendly to
the environment. However, studies have been far from adequate
for MoO3. The research performed on MoO3 mainly involves (1)
compositing with carbon materials (e.g. active carbon, gra-
phene, and carbon nanotubes).27–30 (2) Compositing with con-
ducting polymers (e.g. polyaniline and polypyrrole).20,31,32 (3)
Reducing some Mo6+ to a lower valence (Mo5+, Mo4+ or
Mo3+).33–36 Although these studies have reported some achieve-
ments and breakthroughs, the essential issues have not been
solved to achieve excellent integrated performance. The leading
reasons can be concluded as follows: (1) these studies cannot
achieve an entirely uniform combination between MoO3 and
carbon or other materials from a microscopic perspective
because every phase of the composite still retains its own
structure to a large extent. The composite exhibits integrated
performance of its components only in its joints. (2) A good
method is to reduce some MoO3 because oxygen vacancies
improve the intrinsic conductivity of MoO3.37,38 Butmost studies
in the past have focused on secondary reduction, namely, fully
oxidized MoO3 was prepared rst, followed by chemical or
thermal reduction to obtain some Mo5+ or Mo4+ in MoO3. The
disadvantage is that the reduction process can only be con-
ducted on the surface and cannot extend to the inside of MoO3.
The performance improved by this method is also very limited.

Here, we put forward a simple one-step hydrothermal
method that can directly grow ultrathin and narrow MoO3�x

nanobelts with rich oxygen vacancies. It is worth noting that
Mo6+ was reduced from the interior to the exterior of MoO3�x

nanobelts. Mo6+, Mo5+ and Mo4+ in MoO3�x nanobelts were
Fig. 1 Schematic illustration of the preparation process of MoO3 and M

13206 | J. Mater. Chem. A, 2019, 7, 13205–13214
detected by X-ray photoelectron spectroscopy (XPS), which
shows that the abundant oxygen vacancies distribute uniformly
from the inside to the surface of MoO3�x nanobelts. Themass of
oxygen vacancies contributes a lot to their intrinsic conduc-
tivity. Coupled with the ultrathin and narrow microstructure,
the MoO3�x nanobelt electrode shows excellent performance in
a H2SO4 electrolyte. To solve the problem of aqueous electro-
lytes being unable to tolerate low temperatures, we innovatively
prepared a new H2SO4/ethylene glycol (EG) aqueous electrolyte
that can tolerate a low temperature of �25 �C. MoO3�x nano-
belts realized high integrated performance in the H2SO4/EG
electrolyte at different temperatures. This work is believed to
promote the study and application of pseudocapacitive mate-
rials in the eld of energy storage and conversion.
2. Experimental
2.1 Materials preparation

The schematic diagram of the preparation of MoO3 and oxygen
vacancy-enriched MoO3�x nanobelts is presented in Fig. 1. They
are both prepared by a simple one-step hydrothermal method
and no other processes.

Synthesis of the MoO3 nanobelts: typically, 0.48 g Mo powder
was added into 10 mL H2O2 (30%) with vigorous stirring for
about 5 minutes in an ice bath until the reaction was complete,
and the mixture was cooled down. Then, 60 mL deionized water
was added into the solution prepared above, followed by sus-
tained stirring at 25 �C for 1 h. The mixed solution exhibited
a luminous yellow color. The luminous yellow solution was
transferred into a 100 mL Teon-lined stainless steel autoclave
and kept in an oven at 140 �C for 18 h. Aer the reaction was
complete, the white precipitate was washed alternately with
ethyl alcohol and deionized water three times. Finally, the as-
prepared sample was dried at 80 �C for 12 h.

Synthesis of the oxygen vacancy-enriched MoO3�x nanobelts:
the preparation process was almost the same as that for the fully
oxidized ultrathin MoO3 nanobelts except the 60 mL deionized
water was replaced with 10 mL ethyl alcohol and 50 mL
deionized water. Ethyl alcohol plays the role of reducing Mo6+ to
Mo5+ or Mo4+.34 It is worth noting that the as-prepared sample
oO3�x nanobelts.

This journal is © The Royal Society of Chemistry 2019
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exhibited a dark blue color, indicating that some Mo6+ were
reduced successfully in the hydrothermal process.
2.2 Preparation of the H2SO4/EG aqueous low-temperature
electrolyte

Generally speaking, aqueous electrolytes in supercapacitors
cannot tolerate temperatures below 0 �C. Here, a type of low-
temperature electrolyte (labelled H2SO4/EG) was prepared by
rst mixing concentrated H2SO4, ethylene glycol (EG) and
deionized water. The molarity of H2SO4 is 1 M and the volu-
metric fraction of EG is 30%. The corresponding room-
temperature electrolyte is 1 M H2SO4 (labelled H2SO4). The
performance of single MoO3�x nanobelts shows no evident
difference in the H2SO4 and H2SO4/EG electrolytes. The asym-
metric supercapacitor assembled with the H2SO4/EG electrolyte
exhibits excellent performance at �25 �C, 0 �C and 25 �C.
2.3 Materials characterization

The ultrathin MoO3 and MoO3�x nanobelts were characterized
by X-ray diffraction (XRD, D8 Advance, Cu Ka, l ¼ 0.15418 nm,
scan rate: 5� min�1), Field-emission Scanning Electron
Microscopy (FESEM, ZEISS SUPRA55), Field-emission Trans-
mission Electron Microscopy (TEM, FEI Tecnai G2 F30), and X-
ray photoelectron spectroscopy (XPS, PHI 5000 V VersaProbe),
and using Brunauer–Emmett–Teller measurements (BET, BEL-
SORP-Max, N2 atmosphere) and a Contact Angle Meter (DSA30
0–180�). Thermogravimetric Analysis (TGA, TGA2, N2 atmo-
sphere) was carried out between 25 and 1000 �C with a heating
rate of 5 �C min�1 in a N2 atmosphere. Argon plasma was used
to etch MoO3�x nanobelts to detect Mo4+, Mo5+and Mo6+ inside
the MoO3�x nanobelts in the XPS test.
2.4 Preparation of the MoO3 and MoO3�x electrodes

The active materials (MoO3 or MoO3�x nanobelts), acetylene
black and PVDF in a mass ratio of 8 : 1 : 1 were mixed with
suitable NMP concentrations to obtain a uniform slurry. Then
the slurry was painted on conductive carbon paper (current
collector, 1 cm2), followed by drying in a vacuum oven at 120 �C
for 12 h. The mass loading of active materials is about 1.5–1.8
mg for both the three-electrode and two-electrode systems.
Fig. 2 (a) XRD patterns of MoO3 and MoO3�x nanobelts; (b) detailed
view of the three main peaks in (a); (c) superficial XPS test results of
MoO3 and MoO3�x nanobelts.
2.5 Electrochemical characterization

Single electrode: a standard three-electrode test system was
used to evaluate the properties of ultrathin MoO3 and MoO3�x

nanobelt electrodes with a Pt plate as the counter electrode and
a saturated calomel electrode as the reference electrode. For
comparison, the MoO3 nanobelt electrode was tested with the 1
M H2SO4 electrolyte. And for the MoO3�x electrode, both H2SO4

and H2SO4/EG were used as the electrolytes. Cyclic voltammetry
(CV) and galvanostatic charge/discharge (GCD) tests were both
performed in a voltage window of �0.6–0.2 V. Electrochemical
impedance spectroscopy (EIS) was performed in a frequency
range from 100 kHz to 0.01 Hz. Their cycle performances were
measured under a high current density of 50 A g�1.
This journal is © The Royal Society of Chemistry 2019
The asymmetric supercapacitor was characterized in a two-
electrode test system at different temperatures from�25–25 �C.
The anode was prepared using a mixture of active carbon (AC),
acetylene black and PVDF with suitable NMP concentrations in
a mass ratio of 8 : 1 : 1. Conductive carbon paper was also used
as the current collector of the anode. The cathode was the
MoO3�x electrode. In addition, based on the principle of charge
balance between the two electrodes, the mass ratio of the AC
and MoO3�x electrodes is about 3 : 1 which is calculated from
their CV capacitance at 10 mV s�1 (Fig. 8a). Low-temperature
electrochemical measurements of the single MoO3�x electrode
and the ACkMoO3�x asymmetric supercapacitor were carried
out in a high–low temperature chamber (JK-80T).

All the electrochemical measurements mentioned above
were performed with a Gamry (interface 1000, Germany) elec-
trochemical workstation. The relevant calculation formulas for
specic capacitance (Cs for single electrodes, C for the asym-
metric supercapacitor), energy density (E) and power density (P)
can be found in the ESI.†
3. Results and discussion
3.1 Structure and morphology

Fig. 1 shows the MoO3 and MoO3�x nanobelts prepared by the
facile one-step hydrothermal process. Ethyl alcohol was used to
reduce Mo6+ during MoO3�x crystal growth. Mo5+ is blue. The
as-prepared MoO3�x nanobelts exhibit a unique dark blue color,
quite different from that of MoO3 nanobelts (white),
J. Mater. Chem. A, 2019, 7, 13205–13214 | 13207
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demonstrating that someMo6+ were reduced to Mo5+ or Mo4+ by
ethyl alcohol in the hydrothermal process.25,33

Fig. 2a shows the XRD patterns of MoO3 and MoO3�x

nanobelts, which match well with the standard card of
JCPDS#05-0508 (a-MoO3) and indicate that there is no parasitic
phase. It is also noted that there is hardly any peak except (020),
(040) and (060), showing an obviously preferred orientation.
Fig. 2b shows the detailed view of the three main peaks of MoO3

andMoO3�x nanobelts, fromwhich it can be seen that the peaks
of MoO3�x nanobelts undergo a slight shi to smaller angles
compared with those of MoO3 nanobelts. Based on Bragg's law
(2d sin q ¼ l), the (020) interplanar spacing of MoO3�x nano-
belts was calculated to increase by about 1.11% compared to
that of MoO3 nanobelts. The supercial XPS spectra of MoO3

andMoO3�x nanobelts are shown in Fig. 2c. The peaks at 232.88
and 236.01 eV represent Mo6+ 3d5/2 and 3d3/2, respectively;
the peaks at 231.47 and 234.60 eV correspond to Mo5+ 3d5/2 and
3d3/2, respectively. The amount of Mo5+ in the surface layer of
MoO3�x nanobelts was calculated to be x ¼ 0.063, or 2.1%
oxygen vacancy.

The SEM images of MoO3�x and MoO3 nanobelts are pre-
sented in Fig. 3a and S1,† respectively. The width of MoO3�x

nanobelts is about 100–200 nm (about 1/3 of that of MoO3

nanobelts) and their thickness is about 35 nm. In addition, the
dispersity of MoO3�x nanobelts is much better than that of
MoO3 nanobelts (Fig. S1-b and S1-c†). Fig. 3b and c show the
TEM images of MoO3�x nanobelts; the length and width
directions of MoO3�x nanobelts correspond to the [200] and
[002] directions, respectively. a-MoO3 is constituted by octa-
hedra (Fig. 3d). Abundant 1-D and 2-D diffusion channels exist
inside a-MoO3. 1-D diffusion channels are in the width direc-
tion of MoO3�x nanobelts and 2-D diffusion channels are
parallel to the (010) plane of MoO3�x nanobelts. So, MoO3�x

nanobelts are easy to be inltrated by the electrolyte, further
contributing to the high utilization of active sites. TGA and BET
test results of MoO3 and MoO3�x nanobelts can be found in
Fig. S2-a and S2-b.† Both of them have a good thermal stability
and can tolerate a high temperature of over 700 �C. MoO3�x
Fig. 3 (a) and (b) SEM and TEM images of MoO3�x nanobelts; the inset
in (a) shows the sectional view of MoO3�x nanobelts; (c) HR-TEM
image and SAED pattern (inset) of MoO3�x nanobelts; (d) the crystal
structure of a-MoO3.

13208 | J. Mater. Chem. A, 2019, 7, 13205–13214
nanobelts have a larger specic surface area of 18.54 m2 g�1

than MoO3 (11.34 m2 g�1).
Argon plasma was used to etch MoO3�x nanobelts to detect

Mo atoms with different valences inside MoO3�x nanobelts.
Fig. 4a shows the percentages of Mo4+, Mo5+ and Mo6+ at
different depths of MoO3�x nanobelts and Fig. 4b–d exhibit the
XPS spectra at depths of 0, 3, and 5 nm of MoO3�x nanobelts,
respectively (the XPS spectra of 8–25 nm can be found in
Fig. S3†). The reason why the proportions of Mo4+and Mo5+ in
the surface are relatively low may be that most of the Mo4+and
Mo5+ were oxidized to Mo6+ in the vacuum ltration process in
air. It is discovered that there are amounts of Mo4+ and Mo5+

with homogeneous distribution inside MoO3�x nanobelts. The
proportion of Mo4+, Mo5+ and Mo6+ in MoO3�x nanobelts
remains almost constant from 5–25 nm. The x value in MoO3�x

can be calculated to be about 0.6, showing that MoO3�x actually
is MoO2.4. Quantities of oxygen vacancies act as shallow donors
and thus increase the concentration of the carrier,39,40 resulting
in the improvement of electrical conductivity and faster reac-
tion kinetics in the bulk. Moreover, oxygen vacancies also lead
to the increase of interplanar spacing of MoO3�x nanobelts in
the [010] direction (increases about 1.1% calculated from their
XRD patterns in Fig. 2a). The results discussed above are not
similar to those of MoO3 reduced in two steps,33,34,36 for which
the method cannot obtain abundant oxygen vacancies and the
oxygen vacancies are just on the surface of MoO3�x. Their effects
thus are quite limited in terms of the overall enhancement of
performance for supercapacitors. However, the MoO3�x nano-
belts we synthesized exhibit excellent performance of specic
capacitance, rate capacity, and cycle stability and outstanding
low-temperature performance.

The aqueous H2SO4/EG electrolyte was used for low
temperature applications. Interestingly, the performance of
MoO3�x nanobelts shows no obvious difference between the
H2SO4 and H2SO4/EG electrolyte. The wettability of the H2SO4

and H2SO4/EG electrolytes with MoO3 and MoO3�x nanobelts
Fig. 4 (a) Proportion of Mo4+, Mo5+and Mo6+at different depths of
MoO3�x nanobelts; (b), (c) and (d) XPS spectra of MoO3�x nanobelts at
depths of 0, 3, and 5 nm, respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) and (b) Wettability test results of the H2SO4 and H2SO4/EG
electrolytes with MoO3 and MoO3�x nanobelts; (c) view of the contact
angle of MoO3–H2SO4, MoO3�x–H2SO4 and MoO3�x–H2SO4/EG at
different times.
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is displayed in Fig. 5, from which we can see that the inl-
tration speed of the H2SO4 and H2SO4/EG electrolytes in
MoO3�x nanobelts is much faster (about 10 times) than that in
MoO3 nanobelts (Fig. 5a and b). The H2SO4 and H2SO4/EG
electrolytes need no more than 1.0 s to permeate MoO3�x

nanobelts (Fig. 5c). The excellent wettability of MoO3�x

nanobelts can be attributed to the increased interplanar
Fig. 6 (a) and (b) CV and GCD curves of MoO3�x–H2SO4; (c) the specific
densities; (d) cycle performance of MoO3–H2SO4 and MoO3�x–H2SO4 a

This journal is © The Royal Society of Chemistry 2019
spacing, good dispersity and narrow structure of MoO3�x

nanobelts. This result demonstrated that the active sites in
MoO3�x nanobelts have a higher utilization and faster redox
reaction. Good wettability ensures burst transmission of H+ in
MoO3�x nanobelts even under a large charge/discharge
current density.
3.2 Electrochemical performance of the MoO3�x nanobelt
electrode for supercapacitors

As a contrast, MoO3 nanobelts were tested in the H2SO4 elec-
trolyte (labelled MoO3–H2SO4). MoO3�x nanobelts were tested
in the H2SO4 and H2SO4/EG electrolytes (labelled MoO3�x–

H2SO4 andMoO3�x–H2SO4/EG, respectively). The tests involving
single electrodes mentioned above were carried out with
a three-electrode system. Fig. 6a and S4-a† show the CV curves
of MoO3�x–H2SO4 and MoO3–H2SO4 at scan rates from 2 to 100
mV s�1, respectively, which are signicantly different to some
previous reports.41,42 The main reason is that the electrolyte
used is different, which leads to different electrochemical
reactions between MoO3 and electrolyte ions. The shapes of
their CV curves are thus quite different. Fig. S4-c† compares the
differences of MoO3�x–H2SO4 and MoO3–H2SO4. Both of them
have four pairs of redox peaks, which contribute a lot to the
high specic capacitance. It can be seen that there are still
obvious redox peaks even at a high scan rate of 100 mV s�1,
reecting the fast H+ transmission and faradaic reaction. The
CV curves of MoO3–H2SO4 have a more evident polarization at
high scan rates, showing a relatively rare poor capacity perfor-
mance. All the oxidation peaks shi to a higher potential and
capacitances of MoO3–H2SO4 and MoO3�x–H2SO4 at different current
t a high current density of 50 A g�1.

J. Mater. Chem. A, 2019, 7, 13205–13214 | 13209
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reduction peaks shi to a lower potential when the scan rate is
increased gradually, which may be due to the fact that trans-
mission of H+ cannot follow electron transport completely. As
a result, the corresponding electrochemical reaction has a slight
delay. GCD curves of MoO3�x–H2SO4 and MoO3–H2SO4 are
shown in Fig. 6b and S4-b,† respectively. Four symmetric
charge/discharge plateaus are observed clearly, corresponding
to the four pairs of redox peaks in CV curves. EIS test results
(Fig. S4-d†) show that MoO3�x nanobelts have a lower resistance
than MoO3, which derives from the microstructure of narrow
nanobelts and masses of Mo4+ and Mo5+ inside MoO3�x nano-
belts. Fig. 6c shows the specic capacitance of MoO3�x–H2SO4

and MoO3–H2SO4 calculated from their GCD curves (Fig. 6b and
S4-b,† respectively) at different current densities from 5 to 50 A
g�1. MoO3�x nanobelts exhibit quite excellent rate capacity
(98.9%), realizing a high specic capacitance of 1118 F g�1 at
a current density of 5 A g�1 and can maintain 1106 F g�1 when
the current density increases to 50 A g�1. However, MoO3–
Fig. 7 (a) and (b) CV and GCD curves of MoO3�x–H2SO4/EG; (c) and (d)
�C; (e) the specific capacitances of MoO3�x–H2SO4/EG at 0 and 25 �C fro
(g) Cycle performance of MoO3�x–H2SO4/EG at 0 and 25 �C.

13210 | J. Mater. Chem. A, 2019, 7, 13205–13214
H2SO4 can only maintain 874 F g�1 at a current density of 50 A
g�1. The excellent rate capacity and high specic capacitance of
MoO3�x nanobelts benet a lot from the abundant Mo4+ and
Mo5+ distributed uniformly in MoO3�x nanobelts. The cycle
stability of MoO3–H2SO4 and MoO3�x–H2SO4 was also evaluated
by repeated charge/discharge at a high current density of 50 A
g�1. The test results are shown in Fig. 6d, from which it can be
seen that MoO3�x nanobelts have a much better cycle stability
than MoO3 nanobelts. The capacity retention of MoO3–H2SO4 is
just 75% aer cycling 10 000 times. However, MoO3�x–H2SO4

maintains a high capacity retention of 108% aer cycling 33 000
times. The reason why the specic capacitance of MoO3�x–

H2SO4 increases may be the electrochemical activation process
in the rst thousand cycles. Obviously, introducing oxygen
vacancies with uniform distribution has a large effect in
improving the cycle stability. The integrated performance of the
as-prepared MoO3�x nanobelts is superior to that of all MoO3-
based materials researched before.20,25,27–32,34,43–45
comparison of CV and GCD curves of MoO3�x–H2SO4/EG at 0 and 25
m 5 to 50 A g�1; (f) EIS test results of MoO3�x–H2SO4/EG at 0 and 25 �C.

This journal is © The Royal Society of Chemistry 2019
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The performance of MoO3�x nanobelts (tested with the
H2SO4/EG electrolyte, labelled MoO3�x–H2SO4/EG) was also
measured at 0 and 25 �C (the lowest testing temperature for
a single electrode is 0 �C because saturated KCl solution in the
reference electrode may freeze below 0 �C). Fig. 7a and b show
the CV and GCD curves of MoO3�x–H2SO4/EG at 25 �C. There is
no signicant difference compared to those of MoO3�x–H2SO4/
EG at 0 �C (Fig. S5†), proving that MoO3�x nanobelts exhibit
good low-temperature performance. The redox peaks of
MoO3�x–H2SO4/EG in the CV curve (scan rate: 2 mV s�1) at 0 �C
undergo a slight shi compared to those at 25 �C (Fig. 7c). This
is because of the relatively slow H+ transmission at low
temperatures. Fig. 7d presents the GCD comparison of
MoO3�x–H2SO4/EG at 0 �C and 25 �C at a current density of 20
A g�1. Both of them have almost the same charge/discharge
plateaus. The rate capacities of MoO3�x–H2SO4/EG at 0 �C and
25 �C are calculated from the GCD curves (Fig. S5-b† and 7b,
respectively) and displayed in Fig. 7e. The specic capaci-
tances of MoO3�x–H2SO4/EG at 25 �C are 1230 F g�1 and 1220 F
g�1 at current densities of 5 A g�1 and 50 A g�1, respectively,
which almost approach the theoretical specic capacity of
MoO3 (1256 F g�1) in a potential window of 0.8 V.46 At 0 �C, its
specic capacitance and rate capacity show a slight decrease
but still maintain outstanding performance (1114 F g�1 at 5 A
g�1 and 1008 F g�1 at 50 A g�1). EIS (Fig. 7f) was carried out and
the equivalent series resistance is less than 2 U. In addition,
the cycle stability of MoO3�x–H2SO4/EG was also tested with
repeated charge/discharge at a current density of 50 A g�1. The
capacity retention is shown in Fig. 7g. There is no capacitance
decay aer cycling for 50 000 and 38 000 times at 0 and 25 �C,
respectively. All the excellent performances mentioned above
are closely related to the following reasons: (1) the ultrathin
and narrow microstructure and good dispersity of MoO3�x

nanobelts shorten the migration distance of electrolyte ions,
beneting the utilization of active sites. (2) Abundant oxygen
vacancies with uniform distribution inside MoO3�x nanobelts
contribute to increased concentration of carriers, resulting in
faster reaction kinetics. (3) The excellent wettability of the
H2SO4/EG electrolyte ensures the rapid transmission of H+ in
MoO3�x nanobelts, thus ensuring the full use of MoO3�x

nanobelts.
Fig. 8 (a) CV curves of MoO3�x nanobelts and AC at a scan rate of 10 mV
windows.

This journal is © The Royal Society of Chemistry 2019
3.3 Electrochemical performance of the ACkMoO3�x

asymmetric supercapacitor

To explore the practical application of the as-prepared oxygen
vacancy-enriched MoO3�x nanobelts, an asymmetric super-
capacitor was assembled with active carbon (AC) as the anode,
MoO3�x nanobelts as the cathode and H2SO4/EG as the elec-
trolyte. Conductive carbon paper was selected to be the current
collector of both the anode and cathode. Fig. 8a displays the
CV curves of MoO3�x nanobelts and AC electrodes at a scan
rate of 10 mV s�1, from which it can be seen that the faradaic
pseudocapacitance of MoO3�x nanobelts is much higher than
the double-layer capacitance of AC. The voltage window of the
supercapacitor can be extended effectively by combining
pseudocapacitive and double-layer capacitive materials.
Fig. 8b and c show the CV and GCD curves of the ACkMoO3�x

asymmetric supercapacitor in different voltage windows to
explore the most suitable voltage. When the voltage increases
to 1.8 V, there is an evident phenomenon of polarization
between 1.6 and 1.8 V. Thus, the most suitable voltage window
is 0–1.6 V. The CV curves (Fig. 9a and c) show that there are
several pairs of redox peaks corresponding to different pseu-
docapacitive reactions, keeping in line with the single MoO3�x

nanobelts electrode. The GCD curves at current densities from
1 to 50 A g�1 are exhibited in Fig. 9b. Charge/discharge
plateaus are observed clearly even at a high current density of
50 A g�1.

Moreover, the low-temperature performance of the
ACkMoO3�x asymmetric supercapacitor was also tested at 0 �C
and �25 �C. Fig. 9c compares the CV curves of the ACkMoO3�x

asymmetric supercapacitor at different temperatures at a scan
rate of 10mV s�1. The redox peaks have a higher potential at low
temperatures, indicating slower response of redox reactions.
The specic capacitance of the ACkMoO3�x asymmetric super-
capacitor at different temperatures at current densities from 5
to 50 A g�1 is calculated from the GCD curves displayed in
Fig. 9b, S6-b and S6-d.† The results are shown in Fig. 9d. At 25
�C, it is worth noting that the specic capacitance of the
ACkMoO3�x asymmetric supercapacitor is higher at 2 A g�1 (346
F g�1) than at 1 A g�1 (313 F g�1). This can be accounted for by
the electrochemical activation process at a small current
s�1; (b) and (c) CV and GCD curves of ACkMoO3�x in different voltage

J. Mater. Chem. A, 2019, 7, 13205–13214 | 13211
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Fig. 9 (a) and (b) CV and GCD curves of ACkMoO3�x; (c) comparison of CV curves of ACkMoO3�x at different temperatures; (d) the specific
capacitances of ACkMoO3�x at different temperatures from 5 to 50 A g�1; (e) Ragone plots of ACkMoO3�x and other asymmetric super-
capacitors; (f) EIS test results of ACkMoO3�x at different temperatures and simulated model (inset). (g) Cycle performance of ACkMoO3�x at 25
�C.

Table 1 Fitting results of ACkMoO3�x obtained from the EIS curves at
different temperatures and calculated DH+

Temperature/K Rs/U Rct/U s/U s�1/2 DH+/cm2 s�1

248.15 (�25 �C) 4.99 1.23 2.54704 5.9 � 10�5

273.15 (0 �C) 3.60 0.37 2.19592 8.4 � 10�5
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density. As the temperature decreases, the specic capacitance
and rate capacity show a slight decline but are still excellent. At
a high current density of 50 A g�1, the ACkMoO3�x asymmetric
supercapacitor realizes a high specic capacitance of 299.4 F
g�1 at 25 �C and canmaintain 222.3 F g�1 and 138.4 F g�1 at 0 �C
and �25 �C, respectively. Based on the mass of active materials,
the energy and power densities at different temperatures are
calculated from the GCD curves (Fig. 9b, S6-b and S6-d†) and
displayed in Fig. 9e. The as-prepared ACkMoO3�x asymmetric
supercapacitor shows a high energy density of 111 W h kg�1

with a power density of 803 W kg�1 and can maintain 50 W h
kg�1 at a superhigh power density of 27 321 W kg�1, which are
superior to most achievements reported previously (metal
oxides/sulde, carbon materials and their composites).47–54

Even at �25 �C, its energy and power densities remained at 80
W h kg�1 and 794 W kg�1 or 17 W h kg�1 and 23 565 W kg�1.
13212 | J. Mater. Chem. A, 2019, 7, 13205–13214
EIS tests of the ACkMoO3�x asymmetric supercapacitor were
also performed to evaluate the resistance (Fig. 9f). The tting
results are listed in Table 1. They demonstrate the small charge
transfer resistance and high efficiency of fast electrode kinetics.
It can be seen that the ACkMoO3�x asymmetric supercapacitor
has a small equivalent series resistance less than 5U at different
temperatures. In addition, we calculated the H+ diffusion
coefficient with the following formula:
298.15 (25 �C) 3.17 0.18 1.75580 1.8 � 10�4

This journal is © The Royal Society of Chemistry 2019
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D ¼ R2T2

2A2n4F 4C2s2
(1)

where R and F are 8.314 J K�1 mol�1 and 96 500 C mol�1,
respectively, T is the absolute temperature (K), A is the surface
area of the electrode (1 � 10�4 m2 in this work), n is 2, C is 2
mol L�1 (the H+ concentration in the H2SO4/EG electrolyte) and
s is the slope of the line Z0 � u�1/2 (Fig. S7†). The H+ diffusion
coefficients D (cm2 s�1) at different temperatures were calcu-
lated and are listed in Table 1, from which we can see that the
H+ diffusion speeds at different temperatures are all very fast.
The EIS test results indicate the outstanding performance of the
ACkMoO3�x asymmetric supercapacitor from �25 to 25 �C.
Such excellent performance is accounted for the abundant
oxygen vacancies with uniform distribution inside the MoO3�x

nanobelts, ultrathin and narrow microstructure and good
inltration of the H2SO4/EG electrolyte.

In addition, cycle performance of ACkMoO3�x was tested by
repeated GCD (current density: 50 A g�1) and the results are
shown in Fig. 9g. Interestingly, the capacity increased sustain-
ably with the cycle number. Aer cycling 50 000 times, the
capacity retention increases to 137%, exhibiting excellent cycle
performance. The reasons may be explained as follows: on the
one hand, with the increasing cycle number, the H2SO4/EG
electrolyte gradually permeates inside MoO3�x nanobelts where
there are numerous low valence Mo ions (Fig. 4). Electro-
chemical reactions between electrolyte ions and MoO3�x

nanobelts were carried out more completely. This process
equals to the electrochemical activation process. On the other
hand, the inltration process of AC may play an important role
in the sustainable increase of the capacitance of ACkMoO3�x.
Fig. S8-a and S8-b† show the SEM images of AC under different
magnication. It can be seen that the size is about several
micrometers with good dispersity. Fig. S8-c† shows that the AC
used in this work has a high specic surface area of 1986 m2 g�1

and its pore diameter is less than 4 nm, which may result in
a relatively slow speed of inltration of the electrolyte. So, the
reason why the specic capacitance increases sustainably along
with the cycle number may be that AC was inltrated gradually
by the H2SO4/EG electrolyte in the cycling process. The charge
AC can store increases gradually, leading to the increase of the
specic capacitance of ACkMoO3�x.
4. Conclusion

We have synthesized oxygen vacancy-enriched MoO3�x nano-
belts, which were prepared by a simple and low-cost one-step
hydrothermal process with ethyl alcohol as the reductant. The
as-prepared MoO3�x nanobelts are very thin (30–40 nm) and
narrow (100–200 nm), which is very benecial for shortening
the migration distance of electrolyte ions and improving the
availability of active sites inside the MoO3�x nanobelts. The
oxygen vacancies were proved to distribute uniformly inside the
MoO3�x nanobelts and their concentration was calculated to be
about 20% (equal to MoO2.4), leading to faster reaction kinetics.
Moreover, a new aqueous low-temperature H2SO4/EG electrolyte
was researched for the rst time and it can tolerate a low
This journal is © The Royal Society of Chemistry 2019
temperature of �25 �C. MoO3�x nanobelts show excellent
electrochemical performance in the H2SO4/EG electrolyte at
room temperature (1230 F g�1 and 1220 F g�1 at 5 A g�1 and 50 A
g�1, respectively, 100% aer cycling 38 000 times). An
ACkMoO3�x asymmetric supercapacitor was also assembled
and it shows high energy densities of 111 W h kg�1 and 50 W h
kg�1 at power densities of 803 W kg�1 and 27 321 W kg�1,
respectively. Even at �25 �C, it realizes high specic capaci-
tance, rate capacity, and high energy and power densities,
exhibiting great potential for application in low-temperature
environments. This work demonstrates that the oxygen vacancy-
enriched ultrathin and narrow MoO3�x nanobelts have great
potential in the eld of energy storage and conversion. It may
prompt the study of vacancies in transition metal oxides/
suldes even in other materials.
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