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ABSTRACT: Pseudocapacitors have demonstrated an ability to deliver high energy and power densities. The main limitation is
their poor cyclability and for this reason the architectural design of electrode materials has attracted considerable attention. Here
we report the synthesis of hierarchical nanostructured material by growing Co(OH), nanoflakes onto MoO, thin film. The
electrode material exhibits a high capacitance of 800 F g™" at 20 A g~' with only 3% capacitance loss after S000 cycles and high
rate capability with increasing current density from 2 to 40 A g~', which are better than those of individual component. The
enhanced pseudocapacitor performances benefit from the synergistic effect of the hierarchical nanostructure: (1) faster ion
diffusion and electron transport at electrode/electrolyte interface, and (2) mitigation of the electrode destruction caused by ion
insertion/deinsertion during charge-storage process. This facile design and rational synthesis offers an effective strategy to
enhance the electrochemical performance of pseudocapacitors and shows promising potential for large-scale application in energy

storage.
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P seudocapacitors (PCs) have attracted considerable atten-
tion in the field of energy storage owing to their high
capacitance, fast charge—discharge rate, and high power density,
which fill the gap between the conventional batteries and
capacitors in term of electrochemical performances.'”* In
pseudocapacitors, more analogously to battery, energy is stored
through a reversible adsorption of small-size ions (Li*, Na*, K*,
etc.) and faradaic reactions taking place on the surface as well as
in the bulk materials. These two contributions lead to high
capacitance and high energy density over electrochemical
double layer capacitors (EDLCs).>~” However, compared with
EDLC:s, they present poor rate capability and cyclability, which
their disadvantages and prevent them from many important
applications such as mobile devices, electric and hybrid electric
vehicles, and so forth.® Thus, the design and rational synthesis
of electrode materials with high energy density, high rate
capability, and cyclability for pseudocapacitors are a great
challenge.

Numerous studies have demonstrated that the charge—
storage properties of pseudocapacitors depend not only on the
nature of electrode materials but also greatly on the design of
these electrodes. To improve the ion diffusion kinetics and
electron transport at the electrode/electrolyte interface, the
strategy tends to combine different electrode materials in
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various architecture designs.””'" Recently, many researches
have been conducted on carboneous materials,'*™*” transition-
metal oxides and hydroxides,'”'® conducting polymers,'”*° and
hybrid composites'®**™>® as electrode for supercapacitors.
However, much attention has been paid on choosing suitable
pseudocapacitive materials and their assemblies in appropriate
architecture (core/shell, hybrid structure, and so forth) to
achieve better performance. Thus, pseudocapacitive metal
oxides such as MnO,, RuO,, Co;0, MoO,, NiO,, and so
forth are combined with metal hydroxides, carboneous
materials, and conducting polymers in various designs to
form hybrid nanostructured electrodes.'®****™>* Among these
metal oxides, MoO, is a suitable candidate for this approach
owing to its low cost, low toxicity, low metallic resistivity (8.8 X
10™° Q-cm), natural abundance, and different oxidation state of
molybdenum.**** Furthermore, metal hydroxides, especially
Co(OH),, are good pseudocapacitive candidates and have
attracted much interest in recent years due to their layered
structure with large interlayer spacing, good reversibility, low
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Figure 1. Schematic illustration of the synthesis procedure of hierarchical nanostructured MoO,/Co(OH), .
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Figure 2. Materials characterization. (a) XRD patterns of MoO,, Co(OH),, and hierarchical nanostructured MoO,/Co(OH),, respectively. FE-SEM
and TEM images of MoO, thin film onto three-dimensional Ni foam scaffold (b,d) and MoO, thin film coated by Co(OH), nanoflakes (c,e),

respectively.

cost, easy preparation, high capacitance and well-defined
electrochemical redox activity.>> However the main weakness
of both these pseudocapacitive materials is poor rate capability
and cyclability.

To realize high-performance supercapacitor for large-scale
applications, we design and rationally synthesize hierarchical
nanostructured MoO, thin film coated by Co(OH), nanoflakes
onto three-dimensional nickel foam scaffold. The MoO, thin
film serves as conductive layer for electron transport while
Co(OH), nanoflakes allow fast ion diffusion owing to their
large interlayer space. In our approach, we focus not only on
designing hierarchical nanostructured electrode material but
also on the synergistic effect of the combination of MoO, thin
film (good electric conductivity) and Co(OH), nanoflakes
(large interlayer space). Hence, this design of binder-free
electrode enhances the ion diffusion as well as electron
transport at the electrode/electrolyte interface. As a result,
the hierarchical nanostructured MoQ,/Co(OH), exhibits
excellent rate capability and long lifespan compared with
individual compound.

Here, the design and facile synthesis of hierarchical
nanostructured MoO,/Co(OH), by successive electrodeposi-
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tion is schematically illustrated (Figure 1). First, MoO, thin
film was electrodeposited onto clean three-dimensional nickel
foam scaffold. Second, the as-deposited MoO, thin film serves
as substrate for subsequent growth of Co(OH), nanoflakes.**
The samples with different mass ratio of MoO, and Co(OH),
are obtained by adjusting electrodeposition current intensity
and time for each single component (Supporting Information,
Table S1). On the basis of Pourbaix diagram (Supporting
Information, Figure S1),* conducting electrochemical deposi-
tion in potential range of —0.8 to —0.5 V in the pH between 8
and 10, molybdenum(VI) can be reduced from MoO,*” ions to
Mo (IV) with formation of MoO, following the reaction®
MoO,”” + 2H,0 + 2~ — MoO, + 40H"~ (1)
On the other hand, the synthesis of Co(OH), could be carried
out using electrodeposition in a potential range from —0.9 to
—0.2 V and the reaction mechanism is proposed below™

NO,” + H,0 + 2¢” — NO,” + 20H" @)
Co’* + 20H™ — Co(OH), 3)
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Figure 3. CV curves of MoO, thin film, Co(OH), nanoflakes and MoO,/Co(OH), at S mV s™" (a) and at 1 mV s™" (b), galvanostatic charge/
discharge at 10 A g™' (c), and gravimetric (areal inset figure) capacitance versus current increase (d).

X-ray diffraction (XRD) patterns of samples (Figure 2a)
were collected with a D8 Advance X-ray diffractometer, using
Cu Ka radiation (4 = 1.5418 A). The main peaks position of
the electrodeposited MoO, thin film are consistent with
monoclinic MoO, (JCPDS card No. 33-0929) with a P21/c
space group and lattice parameters of a = 5.5900 A, b = 4.8200
A, and ¢ = 5.5100 A. A small amount of impurity corresponding
to MoO; is observed, which is probably due to the oxidation of
MoO, during the synthesis process. The XRD patterns for
Co(OH), nanoflakes are consistent with hexagonal f-Co(OH),
(JCPDS card No. 74-1057).” The diffraction peaks of the
hierarchical nanostructured material are consistent with both
monoclinic MoO, and hexagonal -Co(OH),. A peak at 42°
related to MoOj is also observed, which is due to the oxidation
of the first synthesized MoO, during the followed electro-
deposition of Co(OH),. The XRD pattern of hierarchical
nanostructured MoO,/Co(OH), indicates that our product is
constituted by MoO, and Co(OH),.

Top-view field emission scanning electronic microscopic
(FE-SEM) images of the as-prepared materials reveal the
structural morphology of MoO,, Co(OH), and hierarchical
nanostructured MoO,/Co(OH), (Figure 2b,c and Supporting
Information, Figure S2b,c).>® Furthermore, transmission
electronic microscopic (TEM) images confirm the hierarchical
nanostructure morphology of uniformly electrodeposited
MoO, thin film onto three-dimensional nickel foam well
coated by interconnected Co(OH), nanoflakes (around 6 nm
thickness) (Figure 2d,e). The growth mechanism of Co(OH),
nanoflakes on MoO, film is probably explained by “oriented
attachment” and “self-assembly” as demonstrated in our
previous work.® The Co(OH), nanocrystals are electro-
deposited and well attached on MoO, thin film, then act as
active sites for preferential nucleation because of their lower
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surface energy, and thus decrease the free energy barrier and
facilitate subsequent nucleation. The as-grown mesocrystals
self-assemble to form interconnected nanoflakes. This mecha-
nism leads to strong attachment of Co(OH), nanoflakes onto
MoO, film surface with a stable MoO,/Co(OH), interface.
With increasing the deposition time, nanoflakes self-assemble
into nanoflowers (Supporting Information, Figure S3d).

To explore the electrochemical performance, we carried out
cyclic voltammetry (CV) and galvanostatic charge-discharge
tests using a standard three-electrode electrochemical cell
containing 2 M KOH aqueous electrolyte. Figure 3a depicts CV
curves at scan rate of S mV s™' and in the potential range of 0.1
to 0.35 V vs Ag/KCl saturated calomel electrode (SCE) where
both electrode materials have redox activities. MoO, thin film
displays a redox couple at 0.284 and 0.176 V while Co(OH),
nanoflakes have a redox couple at 0.271 and 0.158 V. The
hierarchical nanostructured MoO,/Co(OH), displays two
small anodic peaks at 0.266 and 0.294 V and one cathodic
peak at 0.162 V that are related to the well-defined peaks of
individual compound, suggesting that both materials are
involved in electrochemical process. To confirm this
assumption, the CV test at 1 mV s™! in the same range was
conducted (Figure 3b). The curves of MoO, thin film and
Co(OH), nanoflakes present two peaks at 0.273 and 0.30 V
and at 0.226 and 0.260 V for the anodic process and one peak
at 0.188 and 0.175 V for cathodic process, respectively.
Hierarchical nanostructured MoO,/Co(OH), presents three
anodic peaks at potential of 0.296, 0.269, and 0.230 V and one
cathodic peak at 0.168 V (Figure 3b). Compared with each
component taken individually, a shift on the value of anodic
and cathodic peaks is observed but the peaks at 0.296 and 0.230
V are related to the peaks at 0.30 V of MoO, and 0.226 V of
Co(OH), while the peak at 0.269 V can be related to both
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Figure 4. Electrochemical charge—storage performance. (a) Gravimetric and areal (inset figure) cycle performance at 20 A g™". (b—d) Galvanostatic
charge/discharge at 10 A g™" (b), cycling performance at 10 A g™" after 5000 cycles (c), and capacity versus current increase curves (d) of MoO,/
Co(OH),, MoO, thin film and Co(OH), nanoflakes in potential range of —0.2 to 0.45 V.

peaks at 0.273 and 0.260 V of MoO, thin film and Co(OH),
nanoflakes, respectively. The appearances of these curves
confirm the fact that both materials synergistically contribute
to the charge-storage process. The charge transfer mechanism
following this electrochemical process can be described by the
below plausible reactions

MoO, + xK* + xe” < MoO,_,(OK), 4)
MoO, + 40H™ < MoO,>” + 2H,0 + 2e~ (s)
Co(OH), + OH™ < CoOOH + H,0 + e~ (6)
CoOOH + OH™ < Co0, + H,0 + e~ 7

The charge transfer is through adsorption and insertion of
potassium ions at the surface and in the electrode material as
well as reversible redox reactions,**' as confirmed by the
energy dispersive X-ray spectrometric (EDS) mapping analysis
taken after cycling (Supporting Information, Figure S3).

The influence of MoO, loading mass on electrochemical
performances was evaluated by synthesizing another two
samples (2:1 and 3:1 mass ratio of MoO, and Co(OH),
nanoflakes) and performing CV measurements (Supporting
Information, Figure S4a,b). With the increase of MoO, mass in
hierarchical nanostructured materials, the CV curves become
more rectangular in shape suggesting an electrochemical double
layer behavior. The observed redox couple is due to the
presence of Co(OH), nanoflakes. This behavior demonstrates
that when the mass increases (film thickness increases), the
MoO, becomes densely packed with limited accessible surface
area and only thin surface layer is involved in the charge
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transfer process resulting in “dead volume” and the capacitance
decrease (Supporting Information, Figure S4c,d).*>*

The areal and gravimetric capacitances are obtained by
galvanostatic charge—discharge measurements at different
current densities from 2 to 40 A g'. The capacitance is
calculated based on the mass of all active materials loaded on
nickel foam scaffold. Figure 3c shows the charge—discharge
curves of MoO, thin film (1.2 mg cm™*), Co(OH), nanoflakes
(20 mg cm™) and hierarchical nanostructured MoO,/
Co(OH), (2.5 mg cm™?) at 10 A g™'. The hierarchical
nanostructured MoO,/Co(OH), exhibits a gravimetric capaci-
tance of 1036 F ¢! with 98% Coulombic efficiency while
MoO, thin film and Co(OH), nanoflakes present a gravimetric
capacitance of 1403 and 1584 F g ' with a Coulombic
efficiency of 90 and 93%, respectively. The MoO, thin film
presents defect sites on its surface that act as active sites during
the electrochemical process leading to high charge capacitance
and low discharge capacitance and thus low Coulombic
efficiency. The stable MoO,/Co(OH), interface created by
growing Co(OH), nanoflakes on MoO, shortens the diffusion
pathway for electrolyte ions enhancing the reaction reversibility.
Also, the Co(OH), nanoflakes considerably reduce the number
of defect sites on the surface of MoO,. The two features are
responsible for the increased Coulombic efficiency for the
hierarchical nanostructured material. Similar phenomena have
been reported in lithium ion batteries.**

Rate capability, an important factor to evaluate the power
application of supercapacitors, is depicted in Figure 3d.
Hierarchical nanostructured MoO,/Co(OH), displays a
gravimetric capacitance decrease from 1697 F g™' at 2 A g™
to 666 F g~' at 40 A ¢! with 61% capacitance loss, which is
better than those of MoO, thin film (72%) and Co(OH),

dx.doi.org/10.1021/nl403372n | Nano Lett. 2013, 13, 5685—5691
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Figure 5. (a) Nyquist plots of MoO,/Co(OH),, MoO, thin film and Co(OH), nanoflakes, FE-SEM images of (b) hierarchical nanostructured
Mo0,/Co(OH),, (c) MoO, thin film, and (d) Co(OH), nanoflakes after S000 cycles at 20 A g™".

nanoflakes (70%). The areal capacitance (inset of Figure 3d)
exhibits almost the same behavior. This outstanding electro-
chemical performance demonstrates that hierarchical nano-
structured MoO,/Co(OH), electrode material is more
favorable for fast ion diffusion and electron transfer reaction
especially at high current density compared with individual
component. Another important requirement for supercapacitor
applications is cycling stability. Hierarchical nanostructured
MoO,/Co(OH), shows 3% capacitance loss after 5000 cycles
at 20 A g~ while it is 53 and 61% for MoO, thin film and
Co(OH), nanoflakes, respectively (Figure 4a).

Furthermore, for practical applications of the as-synthesized
material, we performed experiments in large potential range
between —0.2 to 0.45 V at different current densities (Figure
4b,c). The hierarchical nanostructured MoO,/Co(OH), shows
a capacitance of 585 F g' at 10 A g™' and exhibits only 5%
capacitance loss after 5000 cycles, which is better than those
reported in the literature,”>~** while MoO, thin film and
Co(OH), nanoflakes present a gravimetric capacitance of 692
and 1431 F g™ at 10 A g™' with 52 and 57% capacitance loss
after 5000 cycles, respectively. The electrochemical impedance
spectra (EIS) were used to provide further insights. Nyquist
plots taken in frequency range of 0.01 Hz to 10 kHz at open
current circuit are shown in Figure Sa. The electrolyte
resistances for all electrode materials are around 0.14 Q. The
hierarchical nanostructured electrode has a charge transfer
resistance value of 0.58 €, which is between those of MoO,
thin film (0.29 Q) and Co(OH), nanoflakes (0.69 Q). This
value shows the advantage of combining MoO, (good
electronic conductivity) and Co(OH), nanoflakes (large
interlayer space) in the hierarchical nanostructured material.
FE-SEM images were taken for all the electrode materials after
cycling performance (Figure Sb—d). It can be clearly observed
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that hierarchical nanostructured MoO,/Co(OH), conserves its
morphology while MoO, thin film swells and pulverizes, and
Co(OH), nanoflakes collapse. This demonstrates that the
structural destruction caused by ion insertion/deinsertion is
mitigated in the novel hierarchical nanostructured MoO,/
Co(OH),, resulting in the outstanding cyclability compared
with the individual compound.

The superior electrochemical performances of hierarchical
nanostructured MoO,/Co(OH), electrode materials compared
with individual compound is obviously attributed to the
following unique features. First, the hierarchical architecture
allows synergistic contribution of both materials with increased
ion diffusion and fast electron transport. Second, stable MoO,/
Co(OH), interface mitigates the destruction of electrode
material during charge/discharge cycles (Figure Sb—d).

In summary, we have designed and synthesized hierarchical
nanostructured MoO,/Co(OH), by facile and reproducible
successive electrodeposition on three-dimensional nickel foam
scaffold. This hierarchical architecture allows the synergistic
contribution of both materials leading to a better electro-
chemical performance. The hierarchical nanostructured MoO,/
Co(OH), facilitates fast ion diffusion and electron transfer at
the electrode/electrolyte interface and also mitigates the
structural destruction caused by ion insertion/deinsertion,
which results in better capacitance retention versus current
density increases. It exhibits a high capacitance of 800 F g™ at
20 A g as well as largely enhanced cyclability with only 3%
capacitance loss after 5000 cycles than those of MoO, (53%)
and Co(OH), (61%), respectively. Therefore, this facile and
rational synthesis strategy offers an effective way to enhance the
electrochemical performance of pseudocapacitors and shows a
promising large-scale application in energy storage.
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