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ABSTRACT: A dual-layer composite structure composed of a
metal—organic framework structure (NiHCF) with tunable open
channels and typical pseudocapacitive manganese dioxide is
constructed here as an electrode material for supercapacitors.
This type of structure shows enhanced specific capacitance, high
energy density, and excellent rate capability and stability. The
specific capacitance of the composite electrode is much larger
than the sum of each part, and a synergy effect of the dual-layer
structure named “interlayer concentration enhancement effect”
(ICE effect for short) was proposed to account for this excellent

electrochemical performance.
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Capacitors are increasingly becoming one of the most
important portable energy storage systems.l_4 In
comparison with batteries, they showed advantages of higher
power density, much longer lifespan, no memory effect, better
environmental benignity, and lower costs. Manganese dioxide
(MnO,)-based materials have been regarded as the most
promising cathode materials for supercapacitors because of
their capacitor-like electrochemical behavior, excellent reversi-
bility, low cost, good environmental compatibility, and also
attractive high specific capacitance (theoretical value is 1300 F
g™"),®” which is much higher than that of the currently used
active carbon-based cathode (about 150 F g™').* However,
because only a very small surface layer of MnO, is involved in
the charge storage process, their real capacitances and energy
densities usually cannot meet the practical demand.* Nowadays,
many studies on the supercapacitors aim to increase their
energy densities as well as decrease fabrication costs.””"!

It is impossible to improve the energy density as high as
lithium-ion batteries, which originates from the fundamental
electrochemical process. Nonetheless, different strategies have
been proposed to improve the energy density of MnO,-based
cathodes to the best extent, among which two are widely
practiced. One effective protocol is to create designed
nanostructured MnO, with a high specific surface area. For
example, the preconstructed void space provided by hollow or
porous structures is the favorite.'>'* Low-dimensional
nanostructures, such as one-dimensional (1D) nanorods/
nanowires/nanotubes and two-dimensional (2D) nanosheets,
have been tested for electrochemical capacitor applications.'®"?
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It was believed that these nanostructures with a large exposed
surface and short diffusion length could interact more efficiently
with the electrolyte. Another commonly used approach is to
introduce a flexible and conductive overlayer, such as carbon
nanotubes, graphene, etc., as a physical scaffold to effectively
create a new exposed surface and enhance electronic
conduction.'s™2° Notwithstanding these advances, the rational
design and facile synthesis of MnO,-based nanostructures for
high energy density still remain a challenge. A specific energy of
45 Wh kg™ with a specific capacitance of 937 F g~' was
achieved by MnO,/Mn/MnO, sandwich-structured nanotube
arrays. However, the specific mass loading was only 0.32 mg
cm™%; thus, it cannot provide enough real energy.15 Moreover,
the preparation method is complicated and expensive. In recent
years, hybrid systems offer another attractive alternative to
improving the energy density by combining a battery-type
electrode (energy-density source) with a capacitor-type
electrode (power-density source) in the same cell."”*"**
Although here we prefer to discuss the electrode materials, it
is still a very good inspiration that we can construct a composite
electrode material composed of a high-energy-storage battery-
type material layer and high-power-capacitive MnO, layer.
Herein, we propose a novel nickel hexacyanoferrate
(NiHCF)/MnO, dual-layer composite nanostructure, namely,
hierarchical structures constructed of a MnO,-layer-coated
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Figure 1. A) Schematic diagram of the strategy for preparing a NIHCF@MnO, electrode. (B and D) SEM images of the electrode surface before (B)
and after (D) electrodeposition (100 s) of MnO,. (C) TEM image showing that the NiHCF powders are in nanoscale with diameters below 50 nm
and they are interconnected, forming a local-area three-dimensional network. All scale bars are 200 nm.

»’

NiHCF layer (denoted as NiHCF@MnO,). Metal—organic
framework (MOF) structures naturally possess a high surface
area because of their tunable open channels and are regarded as
good candidates for electrode materials.”® Recently, Prussian
Blue and its analogues have been well-studied in aqueous alkali-
metal-ion batteries because of their open spaces, which can
accommodate not only neutral molecules but also ions charge-
balanced by iron ions, and good performances such as high rate
performance, long cycle life, low cost, and a relatively larger
energy density were found.**”>® However, according to our
research, its specific capacitance and cycling stability at large
scan rates or large current densities, when used as a cathode
material for supercapacitors, are yet to be improved.
Fortunately, NiHCF is a typical aqueous sodium storage
material; together with MnO,, they share the same mild
aqueous electrolyte of Na,SO,, and thus the complementary
advantages of combination could be realized.

This work aimed at demonstrating the enhanced specific
capacitance, high power density, high energy density, and
excellent cycling stability of the proposed NiHCF@MnO,.
Through investigating the inner source of those high
performances, we proposed a synergy effect of this kind of
dual-layer structure and named it the “interlayer concentration
enhancement effect” for the first time. The strategy for
preparing a NIHCF@MnO, electrode is depicted schematically
in Figure 1A. In step I, NiHCF, together with acetylene black,
are coated on foam nickel (used as the current collector) using
poly(vinylidene difluoride) as a binder. In step 11, the MnO, is
anodically electroplated onto the NiHCF electrode. The
method of electrodeposition is convenient and frequently
used.”” > After cleaning and drying, composite NiHCF@
MnO, electrodes are finally obtained.

NiHCF powders were synthesized through facile coprecipi-
tation. The crystallographic phase of the product is determined
by powder X-ray diffraction (XRD), as shown in Figure S1A
(Supporting Information, SI). All of the diffraction peaks in the
XRD pattern can be unambiguously assigned to an open-
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framework Prussian Blue hexacyanometalate crystal struc-
ture,*>*! face-centered-cubic KNiFe(CN)4 (JCPDS card no.
51-1897; space group Fm3m, a = 10.23 A). TEM images show
that the NiHCF powders are in nanoscale with diameters below
50 nm and they are interconnected, forming a local-area three-
dimensional network (Figure 1C). The N, adsorption—
desorption isotherms at 77 K show that NiHCF possesses a
large Brunauer—Emmett—Teller (BET) surface area of around
121 m* g~" and a large number of mesopores (Figure S3 in the
SI). With relatively high specific surface and appropriate pore-
size distribution, the NiHCF can well serve as the framework to
support the subsequent electrodeposition of hierarchical MnO,
nanoplates and also be beneficial to electrolyte infiltration.

Parts B and D of Figure 1 show scanning electron
microscopy (SEM) images of the electrode surface before
and after electrodeposition of MnO,; the totally different
surface tells us that a layer of MnO, has covered the whole
electrode. Figure 1D indicates that the MnO, layer is composed
of randomly oriented thin nanoplates that form a hierarchical
architecture. Different deposition times have been investigated
(Table S1 and Figure S4 in the SI), and facts have proved that,
within a deposition time of 10 s, MnO, has already covered the
whole electrode and adding deposition time could do nothing
but decrease the specific capacitance because only the very
surface layer of MnO, could get involved in the charge-storage
process.* The crystallographic phase of the electrode surface is
determined by powder XRD, as shown in Figure S1B in the SI;
only one peak sticks out and can be assigned to orthorhombic
ramsdellite MnO,, indicating oriented growth and poor
crystallization as deposition was performed at room temper-
ature. The X-ray photoelectron spectoscopy (XPS) spectra of
Mn 2p and O 1s in the dual-layer structure are shown in Figure
S2 in the SL The binding energy separation (AEy;,_o) between
the peaks of Mn 2p;/, and O 1s [Mn—O—Mn] is 112.3 eV,
while the peak of Mn 2p;, is located at 642.2 eV, indicating
that MnO, has been successfully electrodeposited on the
surface of the NiHCF layer.*”

dx.doi.org/10.1021/am5011173 | ACS Appl. Mater. Interfaces 2014, 6, 6196—6201



ACS Applied Materials & Interfaces

6.0x107 4

—e—NiHCF@MnO, electrode ) 1 e Current peak values of NiHCF electrode
A 30+ —e— Simple NiHCF electrode C 0.010{ © Current peak values of NIHCF@MHO:
)
Pure MnO, electrode 4.0x107 4 0.009 4 dual-layer composite electrode.
- 204 Linear fitof o ,
< < 20x10° KOO8 k= 1.9x107 MV
< 10 S = 0.007{—— Linear fitof o ,
2 = " Y 2
3 , g 00l go.oos- k=2.7x10° MV -s)
1 3

3 f" 3 $ 0.005]
e 3 =
§-101 -2.0x10° & 0.004]
S —e— NiHCF@MnO, electrode
© 20 -4.0x10° 1 —+— Simple NHCF electrode 0.003

——The difference betweenthe 0,092 ]

above two
30 v N r v r T -6.0x10” v v r r r g 0.001 v T "
0.2 0.0 0.2 04 0.6 08 10 -0.2 0.0 0.2 04 0.6 0.8 1.0 12 0.0 01 0. 04 05
12,42, 1
Potential / V Potential / V IV
o a o " ~ - 3 na o o
Co Co
D
ot - 3 [ 5 ~a N Na N -

At the potential of -0.1 V.

At the potential of 0.95 V.

Figure 2. (A) CVs for the three kinds of electrodes (the NIHCF@MnO, electrode and the simple NiHCF and pure MnO, electrodes) at a scan rate
of 50 mV s~ in the voltage window of —0.1 to +0.95 V vs Ag/AgCl. (B) Cyclic voltammetry behaviors of a NiHCF electrode before (b) and after
(a) electrodeposition of MnO, and the difference between their current valves calculated and plotted as curve c. (C) From the CV curves of both
NiHCF and NiHCF@MnO, electrode at different scan rates, relationships between the anodic peak current i, (the current produced by MnO, has
been deducted) and the square root of the scan rate v'/2 (D) Schematic diagram showing the different Na* 1on concentrations in the space between
the NiHCF and MnO, layers (Cy,) at charged (right) and discharged (left) states.

We subsequently investigated the electrochemical properties
of NiIHCF@MnO, as a cathode material for supercapacitors,
with the simple NiHCF and pure MnO, (also synthesized by
electrodeposition) as a comparison. Figure 2A shows the cyclic
voltammograms (CVs) for the three kinds of electrodes at a
scan rate of 50 mV s™" in the voltage window of —0.1 to +0.95
V vs Ag/AgCl. The quasi-rectangular-shaped cyclic voltamme-
try curve of the pure MnO, electrode, which indicates its
pseudocapacitive property, is generally consistent with those of
MnO, reported in the literature,"**> suggesting similar
electrochemical reaction pathways: the electrochemical capaci-
tance comes from conversion between Mn"™ and Mn'
accompanied by intercalation and deintercalation of alkali-
metal ions. For a NiHCF electrode, the current changed slowly
at the beginning of the voltage switching (—0.1 or 0.95 V) and
a pair of big redox current peaks rose suddenly between 0.1 and
0.7 V. The anodic peak at about 0.55 V indicated that the Fe**
ions were converted to Fe** ions and Na* ions were unloaded
from the electroactive material in the meantime; the cathodic
peak at about 0.25 V indicated the reverse process.”**>** For
the NIHCF@MnO, composite electrode, its cyclic voltamme-
try curve combined the characteristics of both NiHCF and
MnO,. The nearly vertical line at the beginning of the voltage
switching (—0.1 or +0.95 V) and the subsequent big redox
current peaks imply integration of both superiorities. Not only
that, the specific capacitance of the composite electrode is
much larger than the sum of its parts. From these cyclic
voltammetry curves, the specific capacitances of the three kinds
of electroactive materials were calculated to be 177.5 F g™* for a
simple NiHCF electrode, 172 F g™* for a pure MnO, electrode,
and 224 F ¢! for a NiHCF@MnO, dual-layer composite
electrode at a scan rate of SO mV s™". All of the mass loadings
were calculated from the results of inductively coupled plasma
mass spectrometry. Thus, the excess specific capacitance can be
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calculated by the formula C.ceis = Ccomposite — 70-5% X

(1-70.5%) C,pmo,» Where C; stands for the specific

capacitance and the mass percentage of NiHCF in the
composite is 70.5%. Where does the excess specific capacitance
(=482 F g') come from?

Figure 2B shows us the cyclic voltammetry behaviors of a
NiHCF electrode before (b) and after (a) electrodeposition of
MnO,, and the differences between their current valves were
calculated and plotted as curve c. Compare curve ¢ with the
cyclic voltammetry curve of pure MnQ,; apparently, in addition
to the changeless current of MnO, at the potential between 0.1
and 0.7 V, which was designed as curve d, a pair of current
peaks unexpectedly occurred. Because the two current peaks do
not belong to MnO, and the redox current peaks of NiHCF
have been deducted and, in addition, no chemical changes
happened to NiHCF during the deposition process, which can
be known from the XPS spectra (Figure S2A,B in the SI), they
were supposed to be derived from the synergy effect of the
dual-layer composite nanostructure. That is the reason why the
specific capacitance of the dual-layer composite is larger than
the sum of its parts. In order to investigate the inner
mechanism of the enhanced specific capacitance, the cyclic
voltammetry curves of both the NiHCF and NiHCF@MnO,
electrodes at different scan rates (Figure SS in the SI) were
studied Also, the relationship between the anodic peak current

(the current produced by Mn02 has been deducted) and the
square root of the scan rate v'/* is shown in Figure 2C. The
anodic peak current of both electrodes increases linearly with
the square root of the scan rate, indicating a mass-transport-
controlled process. The slope of the linear fitting was calculated
to be k = 1.9 X 1072 A/(V'%s71/2) for the NiHCF electrode
and 2.7 X 1072 A/(VY2s712) for the NiHCF@MnO,
electrode. At room temperature, the relationship between the
peak current (ip) and the square root of the scan rate (v'/?) is

Cs,NiHCF -
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Figure 3. (A) Galvanostatic discharge of the NNHCF@MnO, electrode at different current densities carried out between —0.1 and +0.95 V vs Ag/
AgCl. (B) Charge/discharge behavior of a simple NiHCF electrode, a pure MnO, electrode, and a NIHCF@MnO, dual-layer composite electrode
evaluated at a current density of 5 A g™'. (C) Energy—power plots of the three kinds of electrodes. (D) Charge/discharge cycling performance
evaluated between —0.1 and +0.9 V at a current density of S A g™

given by the diffusion equation i, = 2.69 X During cycling at a scan rate of 20 mV s™', a capacitance of
10%An® ZCODI/ 2123435 here n is the number of electrons 240.7 F g_1 was observed, and 70.8% of this capacitance, 170.4
transferred per molecule during the electrochemical process, A F g™/, was retained during cycling at a rate 10 times greater, 200
is the surface area of the electrode (because NiHCF is a MOF mV s~'. The high capacitance retention at high scan rates
structure, the surface area is huge), C, is the concentration of indicates the superiority of rapid charge and discharge, while
diffusion species (Na*), D is the diffusion coefficient of Na*, the capacitance retention is only 62.8% for that of simple
and v is the potential scan rate. According to the equation NiHCF electrode.

above, slope k = 2.69 X 105An>2C,D'>. Among these factors, To get more information about the NiHCF@MnO,

electrode, galvanostatic charge/discharge measurements at
different current densities were carried out between —0.1 and
+0.95 V (vs Ag/AgCl). Excellent rate capability, superior to that
of most reported composite electrodes, is illustrated in Figure
3A; during cycling at a current density of 1 A g™, a capacitance
of 199.6 F g~' was achieved, and 91.6% of this capacitance,
182.8 F g7', was retained during cycling at a rate 15 times
greater, 15 A g_l.ls’lé’zo’36 Figure 3B shows the charge/
discharge behaviors of a simple NiHCF electrode, a pure MnO,
electrode, and a dual-layer composite electrode evaluated at a
current density of S A g™'. As expected, an almost linear shape

because n and D remain constant and A might even somewhat
decrease after electrodeposition of MnO,, the larger k of the
dual-layer composite electrode can only originate from the
larger C,. At the potential of —0.1 V, both Fe in NiHCF and
Mn in MnO, were in states of low valence, and the diffusion
species (Na') were embedded in them; thus, C, the
electrolyte concentration in the space between the NiHCF
and MnO, layers, is much lower than C,. That larger electrolyte
concentration gradient leads to a larger slope k and also a
higher current peak during the charge process. In the reverse

process, both Fe in NiHCF and Mn in MnO, were in states of with nearly symmetric charge and discharge curves of a MnO,
high valence, and Na" ions apart from both NiHCF and MnO, electrode reveals a fast and reversible faradaic reaction.®” Also,
were accumulated in the space between the NiHCF and MnO, the other two both possess charge/discharge plateaus at a
layers at a potential of 0.95 V; thus, Cy; is much higher than C,, potential of about 0.4 V; the charge/discharge plateaus
as depicted in Figure 2D. Consequently, during the discharge correspond to the redox current peaks in the cyclic
process, the current peak of the dual-layer composite electrode voltammetry curves. The apparently different slopes of the
is also higher than that of the simple NiHCF electrode. Because three electrodes (ky,o, < Kcomposite < kniricr) at the beginning of
the enhanced capacitance stems from the ion concentration the charge process and subsequent charge/discharge plateaus
inside the MnO, layer, the synergy effect of this kind of dual- indicate that both components can develop their respective
layer structure is named an “interlayer concentration enhance- advantages and lead to higher capacitance in the dual-layer
ment effect”, which can be abbreviated as the ICE effect. composite structure.’® Figure 3C shows the energy—power
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plots of the three kinds of electrodes. Because NiHCF and
MnO, are very different, here, we briefly discussed three
different categories of samples: capacitor-type materials
(EDLC), battery-type materials (such as NiHCF), and
pseudocapacitive materials (such as RuO, and MnO,). It is
generally recognized that, for a typical aqueous battery-type
material, its energy density is twice that stored in a capacitor-
type material charged with the same electric charge to the same
voltage.38‘39 Although MnO, shows a electrochemical behavior
similar to that of capacitor-type materials, however, its inner
mechanism of energy storage depends on the fast, reversible
redox reactions at the surface, like batteries. Although MnO,
shows no obvious discharge plateau like NiHCF, in fact, its
discharge curve (in Figure 3B) can be regarded as a cohesive
whole consist with numerous small discharge plateaus.
Therefore, there is no difference between NiHCF and MnO,
in terms of the energy density calculation. The energy density
of the composite electrode is 60.3 Wh kg™' at 1050 W kg™" and
remains 36.2 Wh kg_1 at 42000 W kg_l, which is much higher
than the other two kinds of electrodes, as shown in the energy—
power plots (Figure 3C). Such energy and power performances
are significantly better than those of the current electrochemical
capacitive materials reported recently, such as the energy
density of 15.4 Wh kg™' for a MnO,/GO composite electrode
at 1000 Wh kg™ and 32.5 Wh kg™' for a MnO,-coated carbon
nanofiber array core—shell nanostructure at 6216 W
kg™'.2%*%*" Formulas for calculating the power density and
energy density of both capacitor-type and battery-type materials
are given in the SI, and all of the data were calculated based on
the total mass loadings of the active material.

Figure 3D shows the charge/discharge cycling performance
evaluated between —0.1 and +0.9 V at a current density of 5 A
g~". The simple NiHCF electrode shows good cycling stability
as reported;26 however, there is still some capacitance fading;
about 91.2% of the discharge capacitance in the first cycle was
retained after 500 segments. As a comparison, NIHCF@MnO,
manifests excellent cycling stability; the discharge capacitance
shows almost no fading after 500 segments. The excellent
cycling stability and rate capability of these NiHCF@MnO,
electrodes might be attributed to the rational design and
engineering of the unique nanostructure and composition. As
we all know, for MnO,, the capacitance fading is very little in
the cycling process because ion exchange only happens at a very
small surface Iayer.l’42 However, for NiHCF, similar to other
battery-type materials, redox reactions happen in the inner
space, and ion migration may cause the electrode material to be
partially dissolved; thus, these types of materials usually exhibit
faster capacitance fading. In our unique dual-layer composite
structure, MnQ, sprouts from the conductive acetylene black
and grows into a new hierarchical layer covering the whole
electrode. The petty local empty space at the interface was
protected by the ultrathin platelike subunits and offered a
relatively stable ion concentration environment, thus leading to
improved stability.

In summary, we have rationally designed and synthesized a
hierarchical dual-layer composite structure constructed by an
ultrathin platelike MnO,-coated NiHCF local-area three-
dimensional network. This interesting functional nanostructure
simultaneously integrates the structural and compositional
design rationales for composite cathode materials based on the
complementarity of a reticular battery-type MOF structure and
a high-power pseudocapacitive MnO, layer and the synergy
effect (ICE effect) of this kind of dual-layer structure. When
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evaluated as a cathode material for supercapacitors, the as-
prepared NIHCF@MnO, electrode manifests enhanced specific
capacitance, high energy density, and excellent cycling perform-
ance. The manufacture strategy demonstrated here is simple
and versatile for the preparation of other dual-layer composite
electrodes. What is more, the ICE effect of the dual-layer
structure comes to light for the first time with a guidance
function for future studies.
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Experimental details, XRD spectra, BET surface area and pore-
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