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be matched with a high power energy 
storage device, this is why electrochem-
ical capacitor (EC) is often used as energy 
storage device in this system.[7–12] Electro-
chemical capacitor has promising appli-
cation foreground in this system due 
to its high specific power density, fast 
charging/discharging process, and long 
cycling life.[13–18] For example, Karthik and 
co-workers assembled a self-sustaining 
power station by combining the electro-
chemical double-layer capacitors (EDLCs) 
and a commercial solar cell, which exhib-
ited an energy density of 17.7 Wh kg−1 and 
could power 40 light-emitting diodes after 
charging.[19] However, because of the low 
specific energy density of ECs, the solar-
ECs system usually has low discharging 

durability. Therefore, in the past decade, many researchers have 
devoted on increasing the energy density without sacrificing 
other properties of ECs by designing new system and devel-
oping advanced electrode materials.[20–26]

Prussian blue (PB) and its analogs (PBAs) with a general 
chemical formula M3

II[MIII(CN)6]2·nH2O (M = Mn, Co, Ni, 
Fe, etc.)[27–29] belong to one kind of metal-organic frameworks 
(MOFs) and are extensively used as promising precursors to 
manufacture complex structure metal oxides. Compared with 
other fabrication approaches, the morphology and pore struc-
ture of the metal oxides derivatives can be regulated by con-
trolling the annealing temperature, rate and time, since lots of 
ligands binding to the metal ions in the precursors may create 
gases during the annealing. The derived transition metal oxides 
have been used for various catalytic reaction, energy conver-
sion and storage, molecular magnets, and sensors.[30–36] More 
importantly, PB/PBAs derivatives have received greatly interest 
for the electrochemical energy storage due to their novel pore 
structure, which is beneficial for ion transport. For example, 
Lou and co-workers synthesized a series of Fe2O3 microboxes 
by annealing PB microcubes at different temperatures (350 °C, 
550 °C and 650 °C), the hierarchical Fe2O3 microboxes (650 °C) 
showed the highest capacity of 950 mAh g−1 at 200 mA g−1 
because of the hierarchical shell and hollow structure that 
facilitate the permeation of electrolyte and the transmission 
of lithium ions.[37] Wang and co-workers proposed an innova-
tive approach to prepare the hollow structure PBA submicro-
boxes (CoHCF), when used as anode in hybrid supercapacitor, 

High energy and efficient solar charging stations using electrochemical 
capacitors (ECs) are a promising portable power source for the future. In this 
work, two kinds of metal-organic framework (MOF) derivatives, NiO/Co3O4 
microcubes and Fe2O3 microleaves, are prepared via thermal treatment and 
assembled into electrochemical capacitors, which deliver a relatively high 
specific energy density of 46 Wh kg−1 at 690 W kg−1. In addition, a solar-
charging power system consisting of the electrochemical capacitors and 
monocrystalline silicon plates is fabricated and a motor fan or 25 LEDs for 
5 and 30 min, respectively, is powered. This work not only adds two novel 
materials to the growing categories of MOF-derived advanced materials, 
but also successfully achieves an efficient solar-ECs system for the first time 
based on all MOF derivatives, which has a certain reference for developing 
efficient solar-charge systems.

Solar-Charging

1. Introduction

Solar energy is readily available and the most abundant renew-
able resources on the earth, however, given the intermittent 
nature of solar energy, designing efficient solar charge–dis-
charge system is one of the main trends for green energy 
development in the future.[1–3] Recently, some research have 
investigated solar charging system,[4–6] which is composed by 
solar cell and energy storage device. One of the critical issues 
needs to be addressed for efficient solar charging system is 
the power matching principle. High power solar cell should 
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the device exhibited a high energy density of 42.5 Wh kg−1 at 
21.1 kW kg−1 due to the unique hollow structure with defined 
mesoporosity that allow efficient electrolyte diffusion/penetra-
tion and enlarge the electrolyte/electrode interface.[28] In our 
previous work, Co3O4/Fe2O3 mixed metal oxides derived from 
Co3[Fe(CN)6]2·10H2O were prepared and used for symmetric 
supercapacitors, the structure and compositional advantages 
made the device presented an energy density of 35.15 Wh kg−1 
at 1125 W kg−1.[38] Therefore, all evidences demonstrated that 
PB/PBAs derivatives had promising prospect for ECs and 
batteries application with high energy density. However, for 
constructing a high energy density ECs, one crucial thing is 
that the positive and negative electrodes must have match-
able capacitance. At present, many research mainly focused on 
cathode materials and finding the suitable anode materials to 
couple with the cathode materials is still a great challenge.

Here, we present an electrochemical capacitor based on all 
MOFs derivatives according to the matching principle. Fe2O3 
microleaves (FM) and concave surface NiO/Co3O4 micro-
cubes (NCM) with unique pore structure are prepared via con-
trolled pyrolyzing PB (Fe4[Fe(CN)6]3) and PBA (Ni3[Co(CN)6]2), 
respectively. The electrochemical capacitor NiO/Co3O4//Fe2O3 
(NCM//FM) demonstrates a 1.4 V window potential, a relatively 
high energy density of 46 Wh kg−1 at 690 W kg−1 and excellent 
cycling performance. Moreover, we assemble a solar-ECs power 
station to harvest solar energy. The assembled solar-ECs station 
can efficiently charge the NCM//FM device and the stored 
charge could operate a toy motor fan or 25 LEDs, signifying 
the prospect of our solar-ECs station in practical application. In 

general, we successfully add two novel materials to the growing 
categories of MOF-derived advanced materials and a solar-ECs 
power station with high energy density is fabricated based on 
all MOF derivatives for the first time.

2. Results and Discussion

2.1. Physicochemical Characterization

The fabrication procedures of Fe2O3 microleaves and NiO/
Co3O4 microcubes are schematically illustrated in Scheme 1. 
Route 1 shows the preparation of Ni3[Co(CN)6]2 precursors 
via a wet-chemical method and then thermal treatment of the 
obtained products in air at 300 °C for 1 h and 450 °C for 2 h 
to get concave NiO/Co3O4 microcubes. Route 2 demonstrates 
the preparation of Fe4[Fe(CN)6]3 precursors by a hydrothermal 
method and then annealing above precursors in air at 450 °C 
for 3 h to get Fe2O3 microleaves. Figure S1 (Supporting Infor-
mation) exhibits the obtained XRD patterns of the NiO/Co3O4 
microcubes and Fe2O3 microleaves. The diffraction peaks of the 
NiO/Co3O4 microcubes at 31.27°, 37.24°, 44.80°, 59.35° and 
65.23° can be readily assigned to the (220), (311), (400), (511), 
and (440) crystal planes of Co3O4 (JCPDS card #43-1003); other 
peaks at 37.24°, 43.27°, 62.87°, 75.41° and 79.40° are corre-
sponding to the crystal planes of (111), (200), (220), (311), and 
(222) of NiO (JCPDS card #47-1049). For Fe2O3 microleaves, all 
diffraction peaks are matched well with Fe2O3 phase (JCPDS 
card #42-1467), which suggests that Fe4[Fe(CN)6]3 precursors 
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Scheme 1. Schematic illustration of the preparation processes of NiO/Co3O4 microcubes and Fe2O3 microleaves. Route 1: (I) fabrication of 
Ni3[Co(CN)6]2 microcubes; (II) preparation of NiO/Co3O4 microcubes by heat treatment of the precursors; Route 2: (I) fabrication of Fe4[Fe(CN)6]3 
microleaves; (II) preparation Fe2O3 microleaves by heat treatment of the precursors. Finally, they are assembled into an electrochemical capacitor as 
cathode and anode materials, respectively.
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were converted into Fe2O3 completely. Figure S2a,b (Supporting 
Information) shows the individual XRD patterns of the two 
precursors, corresponding to the JCPDS card #89-3738 and 
JCPDS card #73-0687.

The FESEM images as shown in Figure 1a,d and Figure S3a 
(Supporting Information) revealed that Ni3[Co(CN)6]2 particles 
are uniform in size with diameters ≈400–500 nm with smooth 
surface. After pyrolysis, NiO/Co3O4 microcubes were formed, 
which maintained the precursor’s morphology with cube faces 
becoming concave, as shown in Figure 1b, e and Figure S3b (Sup-
porting Information), as a result of decomposition and volatili-
zation of organic compounds. The SEM image of Fe4[Fe(CN)6]3 
in Figure S3c (Supporting Information) revealed leaves-like 
morphology with very uniform size distribution. After pyroly sis, 
resulting Fe2O3 retained the microleave shape, as shown in 
Figure 1c,f and Figure S3d (Supporting Information). TEM 
images of NiO/Co3O4 microcubes (Figure 2a,b) show clearly the 
hollow structure, and HRTEM image in Figure 2c shows clear 
lattice fringes of 0.24 and 0.28 nm corresponding to the (311) 
and (220) crystal planes of spinel Co3O4, and 0.21 and 0.24 nm 
corresponding to the (200) and (111) crystal planes of cubic NiO, 
respectively. Figure 2d shows the element mapping of NiO/Co3O4 
microcubes that obtained by a high-angle annular dark field TEM 
(HAADF-TEM), confirming the uniform distributing of Ni, Co, 
O, and C elements. TEM images of Fe2O3 microleaves are shown 
in Figure 2e,f and the HRTEM image in Figure 2g exhibits the 
lattice fringe of 0.25 nm for (311) plane of Fe2O3. The element 
mapping of Fe2O3 microleaves that obtained by HAADF-TEM 
shown in Figure 2h, confirming that Fe, O, and C elements are 
uniform distributed in Fe2O3 microleaves. The metal oxides, NiO/
Co3O4 microcubes and Fe2O3 microleaves, derived from MOFs 
could maintain the morphology of their precursors through 

pyrolysis, which is benefit to construct the unique advanced 
materials. It is noted that there are some trace of carbon residual 
in the resulting oxides; such trace carbon residual may increase  
the electrical conductivity of the metal oxides and affect the 
surface chemistry of the oxides.

The chemical states and elemental composition of NiO/
Co3O4 microcubes and Fe2O3 microleaves are characterized by 
XPS analysis. In Figure S5a (Supporting Information), the Ni 
2p3/2 (854.4 eV) and Ni 2p1/2 (873.9 eV) orbits were observed.[39] 
Focusing on the Ni 2p3/2 state, it shows spin–orbit doublets that 
are belong to Ni2+ in the standard Ni–O octahedral bonding 
configuration in cubic NiO and the vacancy-induced Ni2+ 
ion.[40,41] In Figure S5b (Supporting Information), the Co 2p3/2 
and Co 2p1/2 orbits with a splitting of 15.4 eV are observed at 
779.2 and 794.6 eV along with two shakeup satellites, revealing 
the coexistence of Co3+ and Co2+ in Co3O4.[42] Furthermore, as 
shown in Figure S5c (Supporting Information), Fe 2p3/2 and Fe 
2p1/2 orbits with a splitting of 13.4 eV were observed at 711 and 
724.6 eV, which confirm the presence of Fe3+.[43,44] Figure S6a 
(Supporting Information) shows the O 1s spectra of NiO/Co3O4 
microcubes, the peak of O1 at 529.2 eV represents the typical 
metal–oxygen bond, the peak of O2 at 531.1 eV corresponds to 
the hydroxyl group (OH) on the surfaces of NiO/Co3O4, and 
the peak of O3 at 532.5 eV can be ascribed to chemically and 
physically adsorbed water on the material surface.[41,45] As for 
Fe2O3 microleaves, the peak observed at 529.3 eV correlates 
to FeO bond, the peak observed at 531.3 eV represents the 
OH on the surfaces of Fe2O3 and the peak at 532.7 eV can 
be ascribed to the adsorbed water on the Fe2O3 surface,[44,45] as 
shown in Figure S6b (Supporting Information). Figure S6c,d 
(Supporting Information) shows the C 1s spectra of NiO/
Co3O4 microcubes and Fe2O3 microleaves. As for NiO/Co3O4 
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Figure 1. a,d) FESEM images of the precursor Ni3[Co(CN)6]2 at different magnification; b,e) FESEM images of NiO/Co3O4 microcubes at different 
magnification; c,f) FESEM images of Fe2O3 microleaves at different magnification, respectively.
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microcubes, the peak at 284.1 eV corresponds to the CC bond, 
and the peaks at 286.1 and 288.3 eV can be assign to the CO 
and CO bonds respectively; the peaks at 284.5, 286.2, and 
288.4 eV of Fe2O3 microleaves are belong to the CC, CO, 
CO bonds respectively, which caused by the carbon residual 
from the organic components during pyrolysis.[38]

The N2 adsorption/desorption isotherms test was performed 
to estimate the Brunauer–Emmett–Teller (BET)-specific sur-
face area of the Fe2O3 microleaves and NiO/Co3O4 microcubes, 
respectively. Fe2O3 microleaves exhibits a typical IV-type iso-
therms with H3-type hysteresis loop and the obtained specific 
surface is 64.2 m2 g−1 (Figure S7a, Supporting Information) 

Small 2019, 15, 1902280

Figure 2. a,b) TEM images of the NiO/Co3O4 microcubes at different magnification; c) HRTEM image of the NiO/Co3O4 microcubes; d) HAADF-
STEM image and corresponding EDX elemental mappings for Ni, Co, O, and C of the NiO/Co3O4 microcubes, respectively; e,f) TEM images of the 
Fe2O3 microleaves at different magnification; g) HRTEM image of the Fe2O3 microleaves; h) HAADF-STEM image and corresponding EDX elemental 
mappings for Fe, O, and C of the Fe2O3 microleaves, respectively.
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with pore distribution in the range of 2.4–3.4 nm (Figure S7b, 
Supporting Information). NiO/Co3O4 microcubes exhibit a 
typical IV-type isotherms with H1-type hysteresis loop with a 
specific surface of 102.6 m2 g−1 (Figure S7c, Supporting Infor-
mation) with pores in the range of 4.2–6.3 nm (Figure S7d, 
Supporting Information). The specific surface areas of our 
samples are higher than that of the Fe2O3 and Ni–Co oxides 
reported in literature (summarized in Table S1, Supporting 
Information).

2.2. Energy Storage Performance

The electrochemical energy storage behavior of NiO/Co3O4 
microcubes and Fe2O3 microleaves were tested using a three-
electrode equipment. Figure 3a,d exhibits the CV curves of the 
NiO/Co3O4 microcubes and Fe2O3 microleaves at 10–100 mV 
s−1, respectively. In Figure 3a, the CV curves of NiO/Co3O4 
microcubes are similar to the rectangle with redox peaks, which 
indicates that both pseudocapacitance (redox reaction of nickel 
and cobalt with OH−) and electric double-layer capacitance 
(charge stored at the double-layer interface) are contributed 
to the total capacitance. The oxidation peak of 0.35 and 0.4 V 
at 10 mV s−1 are belong to Co3O4 and NiO respectively, and 
the reduction peaks of the two components are combined at 
0.25 V.[46,47] The shape of CV curves change little and the area 
enclosed increases with the increasing of scan rate, this dem-
onstrates that the NiO/Co3O4 microcubes have good electrical 
conductivity and reversibility. For Fe2O3 microleaves negative 
electrode, the CV curves (Figure 3d) display apparent redox 
peaks, demonstrating the total capacitance is mainly contributed 

by redox reaction between Fe2+ and Fe3+ associated with 
OH−.[48] The corresponding oxidation and reduction peaks shift 
little with the scan rate increasing, exhibiting the Fe2O3 micro-
leaves have good reaction kinetics. As shown in Figure S8a,c 
(Supporting Information), the electrochemically active surface 
area (ECSA) of NiO/Co3O4 microcubes and Fe2O3 microleaves 
were evaluated via a CV method, where the ECSA could be 
represented by the linear slope (twice of the electrochemical 
double-layer capacitance, Cdl). In Figure S8b,d (Supporting 
Information), by calculating the slope from the linear relation-
ship of the current density against the scan rate, Cdl of NiO/
Co3O4 microcubes is confirmed to be 280.4 mF cm−2, which is 
much higher than that of Fe2O3 microleaves (Cdl = 95.5 mF cm−2.  
Due to the larger ECSA that NiO/Co3O4 microcubes show 
apparent double-layered capacitance. For further investi-
gate the charge storage mechanism and reaction kinetic of 
the two materials, CV tests were performed at 3–11 mV s−1 
(Figure S9a,b, Supporting Information). Using Dunn’s method, 
the total charge storage of NiO/Co3O4 microcubes and Fe2O3 
microleaves is divided into two parts: diffusion-controlled  
contribution and near-surface capacitive contribution.[49] The 
diffusion-controlled contribution improves the energy density 
and the near-surface capacitive contribution benefits the high 
power density. In Figure 3b,e, the gray-shaded regions represent  
the contribution from surface capacitive of the two materials, 
respectively. Figure 3c,f shows the contribution ration of the 
surface capacitive and diffusion-controlled process at different 
scan rates, respectively. The estimated surface capacitive con-
tribution of NiO/Co3O4 microcubes and Fe2O3 microleaves are 
about 75.91% and 60.50% of the total charge storage at 3 mV s−1, 
respectively, and higher than diffusion-controlled contribution, 
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Figure 3. a,d) Cyclic voltammogram curves of NiO/Co3O4 microcubes and Fe2O3 microleaves at 10– 100 mV s−1, respectively; b,e) surface-limited (the 
gray area) and diffusion-limited (the white area) charge storage contributions separated for NiO/Co3O4 microcubes and Fe2O3 microleaves at 3 mV s−1,  
respectively; c,f) histograms for comparison of capacity ratio of diffusion-controlled and surface capacitive charge for NiO/Co3O4 microcubes and 
Fe2O3 microleaves at 3–11 mV s−1, respectively.
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which demonstrate effective surface charge storage of the 
two materials. With an increased scan rate, the percentage 
of surface capacitive contribution increased and diffusion- 
controlled contribution decreased.

Figure 4a,b exhibits the GCD curves of the two materials at 
different current densities. In Figure 4a, all the GCD curves of 
the NiO/Co3O4 microcubes show nonlinear curves with small 
ohmic drop. According to the discharge time, the specific 
capacitance of NiO/Co3O4 microcubes is 430, 400, 378, 350, 
and 337 F g−1 at the current densities of 1, 2, 3, 5, and 10 A g−1.  
In Figure 4b, the GCD curves of Fe2O3 microleaves exhibit 
highly symmetry, demonstrating good reversibility. According to 
the discharge curves, the specific capacitance of Fe2O3 microle-
aves is 328, 267, 233, 194, and 178 F g−1 at the current densities  
of 1, 2, 3, 5, and 10 A g−1. Furthermore, the gravimetric capaci-
tance of Fe2O3 microleaves and NiO/Co3O4 microcubes were 
calculated to be 328 and 430 F g−1 at 1 A g−1, respectively. The 
matching capacitances are beneficial for constructing ECs with 
high energy density. Moreover, EIS tests were carried out to fur-
ther investigate the conductivity of the prepared materials from 
100 kHz to 0.01 Hz and the results are presented in Figure 4c. 
The inset of Figure 4c shows the corresponding equivalent 
circuit diagram. According to the results, the charge-transfer 
resistant of NiO/Co3O4 microcubes and Fe2O3 microleaves are 
about 0.26 and 0.74 Ω, respectively, this result means that the 
NiO/Co3O4 microcubes have a better conductivity than Fe2O3 
microleaves, consistent with GCD results above. The long 
time cycling life of NiO/Co3O4 microcubes and Fe2O3 micro-
leaves were evaluated at 10 A g−1 and results are exhibited in 
Figure 4d. Obviously, the Fe2O3 microleaves show higher 
durability compare with NiO/Co3O4 microcubes and exhibit 

capacity retention of 92.83% and 87.45% of their initial capaci-
tance, respectively. This is may be due to the intense reaction 
of NiO/Co3O4 microcubes caused by better conductivity, which 
lead to more serious damage to the electrode structure.

In Figure 5a, the separate CV measurements at 10 mV s−1 
were performed for the two materials with different potential 
windows. Obviously, the NiO/Co3O4 microcubes and Fe2O3 
microleaves showed matchable charge storage capability, which 
is very suitable for constructing high energy storage devices. 
Therefore, an electrochemical capacitor was constructed by 
using the NiO/Co3O4 microcubes and Fe2O3 microleaves as 
positive and negative electrode materials (NCM//FM), respec-
tively. The package of our assembled device is illustrated in 
Figure 5b. The CV curves of our assembled capacitor with var-
ious upper cutoff potential of 1.1–1.5 V are shown in Figure S10 
(Supporting Information), which demonstrate that the NCM//
FM could achieve a large potential window up to 1.4 V without 
obvious polarization. The CV curves of as-assembled NCM//
FM capacitor at different scan rates with 0–1.4 V are shown in 
Figure 5c. Obviously, the shape of CV curves is nonrectangular 
with weak redox peak, which suggest that the charge storage 
of NCM//FM combines the contribution of both pseudocapaci-
tance and electrical double-layer capacitance. Meanwhile, the 
shape of the CV curves do not change and the area enclosed 
increases as the scan rates increased, which demonstrate the 
good electrical conductivity and rapid ions diffusion of the 
device.

Figure 5d shows the GCD curves of the device at 1–10 A g−1.  
Obviously, the GCD curves are highly symmetrical with 
negligible ohmic drop, which confirms the good reversibility and 
low internal resistance of the device. Furthermore, the obtained 
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Figure 4. a,b) Charge–discharge curves of NiO/Co3O4 microcubes and Fe2O3 microleaves at 1–10 A g−1, respectively; c) Nyquist plots of the microcubes 
and Fe2O3 microleaves and the inset exhibits the corresponding equivalent circuits; d) long cycling stability of NiO/Co3O4 microcubes and Fe2O3 
microleaves, respectively.
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NCM//FM device shows a specific capacitance of 171 F g−1 at  
1 A g−1 and 70% retention of the initial capacitance even at 10 A g−1,  
demonstrating the good rate capability. Moreover, because 
of reasonable cathode and anode matching, the as-prepared 
NCM//FM delivered a high energy density of 46 Wh kg−1 at 
690 W kg−1, this value is in the middle leave compared with 
the previously published ECs composed by Ni/Co/Fe-based 
metal oxides or compounds fabricated by general chemical 
methods. Figure 5e shows the Ragone plots of our device com-
paring to other devices, including MoS2–NiO//MoS2-Fe2O3  
(39.6 Wh kg−1),[40] NiCo2O4/NiO//Fe2O3 (19 Wh kg−1),[50] Co3O4//
Fe2O3 (38.1 Wh kg−1),[51] Co3O4/NHCS//AC (34.5 Wh kg−1),[52]  
NiO//Fe2O3 (12.4 Wh kg−1),[53] NiO//rGO (30.3 Wh kg−1),[54] 
Co3O4/rGO//AC (34.3 Wh kg−1),[55] Ni(OH)2//Fe2O3/rGO/Fe3O4 
(14.2 Wh kg−1),[56] Fe2O3/carbon aerogel//MnO/carbon aerogel 
(48.7 Wh kg−1),[57] MoO3@PPy//NiCo2O4/MnO2 (60.4 Wh kg−1),[58]  
Fe2O3 NWs//NiO (105 Wh kg−1),[59] Fe2O3@GO//Ni3(PO4)2@
GO (67.2 Wh kg−1),[60] FeOOH//CoNi–LDH (86.4 Wh kg−1),[61]  
Fe2O3/VACNT//NiO/VACNTs (137.3 Wh kg−1),[62]  
and ZnO@Fe2O3//ZnO@TiO2@Ni(OH)2 (52.2 Wh kg−1).[63] 
This indicates that the metal oxide derivatives of MOFs can 
be applied for high energy density storage device due to their 
special structure. Furthermore, due to the better capacitance 
matching of our prepared positive and negative electrode 
materials that the obtained energy density is higher than other 
ECs, which is constructed by using MOFs derivatives as posi-
tive electrode and carbon-based materials as negative electrode 
(36–41.65 Wh kg−1).[47,64–66] Moreover, the assembled device 
can deliver 32 Wh kg−1 even at 7200 W kg−1, demonstrating 
that the NCM//FM can exhibit the high energy density and 
power density simultaneously. The cycling life of our fabricated 

NCM//FM was examined by repetitive charge–discharge process at  
10 A g−1 (Figure 5f), the result shows excellent long cycling life 
with only 9.2% capacitance attenuation after 10000th cycles as 
compared to its initial value.

To further verifying the practicability of our prepared NCM//
FM electrochemical capacitor, a solar-charging power system 
was assembled. Scheme 2 depicts the corresponding solar-ECs 
charging system consisting of two NCM//FM electrochemical 
capacitors in series which were attached to the three monocrys-
talline silicon plates in parallel. Figure 6a shows the compo-
nents of the solar-ECs system. According to the Figure 6b, 
it can be seen that the voltage between the two NCM//FM 
devices rises to 2.87 V after charging for 20 s by the silicon 
plates under the simulated solar light source. The letters of 
“CQU” consisted of 25 LEDs, as the energy-consuming part, 

Small 2019, 15, 1902280

Figure 5. a) The separate cyclic voltammogram curves of NiO/Co3O4 microcubes and Fe2O3 microleaves electrodes at 10 mV s−1; b) schematic 
illustration of our assembled device that using the NiO/Co3O4 microcubes and Fe2O3 microleavesas the anode and cathode, respectively; c,d) CV and 
GCD curves of the NCM//FM at 10–100 mV s−1 and 1–10 A g−1; e) Ragone plots of as-assembled device compared with previous reported data about 
Ni–Co–Fe oxide-based devices; f) long cycling stability of the NCM//FM at 10 A g−1.

Scheme 2. Schematic illustration of the solar-ECs charging device.
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Figure 6. a) The components of the self-charging power station; b) photographic images of the silicon plate charges to the NCM//FM through the 
simulated solar light source; c) lighting 25 LEDs with “CQU” display for about 30 min; d) driving a toy motor fan for around 5 min.
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were connected to the two NCM//FM devices after charging 
completed, the devices can light the LEDs for nearly 30 min, 
as shown in Figure 6c. Moreover, two fully charged NCM//FM 
can drive a toy motor fan successfully for ≈5 min, as shown in 
Figure 6d. In general, this solar-ECs system is a proof of con-
cept evidences that our prepared NCM//FM electrochemical 
capacitor with high energy density is suitable for solar-charging 
system.

3. Conclusion

An electrochemical capacitor with high energy density was 
fabricated on the basis of all MOF derivatives at the first time 
and the NiO/Co3O4//Fe2O3 capacitor delivered a high energy 
density of 46 Wh kg−1 at 690 W kg−1. The high energy density is 
mainly ascribed to the unique structure of the metal oxides with 
high specific surface area and highly porous, which possess 
much increased reaction active sites and accelerated the trans-
port rate of ions and electrons. In addition, the trace carbon in 
MOF derivatives would increase the electrical conductivity and 
benefit the electron transport in the capacitors. Combining 
the capacitor with monocrystalline silicon, an efficient solar-
charging station was successfully designed and demonstrate. 
The experimental results showed that the solar-charging 
station can power a motor fan or 30 LEDs for a long duration. 
Two novel materials were added to the growing categories of  
MOF-derived advanced materials, which have a promising 
application prospect in solar-charging system.

4. Experimental Section
Materials: K3[Fe(CN)6] and K3[Co(CN)6] were purchased from 

Sigma-Aldrich Co., Ltd. Ni(NO3)2·6H2O, C4H6N2, CH3CH2OH, 
Na3C6H5O7·2H2O, and KOH were purchased from Aladdin Biological 
Technology. The monocrystalline silicon plates were purchased from 
Solar Tech Co., Ltd., China. The glass fiber filter paper was bought from 
Whatman Co., Ltd. All the chemicals were used directly without further 
treatment in the experiment.

Synthesis of Ni3[Co(CN)6]2 (Ni-Co PBA) Precursors and NiO/Co3O4 
Microcubes (NCM): Solution A: 1.3 g of sodium citrate and 0.8 g of nickel 
nitrate were dissolved in 20 mL of deionized water (DIW); Solution B: 
1.6 g of potassium hexacyanocobaltate (III) was dissolved in 20 mL of 
DIW. First, mixing solutions A and B together under stirring at room 
temperature and aging for 24 h. Then, the green precipitates were 
collected by centrifugation, washed with DIW and ethanol for several 
times, and dried at 70 °C overnight. Finally, the obtained Ni–Co PBA 
precursors were annealed at 300 °C for 1 h and 450 °C for 2 h in air 
directly to obtain the NiO/Co3O4 microcubes.

Synthesis of Fe4[Fe(CN)6]3 (Fe–Fe PB) Precursors and Fe2O3 Microleaves 
(FM): 1.3 g of sodium citrate and 1.5 g of potassium ferricyanide (III) 
were dissolved in 40 mL DIW under stirring. Then, the clear orange 
solution stayed at 140 °C for 6 h. With the same procedures as 
disposing of Ni–Co PBA precursors, the maroon precipitates of Fe–Fe 
PB precursors were got. Finally, heating these precursors in air at 450 °C 
for 3 h, the Fe2O3 microleaves were obtained.

Material Characterization: The surface morphologies of the 
as-obtained materials were characterized by the FESEM (JSM-7800F) 
and TEM (JEOL-2100F). The surface area and crystal structures of the 
materials were investigated by the BET (Quadrasorb 2MP) and XRD 
(Bruker D8 Advance X-ray diffractometer). The elemental mapping 

images of the as-obtained materials were obtained from the EDX. XPS 
(ESCALAB250Xi) was used to investigate the surface chemical states 
and composition of the products. Nitrogen sorption measurement was 
performed on Autosorb 6B at liquid N2 temperature.

Electrochemical Measurements: The working electrodes were prepared 
as the following steps: 1) mixing 80 wt% of active materials with 10 wt% 
of binder polytetrafluoroethylene (PTFE) and 10 wt% conductive agent 
(super-P-Li); 2) coating the obtained slurry on a nickel foam surface with 
a mass loading around 3 mg cm−2; 3) drying the as-prepared electrodes 
in the oven for 6 h, then the working electrodes were prepared. A  
three-electrode measurement equipment was constructed coupled with 
a counter electrode (Pt foil) and a reference electrode (Hg/HgO). 3 m 
potassium hydroxide aqueous solution was used as the electrolyte. Both 
the cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) 
studies were performed on a CHI 660E electrochemical workstation. 
The electrochemical impedance spectroscopy (EIS) was obtained on a 
Zahner IM6 electrochemical workstation. The cycling life was conducted 
on a LAND battery system.

Fabrication of EC Devices: The electrochemical capacitor was fabricated 
by using the obtained NiO/Co3O4 microcubes as the cathode and Fe2O3 
microleaves as the anode, a glass fiber paper was employed as the 
diaphragm in 3 m KOH electrolyte. To obtain the optimal performance, 
the mass loading of anode and cathode was decided by the equation: 
m+/m- = C- *ΔV- / C+ *ΔV+. By calculation, the mass loading of NiO/
Co3O4 microcubes and Fe2O3 microleaves were ≈4.12 and 3 mg cm−2, 
respectively. The specific energy density (E) and power density (P) 
of the EC device were obtained through the equations: E =  1/2C(V)2, 
P = E/t, where C, V, and t are the specific capacitance, working potential, 
and discharge time of the EC device respectively. All the related 
electrochemical tests were performed in the two-electrode test system.

Fabrication of Solar-Charging Power Stations: To verify the feasibility of 
our designed EC device as an efficient solar charging power station, a 
xenon lamp (PLS-SXE300) was used as the simulation photosource to 
irradiate three series monocrystalline silicon plates (CNC 55 × 55 1.5 V), 
the as-prepared electrochemical capacitor was connected with the 
monocrystalline silicon plates in parallel.
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