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Abstract 

Carbonaceous composites have attracted much atten-
tion as anode materials for hybrid supercapacitors. Addi-
tionally, transition metal oxides, such as Co3O4, have high 
specific capacitance in the charging/discharging process. 
Here, we investigated the lithium storage mechanism of 
Co3O4/CNTs material via in situ transmission electron mi-
croscopy (TEM). Additionally, we analyzed the structure 
and composition of the anode material by high-resolution 
TEM, electron diffraction, energy dispersive spectroscopy 
(EDS) and electron energy loss spectroscopy (EELS). Us-
ing our unique in situ experimental setup that employs 
colloidal electrolyte, we elucidate two different mecha-
nisms during operation, including the phase evolution and 
volume variation of the electrode material. Our observa-
tions not only provide direct evidence of the electrochem-
ical behavior but also improve the structure to promote 
enhanced performance for the application of hybrid su-
percapacitors. 
 
1. Introduction 

As the ever-growing demand for high-capacity electrical 
energy storage increases, novel energy storage systems 
should be developed for diverse applications. Among these, 
supercapacitors and batteries have received an increased 
amount of attention in recent years [1,2]. Supercapacitors have 
unique characteristics of high power density and rapid charge 
time, whereas batteries function by a redox reaction on the 
electrode materials and provide distinguishing feature of high 
energy density. Recently, to advance their applicability on 
electronics, hybrid supercapacitor was developed to become 
a rising star system with the integration of the advantages 
from supercapacitors and batteries [3-5]. 

For energy storage systems, selecting an appropriate elec-
trode material is one of the major factors influencing the elec-
trical performance [6,7]. It is widely known that transition 
metal oxides have extremely high specific capacitance due to 
their multiple oxidation states. They are great candidates to 
develop an exceptional energy storage system. Nevertheless, 
there are still some difficulties to overcome; for example, 
their poor electron conductivity restricts their development in 
devices. Thus, for these reasons, carbonaceous materials, 
such as CNTs and graphene, have been integrated with tran-
sition metal oxides to synthesize “composite materials” to 
combine the advantages of both materials and achieve im-
proved properties. 

In this study, we prepare a composite electrode material 
comprised of Co3O4 and CNTs to reveal the correlation be-
tween the electrochemical reaction and the structural evolu-
tion. For this purpose, we designed a nano hybrid supercapac-
itor for transmission electron microscope (TEM) observation 
to examine the lithium storage mechanism of the 
Co3O4/CNTs material. In situ TEM has become a powerful 
technique to provide the real-time investigation of device op-
eration [8,9]. With this technique, we can discern the full mech-
anism regarding the charging/discharging process to under-
stand ion transport behaviors and enhance the performance 
through structural modification.  
 
2. Method, Results and Discussion 

Here, we constructed an electrochemical device for in situ 
TEM observation to reveal the charging/discharging behavior 
of hybrid supercapacitor. The detailed schematic illustration 
of our experimental setup composed of a Co3O4/CNTs elec-
trodes and LiPF6 electrolyte is shown in Fig. 1a. A potential 
of -5 V with respect to the cathode was applied to the 
Co3O4/CNTs anode during the charging process. Figures 1b-
e display the time-lapse images captured from in situ TEM 
video, showing the structural evolution over the charging du-
ration. We can clearly observe that several cube-like Co3O4 
particles combined to transform into numerous nanograins af-
ter charging for 60 s. To acquire a thorough structural and 
phase characterization, the technique of high-resolution TEM  
 

 
Fig. 1. TEM images showing the structural evolution and volume 
expansion during charging at -5 V against the cathode. 
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Fig. 2. Time-lapse structural evolution and phase transformation 
during discharging at +5 V against the cathode. 
 
and EELS identified that Co nanograins dispersed in the ma-
trix, as displayed in Fig. 1f and g. Therefore, the reaction be-
havior is concisely expressed in the schematic illustration 
shown in Fig. 1h. The drawing demonstrates the correlation 
between the reaction front and the mode of energy storage. 
Remarkably, this type of near-surface redox reaction may ex-
hibit supercapacitor-like behavior [10]. 

To obtain a more complete operation mechanism, inspec-
tion of the discharging behavior is necessary. The in situ ob-
servation upon applying +5 V against the cathode to the de-
vice can be seen in Fig. 2a-d. The Co nanograins tend to 
gather and form lager particles in the matrix upon discharging 
over time but the shape of the Li2O matrix almost remained 
the same. The morphological change that these Co nanograins 
underwent in the transformation to CoO particles, which were 
examined by the diffraction pattern from FFT (Fig. 2e) and 
the EELS (Fig. 2f), was clearly observed. Moreover, in Fig. 
2g and i, it is easy to distinguish the apparent difference in 
morphology before and after the discharging process. After 
discharging, as shown in Fig. 2j, the size of the Co or CoO 
clusters (marked by red dashed lines) inside the Li2O matrix 
decreased from 45.5 nm to 31.5 nm, an approximately -66.8% 
volume variation relative to that before discharging, as pre-
sented in Fig. 2h. Noticeably, with regards to the Co3O4/CNTs 
system, the conservation of SEI enhances the stability and 
prolongs the life cycle. 

Using the finding mentioned above, the schematic draw-
ing shown in Fig. 3 expresses the complete operation mecha-
nism in our Co3O4/CNTs system. First, in the first charging 
cycle, the Li ions intercalate and flow via the interlayer spac-
ing of CNTs, and the electrochemical reaction can be revealed 
to be 𝐶𝐶𝐶𝐶3𝑂𝑂4 + 8𝐿𝐿𝐿𝐿+ + 8𝑒𝑒− → 3𝐶𝐶𝐶𝐶 + 4𝐿𝐿𝐿𝐿2𝑂𝑂 . Afterwards, 
once the first charging cycle is finished, the phase transfor-
mation is followed by the reversible reaction 𝐶𝐶𝐶𝐶 + 𝐿𝐿𝐿𝐿2𝑂𝑂 ↔
𝐶𝐶𝐶𝐶𝐶𝐶 + 2𝐿𝐿𝐿𝐿+ + 2𝑒𝑒−. With the mechanism that we revealed, 
this variation in the first charge cycle may be regarded as the 
major factor influencing the performance. 

 
Fig. 3. Schematic drawing of the charging and discharging mecha-
nisms in the Co3O4/CNTs system. 
 
3. Conclusions 
   We have revealed the overall mechanism for charging and 
discharging. Our experiment closely resembles the actual op-
eration of real hybrid supercapacitors. Consequently, with the 
aid of in situ TEM observations, our experimental setup can 
provide more direct and compelling evidence to study the 
electrochemical behavior of Co3O4/CNTs. In summary, the 
near-surface redox reaction and ions intercalation phenome-
non in CNTs presented hybrid supercapacitor-like behavior. 
The electrochemical reaction become nearly reversible as 
long as this device experienced first charging. Furthermore, 
the results will undoubtedly be useful for improving the struc-
ture to promote better performance for the application of hy-
brid supercapacitors. 
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