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ering to maintain the superior
capacitance of molybdenum oxides at ultrahigh
mass loadings†

Ji-Chi Liu,a Hui Li,a Munkhbayar Batmunkh, b Xue Xiao,c Ying Sun,a Qin Zhao,a

Xue Liu, a Zi-Hang Huang *a and Tian-Yi Ma *c

Capacitance loss with the increase of mass loading, originating from the slow electron and ion migration

kinetics through the thick electrode materials, has been the subject of intense investigation in the field of

supercapacitors. In this work, we report the preparation of a mixed-valence molybdenum oxide

(MoO3�x) electrode with an ultrahigh mass loading of 15.4 mg cm�2 on a functionalized partially

exfoliated graphite substrate using a facile electrochemical method. In addition to the highly open

graphene nanosheets atop, the unique layered structures of intercalated graphite sheets ensure efficient

ionic transport in the entire MoO3�x electrode. The oxygen-containing functional groups on the

exfoliated graphene can bind strongly with the MoO3�x via formation of C–O–Mo bonding, which

provides a fast electron transport path from graphene to MoO3�x and thus allows high reversible

capacity and excellent rate performance. The optimized MoO3�x electrode delivers an outstanding areal

capacitance of 4.03 F cm�2 at 3 mA cm�2 with an excellent rate capability which is significantly higher

than the values of other molybdenum oxide based electrodes reported to date. More importantly, the

areal capacitance increases proportionally with the MoO3�x mass loading, indicating that the capacitive

performance is not limited by ion diffusion even at such a high mass loading. An asymmetric

supercapacitor (ASC) assembled with an MoO3�x anode delivers a maximum volumetric energy density

of 2.20 mW h cm�3 at a volumetric power density of 3.60 mW cm�3, which is superior to those of the

majority of the state-of-the-art supercapacitors.
Introduction

The rapid development of portable and wearable electronic
devices has stimulated ever-growing interest in the exploration
of high-efficiency electrochemical energy storage devices. With
the excellent features of balancing the need of high energy
density and fast charging/discharging, pseudocapacitors have
been considered as emerging high-efficiency energy storage
devices, demonstrating great promise in the market.1–4 Among
various pseudocapacitive materials, molybdenum oxide (MoO3)
has attracted a great deal of attention owing to its high theo-
retical capacitance, multiple stable oxidation states, and envi-
ronmentally friendly nature.5,6 However, although achieving
good specic capacitance, the reported MoO3 materials
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exhibited relatively small mass loadings of active materials (0.3–
1.8 mg cm�2).7–10 The total capacitance and energy stored in
such low mass loading materials are, in fact, considered very
low, which substantially limits their practical feasibility for high
energy systems.11 It should be noted that the commercially
available electrodes usually require a typical mass loading of
about 8–10 mg cm�2 for the active materials.12–14 However,
increasing MoO3 loading or lm thickness oen causes severe
deterioration of capacitive performance (rate capability and
specic capacitance) due to inefficient ion diffusion and elec-
tron transport.5,11 Therefore, improving the rate capability and
specic capacitance of highly loaded MoO3 electrodes, espe-
cially at high current density, is of great urgency to satisfy the
requirements of high-efficiency electrochemical energy storage
systems.

The reasons for the capacitance deterioration of highly
loaded MoO3 electrodes can be two-fold. The slow ion diffusion
in a densely packed and thick lm is problematic when the
mass loading of MoO3 is high. Likewise, the electron transport
is also expected to be hindered in a thick, nonconductive MoO3

lm. A feasible strategy to enhance the rate capability of high
mass loading materials is to deposit active species onto three-
dimensional (3D) and high-surface-area substrates (current
J. Mater. Chem. A, 2019, 7, 23941–23948 | 23941
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collectors), resulting in the formation of conductive linkages
between active materials and substrates.11,13 This can effectively
improve both the mass and charge transport in the electrodes.
For example, Ji et al. designed and prepared a sandwiched
MoO3/C nanostructure which delivered an outstanding energy
storage performance due to the high degree of graphitization in
the graphene layer and more interlayered void regions.5 MoO3

assembled on the 3D layered structure of graphene oxide
frameworks via oxygen-bonding interactions at the interface
was also reported to show improved electrochemical perfor-
mance due to the rapid ion diffusion and electron transport of
3D graphene frameworks.15 Zhou and co-workers reported
metal–O–C bonds between metal oxide and carbonaceous
materials incorporating oxygen functional groups based on
rst-principles calculations.16 They found that NiO was bonded
strongly to graphene through oxygen bridges, which facilitated
electron hopping from graphene to NiO and thus allowed high
reversible capacity and excellent rate performance. Despite
some limitations such as limited total capacitance and mass
loading, this work has been successfully demonstrated to
effectively address the slow ion diffusion and electron transport
in highly loaded molybdenum oxide electrodes which would
help to realize high energy storage capacity without sacricing
their electrochemical performance. Therefore, designing and
engineering highly loaded molybdenum oxide electrodes that
can provide rapid ion diffusion and charge transport, while
exhibiting excellent specic capacitance and rate capability, is
of great interest.

Herein, a unique mixed-valence molybdenum oxide
(MoO3�x) with an ultrahigh mass loading of up to 15.4 mg cm�2

on functionalized partially exfoliated graphite (FEG) is designed
for pseudocapacitors. The prepared electrode exhibits efficient
ionic and electric transport due to the unique layered structures
and highly open graphene sheets atop. The MoO3�x electrode
achieves an outstanding areal capacitance of 4.34 F cm�2 at 1
mA cm�2 and excellent rate capability. Finally, the asymmetric
supercapacitor (ASC) assembled with our MoO3�x anode
exhibits an extremely high volumetric energy density of 2.20
mW h cm�3, superior to those of most state-of-the-art
supercapacitors.

Results and discussion
Electrode characterization

The functionalized partially exfoliated graphite (FEG) substrate
was prepared by the electrochemical exfoliation method that
was modied on the basis of our previous work.17 As shown in
Fig. 1a, the side view scanning electronmicroscopy (SEM) image
reveals that the substrate is constructed from multiple exfoli-
ated graphite layers which are seamlessly connected to each
other. The FEG consists of a top layer of partially exfoliated
graphene sheets (Fig. S1b†) and a bottom layer of expanded
graphite layers (Fig. S1c†). This provides a large amount of void
space and macroporous structure which will allow facile ion
intercalation/de-intercalation into the electrode interior. The
top view SEM images in Fig. S1d and e† reveal the inter-
connected macroporous architecture of the FEG substrate.
23942 | J. Mater. Chem. A, 2019, 7, 23941–23948
From the TEM image in Fig. S1f,† it can be seen that the exfo-
liated graphene sheets have good crystallinity with thickness at
the nanometer scale. Moreover, the functional groups (oxygen-
containing groups) on the surface provide a strong interaction
with various nucleation sites for the deposited metal oxides,
thus ensuring the homogenous growth of the latter, which is
expected to facilitate electron hopping from the graphene to
metal oxide.16

The MoO3�x was then electrodeposited onto the FEG
substrate with a mass loading of 15.4 mg cm�2 using a poten-
tiostatic process. As shown in Fig. 1b, the porous exfoliated
graphite layers are coated withMoO3�x, maintaining the layered
structure despite being largely thickened. The homogeneous
distribution of Mo and O, conrmed by the energy dispersive X-
ray spectroscopy (EDS) mapping (Fig. 1c), demonstrates the
uniform deposition of MoO3�x on the FEG. We also collected
the EDS spectra of the as-obtained FEG/MoO3�x sample. The
signal of element C is obvious, indicating that the composite is
successfully fabricated (Fig. S2†). The successful fabrication of
the composites indicates that the exfoliated graphite layer
provides facile ionic and electric transport during the electro-
deposition process. A crumpled graphene nanosheet and
MoO3�x can be clearly seen from the transmission electron
microscopy (TEM) image of the ultrasonicated sample, con-
rming the successful integration of 3D graphene nanosheets
and pseudocapacitive MoO3�x (Fig. 1d). It is clear that no lattice
fringe is observed from the high-resolution TEM images shown
in Fig. S3a and b,† suggesting the amorphous nature of FEG/
MoO3�x. Furthermore, the amorphous nature of FEG/MoO3�x is
also conrmed by the SAED pattern, in which only diffusive
rings can be observed (Fig. S3c†). To understand the role of the
layered 3D partially exfoliated graphite in the electrode perfor-
mance, we conducted further comparison among the FEG and
other widely used carbonaceous substrates, including graphite
foil and carbon cloth denoted as G/MoO3�x and CC/MoO3�x,
respectively (Fig. 1e and S4†). In contrast, for the bulk graphite
foil (Fig. S5a†), the majority of the MoO3�x materials are
deposited only on the exterior surface due to the mass
transport-limited ion diffusion (Fig. S5b and d†). Besides the
distinct morphologies, G/MoO3�x and CC/MoO3�x show
apparent peeling off of the deposited species from the substrate
aer washing with deionized water (Fig. S5 and S6†). This
peeling off was likely to start from the cracks that exist in the as-
deposited electrodes, leading to their poor mechanical stability.
Taken together, these results conrm the robust coupling of the
FEG and pseudocapacitive MoO3�x, highlighting the impor-
tance of multiple exfoliated graphite layers as a scaffold to
obtain a uniform and stable coating of MoO3�x at a high mass
loading, determined to be 15.4 mg cm�2.

The crystal structure of the electrodeposited MoO3�x was
characterized by X-ray diffraction (XRD, Fig. 1f). The result
reveals that the deposited molybdenum oxide is amorphous in
nature, possibly benecial to the charge storage process due to
the disorder and exibility.18 The MoO3�x electrodes were also
studied by X-ray photoelectron spectroscopy (XPS). For the
substrates, the XPS survey spectrum of FEG exhibits an
enhanced O 1s signal relative to that of G and CC (Fig. S7a†).
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Side view SEM images of (a) FEG and (b) FEG/MoO3�x, insets show the top view images of these samples. (c) Elemental mapping (Mo Ka1, O
Ka1 and C Ka1) images of FEG/MoO3�x. (d) TEM image of FEG/MoO3�x. (e) Side view SEM images of FEG/MoO3�x, G/MoO3�x and CC/MoO3�x. (f)
XRD patterns of the as-prepared electrodes. XPS spectra of (g) Mo 3d and (h) O 1s of FEG/MoO3�x. (i) UV-vis spectra collected for the original MB
solution (8 mg L�1 in water) and the MB solutions after reaction with FEG/MoO3�x, CC/MoO3�x and G/MoO3�x for 24 h in the dark.
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The C 1s core level spectra also conrm that the FEG has
a broader and higher signal than that of the G and CC
substrates (Fig. S7b–d†), suggesting the existence of oxygen-
containing functional groups which provide a strong interac-
tion with the deposited metal oxides via metal–O–C bonding.16

Mo 3d and O 1s core levels of the FEG/MoO3�x are shown in
Fig. 1g and h, respectively. In the Mo 3d spectrum, two tted
peaks at 232.9 and 235.6 eV are attributed to the 3d5/2 and 3d3/2
of Mo6+, respectively. The tted peaks at 231.3 and 234.5 eV
correspond to the 3d5/2 and 3d3/2 of Mo5+, while two tted peaks
at 230.1 and 233.7 eV correspond to the 3d5/2 and 3d3/2 of Mo4+,
respectively.5,10,19 The O 1s peak can be deconvoluted into three
components (Fig. 1h and S10†). The O1 peak at 530.6 eV is
assigned to the O2�; the O2 peak at 531.6 eV can be ascribed to
the oxygen from the defect sites with a low oxygen coordination
in the material;20,21 the O3 peak at 532.6 eV can be assigned to
This journal is © The Royal Society of Chemistry 2019
the physically adsorbed and chemically bonded water or O–
H.20,22,23 The methylene blue (MB) adsorption experiments were
further carried out to explore the surface area of the MoO3�x-
based electrodes. UV-vis absorption spectra were collected for
the original MB solution and those adsorbed by FEG/MoO3�x,
G/MoO3�x and CC/MoO3�x for 24 h under dark conditions
(Fig. 1i). The intensity of the characteristic absorption peak of
MB (665 nm) decreases more for the FEG/MoO3�x than that for
the G/MoO3�x and CC/MoO3�x. This strong adsorption of MB
dye molecules for the FEG/MoO3�x is due to the larger ion
accessible surface area as compared to the other samples.
Electrochemical evaluation

Electrochemical tests were performed in a three-electrode cell
containing 3 M KCl as the electrolyte, saturated calomel elec-
trode (SCE) as the reference and graphite foil as the counter
J. Mater. Chem. A, 2019, 7, 23941–23948 | 23943
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electrode. A number of control experiments were performed to
understand the role of the three-dimensional porous graphene
architecture in the electrode performance. Fig. 2a compares the
cyclic voltammograms (CVs) of the MoO3�x-based electrodes
that were electrodeposited on different carbonaceous
substrates. Under the same loading of MoO3�x (15.4 mg cm�2),
the CV curve of FEG/MoO3�x presents a larger increase of
current densities in the whole potential region compared to CC/
MoO3�x and G/MoO3�x, demonstrating its high capacitive
nature of charge storage. More importantly, the FEG/MoO3�x

electrode shows 67 times larger current density than the G/
MoO3�x electrode, revealing the substantially enhanced charge
storage capability of FEG/MoO3�x. This increased current for
the FEG/MoO3�x can be attributed to the fact that the exfoliated
graphite layers are seamlessly connected with the bulky
Fig. 2 Electrochemistry of the threeMoO3�x-based electrodes: (a) CV cu
0.19 A g�1; (c) areal capacities of the three MoO3�x-based electrodes at va
based electrodes at various current densities; (e) a plot of capacitance re
schematic illustration of the three-electrode cell used in this work for t
loading of MoO3�x and the electrodeposition time; (g) areal and (h) gra
different mass loadings of MoO3�x; (i) gravimetric and (j) areal capacitanc
loaded with different amounts of MoO3�x.

23944 | J. Mater. Chem. A, 2019, 7, 23941–23948
domains and form abundant void space, which enables highly
efficient charge transfer and ion diffusion in this high loading
electrode. Similar results were observed in the galvanostatic
charge–discharge (GCD) experiments (Fig. 2b). The much
longer discharge time of the FEG/MoO3�x electrode further
conrms its superior capacitive performance to that of the
others. Fig. S11† shows the GCD proles of the three MoO3�x

electrodes collected at current densities varying from 1 and 20
mA cm�2 (0.06–1.3 A g�1). The calculated areal capacitances and
gravimetric capacitances are illustrated in Fig. 2c and d. The
FEG/MoO3�x electrode achieves a high areal capacitance of 4.34
F cm�2 at a current density of 1 mA cm�2 (equivalent to
a gravimetric capacitance of 282 F g�1 normalized to a mass
loading of 15.4 mg cm�2), which is 40 and 2 times higher than
that of the G/MoO3�x (0.109 F cm�2, 7.1 F g�1) and CC/MoO3�x
rves measured at a scan rate of 10mV s�1; (b) GCD profiles measured at
rious current densities; (d) gravimetric capacities of the three MoO3�x-
tention of FEG/MoO3�x as a function of cycle number, inset shows the
he electrochemical measurements; (f) relationship between the mass
vimetric capacitances obtained from the FEG/MoO3�x electrode with
es obtained at different current densities from FEG/MoO3�x electrodes

This journal is © The Royal Society of Chemistry 2019
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(2.10 F cm�2, 136 F g�1), respectively. More importantly, under
such an ultrahigh mass loading, the FEG/MoO3�x electrode
retains an extraordinary rate capability of 67.8% from 1 to 20
mA cm�2 (0.06–1.3 A g�1). These results clearly show the highly
efficient charge transfer and ion diffusion of the FEG/MoO3�x.
In contrast, the capacitances of the other two samples decrease
faster with elevated current density, retaining only 55.7% (1.17 F
cm�2 and 76 F g�1 for the CC/MoO3�x), and 1.8% (2 mF cm�2

and 0.13 F g�1 for the G/MoO3�x) areal/gravimetric capacitance.
Similar results were also obtained by CV measurements with
scan rates normalized with the total charge–discharge time of
the GCD processes (Fig. S12†). For example, the capacitance is
calculated to be 4.40 F cm�2 for the FEG/MoO3�x electrode
based on the data measured at a 0.3 mV s�1 scan rate, close to
the 4.34 F cm�2 capacitance measured by GCD at the current
density of 1 mA cm�2, both with similar discharging time.
Moreover, the FEG/MoO3�x electrode also exhibits excellent
cycling stability with 94.3% retention of its initial capacitance
aer 5000 cycles (Fig. 2e).

To gain insight into the optimized mass loading and the
relationship between mass loading and enhanced electro-
chemical performance, electrochemical tests of MoO3�x elec-
trodes were conducted at different electrodeposition times (10,
15, 20, 30, 40 and 50 min). Fig. 2f shows the mass loading of the
FEG/MoO3�x electrodes collected at different electrodeposition
times, exhibiting a linear relationship of mass loading versus
Fig. 3 (a) Nyquist plots and high frequency domain of the three MoO3�x-
of 10mV. Capacitance separation analysis results of (b) FEG/MoO3�x and
ratio of capacitances at different scan rates of FEG/MoO3�x and CC/Mo

This journal is © The Royal Society of Chemistry 2019
electrodeposition time for the MoO3�x, which allows precise
control of MoO3�x loading. The areal capacitance of FEG/
MoO3�x electrodes is also proven to be proportional to the
MoO3�x loading, peaking at 4.34 F cm�2 at a deposition time of
40 min, followed by a slight decrease at 50 min deposition
(Fig. 2g). This result indicates that the ion diffusion limits the
capacitive performance at an ultrahigh mass loading of 18.4 mg
cm�2 obtained aer 50 min deposition. The FEG/MoO3�x elec-
trode shows high capacitance retention with increasing the
mass loading from 5 to 15.4 mg cm�2 (Fig. 2h). The gravimetric
capacitance of the FEG/MoO3�x electrode decreases by only 26%
from 382 to 282 F g�1 at 0.06 A g�1 when the mass loading
increases from 5 to 15.4 mg cm�2. The GCD proles of FEG/
MoO3�x electrodes with different mass loadings are shown in
Fig. S13–S16† collected at different current densities. The
calculated gravimetric and capacitances collected at current
densities are illustrated in Fig. 2i and j. It is worth mentioning
that under different mass loadings (5–15.4 mg cm�2), all FEG/
MoO3�x electrodes retain outstanding rate capabilities of 79–
67.8% from 1 to 20 mA cm�2 (or 0.06–1.3 A g�1), which are the
highest values reported for the MoO3-based electrodes (Table
S1†). Besides, our FEG/MoO3�x electrode also displays excellent
electrochemical performance within the potential window of
0 to 0.8 V in 0.5 M H2SO4 electrolyte (Fig. S17†). The FEG/
MoO3�x electrode achieves a high areal capacitance of 1.91 F
cm�2 at a current density of 1 mA cm�2 and exhibits excellent
based electrodes collected at open circuit potential with a perturbation
(c) CC/MoO3�x at the scan rate of 1 mV s�1. (d) Normalized contribution
O3�x.

J. Mater. Chem. A, 2019, 7, 23941–23948 | 23945
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rate capability. When the current density increases from 1 to 20
mA cm�2, the FEG/MoO3�x retains 90.3% of its initial capaci-
tance, demonstrating a considerably high areal capacitance of
1.72 F cm�2 at high current density. Overall, the aforemen-
tioned results demonstrate the outstanding energy storage
capacity of the FEG/MoO3�x for pseudocapacitors.
Discussion

Electrochemical impedance spectroscopy (EIS) was further
utilized to explore the electrochemical performance of our FEG/
MoO3�x. As shown in Fig. 3a, the FEG/MoO3�x presents
a considerably steeper slope in the middle- and low-frequency
domains as compared to the G/MoO3�x and CC/MoO3�x, indi-
cating that the ionic transport is more efficient for the FEG/
MoO3�x. In addition, the FEG/MoO3�x exhibits a much smaller
diameter of the semi-circle and an equivalent series resistance
(Rs, 0.82 ohm) compared to those of CC/MoO3�x (1.44 ohm, see
the inset of Fig. 3a). This can be attributed to the contribution of
3D partially exfoliated graphite layers seamlessly connected
with the bulky matrix, which leads to better conductivity within
the electrode.

The electrode kinetics and charge storage mechanism were
separated from diffusion-controlled and capacitive-controlled
processes by Dunn's method (see ESI† for details).24,25 The
results for the FEG/MoO3�x and CC/MoO3�x electrodes are
summarized at the selected scan rate of 1 mV s�1 in Fig. 3b and
c. The FEG/MoO3�x electrode showed higher capacitive contri-
bution (62.3%) than the CC/MoO3�x (29.3%). Fig. 3d compares
Fig. 4 (a) CV curves of the ASC device measured at different scan rates
densities. (d) Areal and volumetric capacitance of the ASC device measu
tested at a scan rate of 100mV s�1, the inset shows that the fully charged
device with other reported ASCs.

23946 | J. Mater. Chem. A, 2019, 7, 23941–23948
the capacitive and diffusion contributions of the two electrodes
at scan rates between 0.2 and 4 mV s�1. It was found that the
capacitive contribution of the FEG/MoO3�x was always higher
than that of the CC/MoO3�x at all scan rates. Capacitive-
controlled reactions typically have relatively fast kinetics
compared to the diffusion-controlled processes by ion interca-
lation and de-intercalation in the oxide bulk structure.26,27

Therefore, the more contribution from the capacitive-controlled
capacitance, the more capacitance will be stored at ultrahigh
current densities. This trend is in excellent agreement with our
EIS results shown in Fig. 3a.

Overall, our results conrm the important roles of the three-
dimensional porous graphene architecture and oxygen-
containing functional groups for supporting a high mass
loading of MoO3�x. On the one hand, the engineered layered
structure contains 3D intercalated graphite sheets inter-
connected with highly open graphene nanosheets atop. The
multiple connection points create a “super highway” for a fast
electron transportation pathway, while the large amount of void
space allows sufficient electrolyte intercalation/de-intercalation
into the electrode, thus providing rapid ionic transportation.
On the other hand, the oxygen-containing functional groups
ensure that the MoO3�x can bind strongly onto the exfoliated
graphite via the formation of C–O–Mo bonding. This therefore
facilitates the electron hopping process from the graphene to
the oxide, and thus allows excellent rate performance with
ultrahigh mass loading. In addition, the deposited MoO3�x is
amorphous in nature featuring mixed-valence distribution, as
demonstrated earlier, which can be benecial to the charge
. (b and c) GCD profiles of the ASC device collected at various current
red at different current densities. (e) Cycling stability of the ASC device
solitary ASC operates an LED lighting matrix. (f) Ragone plots of the ASC

This journal is © The Royal Society of Chemistry 2019
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storage process due to the exibility and multiple redox reac-
tions. As a whole, the novel composite electrode material
designed here in this work shows a substantially increasedmass
loading of pseudocapacitive MoO3�x without sacricing the
charge storage capability, which is essential for developing
promising supercapacitors.
Asymmetric supercapacitors

A practical asymmetric supercapacitor (ASC) device was fabri-
cated through the assembly of an FEG/MoO3�x anode and
a functionalized partially exfoliated graphite cathode (see the
Experimental section and detailed electrochemical perfor-
mance of the cathode in the ESI†). Fig. 4a shows the CV curves
of the ASC device at different scan rates with a large operating
voltage of 2 V. No signicant distortion with the increase of scan
rate was observed, suggesting the good rate capability of the
ASC device. The GCD curves of the ASC devices collected at
different current densities (1–20 mA cm�2) are shown in Fig. 4b
and c. The symmetric GCD proles demonstrate an ideal
capacitive behavior. The ASC exhibits excellent areal and volu-
metric capacitances of 1.0 F cm�2 and 3.96 F cm�3 at the current
density of 1 mA cm�2. More importantly, as the current density
increases 20 times, the ASC device still retains an extraordinary
rate capability of 65.6% from 1 to 20 mA cm�2 (Fig. 4d). The ASC
retains 82.2% capacitance aer 5000 CV cycles (Fig. 4e).
Furthermore, two model devices connected in series can effec-
tively operate green, red and yellow light-emitting diodes and an
electrical fan at the fully charged voltage of 4 V, demonstrating
its potential for practical applications (Fig. 4e inset and
Fig. S19†). The energy and power densities of our FEG/MoO3�x//
FEG device are shown in the Ragone plot in Fig. 4f. The device
displays a high volumetric energy density of 2.20 mW h cm�3 at
the power density of 3.60 mW cm�3, and 1.44 mW h cm�3 at the
high power density of 79.1 mW cm�3. It should be noted that
these values are essentially greater than the values obtained for
the other capacitor devices reported to date.28–38 We also
assembled an all-solid asymmetric supercapacitor with KCl/PVA
as the electrolyte. Fig. S20a† shows the GCD curves of the all-
solid ASC device at different current densities (1 mA cm�2 to
20mA cm�2). The all-solid ASC displays a high areal capacitance
of 0.71 F cm�2 and a volumetric capacitance of 2.82 F cm�3 at 1
mA cm�2 (Fig. S20b and c†). We also tested the practical usage
of the all-solid ASC. The charged device can also effectively
operate green, red and yellow light-emitting diodes (LEDs). The
all-solid ASC device displays high energy density and powder
density as shown in the Ragone plot (Fig. S20f†), with a volu-
metric energy density of 1.57 mW h cm�3 obtained at the power
density of 11.34 mW cm�3.
Conclusions

In summary, an ultrahigh mass loading molybdenum oxide was
electrodeposited on 3D functionalized partially exfoliated
graphite with improved capacitance and rate capability. The
engineered layered structure, combining intercalated graphite
sheets and highly open graphene nanosheets atop, allowed
This journal is © The Royal Society of Chemistry 2019
efficient ion diffusion and thus enabled an ultrahigh mass
loading of pseudocapacitive materials without sacricing the
electrochemical performance. The optimized electrode ach-
ieved an outstanding areal capacitance of 4.34 F cm�2 at 1 mA
cm�2 and excellent rate capability. The ASC assembled with the
FEG/MoO3�x anode and FEG cathode delivered an excellent
volumetric capacitance of 3.96 F cm�3 as well as a high volu-
metric energy density of 2.20 mW h cm�3. More importantly,
the linear increase of areal capacitance with the mass loading of
MoO3�x suggests its great potential for practically viable
pseudocapacitors.
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