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Abstract: We report a simple approach based on a chemical
reduction method to synthesize aqueous inorganic ink com-
prised of hexagonal MnO, nanosheets. The MnO, ink exhibits
long-term stability and continuous thin films can be formed on
various substrates without using any binder. To obtain a flexible
electrode for capacitive energy storage, the MnO, ink was
printed onto commercially available A4 paper pretreated with
multiwalled carbon nanotubes. The electrode exhibited a max-
imum specific capacitance of 1035 Fg~' (91.7 mFcm™>). Paper-
based symmetric and asymmetric capacitors were assembled,
which gave a maximum specific energy density of 25.3 Whkg™
and a power density of 81 kWkg™. The device could maintain
a 98.9% capacitance retention over 10000 cycles at 4 Ag™.
The MnQ, ink could be a versatile candidate for large-scale
production of flexible and printable electronic devices for
energy storage and conversion.

P rintable electronics is of great interest in areas ranging
from thin-film transistors (TFTs), energy-storage devices,
solar cells, to micro-electromechanical systems (MEMS).[!
For example, the preparation of various inks composed of
semiconductors, biological materials, carbon, and conductive
oxides have been reported.?! In particular, as a consequence
of its abundance, high theoretical capacity, and environmental
compatibility, manganese dioxide (MnQ,) is usually regarded
as an ideal candidate for the electrode materials of portable

[*] J. Qian,! H. Jin," Dr. B. Chen, M. Lin, Dr. W. Lu, Dr. W. M. Tang,
Prof. L. W. H. Chan, Prof. S. P. Lau, Dr. . Yuan
Department of Applied Physics
The Hong Kong Polytechnic University
Hong Kong SAR
E-mail: jikang.yuan@polyu.edu.hk
Dr. W. Xiong
School of Chemistry and Environmental Engineering
Wuhan Institute of Technology
693 Xiongchu Road, Wuhan 430073 (P.R. China)

Prof. S. P. Lau
Shenzhen Research Institute
The Hong Kong Polytechnic University
Shenzhen 518057 (P.R. China)
[*] These authors contributed equally to this work.

[)‘."k]

This work was financially supported in part by the Research Grants
Council (RGC) of Hong Kong through the General Research Fund
(project nos. PolyU 5292/12E and PolyU 153012/14P), the Hong
Kong Polytechnic University (grant nos. 1-ZV5K, 1-ZE14, and 1-
ZV9B), and National Natural Science Foundation of China (NSFC,
grant no. 11374250). We thank Chi Man Luk and Dr. Yi Ching
Cheung for their assistance during the measurements.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201501261.

S

Angew. Chem. Int. Ed. 2015, 54, 1-5

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

devices, water treatment, up-conversion, as well as photo-
catalysis.”! Conventional MnO, electrodes are mainly pre-
pared by two approaches: 1) nanostructured MnO, or MnO,-
containing composite precipitates are generated by wet
chemical processes®®* or 2) by direct electrodeposition or
chemical deposition on various substrates (e.g. glass, quartz,
copper, or aluminum foil).”! These existing preparation
methods suffer from high cost, complicated processes, and
superfluous contaminations. On the other hand, the intro-
duction of insulating binders during the coating process can
cause agglomeration in the inks, thereby leading to a reduction
of the electrical conductivity.? It still remains a great
challenge to synthesize MnO, inks with high reliability and
versatility. Hence, the development of environmentally
benign aqueous MnQ, inks is desirable for highly efficient
and large-scale printable processes. Nevertheless, few studies
on aqueous MnO, inks have been reported to date.!!
Herein, we report a simple route to synthesize aqueous
MnO, ink comprised of hexagonal MnO, nanosheets (k-
MnNSs). The aqueous MnO, ink was synthesized by a simple
liquid-phase process at room temperature. First, highly
crystalline carbon particles with diameters of about 200 nm
(see Figure S1 in the Supporting Information) were prepared
as the template by the microwave hydrothermal method.
Then, the as-prepared carbon particles were oxidized by
KMnO, to form the MnO, nanosheets through a morphology
transmission mechanism.”” The as-prepared MnO, ink
(I1mgmL™") had a dark brown color (Figure 1A). The
concentration of MnO, ink can be increased up to about
1.5 mgmL"~!, which is suitable for large mass loading. The
MnO, ink can be coated onto commercial printing paper with
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Figure 1. Performance tests of inorganic MnO, ink. A) Photograph of
the MnO, ink. B) Flexible paper strips coated with MnO, ink with
(right) and without (left) treatment with MWCNTs. C) A sheet of A4-
sized paper coated by the MnO, ink. D) The MnO, coated paper
shown in (C) erased by oxalic acid, with the erased area showing the
word “PolyU”.
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Figure 2. lllustration of the solution-processable MnO, ink. A) Schematic diagram of the printing process. B) HRTEM image of a single h-MnNS.
C) TEM image showing the h-MnNSs. Scale bar: 100 nm. D) TEM image of the large-scale h-MnNSs. Scale bar: 200 nm. E) Photograph of an ITO/
PET sheet with a MnO, coating. Scale bar: 1 cm. F,G) SEM images of the front and cross-sectional parts of the MnO,/ITO/PET sheet in (E). Scale

bar: 1 um.

and without treatment with multiwalled carbon nanotubes
(MWCNTs; Figure 1B,C). In contrast to other inks, the MnO,
ink could be selectively etched out by a 1M oxalic acid solution
without damaging the substrate (Figure 1D). Such an eras-
able property cannot be realized with the previously reported
inks.!”! The erasable MnO, ink could be a potential candidate
for transient coating or electrode materials when applied in
“epidermal electronics” or “transient electronics”.!®!

Low- and high-resolution transmission electron micros-
copy (TEM) images (Figure 2B-D and see Figure S2 in the
Supporting Information) reveal the hexagonal MnO, nano-
sheets (h-MnNSs) with diameters ranging from 60 to 90 nm.
Furthermore, clear edges of the nanosheets can be observed
(Figure 2B). The thickness of the 2~-MnNSs was estimated to
be about 3.6 nm by electron energy loss spectroscopy (EELS,
see Figure S3 in the Supporting Information). The X-ray
diffraction (XRD) pattern of the sample indicates a layered
birnessite-type structure (see Figure S4 in the Supporting
Information). The Raman spectrum of MnO, shows two
peaks located at 564 and 633 cm™' (see Figure S5 in the
Supporting Information), and the peaks can be assigned to
Mn-O lattice vibrations.”)

The zeta potential spectrum shows the MnO, nanosheets
are negatively charged in water (see Figure S9 in the
Supporting Information) and they can be homogeneously
dispersed in water as a result of the electrostatic interaction
between the A-MnNSs and K* ions. The MnO, ink tends to
form continuous thin films on smooth substrates (Fig-
ure 2A,E). Figure 2E shows a photograph of a piece of
a MnO,-coated indium tin oxide coated polyethylene tereph-
thalate (ITO/PET) sheet with a mass loading of 0.25 mgcm ™.
The MnO,/ITO/PET sheet was placed on a paper marked
with “POLYU”. The UV/Vis spectrum shows that the sheet
exhibits high transparency (see Figures S11 and S12 in the
Supporting Information). Figure 2F,G show the scanning
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electron microscopy (SEM) images of the front and cross-
sectional parts of the MnO, coating, respectively. The
compacted thin films exhibit an average thickness of approx-
imately 500 nm.

The MnO, ink was first studied as the electrode material.
Conductive paper with a sheet resistance of about 30 Qsq~!
was used as the current collector and substrate for printing
with MnO, ink. The conductive paper was prepared by
coating MWCNTs onto the commercial paper. Figure 3B
shows the MnO, ink coated on a piece of conductive paper
with dimensions of 1 x 1 cm?. The corresponding SEM images
of the cross-sectional and front parts of the paper coated with
MnO, nanosheets (Figure 3 A,C, respectively) show a large
quantity of MnO, nanosheets with a thickness of about 70 um
to be deposited on the MWCNT layer. A series of MnO,
paper (MnPaper) electrodes with a mass loading of 40, 80, and
176 ygcm 2 (denoted as MnPaper-40, MnPaper-80, and
MnPaper-176, respectively) were prepared for measurement
of the electrochemical performances by using a three-elec-
trode system in 0.5M Na,SO, solution. A platinum electrode
and an Ag/AgCl electrode were used as the counter electrode
and the reference electrode, respectively. The cyclic voltam-
metry (CV) curves of the different MnPaper electrodes at
10mVs™! (Figure 3D) show rectangular-like curve shapes.
Such shapes are attributed to high-speed ion transport on the
electrode/electrolyte interface with rapid charging and dis-
charging characteristics. The process is based on a redox
reaction according to Equation (1).1"

MnO, + xH" + yNa® + (x + y)e- < MnOOH,Na, (1)

Notably, the calculated specific capacitance of the MnPa-
per-80 electrode reached the highest value of 642.5Fg™! at
10 mV's™'. This value is about two orders of magnitude higher
than that of the pure MWCNTs electrode (6.94 Fg™'). Such an
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Figure 3. Electrochemical performances of the MnO,@conductive
paper electrode. A) SEM image of the cross-sectional part of the
MnO,@conductive paper. B) Optical photograph of the 1x1 cm?
MnPaper electrode. C) SEM image of the conformal MnO, coating on
the conductive paper. Scale bar: 1 pm. D) CV curves of the MnPaper
electrodes with different mass loadings at 10 mVs™". E) Specific
capacitance (C,,) versus scan rate for the pure MWCNTs electrode and
for MnPaper electrodes with different mass loadings. F) GCD curves of
the MnPaper-80 electrode at different current densities of 2.5, 6.25,
12.5, and 25 Ag™". G) Specific capacitance versus mass loading of
different MnPaper electrodes. The specific capacitances are estimated
from the CV curves at 10 mVs™".

enhanced performance is attributed to the conformal coating
of MnO, ink contributing huge pseudocapacitance. The
specific capacitances of the MnPaper electrodes were calcu-
lated based on the profiles of the CV curves versus different
scan rates (Figure 3E). A maximum specific capacitance of
1035 Fg ! (91.7 mFcm™?) was achieved by the MnPaper-80
electrode at 2mVs™'. This value is about 100 times higher
than that of the pure MWCNTs electrode (9.4Fg™,
8.9 mFcm™) and is almost equal to or higher than those of
the reported MnO, electrodes.'! This value almost
approaches the theoretical value of 1370 Fg™' for the MnO,
electrode.''™ When the scan rate reached 100 mVs™!, the
specific capacitance of the MnPaper-80 electrode still
retained a reasonable value of 255Fg ' In contrast, the
specific capacitance of the MnPaper-176 electrode decreased
dramatically to a value even lower than that of the pure
MWCNTs electrode at 200 mVs™' because of excess MnO,
causing poor electrical conductivity. The galvanostatic charge/
discharge (GCD) characteristics of the MnPaper-80 electrode
were consistent with those of the CV measurements (Fig-
ure 3F). A pair of redox peaks appeared in the GCD curves
as a result of the formation of Na,MnO, on the electrode, as
expected.'™ This result agrees with that from the CV curves
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in Figure 3D, and is further consistent with the XRD pattern
(see Figure S4 in the Supporting Information). Furthermore,
when a high current density of 25 Ag™' was applied, the
MnPaper-80 electrode could still reach a capacitance value as
high as 572.5Fg ' (48.8 mFcm ), thus indicating that the
electrode can be a potential candidate for application in high-
power devices." The profiles of the specific capacitance of
different MnPaper electrodes at 10 mVs™ versus mass
loading of MnO, are shown in Figure 3G. As the mass
loading of MnO, increased, the specific capacitance of the
MnPaper-40 electrode increased significantly compared to
that of the pure MWCNTs electrode. There was no apparent
drop in the high specific capacitance when the mass loading
was increased to 80 ugcm 2 This phenomenon further
demonstrates that the MnO, and the MWCNTSs were mixed
homogeneously on the paper. When the mass loading of
MnO, reached 176 ugcm 2, the specific capacitance of the
MnPaper electrode fell sharply, but could still maintain
a value of about 200 Fg'.

The capability of the MnO, ink was further demonstrated
by assembling a paper-based symmetric capacitor (SC). The
two MnPaper-80 electrodes were sandwiched by a polyvinyl
alcohol (PVA)/LiCl quasisolid-state electrolyte and a separa-
tor (Figure 4A). The CV curves of the MnPaper-80 SC at
different scan rates (Figure 4B) exhibit ideal rectangular
shapes and high-rate reversibility at 100 mVs™'. A specific
capacitance of 147 Fg~' (588 Fg~! for a single electrode) was
measured at 10 mV's™'. This value is close to the capacitance
value measured in the three-electrode system. Furthermore,
a 90° bending test and a serial-parallel connection test were
performed (see Figure S15 in the Supporting Information).
The MnPaper-80 SC was also shown to undergo 10000 charge/
discharge cycles at 4 Ag™' with a retention of 98.9%
capacitance (Figure 4 C), thus indicating a prolonged lifetime.
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Figure 4. Electrochemical performances of the MnPaper-80 SC.

A) Schematic illustration of the structure of the SC cell. B) CV curves
of the SC at 10, 20, 50, and 100 mVs™'. C) Capacitance retention of the
SC over 10000 cycles. Inset: Charge/discharge curves for the last ten
cycles. D) Energy and power densities (Ragone plots) of the SC
operated at 0.8 V and the ASC operated at 1.8 V (active material only
and total mass including all dead components) compared with
SWCNTs conductive paper SC: 0.8 V (Ref. [2a]), graphene/MnO, SC:
1V (Ref. [13d]), and MnO,/carbon nanoparticles SC: 0.8 V (Ref. [13¢]).
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Figure 4D shows the Ragone plots for a comprehensive
comparison of the energy and power density between the
MnPaper-80 capacitors and some recently reported typical
capacitors (see Table S1 in the Supporting Information). The
specific energy density of 17 Whkg ™' and the power density of
38 kWkg ! for the MnPaper-80 SC are higher than values
reported in the literature.™™ To further optimize the energy
and power densities of the paper-based capacitor, a MnPaper-
80 asymmetric capacitor (MnPaper-80 ASC) was assembled
(see Figure S18 in the Supporting Information). The values of
the energy and power density of the ASC could reach up to
253 Whkg ! and 81 kWkg™!, respectively. The performance
of the ASC can be attributed to the coaxial structure and the
homogeneous MnO, coating on the conductive paper.

In summary, aqueous MnQO, ink was prepared by a facile
synthetic route. The MnO, ink exhibits long-term stability and
printability on a wide range of different substrates. The
electrochemical performances of MnO,-coated paper electro-
des were also examined. Furthermore, both paper-based
symmetric and asymmetric capacitors were assembled. The
specific capacitance, specific energy and power densities of
the paper-based capacitor could reach 1035Fg!
(91.7mFcm™2), 25.3 Whkg!, and 81 kWkg™!, respectively.
The device could achieve a capacitance retention of up to
98.9% over 10000 cycles at 4 Ag~'. All these advantages of
the MnO, ink make it a versatile candidate for the large-scale
production of high-performance electronic devices in the near
future.

Keywords: electrochemistry - energy-storage devices -
metal oxides - MnO, ink - thin films
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synthesize aqueous MnQ, ink that
exhibits long-term stability and can form
continuous thin films on various sub-
strates without the need for any binder.
The as-prepared MnO, ink can also be
coated onto conductive A4 paper to form
capacitive energy storage devices.
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