J Mater Sci (2017) 52:3687-3696

Batteries and Supercapacitors

@ CrossMark
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ABSTRACT

MnO,—multiwalled carbon nanotube (MWCNT) composites were prepared for
application in supercapacitor electrodes and devices. Good dispersion and mixing
of the individual components were achieved using conceptually new strategies,
allowing for significant improvement in the electrochemical charge storage prop-
erties. Composite C1 was prepared using chelating polyaromatic sulfasalazine
molecules, which adsorbed on the individual components, allowed for their good
dispersion and improved mixing by creating links between the components.
Composite C2 utilized a Schiff base linkage mechanism for improved mixing
between MnO, and MWCNT. New electrochemical strategies allowed for high
capacitance and good capacitance retention at high charge—discharge rates at high
active mass loading, which was 30 mg cm > Composites C1 and C2 showed
capacitances of 4.5 and 4.4 F cm ™2, respectively, at a scan rate of 2 mV s~ '. How-
ever, composite C2 showed a higher capacitance retention at high scan rates, which
was found to be 66% ata scan rate of 100 mV s~ . The asymmetric devices, prepared
using composite C2 as positive electrodes and activated carbon-carbon black
negative electrodes, showed promising performance in a voltage window of 1.6 V.
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aqueous electrolytes. The charging mechanism of
MnOQO; is given by the reaction [1]:

MnO; + AT + e~ < MnO,A, (1)

Introduction

MnO, is a promising charge storage material for

positive electrodes of electrochemical supercapaci- ~ where A* = H*, Na*, K*. Small particle size and elec-

tors. The interest in application of MnO, for super-
capacitors [1-4] results from high theoretical specific
capacitance (1370 F g~!) of this material, which
exhibits nearly ideal box shape cyclic voltammo-
grams (CVs) in a voltage window of ~0.9 V in mild
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trode porosity are important for good access of the elec-
trolyte ions (A™) to the capacitive MnO, material.
Advanced electrode design methods have been devel-
oped in order to facilitate ion diffusion in MnO, elec-
trodes [5]. However, the electronic conductivity of MnO,
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is low, requiring MnO, be mixed with conductive addi-
tives [6-9]. The reduction of gravimetric capacitance with
increasing electrode mass and charge—discharge rate is a
major drawback, limiting the use of MnO, in superca-
pacitors. At low charge—discharge rates, the gravimetric
capacitance decreased by an order of magnitude with
increasing electrode mass [5, 8, 10-12] due to low elec-
tronic conductivity and poor electrolyte access to the
active material. Recent studies highlighted the impor-
tance of the fabrication of composites with high active
mass loadings [13]. It has been pointed out [13] that in
order to store a useful amount of energy for practical
applications, high active mass loadings above
10 mg cm ™2 are necessary. The challenge researchers
now face is to increase the mass loading of the MnO,
composites while maintaining high gravimetric capaci-
tance. This will lead to high areal capacitance and useful
energy density. Significant improvement has been was
achieved through the use of carbon nanotubes as con-
ductive additives due to their high conductivity and low
percolation limit [8, 12, 14, 15].

Another major challenge in the development of
MnO,-based composite electrodes is the efficient
mixing of MnO, and conductive additives. This
problem was addressed by the use of a redox reaction
[16-23] of KMnO, and carbon materials, which pro-
moted the synthesis of MnO, nanoparticles on the
surface of carbon nanotubes or graphene:

4KMnO4 + 3C + H, O — 4MnO, + K,CO;3
+ 2KHCO:;. (2)

In this approach, carbon materials are used as sacrifi-
cial reducing agents for the synthesis of MnO,. The
disadvantage of this method is related the degradation
of the carbon material structure and properties in the
reaction (2) and poor control of composition of the final
product. Cathodic and anodic electrodeposition tech-
niques have been developed [5, 24] for the deposition
of MnO,. However, such techniques usually allow for
relatively low active mass loadings. An alternative
approach is therefore needed to synthesize MnO,-
based composite structures with good mixing of MnO,
and conductive additives. Colloidal processing is a
useful strategy for the fabrication of advanced
nanocomposites. Many investigations have been
focused on the fabrication of MnO, nanoparticles,
nanorods, and nanowires [5, 25, 26] for colloidal pro-
cessing of MnO,—carbon nanotube composites. How-
ever, colloidal methods require the development of
efficient dispersants for the individual components.
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The need for efficient MnO, dispersion has driven
the discovery and development of advanced disper-
sants with chelating properties [27]. These disper-
sants adsorb strongly on MnO, particles due to the
creation of chelating bonding to Mn atoms on the
particle surface. Various dispersants have been
investigated for the dispersion of carbon nanotubes
[6, 28-31]. Bile acids are among the most intriguing
dispersants for carbon nanotubes [28-31] due to their
unique adsorption mechanism, small size, and effi-
cient dispersion. Aromatic chelating co-dispersants
have been developed for co-dispersion of MnO, and
carbon nanotubes [27]. The use of aromatic co-dis-
persant allowed for relatively high areal capacitance
at low scan rates [6]. However, the capacitance still
decreased with increasing scan rate.

Despite the significant progresses in the fabrication
of MnO,—carbon nanotube electrodes, further devel-
opment of advanced techniques for improved dis-
persion and mixing of individual components is
required. It is suggested that further progress in this
area will result in advanced electrodes with high
areal capacitance and improved capacitance retention
at high charge-discharge rates.

The goal of our investigation was the development
of new methods for the fabrication of MnO,—multi-
walled carbon nanotube (MWCNT) composite elec-
trodes with improved dispersion and mixing of the
individual components. We focused our efforts on
fabricating electrodes with high, practically useful
mass loadings. One strategy was based on the use of
a co-dispersant for MnO, and MWCNT, which
allowed improved mixing by linking of the individ-
ual components. In another method, two different
dispersants with selective adsorption on the indi-
vidual components were used. Improved mixing was
achieved by Schiff base formation, which involved
the bonding of the individual dispersants that were
adsorbed on MnO, or MWCNT. Testing results of
individual electrodes and devices showed enhanced
areal capacitance and good capacitance retention at
high charge-discharge rates.

Experimental procedures

Sulfasalazine (SS5Z), New Fuchsin (NF), 3,4-Dihy-
droxybenzaldehyde (DHB), Na,SO, (Aldrich, USA),
and MWCNT (ID 4 nm, OD 13 nm, length 1-2 um,
Bayer, Germany) were used as starting materials.
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MnO, nanoparticles with average size of 50 nm were
prepared using the method described in a previous
work [32]. Ni foams with 95% porosity were pro-
vided by Vale Company.

Suspension S1, containing 4 ¢ L™' MnO, and
0.5 g L' SSZ, and suspension S2, containing 1 g L™
MWCNT and 0.5 gL™" SSZ, in a mixed ethanol-
water (50% ethanol) solvent were ultrasonicated and
mixed, and the obtained mixture was ultrasonicated
again. After filtration, the MnO,-MWCNT material
was washed with water and ethanol, and then dried
in air. This material was designated composite C1.

Aqueous suspension S3, containing 4 ¢ L™! MnO,
and 05¢g L~! DHB, and suspension 54, containing
1 gL~ MWCNT and 0.5 g L' NF, were ultrasoni-
cated and mixed, and the obtained mixture was
ultrasonicated again. After filtration, the MnO,-
MWCNT material was washed with water and
ethanol, and then dried in air. This material was
designated composite C2.

Composite MnO,-MWCNT powders were used
for the fabrication of slurries in ethanol for the
impregnation of Ni foam current collectors and fab-

rication of electrodes with active mass loading of
2

30 mg cm™ .
X-ray diffraction (XRD) studies were performed
using a powder diffractometer (Nicolet 12,

monochromatized CuKa radiation). The composite
materials were analyzed by scanning electron
microscopy (SEM) using a JEOL microscope JSM-
7000F. FTIR spectroscopy (Bio-Rad, spectrometer
FTS-40) was used for the characterization of the
materials. For the preparation of samples for the FTIR
studies, the suspensions were filtrated and the
obtained materials were washed with water and
dried in air. Cyclic voltammetry (CV) and impedance
spectroscopy investigations were performed using a
potentiostat (PARSTAT 2273, Princeton Applied
Research, USA). Capacitive behavior of the electrodes
was studied in three-electrode cells using 0.5 M
Nay50, aqueous solutions. The area of the working
electrode was 1 cm® The counter electrode was a
platinum gauze, and the reference electrode was a
standard calomel electrode (SCE). CV studies were
performed at scan rates of 2-100 mV s~ '. The integral
capacitance C; = Q/AVS was calculated using half
the integrated area of the CV curve to obtain the
charge Q, and subsequently dividing the charge Q by
the width of the potential window AV and electrode
area S. The alternating current measurements of
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complex impedance Z* = Z' — iZ” were performed
in the frequency range of 10 mHz to 100 kHz at the
amplitude of the signal of 5 mV. The complex dif-
ferential capacitance C§ = Cg — i C¢§ was calculated
[33] from the impedance data as Cq = Z"/w|Z 125
and C{ =Z'/w|Z1?S, where o = 2xf (f-frequency).
MnO,-MWCNT positive electrodes were combined
with activated carbon-carbon black (AC-CB) nega-
tive electrodes for the fabrication of asymmetric cells,
which offer an advantage of enlarged voltage win-
dow in aqueous solutions. AC-CB electrodes were
prepared as was described in a previous investiga-
tion [34].

MnO,-MWCNT and AC-CB electrodes, separated
by a porous polyethylene membrane (average pore
size of 0.4 um), were used for the fabrication of
asymmetric cells. Aqueous 0.5 M Na,SO, solution
was used as an electrolyte. The charge—-discharge
behavior of the cells was investigated using battery
analyzers BST8-MA and BST8-3 (MTI corporation,
USA) at currents of 3-50 mA.

Results and discussion

X-ray diffraction patterns of the composites, prepared
without additives, and composites C1 and C2
showed small peaks of the birnessite phase of MnO,
(Supporting information, Figs. 51-53). However, the
composites contained a significant amount of an
amorphous MnO, phase. The SEM studies (Sup-
porting information, Fig. S4) of the composites, pre-
pared without additives, showed poor mixing of the
individual components. Such composites contained
large agglomerates of MWCNT and MnO,. The
composites C1 and C2 showed improved mixing of
MnO, and MWCNT and significant reduction in
agglomeration and segregation of the individual
components (Supporting information, Figs. S5, 56).
The unique chemical structure (Fig. 1A) and redox
properties [35] of SSZ make this material a promising
additive for the fabrication of MnO,~MWCNT elec-
trodes with good dispersion and mixing of the indi-
vidual components and improved capacitive
behavior. SSZ is an anionic polyaromatic molecule,
containing a salicylate group. Previous investigations
[27] showed strong chelating bonding of salicylate
molecules to the surface of inorganic oxides. The
adsorbed salicylates provided dispersion of the par-
ticles in suspensions. Therefore, a similar mechanism

@ Springer



3690

A) OH
HO "

Figure 1 A Chemical structure of SSZ. B SSZ adsorption on
MnO,, involving complexation of Mn atom on the MnO, surface
with salicylate group of SSZ. C (a) suspension S1, (b) suspension
S2, (c) mixture of suspensions S1 and S2. D Adsorption of SSZ on
MnO, and MWCNT.

can result in SSZ adsorption on MnQO, particles
(Fig. 1B). We found that the adsorption of SSZ on
MnO, resulted in electrosteric dispersion and
allowed for the fabrication of stable suspensions
[Fig. 1C(a)]. The polyaromatic structure of SSZ makes
this material promising for electrosteric dispersion of
MWCNT. The adsorption of polyaromatic molecules
on MWCNT involves n-n interactions [27]. The
addition of SSZ to MWCNT allowed the formation of
stable suspensions [Fig. 1C(b)]. However, mixing of
the suspension S1 and S2 resulted in rapid precipi-
tation [Fig. 1C(c)]. It is suggested that adsorbed SSZ
created links (Fig. 1D) between the MnQO, particles
and MWCNT, because different groups of SSZ
showed specific adsorption on different materials.
The link formation resulted in improved mixing and
the formation of mixed agglomerates, which precip-
itated due to their larger size.

The FTIR spectrum Fig. 2a of the MnO, powder,
containing adsorbed SSZ, showed absorptions at
1631, 1531, and 1415 cm ™}, related to C-C stretching
vibrations of the aromatic rings of SSZ. The
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Figure 2 FTIR spectra of a MnO,, containing adsorbed SSZ;
b composite C1; ¢ MnO,, containing adsorbed DHB; d composite
C2.

absorption at 1340 cm™' resulted from C=O vibra-

tions of the carboxylic group of SSZ [36]. The FTIR
spectrum of the composite C1 Fig. 2b showed a broad
absorption at 1628 cm ™', attributed to C-C stretching
vibrations of aromatic rings of SSZ. The stretching
vibration of surface carboxyl groups of MWCNT
[36, 37] and C-O vibrations [38] of SSZ contributed to
absorption at 1385 and 1224 cm™', respectively. The
absorptions at 1121 and 1051 cm™' resulted from
bending C-H vibrations [38] of SSZ. Therefore, the
results of the FTIR studies confirmed that composite
C1 contained adsorbed SSZ.

Electrochemical testing results showed improved
capacitive behavior of the composite C1, compared to
the composite material, prepared without SSZ. The
comparison of the CVs at different scan rates, shown
in Fig. 3A, B revealed larger CV areas of the elec-
trodes, prepared using composite C1. The larger CV
areas indicated higher capacitance (Fig.3C). The
electrode, prepared using composite C1 showed a
capacitance of 4.5 F cm ™2 at a scan rate of 2 mV s .
The capacitance retention at a scan rate of 100 mV s~
was 36%. Figure 4A compares electrochemical
impedance data presented in the Nyquist plot. The
electrodes, prepared using composite C1, showed
significantly lower resistance R = Z’, compared to
the composite without dispersant. The lower Z” val-
ues for the composite C1 resulted from higher
capacitance. The frequency dependences of the
components of complex impedance (Fig. 4B, C)
showed a relaxation-type behavior [39], as indicated
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Figure 4 A Nyquist plot of complex impedance. B, C Frequency dependencies of B Cg and C C¢, calculated from the impedance data for
a MnO,~-MWCNT composite prepared without additives and b composite C1.

by the reduction of Cg with increasing frequency and
corresponding maximum in C¢. The composite C1
showed significantly higher Cj, compared to the
composite, prepared without dispersant. The low
frequency values of capacitance Cg of the composite
C1, obtained from the impedance data, are compa-
rable with Cg values derived from the CV data at low
scan rates. The higher capacitances, obtained from
the CV and impedance data and lower resistance, are
attributed to improved dispersion and mixing
achieved using SSZ. However, we cannot exclude a
possibility that redox behavior [35] of SSZ con-
tributed to enhanced capacitance of composite C1.
In this investigation, we have developed another
strategy for the fabrication of MnO,-MWCNT com-
posites with improved dispersion and mixing of
individual components. The approach is based on the
use of different dispersants for MnO, and MWCNT
with selective adsorption on the individual compo-
nents. A Schiff base linkage mechanism has been uti-
lized for the improved mixing of MnO, and MWCNT.
Previous investigation showed that organic dyes
such as pyrocatechol violet [40], crystal violet [41],

and other isostructural dyes [42, 43] exhibited strong
adsorption on MWCNT and allowed for efficient
dispersion. The chemical structure of the dyes was
beneficial for their adsorption on MWCNT. We found
that NF, which has a similar aromatic structure
(Fig. 5A), adsorbed on MWCNT and allowed for
good MWCNT dispersion.

It is known that stable Schiff bases are formed by
fuchsin reactions with aldehydes [44—46]. The fol-
lowing reaction [44] occurs in solutions of fuchsin (F-
NH,) and aldehyde (R-COH):

F-NH, + R—COH — F—N = CHR + H,O0. (3)

A Schiff base linkage mechanism has been utilized in
many investigations for the formation of aerogels
[47, 48], surface modification of materials [49, 50], and
other applications [44—46, 51]. Figure 5B shows a
chemical structure of an aldehyde-type DHB molecule,
which was selected in our investigation for the surface
modification of MnO,. The chemical structure of DHB
includes a catechol ligand, which is a powerful com-
plexing agent. Previous investigations [27] showed that
molecules from the catechol family strongly adsorbed
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Figure 5 A, B Chemical structures of A NF and A DHB; and C chemical reaction of NF, adsorbed on MWCNT and DHB, adsorbed on

Ml’lOz.

on the surface of oxide particles by creating catecholate-
type bonds with metal atoms on the particle surface.
Various molecules from the catechol family were used
as efficient dispersing agents for the dispersion of var-
ious materials [27]. The adsorbed molecules facilitated
charge transfer at the organic-inorganic interface [27].
MnO; particles were dispersed in water using DHB and
then mixed with MWCNT suspensions, containing NF
for the fabrication of composite C2 in the Schiff base
reaction (Fig. 5C).

The FTIR spectrum of the MnO, powder, contain-
ing adsorbed DHB (Fig. 2c), showed absorptions at
1630 and 1576 cm™!, attributed to C-C vibrations of
the aromatic ring [36] of DHB. The broad absorption
around 1384 cm™' resulted from the C-C vibrations
of the aromatic ring and C=0 vibrations of DHB [36].
C-H vibrations [38] of DHB contributed to absorption
at 1044 cm™". The FTIR spectrum of composite C2 is
presented in Fig. 2d. The absorptions at 1634, 1578,
and 1464 cm™' are attributed to C-C stretching
vibrations of aromatic rings [52] of the Schiff base.
Moreover, the -C=N- stretching vibrations [49] con-
tributed to the broad peak centered at 1634 cm™'. The
C-O vibrations [53, 54] contributed to the adsorption

@ Springer

at 1329 and 1277 cm™ . Bending C-H vibrations [38]
resulted in absorptions at 1178, 1125, and 977 cm
The FTIR results indicated that composite C2 con-
tained adsorbed Schiff base.

Figure 6 shows CV data at different scan rates and
capacitance versus scan rate dependence for the
composite C2. The CV data showed good capacitive
behavior in a voltage window of 0.9 V. The capaci-
tance at 2mV s~' was 44 F cm % The electrodes
showed a remarkable capacitance of 29 F cm™? at a
scan rate of 100 mV s~' and a capacitance retention
(Fig. 6) of 66%. The capacitance of electrodes usually
decreases with increasing scan rates due to poor
composite conductivity. The higher capacitance at
100 mV s~ and improved capacitance retention of
composite C2, compared to composite C1, resulted
from better dispersion and mixing of the individual
components. Moreover, composite C2 showed
(Fig. 7A) lower resistance R = Z', and the slope of the
Nyquist plot was close to 90°, indicating good
capacitive behavior. The relaxation-type dispersion of
the complex capacitance shifted to higher frequencies
(Fig. 7B, C) for composite C2, compared to composite
C1. This result is in agreement with CV data,
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Figure 7 A Nyquist plot of complex impedance. B, C Frequency dependencies of B Cg, C C¢, calculated from the impedance data for

composite C2.
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indicating better capacitance retention of the com-
posite C2 at high scan rates. The electrodes, con-
taining composite C2 as an active material, showed a
capacitance retention of 83% after 5000 cycles (Sup-
porting information, Fig.S57). The C2 electrodes with
active mass of 30 mg cm 2, prepared using Schiff
base linkage mechanism, showed significantly higher
areal capacitance at 100 mV s~!, compared to the
electrodes with mass loadings of 40 mg cm™2, pre-
pared using co-dispersants for MnO, and MWCNT

[6] and by the electrostatic heterocoagulation method
[36].

The composite C2 electrodes were combined with
the AC-CB electrode for the fabrication of asym-
metric devices. The obtained cells showed nearly box
shape CVs (Fig. 8A) in a voltage window of 1.6 V.
The box shape CVs and increase in current with
increasing scan rate indicated good capacitive
behavior. The asymmetric device with total active
mass of positive and negative electrodes of 152 mg

@ Springer



Figure 9 A Charge- (A) 18 B)
discharge behavior at currents 1.6} a b c 3.5¢
of a 30, b 10, ¢ 5 mA. 14} 3.0
B Capacitance versus o 12f & 25|
discharge current for an 3 10} 8
asymmetric device, containing %0 0sl E 2.0p
composite C2 as a positive E 06l 'g 1.5}
electrode and AC-CB as a 04l 5“ Lol
negative electrode. ozl
. 0.5
0.0 . . . . 00 . . . . .
0 500 1000 1500 2000 0 10 20 30 40 50

Time (s)

showed (Fig. 8B) a capacitance of 2.59 F at a scan rate
of 2mV s™! and capacitance retention of 43% at a
scan rate of 100 mV s~ '. The galvanostatic charge—
discharge curves (Fig. 9A) were of symmetric trian-
gular shape in a voltage window of 1.6 V. The
capacitance, calculated from the discharge data
(Fig. 9B), decreased from 3.43 to 2.31 F with increas-
ing discharge current from 3 to 50 mA.

Conclusions

Two strategies have been developed for the fabrica-
tion of MnO,~MWCNT electrodes, based on the use
of advanced dispersants, which allowed for
improved mixing of the individual components. The
salicylate and catechol groups of the dispersants
allowed for their strong adsorption on MnO, by
creation of chelating bonds with Mn atoms on the
particle surface. The n—n interactions governed the
dispersant adsorption on MWCNT. The SSZ disper-
sant, used for the fabrication of composite CI,
allowed for improved mixing by creating links
between MnO, and MWCNT. In another strategy, the
Schiff base linkage mechanism allowed for improved
mixing of the components in the composite C2.
Electrochemical testing results showed improved
performance of composites C1 and C2, compared to
the composites prepared without dispersants. Good
electrochemical performance was achieved at a high
active mass loading, which was of 30 mg cam 2.
Composites C1 and C2 showed capacitances of 4.5
and 44 F cm™?, respectively, at a scan rate of
2 mV s~'. However, composite C2 showed a higher
capacitance retention at high scan rates, which was
found to be 66% at a scan rate of 100 mV s~ '. The
asymmetric devices, prepared using composite C2
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showed promising performance in a voltage window
of 1.6 V.
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