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Abstract-With the rapid development of portable 

electronics, such as e-paper and other flexible devices, power 

sources with a high flexibility become an important 

prerequisite. In this run, supercapacitors with a small form 

factor are recently emerging as a competitive candidate. Here, 

we introduce an all-printed paper based supercapacitor (PPS) 

assembled by screen printing and stencil printing technology, 

which shows superior electrochemical performance; moreover, 

it is compatible with mass production processes. The key 

electrode material, I>-Mn02 nanosheets, synthesized by 

one-step synthetic process exhibit a high specific capacitance of 

120 F got. Using this I>-Mn02 nanosheets electrode material and 

aqueous electrolyte, the capacity of the device could reach 4.7 

mF got with the volume of 2.0*1.7*0.2mm3• More important, 

the supercapacitor is lightweight and miniaturized, which can 

well cater to the development of future wearable electronics. 
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I. INTRODUCTION 

Ever increasing energy demand worldwide on limited 
fossil fuel resources has accelerated the pursuit of 
alternative energy conversion/storage systems such as solar 
cells, secondary lithium-ion batteries[ I] and 
supercapacitors.[2-5] Supercapacitors as a new type of 
energy storage device gradually play an indispensable role 
in industry owing to many intriguing characteristics, such as 
high power density, fast charge and discharge rate and long 
cycle life. However, devices are often fabricated by 
spray-coating, electrospinning and electrofusion techniques, 
which are either expensive or incompatible with mass 
production process, leading to high cost of the 
fabrication.[6-8] Moreover, the fabrication process of these 
devices may cause prodigious pollution to the environment. 
Thus, there is an urgent need to develop environmentally 
friendly supercapacitors using large-scale and low cost 
technologies. 

To date, the development pursued in active material of 
supercapacitors mainly concerns high reversible capacitance, 
structural flexibility and stability, fast cation diffusion under 
high charge-discharge rates, and environmental friendliness. 
As a transition metal element, manganese can exist as a 
variety of stable oxides (MnO, Mn304, Mn203, Mn02), 
which have significant predominance such as low cost, 
abundant resource, and high theoretical specific capacitance 
(1370 F/g).[9] In the last few years, several approaches, 
such as sol-gel route[ 10] , anodic electrodeposition[ II, 12], 
and cathodic electrodeposition[ 12] have been developed. 
Recently, the 8-Mn02 nanosheets with an ultrathin thickness 
showing relatively large surface areas and porous structure 
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turns out to be an ideal active material for supercapacitors. 
Recently, our group has developed an efficient, convenient 
and scalable technology for preparing the rGO/mixed-valent 
manganese oxides (rGO/MnOx) composite with superior 
electrochemical properties, which is compatible to the slurry 
dispensing process for electrode fabrication.[ 13] 

It is an interesting idea that paper, a commodity 
ubiquitous in everyday life, can be exploited for future 
electronics. The advantages are obvious: paper holds unique 
porous bulk structure and absorptive surface properties, 
which can introduce more electrochemically active surfaces 
for absorption/desorption of the electrolyte ions to facilitate 
charge transport during charging/discharging processes.[ 14] 
Moreover, the inexpensive and environmental-friendly 
nature of paper offers great opportunities for us to utilize it 
as the substrate of a supercapacitor. [ 15, 16] Our group has 
investigated, for the first time, the life cycle assessment of 
paper to quantify a paper-based printed-circuit-board's 
(PCB's) environmental impacts , and draw a conclusion that 
paper-based equipments are beneficial for a regional or 
global level of production.[17] 

Here, we introduce an all-printed paper based 
supercapacitor (PPS) showing superior electrochemical 
performance assembled in an eco-friendly and 
easy-fabrication way. Using all-printed technologies, the 
PPS can be fabricated in mass production line, making it 
compatible with large-scale fabrication techniques, which 
has a great potential for industrialization. 

II. EXPERIMENTAL 

A. Synthesis of t3-Mn02 nanosheets 

Typically, 200 mL of DI water was added into a 
three-necked flask and heated to 90°C with stirring. KMn04 
(0.05 M, 100 mL) and Mn(Ac)2 (0.05 M, 100 mL) solutions 
were added into the flask by a multi-channel peristaltic pump 
(Longerpump, BTIOO-IL) at a pumping speed of 0.5 mL 
min-I. Both chemicals reacted in the flask and formed Mn02 
nanosheets. After the reaction flask was cooled down to 
room temperature, the obtained solution was centrifuged 
(Bioridge, DD-5M) at a speed of 3600 rpm and washed three 
times by DI water. The as-prepared precipitation was 
freeze-dried (BMH Instruments, Alpha 1-2 LD plus) and was 
ready for use. 

B. Preparation of the t5 -Mn02 cathode slurry 

The -Mn02 powder was mixed with 10 wt% of PVDF 

binder, 10 wt% of super P conductive agent and NMP 
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solvent (3 mL) in a planetary rotator mixer (Hasai 300, China) 
for preparing the cathode slurry. 

C. Preparation of the active carbon anode slurry 

The activated carbon (AC) powder was mixed with 10 wt% 
of PVDF binder, 10 wt% of super P conductive agent and 
NMP solvent (3 mL) in a planetary rotator mixer (Hasai 300, 
China) for preparing the anode slurry. 

D. Fabrication o{PPS 

Fabrication procedure of the paper-based PPS is shown in 
Figure 1. 

Fig.1 View of the fabrication procedure. 

The paper was used as the substrate of the 
supercapacitor. Firstly, a commercial thermoplastic ink, set 

as the cofferdam, was screen printed and soaked by the paper, 
and the size of the outline border was 2.0*1.7 mmZwith the 
width of ca. 0.2 mm. Then the cathode slurry and the anode 
slurry was stencil printed inside the cofferdam of the paper 
as the active material, the printing thickness was 0.2 mm 
before the slurry drying and shrinking. Each size for printing 
the slurry was 1.8* 1.5 mm

z
, the space between the two 

electrodes was controlled to be 1 mm to prevent short out 
happening caused by the flow of the slurry. Then the 
conductive carbon ink was screen printed onto the active 
material as the current collector. After drying, Na2S04 
aqueous electrolyte was added dropwise. Waiting for a 
moment till the electrolyte immersed into the active material, 
PDMS was coated over the device, leaving the current 
collector out of the surround of the glue. 

E. Materials characterizations and electrochemical 

measurements. 

The morphological characteristics of 8-Mn02 were 
characterized by scanning electron microscopy (SEM, ZEISS 
SUPRA 55, 5 kV, Germany) and high-resolution 
transmission electron microscopy (HR-TEM, FEIG2 spirit, 
America). The surface species and chemical states of the 
sample were measured by X-ray photoelectron spectroscopy 
(XPS, ES-CALAB250Xi, Thermo Fisher Scientific, 
America). X-ray diffraction (XRD, RINT2000 V/PC, Bruker 
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DS, Germany) was used to study the structures of the 
samples. 

Electrochemical testings were performed on an 
electrochemical station (VMP3, Bio-Logic, France) with a 
three-electrode configuration. Cyclic voltammetry (CV), 
galvanostatic charging/discharging (GCD) and 
electrochemical impedance spectroscopy (EIS) of the 
as-prepared samples were investigated, respectively. The 
applied potential window of CV and GCD was in the range 
from 0 V to 0.8 V with Na2S04 aqueous electrolyte. The EIS 
study was conducted in the frequency range between 100 
KHz and 0.01 Hz with amplitude of 5 mV at an open-circuit 
potential. The mass capacitance (Cm), and the energy and 
power density (E and P) of supercapacitor were calculated by 
the equations as follows: 

h:lt 
em = LlU'm 

E = CV'(LlU)2 
2·3600 

(1) 

(2) 

p = � (3) 
M 

where I is the applied current, Llt is the discharging time, 
LlU is the operating voltage window, m is the total mass of 
mass materials. 

III. RESULTS AND DISCUSSION 

Fig.2 Morphological and structural characterizations of the materials. 
(a) SEM image of o-Mn02; (b) TEM image of o-Mn02; (c) XRD spectra of 
Mn02; (d) XPS spectra of Mn 2p in MnO,; 

The morphology and microstructure of this MnOz were 
examined by SEM and TEM. As is shown in Fig 2a, the 
obtained MnOz showed a sheet-like structure, which enabled 
the ions easier to access the internal MnOz network and 
provided fast transport channels for ions. TEM image (inset 
of Fig. 2b) shows the manganese oxide nanosheets with the 
diameter in the range of 3-20 nm. Such structure with a high 
specific surface area is capable of providing fast ion transport 
channels; as a result, the electrolyte ions could easily access 
to the surface of the composite. XRD characterization 
revealed that MnOz (JCPDS NO.: 30-0820) is crystalline, as 
is shown in Fig 2c. Further valence state information of the 

1278 

Authorized licensed use limited to: University Town Library of Shenzhen. Downloaded on March 03,2021 at 03:34:21 UTC from IEEE Xplore.  Restrictions apply. 



sample was obtained from XPS characterization, as shown in 
Fig.2d, the Mn 2p XPS spectrum exhibited two characteristic 
peaks at 638.7 eV, 642.6 eV, corresponding to spin-orbit 
peaks of manganese with valence states of +4. 

Fig.3 Electrochemical characterizations of the Mn02 electrode in 0.5 M 
aqueous Na2S04 electrolyte: (a) CV curves of the material at the scan rate 
between 1 to 100 m V S-I; (b) GCD curves of the material at the scan rate 
between 0.2 to 20.0 A g-'; (c) cycling performance of the electrode material; 
(d) Nyquist curve after the first cycle. 

To evaluate the electrochemical performance of 
cS-MnOz, CV, QCD and EIS testings were performed. The 
cyclic voltammetry (CV) of cS-Mn02 was recorded in 0.5 M 
Na2S04 aqueous solution, as shown in Figure 3a. The 
potential range was from 0.0 to 0.8 V vs Hg/HgO and 
different scanning rate were applied from I m V Is to 100 
mV/s. It showed that the CV curves were relatively 
rectangular in shape and exhibited near mirror-image 
current response on voltage reversal, indicating a reversible 
reaction and ideal capacitive behavior of cS-Mn02. With the 
increase of scanning rates, there is no significant change in 
rectangular shape, exhibiting high electrochemical 
reversibility in this potential range at high sweep rate. The 
QCD curves at different current densities are shown in Fig. 
3b, which illustrated an almost-linear variation of potential 
during charging and discharging processes, further 
demonstrating the excellent capacitance behavior of this 
material. The charging and discharging time of cS-Mn02 in 
this test was almost the same, indicating high reversibility 
and coulombic efficiency. The mass capacitance was up to 
120 Fig at a current density of 0.2 A/g. What's more, the 
capacitance retention of cS-Mn02 still remained 67.2% after 
20,000 cycles at 100 m V Is scan rate, indicating relatively 

excellent cycling stability. In Fig. 3d, the frequency 
response analysis, in the frequency range between 10 mHz 
and 100 kHz with amplitude of 5 m V at an open-circuit 
potential, was conducted to study the alternating current 
impedance property of the MnOz, the charge transfer 
resistance (Ret) which caused by Faradic reactions on the 
surface was extremely low. The superior performance of the 
cS-Mn02 is due to the following aspects: excellent electron 
and ion percolation network in the electrode material, the 
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unique architecture and high specific surface area 
facilitating free access of electrolyte ions to the electrode 
surfaces, and the reduced diffusion length of the ions and 
electrons within the electrode phase. 

Fig.4 Electrochemical characterizations of the active carbon electrode in 
0.5 M aqueous Na2S04 electrolyte: (a) CV curves of the material at the scan 
rate between I to 100 m V S-I; (b) GCD curves of the material at the scan 
rate between 0.2 to 5.0 A g-1 (c) cycling performance of the electrode 
material; (d) Nyquist curve after the first cycle. 

For preparing an asymmetric paper based supercapacitor 
(PPS), AC slurry was used as anode material to couple with 
the corresponding Mn02 slurry cathode. The 
electrochemical performance characteristic of the AC 
electrode is shown in Fig.4. This supercapacitor could 
double the size of working voltage window in an aqueous 
electrolyte, contributing to a dramatic improvement of both 
Em and Pm values of the device. Fig. 5 illustrates the CV, 
QCD, EIS, and specific capacity of the device. This 
rate-dependent CV characterization of the PPS was 
performed under various scan rates ranging from 5 to 1000 
m V S-l, as shown in Fig. 4a. The QCD test was also 
performed to better characterize the electrochemical 
performance of the PPS device. As shown in Fig. 4c, the IR 
drop calculated from the QCD curve under 0.2 A/g was 0.2 
V, suggesting a relatively low equivalent series resistance. 
Calculated from equation I, Cm of the PPS reached a value 
of 4.7 mF g-l based on the total active material of the device. 
The Nyquist plot of the sample was employed to evaluate 
the ionic mobility; inset of this figure is the magnified area 
in the high frequency range, from which the equivalent 
series resistance is very low, indicating that the PPS shows 
excellent ionic response at the high-frequency range. In the 
low frequency range, the Nyquist plot showed a nearly 
vertical line, indicating an ideal capacitive behaviour of the 
device. Specific capacitance Cm values versus scanning rate 
calculated by QCD study is shown in FigAd, conclusion can 
be drawn that with the increase of the scan rate, the Cm 
value decreased accordingly. 
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Fig.S Electrochemical characterizations of the PPS in Na2S04 electrolyte: 
(a) CV curves of the material at the scan rate between 5 to 1000 m V s- I ;  (b) 
GCD curves of the material at various scan rates; ( c) Nyquist curve after 
the first cycle, inset is the expanded view of the high-frequency region; (d) 
Specific capacitance Cm values versus scanning rate calculated by GCD 
study; 

IV. CONCLUSION 

In summary, we introduce an all-printed paper based 
supercapacitor (PPS) assembled by screen printing and 
stencil printing technology, which provided the possibility 
of low cost and large-scale fabrication, The fabrication 
techniques proposed in this paper is through "top-down" 
microfabrication method, which can be further used in other 
micro-sized devices. The PPS with the volume of 
2.0*l.7*0.2 mm3 exhibit a very high mass capacitance up to 
4.7 mF g-l in Na2S04 aqueous electrolyte. The high 
electrochemical performance of this device guarantees it a 
perfect candidate for applications in microelectronic systems 
or portable devices. 
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