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ABSTRACT. Designing and tailoring the assembly of complex ternary transition metal oxide
(TTMO) structures are a key step in the pursuit of high performance pseudo-capacitive materials

for the development of next-generation energy storage devices. Here, we present uniquely

assembled 3D heterostructures with hierarchically bimodal morphological features, consisting of
a rigidly interconnected primary nanoporous framework of ZnCo,04/NiMoOs core-shell

structures and a secondary protruding structure of NiMoOg4 layered nanosheets. By benefiting
from the combination of the two TTMOs, each with distinct physical characteristics, the

assembled 3D ZnCo,04/NiM0o0Os  heterostructures  exhibit  excellent pseudo-capacitive
performance with high capacitances of 6.07 F cm 2 and 1480.48 F g at 2 mA cm  as well as an

excellent cycling stability of 90.6% over 15000 cycles. Moreover, an asymmetric supercapacitor
device can deliver a high energy density of 48.6 Wh kg . The superior pseudo-capacitive energy
storage characteristics are strongly attributed to the interconnected 3D nanoporous network
architecture of the TTMOs along with the secondary layered nanosheets that provide 1) an

enlarged surface area, 2) facile and multi-access ion paths, and 3) favorable structural stability.

Combined, these results highlight the importance of novel nanostructure design in maximizing

the pseudo-capacitive performance and provides a viable way to develop new electrode

materials.
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1. Introduction.
Pseudo-capacitors, which are an emerging class of electrochemical energy storage system,
have been intensively studied over the past few decades in an attempt to address the rapidly

increasing global energy requirements whilst also considering the corresponding impact on the

economy and the environment.** The significant importance of pseudo-capacitors as future

energy storage devices stems from the fact that, theoretically, they are capable of providing a
power delivery and stable cyclability that is superior to that exhibited by Li-ion batteries. In

addition, they are also capable of storing a higher energy density than that of electrical double
layer capacitors.”” Recent studies have recognized that even though the performance of pseudo-

capacitors is essentially determined by the intrinsic physical and chemical properties of the

electrode materials, the structural design of the electrode materials can also greatly influence the
resulting pseudo-capacitive charge storage behavior as well as the electrochemical kinetics.2® As
a result, a tremendous amount of effort has been directed towards the development of carefully

structured electrode materials with a controllable size, morphology, stoichiometry, and

hierarchical architecture. The aim of this work has been to enlarge the electrochemically active

regions to enable faster electrochemical kinetics, which in turn can lead to both higher energy
and higher power densities.'**2

To date, it has been widely proposed and generally accepted that structural engineering of the

electrode materials, through the miniaturization of the size as well as the construction of a
porous-structure, is an effective and viable strategy towards steadily improving many transition

metal oxides for pseudo-capacitive applications.**'* Despite these notable technological
advances, it still remains a challenge to tailor complex ternary transition metal oxides (TTMOs),

which has the advantage of combining two different mono-component metal oxides into
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desirable nanostructured architectures with a maximized surface area, facile and short ion
diffusion paths, and a high structural integrity during the charge/discharge process.

Inspired by a basic spinel structural model with 3 dimensional (3D) open channels,” in this
study, we propose hierarchically assembled 3D heterostructures that comprise a rigidly

interconnected nanoporous core-shell network and a secondary protruding nanostructure as

illustrated in Figure la. Such a proposed electrode design can be expected to enable
enhancement of the electrochemical features of the properly selected TTMO electrode beyond

the aforementioned requirements for the next generation energy storage devices. Among the

various TTMO candidates, ZnCo204 is considered as an ideal backbone material (core) for the
robust, porous, and conductive 3D architecture due to the combination of its excellent intrinsic

electrical conductivity and its unique cubic spinel crystal structure, which is highly stable and
consists of large internal voids as well as 3D internal channels for rapid and multiple access of

the ions.’®*” On the other hand, NiMoOs is considered to be a potential pseudo-capacitive
material for the shell and secondary protruding structure because the excellent redox behavior of

the Ni atoms and the good electrical conductivity of the Mo atoms can contribute collectively to

yield a high pseudo-capacitive performance.’®!® Moreover, the open space between the
octahedral Ni sites and the tetrahedral Mo sites along with the nanoscale architecture can be

particularly beneficial in terms of enhancing the pseudo-capacitive kinetics.

Herein, we report a novel and unique bottom-up synthetic assembly of 3D ZnCo2,04/NiM0oO4
heterostructures with sponge-like primary nanoporous plates along with a secondary protruding

layered nanosheet arrays. The electrodes that are directly integrated onto the 3D microporous
current collector provide a unique configuration that consists of a porous and layered network

resulting in an enlarged active surface area and multi-access channel. This structure also exhibits
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a superior structural integrity that can accommodate any mechanical stress that is induced when

cycling through the charge/discharge process, ensuring a favorable electrochemical performance.

2. Results and Discussion
The synthetic process for the hierarchically assembled 3D ZnCo,04/NiMoOs electrode

structure is shown in Figure 1b. The ZnCo0204/NiMoQO4 heterostructures were fabricated using
stepwise bottom-up assembly synthesis procedure. Firstly, the nanoporous plate-like structure of

ZnCo0204 was prepared on a 3D microporous current collector (left of Figure 1b) so as to serve as

the rigid backbone structure, which is expected to combine properties of high conductivity,
structural stability, and a desirable porous structure (middle of Figure 1b). Then, the resultant

nanoporous ZnCo.04 plates were uniformly coated by the active nanoscale NiMoOs shell layers,

along with the formation of the layered NiMoO4 nanosheets on the surface of the interconnected

core-shell network using a subsequent bottom-up synthesis method (right of Figure 1b). As a
result, electrodes with two distinct primary and secondary nanostructures were successfully

prepared, enabling rich, rapid, and stable Faradaic redox reactions for pseudo-capacitors.

The hierarchically assembled 3D ZnCo0204/NiMoOs heterostructures were assessed by
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high-angle

annular dark-field scanning TEM (HAADF-STEM) measurements. It can be seen that very thin

nanostructured ZnCo.04 plates with uniform and smooth surface morphology are dispersed
across the entire 3D microporous current collector (Figure 2a and Sla-b). TEM studies reveal

that the plates are composed of the rigidly interconnected nanoscale grains and pores with a size
of 10-20 nm, as shown in Figure 2b and S1c. Moreover, Figure 2c presents the HAADF-STEM

image of ZnCo204, further demonstrating the existence of the highly-entangled grains (white
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space) and pore channels (black space). The elemental distribution of the ZnCo.04 plates is also
clearly identified by the energy dispersive X-ray spectroscopy (EDX) mapping analysis (Figure

2d), confirming that the Zn, Co, and O elements are uniformly dispersed on the nanoporous

plates.
After a hierarchical bottom-up assembly process to develop the 3D ZnCo204/NiMoO4
heterostructures, there is an obvious change in the surface morphology of the electrodes with the

addition of the secondary nanosheet arrays that protrude from the backbone plate structure, as

shown in Figure 2e and S2a-b. Notably, STEM and HAADF-STEM images show

morphologically distinct regions, including a primary plate region with an interconnected porous
network (the center region in Figure 2f-g and S2c-e, see more detailed information in Sl) and the

secondary nanosheet region (the edge region in Figure 2f-g). Furthermore, the EDX mapping
images taken from the area in the HAADF-STEM image of Figure 2g and inset of Figure S2e

show that all the elements (Zn, Co, Ni, and Mo) are uniformly distributed along the hierarchical

nanostructures (Figure 2h and S2f). Therefore, these results indicate the formation of

ZnC0204/NiMo00Og4 heterostructures with additional secondary nanostructures.

To further investigate the detailed structural features of the hierarchically assembled 3D
ZnCo0204/NiM00O4 heterostructures, a high-resolution HAADF-STEM image was recorded from

the center region of the sample as shown in Figure 3a. The corresponding EDX mapping images

show the clear coexistence of all four metal elements on the whole area of the sample (Figure
3b). Interestingly, the EDX signals of the Ni and Mo atom were detected with relatively high

intensity on the white dotted area. These findings are believed to be strongly associated with the

formation of the secondary NiMoO4 nanosheets on the surface of the ZnCo.04 plates. Moreover,

Figure 3c-d show atomic scale structural characterization of the ZnC0204/NiM0O4
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heterostructures further investigated by the high-resolution TEM images and the corresponding
fast Fourier transform diffraction (FFT) patterns from the region outlined by a yellow dotted

rectangle as shown in Figure 3a. These TEM and FFT results clearly reveal two distinct regions

in the ZnCo204/NiM00Os heterostructures: (1) the region 1 is found to be a primary

heterostructure region consisting of the active NiMoOs shell and rigid ZnCo204 core structures,

which are determined by three different adjacent lattice spacings of about 0.238, 0.145, and
0.210 nm, which correspond to a (311) plane of spinel ZnCo.04, and (600) and (330) planes of

monoclinic NiMoOs, respectively;?® # (2) the region 2 is identified as the secondary structure

region associated with the layered NiMoOs nanosheet structure from the observation of lattice
fringes with only 0.215 nm spacing, indicating the (400) planes of monoclinic NiMoO4.*Y In

addition, the cross sectional HAADF-STEM (Figure 3e-f and S3a) and EDX mapping (Figure

S3b) images of the ZnCo204/NiM00O4 heterostructures prepared using a focused ion beam also

clearly verify the hierarchical formation of secondary protruding layered nanosheets on the
primary nanoporous plates.

Synchrotron X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analysis

was also performed to further verify the crystal and chemical structures of the hierarchically
assembled 3D ZnCo0204/NiMoOs heterostructures. As shown in Figure S4 (see more detailed

information in Sl), all the reflections in the XRD patterns are unambiguously assigned to spinel

ZnCo204 (JCPDS 23-1390) and monoclinic NiMoO4 (JCPDS 86-0361).%*% Moreover, Figure 3g
shows high-resolution XPS spectra of the Zn 2p, Co 2p, Ni 2p and Mo 3d peak regions with the

fitted peak components, clearly revealing the presence of the corresponding metallic elements.
This is in good agreement with the EDX results as shown in Figure 2h and 3b. The peak fitting

analysis of all the XPS spectra suggests that there exist the compositions of Zn* and Co*" in the
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ZnCo,0sstructure, and the Ni and Mo exist as Ni** and Mo®* states, respectively, in the NiMoO,
structure.?*?® Thus, a comparison of the SEM, TEM, EDX, XRD, and XPS results provides

direct evidence that the 3D assembled ZnCo,04/NiMoO, heterostructures consist of the primary
ZnC0204/NiM00Qg plates and the secondary layered NiMoOs nanosheet arrays.

On the basis of the obtained heterostructures and chemical composition information, we have

evaluated the pseudo-capacitive  characteristics of the hierarchically assembled 3D
ZnC0204/NiMo00Qg4 heterostructures. Figure 4 depicts the overall electrochemical performance of

the bare ZnCo,04 electrode without any additional NiMoOg4 layer (denoted as single-TTMO) and

the ZnCo0204/NiMo00Os heterostructured electrode with hierarchically bimodal geometrical
structures (denoted as bimodal-TTMO). As shown in Figure 4a, a cyclic voltammetry (CV)

curve of the bimodal-TTMO exhibits the typical Faradaic redox behavior with a potential
window ranging from 0.0 to 0.6 V at a scan rate of 5 mV s . The integrated CV area for the
bimodal-TTMO sample is much larger than that of the single-TTMO. This indicates that the

bimodal-TTMO possesses a superior electrochemical capacitance due to the unique hierarchical

core-shell nanostructures with a relatively high surface area, which is consistent with the

Brunauer-Emmett-Teller (BET) surface area measurement results (Figure S5). Moreover, all CV
curves have similar shapes within scan rates of 5-50 mV s, indicating reversible Faradaic

reaction behavior (Figure S6a). Further, we plotted the cathodic and anodic current densities as a

function of the scan rates from the CV curves of the bimodal-TTMO and have clearly observed a
linear relationship with the oxidation reaction (R* = 0.99959) and reduction reaction (R? =

0.99886) values (Figure S6b). These high values of R?, close to 1, also imply that our bimodal-

TTMO electrode exhibits good reversible redox reaction behavior.?
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Figure 4b presents galvanostatic charge/discharge (GCD) curves of the bimodal-TTMO at
different current densities. Similar to the CV results, the bimodal-TTMO electrode shows typical

charge/discharge curves with superior Faradaic redox reaction performance compared to the
single-TTMO electrode as shown in Figure S7a. As expected, the area and mass capacitance of

the bimodal-TTMO are significantly enhanced to reach 6.07 F cm? and 1480.48 F g,

respectively, at a current density of 2 mA cm 2 (Figure 4c), which are 4 times more than that of
the specific capacitance of the single-TTMO (Figure S7b). Moreover, even at a high current
density of 50 mA cm 2, the bimodal-TTMO electrode can achieve a capacitance of up to 959.04
F g *even at a high current density of 50 mA cm 2.

In addition to demonstrating the substantive electrochemical capacitive performance, we also
conducted electrochemical cycling tests to evaluate the capacitance retention capability and
structural stability of the electrode. Obviously, it can be seen that the electrode remarkably
retains more than 96.8% of its initial capacitance after 3000 cycles at 50 mV s (Figure 4d),

which shows a superior capacitance retention compared to other reported ternary transition metal

oxide electrodes, as summarized in Table S1. It should be noted that under harsh conditions, the

bimodal-TTMO exhibits excellent electrochemical cyclability with a capacitance retention of
90.6% after 15000 cycles at a high scan rate of 100 mV s (Figure 4e). Inset images of Figure 4e

present Nyquist plots (left) and Bode phase plots (right) of the bimodal-TTMO electrode

obtained using electrochemical impedance spectroscopy (EIS) measurements to analyze the
electrochemical kinetics and stability of the electrode before and after the charge/discharge

cycling test. It can be clearly seen that in the Nyquist plots, even after 15000 cycles, semicircles
at the high frequency region and straight lines at the low frequency region, which indicate the

charge transfer resistance (R¢t) and the Warburg impedance (W) associated with ion diffusion
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processes, respectively, almost remain unchanged. Moreover, it is also observed that in the Bode
plot, the phase angle at low frequency can be maintained at about ~ -77° (the degree for ideal
capacitor behavior is close to -90°)27 over the long-term cycling test. These EIS results indicate

that the bimodal-TTMO electrode has superior electrochemical kinetics and stability and hence

retains its excellent capacitive behavior during the charge/discharge processes. Additionally, we

further analyzed morphological changes of the electrode to investigate the structural stability
after long-term cycling testing using SEM examinations as shown in Figure S8. It is revealed that

the morphology and the structure of the hierarchical 3D ZnCo0,04/NiMoOs heterostructured

electrode remain intact after 15000 cycling tests, demonstrating its structural robustness.
From the point of view of electrode design and material properties, our uniquely designed

electrode has multiple distinct advantages that enable superior electrochemical performance, as
illustrated in Figure 4f. The first is the hierarchically assembled 3D heterostructures with open

interconnected porous channels, providing enhanced surface area and multi-access diffusion
pathways for facile and rapid ion transport. The second advantage is the formation of the

secondary protruding NiMoO , nanosheets on the surface of the primary nanoplates, which

provide an additional contribution to the improvement of the specific capacitance and
electrochemical kinetics because of the high pseudo-capacitive activity combined with the

unique layered, open structure that facilitates favorable ion diffusion and adsorption. An

additional advantage of our electrode design is that the direct integration of the ZnCo204
backbone structure, which has high electric conductivity and good structural stability, onto the

3D microporous current collector framework ensures fast electron transport and good structural
integrity (Figure S6c, see more detailed information in Sl), but also stimulates more surface area

of the NiMoOs to become electrochemically active.

10
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To further evaluate the bimodal-TTMO electrode for practical applications, we fabricated an
asymmetric supercapacitor (ASC) coin cell with activated carbon (AC) as the anode and the

bimodal-TTMO as the cathode. From CV curves of the AC and bimodal-TTMO electrodes
(Figure S9a), we have calculated the mass of the AC anode to fulfill the charge balance with the

bimodal-TTMO cathode and estimated that the AC//bimodal-TTMO ASC can be operated in a

wide potential range from 0 to 1.6 VV.% Figure S9b presents the CV curves collected at different
operating voltage windows at a scan rate of 50 mV s', showing capacitance contribution from

both the AC anode and the bimodal-TTMO cathode. The inset of Figure S9c depicts typical
GCD curves of the ASC at current densities from 20 to 2 mA cm?within a potential range of 0

to 1.6 V. Accordingly, the maximum specific capacitance of the ASC reaches 136.6 F g at a

current density of 2 mA cm 2 (Figure S9c).
On the basis of the GCD curves, the specific energy density and power density of the ASC

were calculated. Figure 5a presents the Ragone plot of the AC//bimodal-TTMOs ASC for the
purposes of comparison with other devices reported recently. The ASC device exhibits a high

energy density of 48.6 Wh kg™ and also reaches a reasonable power density ranging from 112.7

to 2820 W kg ™. The practical electrochemical performance of our ASC are much higher than
those of other reported devices and commercial energy storage devices.”" Moreover, the ASC

exhibits excellent cycle life with a capacitance retention of 94.0% after 3000 cycles at a scan rate
of 50 mV s* (Figure 5b). These findings suggest that our ASC device can be used as a promising

energy storage system with reliable long-term operation durability. Additionally, we have

demonstrated that our optimized three ASC coin cells connected in series can successfully power
up to 29 red light-emitting diodes (LEDs) which were assembled in parallel (Inset of Figure 5b

and Figure S10).

11
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3. Conclusions

In summary, we have reported hierarchically assembled 3D heterostructures of two different
TTMOs to emphasize the importance of designing nanoarchitectures that optimize the intrinsic

electrochemical properties and provide a morphology that exhibits a high structural integrity.

Such a novel electrode design confirms the significance of the hierarchical nanostructures and
the realization of the bimodal-TTMOs as a pseudo-capacitive cathode electrode. Importantly, the

synergistic effects of bimodal-TTMOs within their unique interconnected nanoporous network

structure, combining with an enlarged contact area, plausible electrochemical kinetics in
ion/charge transport and great mechanical stability have been reported, exhibiting a high specific

capacitance and a superior long-term cyclability over 15000 charge/discharge cycles. Moreover,
the asymmetric coin cell supercapacitor can deliver a high energy density of 48.6 Wh kg and a

high power density of 2820 W kg . Further, it is expected that our approach for rationally
designing and tailoring the hierarchical bimodal-TTMO electrode has great potential for energy

storage technologies and also contributes to many other application areas dealing with

electrochemical processes and ion/charge transport Kinetics within nanoporous network

structures.

4. Experimental Section
Synthesis of hierarchically nanostructured ZnCo204/NiM0Os heterostructures. All the

chemicals were of analytical grade and directly used after purchase without further purification

steps. Hierarchically assembled 3D ZnCo0204/NiMo00Os heterostructures on a Ni foam were

synthesized by a two-step hydrothermal synthetic process. Prior to the hydrothermal synthesis,

12
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the conductive Ni foam was cleaned by sonification using 1.0 M HCI, ethanol, and deionized

water. For the synthesis of the ZnCo,04 core backbone material, 1.0 mmol of Zn(NO3)2-6H-0,
2.0 mmol of Co(NOs3)2-6H20 and 5.0 mmol of urea were dissolved in deionized water to form a
clear red solution. The red solution and the cleaned Ni foam were then transferred into a Teflon-

lined stainless steel autoclave and kept at 130 °C for 5 h. After cooling down, the Ni foam

sample was rinsed several times to remove impurities and dried at 60 °C for 12 h. In order to
obtain the crystallized nanoporous ZnCo,04, the Ni foam sample was annealed at 350 °C for 2 h

with a heating rate of 1 °C min~' under Ar environment. Then, to obtain hierarchically assembled

3D ZnCo0204/NiM00Qg4 heterostructures, precursors for NiMoOs were prepared. For this, 1.0
mmol of Ni(NOs).:6H20 and 1.0 mmol of NaMoO4 were dissolved in a mixture solution

(deionized water and ethanol) to form a clear green solution. The green solution and the annealed

Ni foam sample with a nanoporous ZnCo,04 core were transferred into the Teflon-lined stainless

steel autoclave and kept at 140 °C for 4 h. Finally, after the same cooling and rinsing steps, the
Ni foam sample was annealed at 350 °C for 2 h under the same heating rate and environmental

conditions.

Electrochemical Characterization. The electrochemical performance of the obtained

electrodes was tested in a three-electrode configuration consisting of the sample as the working

electrode, a Pt mesh as the counter electrode, and a saturated Ag/AgCl electrode as the reference

electrode. CV (within the range of 0.0-0.6 V), GCD (within the range of 0.0-0.5 V), and EIS (in

the range of 107 to 10° Hz) examinations were conducted using a potentiostat analysis system
(PGSTAT302N, Metrohm Autolab). The specific areal and mass capacitance can be calculated

according to the following Equation 1:

13
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CA — [d*t Cm — Id*t (1)

AV*A’ AVEmM

where Ca s the specific areal capacitance, Cm is the specific mass capacitance, lqis the discharge

current, t is the discharge time, AV is the operating potential during the discharge process, A is

the active area of the sample, and m is the mass of the active material. The loading mass of the
active materials is 2.1 mg cm™ and 4.1 mg cm 2 for the ZnCo,0, and the ZnCo,04/NiMoO4

samples, respectively. The active carbon (AC)//ZnCo0204/NiM0oO4 asymmetric supercapacitor

(ASC) was prepared to test the full cell performance by fabricating a 2032—coin cell. The ASC
was fabricated by using the AC as the anode material, the ZnCo,04/NiMo0Os heterostructure

sample as the cathode material, a cellulose paper as the separator and 6.0 M KOH as the
electrolyte solution. The charge balance and the loading mass of the AC electrode were
optimized according to the following Equation 2:

+ C_x AV_

Qr=Q-= =

m_  Cpx AVy

2)

where C+ and C. are the specific capacitance of the cathode and anode electrodes, respectively,

and AV_ and AV_are the operating potential windows of the cathode and anode electrodes,

respectively. The AC anode was constructed by using the active carbon as the active material,
poly(vinylidene difluoride) as the binder, and Ketjen black as the conductive material. This

solution was coated onto a compressed Ni foam as the current collector. The energy density and

power density of the ASC can be calculated according to the following Equation 3:

E(energy) = %CmAV2 and P(power) = % (3)

where Cr, is the specific overall capacitance, E is the calculated energy density, AV is the overall

14
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operating potential window, and t is the discharge time.
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Figure 1. Illustrations of (a) the overall hierarchically assembled 3D ZnCo204/NiMo00Os
heterostructures and (b) the fabrication steps for 3D ZnCo0204/NiMo00O4 heterostructures directly

integrated on the 3D microporous conductive current collector through hierarchical bottom-up

synthesis assembly.

16



OCoOoONOOUDES WNBRE

R
= O

12
13
14
15
16
17
18
19
20
21
22
23

24
25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

52
53
54
55
56
57
58
59
60

.’»200 nm
f—

Figure 2. (a) SEM, (b) TEM, (c) HADDF-STEM, and (d) EDX mapping images of 3D

nanoporous ZnCo204 serving as a back-bone structure. The inset image in Figure 2b indicates
highly porous grains of ZnCo.0.. () SEM, (f) STEM, (g) HADDF-STEM, and (h) EDX

mapping images of hierarchically assembled 3D ZnC0204/NiM0O4 heterostructures.
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Figure 3. (@) A high-resolution HAADF-STEM and (b) EDX elemental mapping images of

ZnCo204/NiMo00Os heterostructures. (c) A high-resolution TEM image of ZnCo204/NiMoO4

heterostructures taken from the region outlined by the yellow dotted rectangle in Figure 3a. (d)

High-resolution TEM and FFT images of the region 1 indicate existence of primary

heterostructures of the NiMoO4 shell and the rigid ZnCo,04 core. High-resolution TEM and FFT

images of region 2 indicate existence of secondary layered NiMoOs nanosheets. (e) A low-

resolution and (f) high-resolution cross sectional HAADF-STEM images of ZnCo0204/NiMo0O4

heterostructures. (g) XPS Zn 2p, Co 2p, Ni 2p, and Mo 3d spectra of ZnCo0204/NiMoO4

heterostructures.
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Figure 4. (a) CV curves of bimodal-TTMO and single-TTMO at a scan rate of 5 mV s . (b)

GCD curves of bimodal-TTMO at different current densities. (¢) Specific capacitances of

bimodal-TTMO at different current densities. (d) Cycle performance of bimodal-TTMO at a scan

rate of 50 mV s up to 3000 cycling charge/discharge tests. (€) Under harsh conditions, cycle

performance of bimodal-TTMO at a scan rate of 100 mV s* up to 15000 cycling

charge/discharge tests. The insets in Figure 4e indicate Nyquist plots and Bode plots of bimodal-

TTMO before and after long-term cycling tests. (f) Ilustration showing pseudo-capacitive

behavior in hierarchically assembled 3D ZnCo0,04/NiMoO4 heterostructures.
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Figure 5. (a) Ragone plots of the AC//ZnC0204/NiM0oO4 ASC as well as other, recently reported,

pseudo-capacitive ASCs. (b) Cycle performance of the AC//ZnC0204/NiMoO4 ASC at a scan

rate of 50 mV s up to 3000 cycling charge/discharge tests. The inset in Figure 5b are

photographs showing three ASCs in series that can light up 29 red LEDs.
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