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Abstract: Novel nanoflake-like and nanobelt-like a-MoOj/graphene nanocomposites
were synthesized by a facile hydrothermal method through tailoring the content of Mo
source, respectively. The formation mechanisms of a-MoQj/graphene nanocomposites
with different morphologies had been investigated. As a model, the a-MoOs/graphene
nanocomposites were studied for electrochemical energy storage supercapacitor
devices. The results showed that o-MoO; nanoflakes/graphene occupied better
supercapacitive performances than that of a-MoQOs; nanobelts/graphene, arising from
the structural superiority and optimum compositions. It exhibited a high specific
capacitance (up to 360 F-g™) at a current density of 0.2 A-g”, good rate capability, and
a nearly 100% long-term cycle stability. This study provided a facile and optimal
experimental design to gain a-MoQOs/graphene composite materials act as a promising

electrode material for high-performance supercapacitors.

1. Introduction

With the rapid development of the global economy and the growing of energy
consumption, sustainable and clean energy sources are increasingly becoming societal
trends nowadays, which greatly influence world economy and environment. The most
promising energy storage systems should combine the features of relatively high
energy density, good power capability, environmentally friendly, and low cost.
' Among various energy storage devices, electrochemical capacitors (ECs), also known

as supercapacitors or ultracapacitors, have attracted huge attention because of the high
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power density and cycling stability,” > delivering much higher power densities than
conventional batteries and higher energy densities than traditional capacitors.”

Among various influences, the performance of ECs is essentially determined by the
electrode materials. Graphene, a two-dimensional nanosheet of graphite, has aroused
growing attention as electrode materials. due to its outstanding electrical conductivity,
excellent electrical mechanical properties, chemical stability, and high specific surface
area up to 2675 m*-g".> Meanwhile, conductive polymers and metal oxides were also
studied as electrode materials of pseudocapacitors,®’ for which were endowed higher
capacitance but experienced restricted lifetime and power densities because of phase
changes during the redox process.®

Recently, graphene-based transition metal oxides composites as electrode materials
of ECs have been studied widely for which can effectively overcome the low
conductivity and cycling stability of metal oxides and the low capacitance of
graphene.” For example, MnO,/graphene,'’ Fe;Ou/graphene,!’ NiO/graphene,'
Co304/graphene,” TiO,/graphene,' ZnO/graphene”, and MoOs/graphene'® as most
studied ECs electrode materials have shown excellent capacitive performances. Among
these candicates, molybdenum trioxide (MoQ;) has attracted considerable attention as
a promising supercapacitive material because of its low cost, nontoxicity, high
electrochemical activity, and more environmentally benign nature than other
transition-metal oxides.'® MoOs is one kind of well-known transition metal oxide with
the rich polymorphism, structural flexibility, and very stable two-dimensional (2D)
layered structure. There are three basic polytypes of MoO; containing orthorhombic
MoO; (a-MoQj3), monoclinic MoOs3 (B-Mo0O3), and hexagonal MoOj; (h-Mo0Os3), in
which a-MoOj is the thermodynamically stable phase with layer structure.'” a-MoOs
has been intensively investigated and widely used in many fields including catalysts,
biosensors, and energy storage due to its structural anisotropy. Mahmood et al.
reported MoOs nanodots deposited on multiwalled carbon nanotubes with a specific
capacitance of 91 F-g' at 0.4 A-g'."® X. Zhang et al. prepared a Branchlike
0-MoOs/polypyrrole hybrid showing a specific capacitance of 129 F-g™' at 5 mV-s™.'°

0-MoOs-decorated graphene sheets was synthesized by virtue of electrochemical
2
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exfoliation, delivering a specific capacitance of 86.3 F-g™ at 100 mV-s™."

In this report, nanoflake-like and nanobelt-like a-MoOs/graphene composites were
synthesized by a facile hydrothermal method through tailoring the content of the Mo
source, respectively. Graphene acted as conductive and supporting materials for
0a-MoQOj;. SEM and TEM results displayed the morphology of the a-MoOj; varied from
nanoflakes to nanobelts by increasing the content of Mo sources. XPS, FT-IR, and
TGA were also used to investigate the structure and composition of the composites.
The electrochemical properties of as-prepared 0-MoQs;/graphene composites had been
investigated. As a result, the nanoflake-like a-MoOs/graphene showed better
supercapacitive performance than that of nanobelt-like a-MoOs/graphene, displaying a
specific capacitance as high as 380 F-g” at a current density of 0.2 A-g”, high rate

discharge, and excellent long-term cycle stability approaching 100% in 1 M H,SO,.

2. Experimental
2.1 Chemicals

Natural graphite flake (about 325 mesh) was purchased from Alfa Aesar Chemical
Reagent Co. Hexaammonium molybdate tetrahydrate ((NHs)sMo070,4-4H,0) was
purchased from Sinopharm Chemical Reagent Co.,Ltd. HNO3(68%) was obtained from
Shanghai Ling Feng Chemical Reagent co., Ltd. Cetyltrimethyl ammonium bromide
(CTAB) and poly(diallyldimethylammonium chloride) (PDDA, MW = 200 000-350
000) were purchased from Aladdin Reagent (Shanghai) co., Ltd. All reagents were
analytical grade and used as received without further purification.

2.2 Preparation of different morphologies MoQ3/graphene composites

Graphene oxide (GO) suspension was prepared through the modified Hummer’s
method from natural flake graphite powder according the described process
previously®’. 100 mg GO powder was dissolved in 20 mL DI water under stirring. 100
pL PDDA was dropped into the obtained GO homogeneous dispersion and stirred for
30 minutes. 250 mg (NH4)¢M07024-4H,0 and 50 mg CTAB were added to the above
solution and kept stirring for one hour. 15 mL HNOs (68%) was dropped into the

mixed solution to adjust pH value and stirred for 30 minutes. The resulted mixture was

3
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removed into a Teflon-Lined autoclave with a stainless-steel shell and then maintained
at 120 "C for 12 h. The final precipitate was collected and washed thoroughly with DI
water and ethanol several times and then dried at 60 'C for 12 h. For contrast, the
contents of (NH4)sM070,24:4H,0 and CTAB were doubled, tripled, and quadrupled of
the initial amount and other experimental conditions were unchanged, respectively. The
final corresponding composites were named as MG-F-1, MG-F-2, MG-B-3 and
MG-B-4 according to the structures of the composites and the content of Mo sources.
Graphene and pure MoOj; were gained respectively under the same conditions.

2.3 Characterization

The morphologies of composites were characterized by scanning electron microscopy
(SEM, S-4800) and transmission electron microscope (TEM, JEOL-JEM-2100F at 100
kV). The structure of the composites was investigated by means of X-ray diffraction
patterns (XRD, Bruker D8 Advance X-ray diffractometer). The composition of the
products was examined by Fourier transform infrared spectroscopy (FT-IR, a Bruker
model VECTOR-22 Fourier transform spectrometer). The X-ray photoelectron
spectroscopic analysis was obtained using ESCALAB MK II X-ray photoelectron
spectrometer. The thermogravimetry analysis (TGA) measurements were carried out
with a DTG-60 thermal analyzer. Electrochemical experiments were investigated by a
CHI660C electrochemical workstation (Chenhua, Shanghai). The three-electrode cell
consisted of a platinum wire as counter electrode and saturated calomel electrode (SCE)
as reference electrode, respectively. The working electrode was prepared by mixing
active material, acetylene black, and polyfluortetracthylene (PTFE) at a weight ratio of
70: 25: 5 and pasted onto graphite electrode. The average loading amounts of active
materials on the electrodes were 10 mg. The specific capacitance could be calculated

from the cyclic voltammograms (CV) curves according to eqn 1:*'

C,=([1ar) /(mVu) (1)

Where [ is the response current, V is the potential range, v is the scan rate, and m is the
mass of the active material in the electrode. The specific capacitance was calculated
from the galvanostatic charge/discharge curves using eqn 2:

C, = INt/mAV 2)
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Where [ represent the discharge current (A), At is the discharge time (s), m is the mass
of the active material in the electrode, and 4V is the potential window.

3. Results and discussion

3.1 Formation mechanism

Nanoflake-like and nanobelt-like a-MoOs/graphene were synthesized by one-step
hydrothermal method through changing the content of Mo sources, respectively. GO
was highly negatively charged due to the presence of a large amounts of
oxygen-containing functional groups on the surface and edges of GO nanosheets.” It
has been positively charged after functionalized by PDDA, a linear positively charged

225 and can be bonded with negative Mo70,4% by electrostatic

polyelectrolyte,
interaction. H,MoQO, was firstly formed on the surface and edges of GO sheets under
acidic condition caused by the addition of nitric acid. GO with large area provided
plenty of attachment sites for the attachment of H;M0O4 nucleus. During hydrothermal
process, HMoOQO, gradually decomposed into a-MoQOj3 on the surface of GO and GO
were reduced to graphene. With the increasing content of (NH4)¢M070,4°4H,0, the
corresponding 0-MoOs achieved the morphlolgy change from nanoflakes to nanobelts.
At low concentration of Mo70246', the generation rate of H,MoO4nucleus was slow
with small nucleation rate and then agglomerated by physical absorption while CTAB
worked as soft template. The adsorption of on graphene could occur in two dimension
and then growed in two directions to form nanoflake.”® With graphene acting as a
substrate, a-MoOj3 nanoflakes lied down along the substrate with their large surfaces
parallel to the substrate.”” It is a common phenomenon in the synthesis of inorganic
nanomaterials that high supersaturation will curb the growth of preformed nuclei in
two dimension and lead to the formation of hierarchical structures.”® While adding into
more (NH4)sMo070,4 to increase concentration of Mo70246', the generating crystal
nucleus speed was great and the diffusion of Mo;0,," might be obstructed. The post
growth of those existing nucleus would be hindered. More CTAB resulted in the
concentration of CTAB exceeding critical micelle concentration, which decreasing the

efficiency of template. As a result, a-MoO3 nanobelts were the final prouducts.
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3.2 Morphologies and composition characterization

The morphology and microstructure of the obtained a-MoQs/graphene composites
were characterized by TEM and SEM under different magnifications. Fig. 1A and Fig.
1B showed the SEM and TEM images of pure graphene, in which graphene appeared
transparent and thin platelet with curled and wavy wrinkle. Fig. 1C displayed the SEM
image of MG-F-1 that graphene platelets were decorated by a-MoO; to form the
composite nanoflakes. Compared with pure graphene, the thickness of the graphene
platelets decorated by a-MoOQOs3 increased. And graphene platelet lost the transparent
wrinkle, which could be further confirmed by the TEM image. With the doubled
content of (NH4)¢M070,4-4H,0, the corresponding TEM images of the composite
nanoflakes became darker and their thickness was enhanced than that of MG-F-1, as
shown in Fig. 1C and 1D. For the above two composites, 0-MoO; completely
deposited on graphene platelets and the structure was loose caused by electrostatic
repulsion among the negatively charged graphene platelets with the residual
oxygen-containing functional groups. Fig. 1G revealed SEM image of MG-B-4 with
many o-MoOj; nanobelts adsorbed on the surface of the graphene. The TEM images of
MG-B-4 (Fig. 1H) revealed that many a-MoQO; nanobelts were anchored on the thin
graphene layers and a-MoQj; nanobelts showed an average diameter of around 200 nm

and lengths between 1 and 2 pm.

Fig. 1. SEM (A, C, E, and G) and TEM (B, D, F, and H) images of graphene (A/B),
MG-F-1 (C/D), MG-F-2 (E/F), and MG-B-4 (G/H)

Fig. 2 showed the XRD patterns of GO and a-MoOs/graphene composites. GO
6
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showed a strong diffraction peak at around 10.7° corresponding to the (001) reflection
of the stacked GO platelets.”” After combination, the diffraction peaks positioned at
12.7,23.1, 25.4, 27.0, 33.4, 38.8, 45.6, 49.2, 55.0, and 58.9° were in good agreement
with the standard peaks for the orthorhombic phase of a-MoO; (0a-MoO3, JCPDS card
No. 05-0508)* and no diffraction peaks from GO were observed, indicating that the
surfaces of graphene were fully decorated by a-MoOs. The diffraction peak intensity
of a-MoQOj; became stronger from MG-F-1 to MG-B resulting from the increased
content of a-MoQOs. In addition, the intensities of the (020), (040) and (060) peaks
were stronger which indicated the anisotropic growth of the nanostructure, as well as

the preferred orientation of the layered structure a-MoOs.*"*!

021

- =
- ©

° MG-F-1

: I\ ’l A MG-F-2

20
10
040
1
060

o
o
-

> 002

0!

1

1
6

Intensity (a.u.)
g
% o
'
E

10 20 30 40 50 60 70
2Theta (degree)

Fig. 2.  XRD patterns of GO, MG-F-1, MG-F-2, and MG-B-4

The FT-IR spectra of GO, MG-F-1, MG-F-2, and MG-B-4 were shown in Fig. 3.
The spectrum of the oxygen-containing functional groups of GO revealed the bands at
1070, 1227, 1397, and 1739 cm™’, which corresponded to the stretching vibrations of
alkoxy C-0O, epoxy C-O, carboxy C-OH, and C=0O groups from carbonyl and
carboxylic groups respectively. Moreover, absorption at 3440 cm™ and 1617 cm™ could
be attributed to O-H stretching vibrations and bending vibrations of adsorbed water
molecules or structural O-H groups.”> However, the peaks of oxygen-containing
functional groups in the composites became weakened, indicating part of the surface
oxygen-containing functional groups had been deoxygenized during hydrothermal

process. For the spectra of the composites, three typical peaks at 995, 862, and 568
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cm™ were the characteristic of the peaks of a-MoOjs. The peak at 995 cm™ was due to
the terminal Mo=0 bond, layered orthorhombic a-MoOj5 phase.> The band at 862 cm™
was assigned to the doubly coordinated oxygen (Mo,—O) stretching mode which results
from the corner-shared oxygen in common with two MoQg octahedra, and the band at

568 cm™ belonged to the bending vibration of the Mo—O-Mo entity, while the O ion

was shared by three Mo ions."”
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Fig. 3. FTIR spectra of GO, MG-F-1, MG-F-2, and MG-B-4

The surface chemistry of the composites was analyzed by XPS. The wide scan XPS
(Fig. 4a) showed that the spectra of MG-F-1 and MG-B-4 composites contained a new
Mo element compared to the spectrum of GO, demonstrating the success combination
of MoO; with graphene. Fig. 4b exhibited the Cls XPS spectra of GO, MG-F-1, and
MG-B-4, which could be divided four Gaussian peaks centered at 284.6, 286.8, 288.5,
and 289.3 eV assigned to C-C/C=C, C-O, C=0, and O=C-O groups, respectively.
Notably, the three Gaussians peaks for oxygen-containing functional groups became
weak in the curves of MG-F-1 and MG-B, which indicated most oxygen-containing
groups had been removed through hydrothermal process. In the spectrum of Mo 3d
(Fig. 4c), the peaks of M03d5/2 and Mo3d3/2 were located at 232.1 and 235.3 eV with

an integrated peak area ratio of 3:2 and binding energy (AMo 3d=3.1eV),
corresponding to Mo(VI) for a-MoO3.**
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Fig. 4. XPS spectra (a) survey scan of GO, MG-F-1, and MG-B, (b) Cls of GO,
MG-F-1, and MG-B-4, (¢) Mo 3d of MG-F-1 and MG-B-4.

Thermal stability of a-MoOs/graphene composites were investigated by TGA, which
were performed with a heating rate of 10 °C-min™ in air atmosphere. The mass loss
below 230 'C could be attributed to the evaporation of adsorbed water and
decomposition of the labile oxygen-containing functional groups.”> An obvious mass
loss appeared between 230 and 530 'C, owing to the pyrolysis of some residual
surfactant and complete oxidation of graphene to carbon dioxide in air atmosphere.
Then the curves kept thermal stability plateaus from 530 "C until 730 'C followed by an
obvious mass loss of the nanocomposites belonged to the melting and then evaporating
behavior process of 0-MoQO; after 730 C.*” After the thermal stability plateaus,
graphene was oxidized to carbon dioxide and the residual wt.-% referred to the weight
percentage content 0-MoQ; of in the composites. The mass percent of a-MoQO; in the
composites were 19.6%, 60.1%, and 83.5% corresponding to MG-F-1, MG-F-2, and
MG-B-4, respectively.
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Fig. 5. TGA curves of MG-F-1, MG-F-2, and MG-B-4.

3.3 Electrochemical characterization

The cyclic voltammogram (CV) and galvanostatic charge/discharge (GCD)
measurements were carried out to study the electrochemical properties of MG-F-1,
MG-F-2 and MG-B-4. Fig. 6a showed the CV curves of MG-F-1, MG-F-2, and
MG-B-4 at a scan rate of 100 mV-s" with potential windows between 0 and 1.0 V.
Obviously, MG-F-2 showed largest enclosed area of the CV curve among the three
samples, implying MG-F-2 possessed best capacitive performance. According to eqn 1,
the calculated specific capacitance of MG-F-1, MG-F-2, and MG-B-4 were 82.1, 119.8,
and 96.0 F- g'l, respectively. In the Fig. 6b, the GCD curves at a current density of 1
A-g" indicated the corresponding discharge time and MG-F-2 possessed the longest
discharge time among of MG-F-1, MG-F-2, and MG-B-4, illustrating MG-F-2 had
highest capacitance values. The calculated specific capacitance based on eqn 2 of
MG-F-1, MG-F-2, and MG-B-4 were 132.0, 209.0, and 152.1 F-g', respectively. For
the composites, 0-MoO; generated pseudocapacitance by the reaction between H'
cations and a-MoOj resulting in a partial reduction of Mo® to Mo*, while graphene
effectively created conducting paths for the electrons and generated EDLC, thus
improving the overall capacitance of the composite electrodes. The main reasons for
the excellent capacitance performance of MG-F-2 could be described as follow: Firstly,
nanoflake-like a-MoOs/graphene exhibited high contact areas with electrolyte ion,
which was beneficial to improve the specific capacitance by shortening the diffusion

and migration length of the electrolyte ions. Nanoflake-like a-MoOj/graphene were

10
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considered structurally superior to nanobelt-like a-MoOs/graphene. Secondly, the IR
drop of the composites were 0.044, 0.041, and 0.022 V for MG-F-1, MG-B-4, and
MG-F-2 from the discharge curves at 1 A-g”, the corresponding impedance of each
voltage drop were 4.4, 4.1, and 2.2 Q respectively, which elucidated MG-F-2 possessed
preferable electrical conductivity. Lastly, the pseudocapacitance and EDLC should be
balanced in the composite electrodes to achieve the optimum capacitive behavior.*
Comparison to MG-F-1, an appropriate higher loading of a-MoO; in MG-F-2
according to the TG results enhanced the overall capacitance by virtue of improving
the pseudocapacitance. The highest content of a-MoO3 was observed in MG-B-4 but
the presence of excess a-MoQOj; in the composites could be a burden for optimum

compositions that exhibited by MG-F-2.**
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Fig. 6. CV curves of MG-F-1(a), MG-B-4 (b), and MG-F-2 (c) at a scan rate of 100
mV-s" (A), GCD curves of MG-F-1(a), MG-B-4 (b), and MG-F-2 (c) at a current
density of 1 A-g” (B)

The electrochemical behavior and capacitive performance of MG-F-2 were
evaluated by CV and GCD measurements as shown in Fig. 7. The CV curves of
MG-F-2 were investigated in the potential window of 0-1.0 V at scan rates of 2, 5, 10,
25, 50, 75, and 100 mV-s™ in 1M H,SO4 aqueous solution (Fig. 7a). A pair of redox
peaks illustrated the redox activity of a-MoOj; in 1 M H,SO4 and the redox reaction
shown in eqn 3.

2MoY'0; +2H" +2¢ ~Mo0",05 +H,0  (3)°
At low scan rates, pseudocapacitance played the main role while more active a-MoOs3

were sufficiently introduced into the above redox reaction. With the increasing scan
11
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rates, the rectangle-shaped and symmetric shape CV curves were distorted because of
the double-layer and pseudocapacitive contributions to the total capacitance. The
calculated specific capacitance values of MG-F-2 at 2, 5, 10, 25, 50, 75, and 100
mV-s! were 265.0, 184.3, 171.0, 155.1, 139.6, 128.4, and 119.8 F-g'l, respectively
(Fig. 7b). Fig. 7c showed the GCD curves of MG-F-2 at different current densities. The
curves showed a nonlinear charge—discharge curve, indicating that the material had
pseudocapacitive behavior and were nearly symmetrical, which was another typical
characteristic of an ideal supercapacitor. No obvious IR drop in the discharge curves
was observed due to good electrical properties of graphene. The calculated specific
capacitances of MG-2 are 361.0, 275.8, 239.2, 217.6, 209.0, 158.0, and 148.2 F'g'1 at
0.2, 0.4, 0.6, 0.8, 1.0, 2.0, and 3.0 A-g", respectively. The specific capacitance was
reduced with the increase of current densities but it was still kept 148.2 F-g” when
current density increased to 3.0 A-g’. On one hand, reaction of H" cations with
electroactive material following by a redox reaction gained the charge storage
occurring in the layered structure of o0-MoQO;, strongly enhanced the capacitive
performance. On the other hand, the graphene in composite played an important role
for improving the capacitive property, which was intertwined and intimately bonded
with a-MoQs, serving dual functions as both conductive channels and active interface
centers and offered better interconnectivity between o-MoO; and further more

participates in electrochemical double layer capacitance.*

12
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Fig. 7. CV curves of MG-F-2 at different scan rates: from inner to outside (2, 5, 10, 25,
50, 75, and 100 mV-s™) (a) and the corresponding specific capacitance of MG-F-2 at
different scan rates (b). GCD curves of MG-F-2 at different current densities: from left
to right (3.0, 2.0, 1.0, 0.8, 0.6, 0.4, 0.2 A-g") (c) and the corresponding specific
capacitance of MG-F-2 at different current densities (d)

The cycle stability was another important parameter for supercapacitors. The cycle
stability of MG-F-2 was determined by galvanostatic charge/discharge tested at a
current density of 1.0 A- g'1 for 1000 cycles. With the increasing cycles, the specific
capacitance of MG-F-2 showed almost no loss, nearly 100% retention after 1000
cycles, which was assigned to the excellent stable structure and the synergistic effect
between 0-MoO; and graphene. The nanoflake-like a-MoOsj/graphene with stable
layered structure a-MoOs attached on graphene nanoplates tightly through Mo atom
binding with the oxygen containing function groups and could keep fine with less
degradation during charge/discharge processes. During the redox reaction of H' cations
with electroactive material, the H' cations were faradaically stored in the layered
structure and prohibit the phase transition (structural rearrangement). In addition, the
mechanical stability of graphene in the MG-F-2 composite could keep long term cycle
stability of the composite because of EDLCs proved higher stability than

. 37
pseudocapacitance .
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A-g'1 as a function of cycle numbers

4. Conclusions

a-MoOs/graphene composites were successfully synthesized by one step hydrothermal
method. The morphology of the a-MoOs in the composites varied from nanoflakes to
nanobelts by increasing the content of Mo sources. The a-MoQj3 /graphene composites
exhibited outstanding supercapacitive properties acting as the electrode materials.
Among all the samples, MG-F-2 delivered the best excellent capacitive performances
with a specific capacitive of 360 F-g' arising from the structural superiority and
optimum compositions than other composites. Besides, MG-F-2 revealed exellent long
term cycling stability, approaching 100%. This research offers the rational design
strategy of advanced electrode materials of supercapaitors on a basis of combination of
0-MoO; and graphene with the well-defined nanostructures for future applications in

energy conversion and storage.
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Novel nanoflake-like o-MoOj/graphene nanocomposites were synthesized and

exhibited a high specific capacitance up to 360 F-g" and excellent long term cycle

stability.
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