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Electrochemical double-layer capacitor (EDLC) electrodes are conventionally based on carbon materials,
which provide increased chemical stability and the possibility of a large number of charge and discharge
cycles. However, their specific capacitance is generally much lower than pseudo-capacitors based on
metal oxide or conductive polymer electrodes. Carbon-based electrodes for electrochemical devices can
be hybridized with metal oxide functionalities in order to provide catalytic activity that increases their

Keywords: electrochemical performances. We report the preparation of a conductive hybrid electrode of reduced
Supercapacitors . . L . . .

Sodium ions graphene oxide and molybdenum oxide by a facile one-pot hydrothermal synthesis. A three-dimensional
Metal oxide network structure comprising graphene and molybdenum oxide was obtained when phosphomolyb-
Graphene dic acid was used as a precursor for molybdenum oxide. The hybrid material contains polycrystalline

nanoparticles of molybdenum (IV) oxide (MoO,) that covers the surface of reduced graphene oxide.
Compared to graphene electrodes, the hybrid electrodes showed significantly improved specific capaci-
tance, as good as three times higher (381 vs. 140 F/g), and considerable reduction of the equivalent series
resistance (by about half) when they were used in a supercapacitor with sodium containing aqueous

electrolyte.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Energy storage holds the promise to provide a variety of benefits
across the entire energy delivery value chain ranging from gener-
ation to delivery (transmission and distribution) to consumption
[1,2]. While a number of different types of storage technologies
exist today, electrochemical method has been dominating for con-
sumer related applications [3]. Electrochemical energy storage, in
general, relies on two types of devices, namely batteries and capaci-
tors. Electrodes are acommon component of the two devices, which
connect the external electric circuit to the electrochemical cell.
The correlation between materials, structures and performance of
the electrodes, therefore, has been of great interest [4,5]. Carbons
have been used as a common electrode material due to their abun-
dance, wide electrochemical window, low cost, etc. Indeed a variety
of carbons (glassy carbon, graphite, carbon black powder, carbon
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nanotube, graphene, etc.) have been studied as electrode materials
[6,7]. Often the carbons are hybridized with functional materials to
improve their electrochemical performance [8-10].

Here we report the synthesis and electrochemical character-
istics of a carbon hybrid, which contains molybdenum oxide and
reduced graphene oxide. We used a hydrothermal synthesis, which
provides a reduced graphene oxide (RGO) and molybdenum oxide
hybrid through a facile one-pot process. The structure of the hybrid
material was carefully characterized using electron microscopy
(SEM and TEM), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS) and Micro-Raman spectroscopy. The hybrid was
applied to the electrode of a supercapacitor containing an aque-
ous electrolyte. The electrochemical performance of the hybrid
electrodes in a Na* containing electrolyte is discussed in this
report.

2. Materials and methods

Commercial reagents were used without further purification.
Graphene Oxide (GO, thickness 0.7-1.2 nm) was purchased from
ACS Materials (USA). Phosphomolybdic acid (PMA) solution of
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20wt% in ethanol, poly(tetrafluoroethylene) (PTFE), and Na;SO4
were purchased from Sigma-Aldrich. The electrolyte was prepared
by dissolving Na;S0O, in deionized (DI) water.

The GO powder was dispersed in DI water at room tempera-
ture using a Branson ultrasonic bath cleaner until the particulates
were not visible. 0.5 g of PMA solution was added to the GO in DI
water dispersion (2 mg/ml for 12 ml total volume) and ultrasoni-
cated for 15 min. After sonication, the solution was transferred in a
Teflon lined stainless steel autoclave with total volume of 18 ml and
placed in a vacuum oven at a temperature of 180°C for 16 h. After
the hydrothermal reaction, when the autoclave reached room tem-
perature, the samples were frozen using liquid nitrogen and dried
overnight under vacuum.
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The structure of the hybrid was characterized by using a FEI
Helios Nanolab 400S field emission FIB/SEM and, an JEOL JEM-
ARM200F STEM Cs-corrected cold FEG atomic resolution analytical
microscope with GIF Quantum post-column energy filter and JEOL
Centurio SDD EDS (silicon drift detector energy dispersive spec-
trometer). For X-ray photoelectron spectroscopy (XPS), a Physical
Electronics Quantum ESCA Microprobe with a monochromated
Al Ka X-ray source was used (200 mm spot size throughout and
charge neutralization was used). 1000 eV survey spectra (187 eV
pass energy, 1.6eV/step) and high-resolution spectra (47 eV PE,
0.4 eV/step) were obtained from the XPS. The crystalline phase was
analyzed with a Bruker D8 Discover X-ray diffractometer fitted
with a2-dimensional (2D) X-ray detector. All scans were performed
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Fig. 1. (a) SEM micrograph of RGO/molybdenum oxide hybrid synthesized by the hydrothermal process. The inset shows high magnification image revealing particles of
molybdenum oxide on graphene surface. (b) XPS survey spectrum of the hybrid. (c) Deconvolution of C1s high-resolution spectra of the pristine GO. Deconvolution of (d)

C1s, (e) Mo3d and (f) O1s high-resolution spectra of the hybrid.



R. Giardi et al. / Applied Materials Today 1 (2015) 27-32 29

with the detector and incident beam in a symmetric 6-26 geom-
etry using graphite monochromated Cu-Ka X-rays (A =1.5418A),
collimated on the sample in a pin-hole collimator to yield an X-ray
beam diameter of ~650 wm. The structure of the hybrid was further
analyzed by Micro-Raman spectroscopy, using a Thermo Scientific
DXR with 532 nm incident photons in a range of 160-3400cm™!
for the large scan and 160-1100cm™! for the high-resolution data.
To determine the weight ratio of the composition of the hybrids,
thermal gravimetric analysis (TGA) was performed under air using
an Auto TGA 2950 HR by TA Instruments (heating rate of 5°C per
minute was used).

A BioLogic multi-potentiostats/galvanostats/EIS VPS-300 was
used for electrochemical characterizations. A home-made, sym-
metrical two-electrode cell was used. Electrodes were prepared
using slurry of the active material and 1% PTFE in DI water (binder).
A stainless steel mesh (100 mesh size) disc 12 mm in diameter was
used as current collector. When the current collector was com-
pletely covered with the slurry, approximately 3 mg of the active
material was loaded. The electrodes were dried overnight in a vac-
uum oven at 40°C. As the reference electrode, a commercially
available carbon black powder (KetjenBlack, KB) with 60% PTFE
in DI water was used. A Whatman GF/c glass filter was used as a
separator (diameter of 16 mm, thickness of 265 pm). 1M Na,;SO4
solution in DI water was used as an electrolyte. Approximately
600 w1 of the electrolyte was loaded for each supercapacitor cell.

Galvanostatic charge—discharge (GCD), cyclic voltammetry (CV)
and electron impedance spectroscopy (EIS) were performed to
characterize the electrochemical behavior. GCD was performed at
0.06 and 0.16 A/g with cut-off potential of +1.5V. Scan rates of
0.5, 2 and 5mV/s were used for the CV ranging from —-1.5V to

1.5V. EIS was performed in a frequency range between 122 kHz
and 100 mHz.

3. Results and discussion

The synthesis of sponge-like 3D structure of graphene oxide
(GO) using hydrothermal method has been previously reported
[11-14]. Our synthesis scheme reproduces the formation of 3D
structure. The morphology of the hybrid is shown in a SEM
micrograph in Fig. 1 (a). The hydrothermal synthesis provides 3D
graphene structure where the surface of graphene is covered with
particles of molybdenum oxide. Fig. 1 also reports the XPS spec-
tra of the hybrid. The survey spectrum in Fig. 1 (b) indicates the
presence of Mo. Fig. 1 (c) reports the high-resolution C1s spectrum
of the pristine GO, showing high surface oxidation of the sheets.
The analysis of C1s spectrum of the hybrid material (Fig. 1 (d))
suggests the reduction of GO during the hydrothermal synthesis
in the presence of PMA: the decrease in the intensities of peaks
related to oxygen functionalities 0—C—0 at 286.3 eV and O—C=0 at
288.3 eV compared to the C—C peak at 284.5eV is evident [15-18].
The deconvolution peaks of the Mo 3d spectrum, reported in Fig. 1
(e), shows the characteristic doublet of the Mo(4+) composed by Mo
3dsp, peak located at 229.8 eV and the Mo 3dsj, peak at 232.9eV,
with a characteristic difference in binding energy of 3.1 eV [19-21].
This suggests that the Mo (IV) oxidation state of molybdenum oxide
was synthesized by the hydrothermal method [22]. Nevertheless,
the pronounced doublet at 232.4eV and 235.6¢€V is instead char-
acteristic of Mo (VI) oxidation state and indicates mixed oxidation
state of the molybdenum oxide, presumably resulting from surface
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Fig. 2. (a) Low- and (b) high-resolution bright field TEM of the molybdenum oxide nanoparticles; (c) X-ray diffraction spectra of the molybdenum oxide. Samples were
collected from the bottom on hydrothermal reactor. (d) Micro-Raman spectra of RGO, MoO; and the hybrid material.
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Fig. 3. (a) First charge and discharge profiles of the hybrid, carbon black (KB) and RGO electrodes at a current of 0.5mA up to 1 mAh. (b) First cycle CV profile of the hybrid
electrode and (c) sixth cycle CV profiles of the hybrid (blue) and RGO (red) electrodes. Scan range was from —1.5V to 1.5V, and the scan rates was 0.5 mV/s. (d) Galvanostatic
discharge profiles of the hybrid electrode for the first 4 cycles (0.5 mA at 1 mAh). First discharge profile of RGO electrode is shown for comparison. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

oxidation due to exposure to air, as reported previously [23,24].
The high-resolution O1s spectrum of the hybrid material, reported
in Fig. 1 (f), shows the presence of three components, due to the
organic component deriving from the residual oxygen bonds to the
reduced graphene oxide (C—O at 531.3 eV and C=0 at 532.5eV [24])
and the metal oxide contribution at 530.4 eV. From the latter, it is
not possible to resolve the presence of mixed oxide because the
peaks for oxygen bonded to Mo (IV) and Mo (VI) are separated
by only ~0.2 eV [24-26]. Therefore, a good reduction of GO and
molybdenum oxide can be simply achieved by addition of phos-
phomolybdic acid to the initial dispersion without introducing any
further reducing agent like ethylene glycol as reported previously
[27]. In addition, as XPS is a surface characterization, it may be
postulated that the presence of Mo (VI) is prominent with respect
to Mo (IV) only at the surface of nanoparticles because of post-
growth surface oxidation, but this fact needs confirmation from a
bulk characterization.

In order to unambiguously determine the crystalline phase
of molybdenum oxide nanoparticles, TEM and XRD were also
employed. For clarity of the analysis, only the molybdenum oxide
excess part was collected from the precipitates at the bottom of the
hydrothermal reactor. Fig. 2 (a) shows a bright field TEM image of
the molybdenum oxide powders. HRTEM in Fig. 2 (b) shows poly-
crystalline nature of the molybdenum oxide powders with average
radius of approximately 150 nm. The XRD data in Fig. 2 (c) suggest
the presence of monoclinic molybdenum (IV) oxide in the pow-
ders according to JCPDS 32-0671. As XRD is a bulk characterization,
the fact that only Mo(IV) contribution was detected confirms that
the Mo (VI) revealed by XPS was only present at the surface of
nanoparticles. The presence of MoO, in the hybrid material was
also confirmed by Micro-Raman spectroscopy (Fig. 2 (d)), which

showed D, G and 2D bands typical of carbon material [28] at 1345,
1595 and 2694 cm~! respectively. The D band presented a higher
intensity than the G band, implying a substantial degree of disor-
der resulting from the structural defects at the surface and edges
of RGO flakes [28,29]. Molybdenum oxide peaks were also present
at 284, 337, 376, 663, 820 and 993 cm~!, which suggests a mono-
clinic structure [22]. This is in good agreement with the XRD data.
The composition of the hybrid was determined by TGA, showing a
relatively stable thermal behavior up to 400 °C. A sharp weight loss
takes place above 450°C due to the pyrolysis of the carbon com-
ponent, to be then stabilized to a plateau due to the presence of
the molybdenum oxide. From the plateau, the composition of the
hybrid was estimated to be approximately 28 wt% Molybdenum
oxide.

The electrochemical performance of the hybrid materials was
evaluated using a two symmetric electrode configuration, consid-
ered a good approximation of the final device. This set-up was
preferred to the three-electrode configuration previously adopted
in other works [27] in order to avoid large errors in the evalua-
tion of the capacitance values, as suggested by Stoller and Ruoff
[30]. Electrodes of pure KB or RGO were used as reference elec-
trodes. Fig. 3 (a) shows GCD profiles of three different electrodes.
Both KB and RGO electrodes show rapid polarization with poten-
tial changes of 2-3V within approximately 0.25 h. Strikingly, the
hybrid electrode shows a plateau of potential near +0.9V during
charge (or discharge). This implies that the molybdenum oxide
in the hybrid facilitates redox reactions, which likely involved
with the insertion of Na ions. Previously lithium ion insertion
to the MoO, containing electrodes, which is associated with the
monoclinic-orthorhombic-monoclinic phase transition of MoO,,
has been reported [29].
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The first cycle CV result in Fig. 3 (b) confirms the redox reac-
tions of the hybrid electrode. Clear reduction/oxidation peaks are
observed at the potential of approximately —0.9V and +0.9 V. Fig. 3
(c) shows the sixth cycle CV profiles with scan rate of 0.5mV/s.
The behavior of the hybrid electrode is directly compared with
that of RGO electrode. In contrast to the first cycle CV, the sixth
cycle CV of the hybrid electrode shows lower redox peaks at 0.9V
along with multiple redox peaks throughout the potential scan
range. It is noted that the RGO electrode shows typical double-layer
capacitor behavior without redox peaks. The hybrid electrode gives
approximately three times higher specific capacitance values. In
fact, a specific capacitance value of 381 F/g has been achieved with
hybrid electrodes at a scan rate of 0.5mV/s compared to 140F/g,
obtained with RGO electrodes, and this trend was observed also at
higher scan rates. It is believed that the increase in surface area
resulting from molybdenum oxide hybridization, redox reaction
of the molybdenum oxide, and possible insertion of Na ion to the
molybdenum oxide attribute to this increase in specific capacity.
Therefore, we demonstrate that fairly good specific capacitance
values can be obtained using a sodium-based aqueous electrolyte,
which is less conductive compared to others like KOH and H,SO4. In
addition, with Na, SOy it is possible to achieve almost double ampli-
tude of stable voltage window, which improves the energy density
values of the final device [31]. It is also noted that the hybrid elec-
trode has lower equivalent series resistance (ESR) measured by EIS
than that of RGO electrode, respectively 140 and 250 Ohm, imply-
ing changes in conductivity resulting from the molybdenum oxide
hybridization of the RGO. It is important to notice that these per-
formances were obtained from electrodes made without adding
any conductive agent (black carbon, acetylene black, etc.) to the
formulation of the paste.

Galvanostatic discharge profiles of the supercapacitor up to 4
cycles are shown in Fig. 3 (d). The first discharge profile of RGO is
shown as well as used for comparison. For the hybrid electrode,
the first discharge profile is very different from the rest of the pro-
files. A potential plateau of approximately —0.75V was observed
along with larger capacity than the rest of cycles. A rapid potential
drop was observed near capacity value of 300 mAh/g. The plateau
in potential is very similar to that observed previously for the ion
insertion to the metal oxide. Itis believed that the plateau in the first
discharge is resulting from the transition from MoO, to NayMoO,
by the insertion of Na* ions to the molybdenum oxide. Our trial to
obtain detailed structural changes resulting from the Na ion inser-
tion using HRTEM, EDS and XRD, however, was not fully successful.
That was believed partly to be due to small amount of ion insertion
and fair amount of contamination on the electrode (such as salt, for
example) during the sample preparation. For the cycles of 2nd to
4th, even though the capacity of the hybrid electrode is higher than
that of RGO electrode, no clear potential plateau was observed. This
suggests that there were non-reversible electrochemical reactions
during the very first galvanic discharge, which might be related to
the formation of a solid electrolyte interface layer similar to lithium
ion battery electrodes [29,32,33].

4. Conclusions

We prepared a conductive, highly porous graphene-
molybdenum oxide hybrid using a facile one-pot hydrothermal
synthesis. Structural characterization indicates the formation of
polycrystalline nanoparticles of molybdenum oxide on reduced
graphene oxide surface. The molybdenum oxide of the hybrid
facilitates redox reaction possibly associated with Na* ion inser-
tion in aqueous electrolyte. The redox reaction with the hybrid
electrode is not fully reversible and results in cycle time depend-
ent discharge behavior. The fact that the hybridization lowers

impedance and increases the specific capacity is intriguing for
designing an improved supercapacitor using RGO-metal oxide
hybrid electrodes.
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