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Supercapacitors with good electrochemical performance and flexibility are in great demand. In this
paper, the concept of preparing 3D porous carbonmonoliths via direct calcination of melamine sponge is
presented. This preparation method is simple and has good control of the structure. Porous carbon
composite nickel-manganese oxides can be obtained by hydrothermalmethod followedwith calcination.
The electrochemical performanceswere tested and porous carbonmonolithswithNiMn oxides exhibited
a specific capacitance of 870 F/g in 1mol/L KOH at a charge/discharge current density of 0.5 A/g and a
capacity retention of 89.9% after 5000 times charge and discharge
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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With rapid development of portable electronic devices,
electricity has gradually become the main form of energy used
in people’s daily lives [1]. As a key component of flexible, foldable
and wearable electronic devices, energy storage materials also
expected to have excellent flexibility and stability [2]. Super-
capacitors has the potential to combine the advantages of both
batteries and conventional and it can provide high energy density,
power density and good cyclic stability [3]. As a kind of emerging
battery-type electrode materials, transition metal oxides with
unique layered structures, such as NiCo oxides, NiAl oxides, CoFe
oxides and NiMn oxides have been widely investigated in the past
few years for supercapacitors [4]. Among many metal oxides,
nickel-manganese bimetal oxides have many unique advantages,
including high theoretical specific capacitance, low price, rich
natural reserves and simple synthesis. At the same time, nickel and
manganese oxides have good synergistic effect and showed better
performance than single metal oxides. However, the layered
structure of NiMn oxides tend to re-stack together during charging
and discharging, which lead to poor cyclic stability. Due to its
limited conductivity, its electrochemical capacitance is far lower
than theoretical value [5].

To make better use of the characteristics of NiMn oxides and
make up for shortcomings, studies have reported the composition
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of NiMn Oxide with graphene, carbon nanotubes and other carbon
materials with excellent conductivity [6–8]. As for the structure
stability, by integrating NiMn oxides with hierarchical three-
dimensional (3D) nanomaterials, these 3D nanomaterials can
support NiMn oxides like a skeleton and prevent severe
agglomeration [9]. Porous carbon has 3D interlaced network
structure and has been used in batteries, oil removal, and heat
insulators [10–12]. However, due to the high cost of preparation,
complicated preparation process, the mass production of carbon
monoliths with uniform structure is still a challenge [13,14].
Therefore, it is urgently needed to develop a low-cost and feasible
method to prepare of 3D porous carbonmonoliths to overcome the
limitations.

Preparing porous carbon monoliths from commercially avail-
able melamine sponges is a viable method. As household cleaning
pads commonly used in daily life, melamine sponge with 3D
microporous structure have exhibited a high absorption capacity
for both water and oil [15,16]. Commercial sponges have the
features of low density (3�10mg/cm3), high porosity (over 99%),
robustness, good elasticity, and flexibility [17]. According to the
molecular formula (C6H9N6) of melamine sponge, it has high
content of N atoms and H atom and is a perfect starting material to
fabricate various devices.

Therefore, in this study nickel-manganese layered double
hydroxide was first grown on the sponge. Then, the 3D structured
porous carbon-supported NiMn oxides was obtained by calcina-
tion. This composite has a stable structure, excellent electrical
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. SEM images of (a, b) C-NiMn-1, (c, d) C-NiMn-2, (e, f) C-NiMn-3 at different
magnifications.
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conductivity and electrochemical performance. Benefiting from
the sophisticated structure and components, the optimized
carbon/NiMn oxides delivers excellent performance.

As shown in Fig. 1, NiMn LDH nanosheet were prepared on
melamine sponge by co-deposition and calcination. Specifically,
3mmol Ni(NO3)2�[12_TD$DIFF]6H2O (98wt%), 1mmol Mn(NO3)2� [13_TD$DIFF]H2O aqueous
solution (50wt%) and 13.2mmol urea were desolved into 70ml of
deionized water with magnetic stirring, which form a transparent
green solution. A spongewith the size of 0.5�2�7 cm3waswashed
with distilled water and ethanol respectively. The sponge was then
placed in the solution and heated at 80 �C for 6 h. After the water
bath, the sponge with NiMn LDH nanosheets was taken out,
washed several timeswith excess dionizedwater and dried in air at
60 �C. The as-preparedNiMn LDH onmelamine spongewas labeled
as NiMn-1. The NiMn oxide was prepared by annealing NiMn-1 at
350 �C for 2 h. At this temperature, sponge was carbonized and
carbon skeleton with NiMn oxide nanosheets was prepared,
marked as C-NiMn-1. At the same time, the metal ratio at a total
concentration of 4mmol and the ratios (Ni2+ and Mn2+) were 1:1,
1:3 were prepared under the same condition, named as C-NiMn-2,
C-NiMn-3.

The chemical compositions and crystallography information of
as-prepared samples were identified by powder X-ray diffraction
(XRD, D/max 2500, Cu Kα). The structures and morphologies were
characterized by focused ion beam scanning electron microscopy
(FIB/SEM, ZEISS AURIGA). The electrochemical tests were per-
formed on a three-electrode system using CH Instruments
CHI660E. This three-electrode system use NiMn oxides as working
electrode, a platinum plate as counter electrode and a saturated
calomel electrode (Hg/HgO) as the reference electrode. The specific
capacitance of active materials was measured by galvanostatic
charge-discharge measurements using the following equation:[14_TD$DIFF]

Cs = IDt/mDU

where I (A) is discharge current,Dt (s) is discharge time,DU (V) is
the voltage difference of the discharge andm (g) is the totalmass of
active material.

The microstructures of the samples were investigated using
SEM, as shown in Fig. 2. The interconnected nanosheets
homogeneously grown on sponge fibers. The diameters of sponge
fibers are around several microns, while the thickness of nano-
sheets are tens of nanometers. With the increase of Mn(NO3)2
during the preparation, the nanosheets became denser and more
irregular. The inset photos show the sponge-LDH and with the
increase of Mn2+, the color of products changes from light green to
brown. As Mn(OH)2 are in the color of dart brown. From the SEM
image with higher magnification on the right side, it can be
observed that the nanosheets of sample C-NiMn-1 are thinner, the
layers are staggered with each other and enough space are left, so
that electrolyte can fullywet theNiMn oxide surface. This structure
can effectively increase active area thus improve electrochemical
performance. As the content ofmanganese increases, the thickness
of lamella gradually increases, and the space between lamella
decreases accordingly. When the content of nickel and manganese
is 1:3, the growth of lamellae ismuch denser and there is almost no
gap between lamellae. This has a negative effect on the progress of
the electrochemical reaction.
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Fig. 1. Schematic illustration ofpreparation process of carbon-NiMn oxides.
The crystal structures of different samples were investigated by
XRD. As shown in Fig. 3a, the diffraction peaks can be indexed to a
serious of crystal planes, demonstrating a successful preparation of
NiMnLDH [18]. The strong peaks in Fig. 3a belong to Ni(OH)2. The
peaks at 2u values of 11.3�, 22.7�,34.4�, 38.8� and 60.0� were
indexed to (003), (006), (012), (015), (110) from the standard data
(JCPDS No. 38-0714).The samples prepared with different Ni and
Mn ratio showed peaks at slightly different position and intensity.
After calcination, the oxidized NiMn LDH was transformed into
NiMn oxides. Fig. 3b showed the XRD pattern of electrode
materialsafter calcination. it confirmed the formation of nickel
manganese oxide (JCPDF No. 01-1110). It could be observed that
diffraction peaks of 37.3�, 43.3�, and 57.2� corresponded to the
(222), (400), (440) planes. The wide peak at 27� belonged to the
porous carbon [19]. As mentioned above, all the electrode
materials were synthesized successfully. [15_TD$DIFF]The pore structures of
NiMn-1 and C-NiMn-1 were investigated by N2 adsorption-
desorption isotherms (Fig. S1 in Supporting information). The
NiMn-1 shows typical type-IV isotherms. The C-NiMn-1 exhibits
type-I isotherms with a hysteresis loop at high relative pressure,
suggesting a mainly microporous structure.

In order to better study the electrochemical properties of the
compositematerials, the tests were performed onmaterials before
and after calcination. Fig. S2 (Supporting information) is the GCD,
CV and Nyquist plot of non-calcined sponge supported NiMn
hydroxide. It can be observed that it has limited capacitance
provided by NiMn hydroxide. When the current density is 0.5 A/g,
the specific capacitance is about 135 F/g. With the increase of
current density, the specific capacitance decreases. Nyquist plots in
Fig. [16_TD$DIFF]S2c (Supporting information) showed large semi-circle, which
indicate large internal resistance due to the existence of sponge.

After calcination under 350 �C for 2 h, the sponge was
carbonized into three-dimensional porous carbon and NiMn
hydroxide was oxidized into NiMn bimetal oxides at high
temperature. To further study the influence of molar ratio of Ni
andMn on the electrochemical performances, samples with the Ni,
Mn ratios of 3:1 (C-NiMn-1), 1:1 (C-NiMn-2) and 1:3 (C-NiMn-3)
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Fig. 3. XRD patterns of (a) sponge-NiMn hydroxide samples and (b) porous carbon-NiMn oxides.
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were prepared and tested (Fig. S3 in Supporting information).
Compared with C-NiMn-2 and C-NiMn-3, C-NiMn-1 has longer
charge and discharge time under the same current density, which
means that C-NiMn-1 can store and releasemore electrical energy.
The cyclic voltammetry tests also showed the same results. The
area enclosed by CV curves of C-NiMn-1 was larger than the other
two. The electrochemical tests showed that when the ratio of Ni to
Mn is 3:1, it has the best performance. The redox peaks of C-NiMn
samples are located at the same voltage ranges compared with the
literature. For C-NiMn-1, there is a pair of redox peaks located at
0.19 and 0.51 V when the scan rate was 0.1 V/s, corresponding to
the reversible Faradaic reaction in alkaline solution. The redox
reaction of electrode can be expressed by the following formula:

NiO + OH�$NiOOH + e�

[17_TD$DIFF]

MnOOH +OH�$MnO2 + H2O + e�

In the potential range of 0-0.6 V, paired redox peaks appear in
the cyclic voltammetry curves. As the scan rate increases, the redox
current increases, and the relative potential of the redox peaks
shifts slightly, indicating that the redox reaction of NiMn oxides is
reversible.

The specific capacitances of C-NiMn samples at different
current densities were calculated by galvanostatic charge-dis-
chargemeasurements. The calculation results are shown in Fig. [18_TD$DIFF]4a.
As the current density increases, part of the activematerials cannot
fully participate in the electrochemical reaction, resulting in a
decrease in specific capacitance. The notably large specific
capacitance of 870 F/g at current density of 0.5 A/g compare to
590 and 350 F/g of C-NiMn-2 and C-NiMn-3. At high current
density of 10 A/g, the specific capacitance of C-NiMn-1 is 540 F/g,
[(Fig._4)TD$FIG]

Fig. 4. (a) Comparison of the specific capacities as a function of current density. (b) Th
C-NiMn samples.
indicating capacitance retention of 62%. As a pseudo capacitor, the
energy storage process occurs on both the surface and bulk phase
of the electrode materials. The larger the specific surface area, the
more electrochemically active site can be provided for redox
reaction, so that more electric charges are stored in the electrode
materials and redox reaction can be carried out more efficiently.
While the specific capacitance of all threematerials decreaseswith
the increase of current density, C-NiMn-1 has better performance
than the other two due to it large specific surface area and suitable
chemical composition.

The electrochemical impedance spectroscopy was used to test
the internal resistance of C-NiMn oxides. The electrochemical
impedance Z(v) is defined as Z(v) = DV/DI = |Z(v)|e-j’ = Z’ +jZ’’,
where Z’ and Z’’ are the real part and the imaginary part of the
impedance, respectively, defined as Z’2 +Z’’2 = |Z(v)|2 [20]. The
difference in the active materials in the electrode leads to a
difference in the resistance from one electrode to the other. The
high-frequency resistance is greatly decreased after calcination.
Before calcination (Fig. S2c in Supporting information), the
electrode is composed of melamine sponge and nickel manganese
dioxide. Melamine sponge is a non-conductive substance, so the
resistance of the electrode is relatively high. After calcination at a
suitable temperature (Fig. 4b), melamine sponge is carbonized into
porous carbon. This porous carbon has an interconnected three-
dimensional structure and has good electrical conductivity, so the
internal resistance is significantly reduced.

After 5000 cycles, C-NiMn-1 retained 89.9% of the initial
capacitance, which indicate that the staggered NiMn oxide
nanosheets with 3D porous carbon monoliths as scaffolds have
good stability (Fig. 4c). The C-NiMn-3 showed capacity drop of
81.7%, which is higher than C-NiMn-1. As we can see from the SEM
images, C-NiMn-3 nanosheets densely packed together, leaving
e Nyquist plots in the frequency range of [9_TD$DIFF]0.01–100 kHz. (c) The cyclic stability of
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limited space for structure expansion and contraction. During the
insertion and desorption of electrolyte ions into the metal oxides
matrix, the expansion and shrinkage of the composite may cause
loss of active materials and cracks between electrode and current
collector. This would greatly influence the cyclic stability.

In conclusion, the preparation of porous carbon with NiMn
oxides by the direct carbonization of melamine form with
precursor is demonstrated. Porous carbon monolith prepared by
melamine foam has the advantages of light weight, high porosity,
and stable structure. The growth of NiMn oxide ultrathin nano-
sheets can greatly increase the active reaction area and ensure
good cycle stability. The as prepared electrode materials exhibited
specific capacitance of 870 F/g at current density of 0.5 A/g and a
good cyclic stability of 89.9% after 5000 times charge and
discharge. Moreover, the inexpensive raw materials of melamine
foam and simple preparation process ensure that the large-scale
production of C-NiMn oxides can be implemented easily.
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