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ABSTRACT: Polypyrrole-coated multiwalled carbon nano- o s Green Technology Inside
tubes (PPy-MWCNT) were used for the fabrication of activated w o

carbon-coated MWCNT doped with nitrogen (N-AC- W .
MWCNT). The conceptually new method for the fabrication T L=
of non-agglomerated PPy-MWCNT with good coating ' -
uniformity allowed the fabrication of uniform and well-
dispersed N-AC-MWCNT with high surface area. The use of
N-AC-MWCNT allowed the fabrication of supercapacitor
electrodes with high mass loading in the range of 15—35 mg
cm™ and with a high active material to current collector mass
ratio of 0.21—0.50. The N-AC-MWCNT electrodes showed
excellent electrochemical performance in aqueous 0.5 M
Na,SO, electrolyte. The maximum specific capacitance of 3.6
F cm™ (103.1 F g™') was achieved for mass loading of 35 mg
cm™? at a scan rate of 2 mV s™'. The aqueous supercapacitor cells, based on N-AC-MWCNT electrodes, exhibited excellent
performance with energy density of 16.1 mWh g™', power density of 14.4 W g™', and enlarged voltage window of 1.8 V. The
individual electrodes and cells showed good capacitance retention at high charge—discharge rates and good cycling stability.
Moreover, the N-AC-MWCNT electrodes showed promising performance for capacitive deionization of water. The feasibility of
capacitive removal of organic dyes from aqueous solutions has been demonstrated. A quartz crystal microbalance method was
used as a tool for the analysis of electrosorption and electrodesorption of ions and charged dyes during charge and discharge.
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H INTRODUCTION desalination technology,14 which involves the use of electric
double-layer capacitors.">'>™'® It was demonstrated that high

Carbon materials, such as carbon nanotubes, graphene, and S ) ; -
deionization efficiency can be achieved using porous carbon

activated carbon, are currently under intensive investigi{ations for
energy storage in electrochemical supercapacitors. > Many
studies were focused on the development of materials and
composites with high capacitance, large voltage windows, low
impedance, and good cycling stability.*> Considerable attention
has been given to the development of efficient electrodes with
high mass loading of active materials and high active material to
current collector mass ratios.®

Carbon-based supercapacitors, containing organic electro-
Iytes, offer the advantage of large voltage windows, which allows
high energy density.” However, some organic electrolytes are
relatively expensive, toxic, and flammable. Moreover, carbon
electrodes showed reduced capacitance and increased impe-
dance in organic electrolytes. On the basis of this consideration,
many efforts have been made to increase the voltage window of
carbon-based supercapacitors using environmentally friendly,
cost-effective, and safe aqueous electrolytes.””

A new wave of interest in the development of aqueous

electrodes with high specific capacitance. Significant interest has
been generated in the use of carbon nanotube electrodes for
ion-selective deionizaton.'”*°

The use of carbon nanotubes®** as an electrode material
offers the advantages of high electronic conductivity and good
capacitance retention at high charge—discharge rates. However,
the specific capacitance of carbon nanotubes is lower than that
of activated carbon. The interest in activated carbon
materials®>™> is attributed to their high surface area, which
allows high specific capacitance. However, the electronic
conductivity of activated carbon is lower than that of carbon
nanotubes. The specific capacitance of activated carbon
decreased with increasing mass loading due to low electronic
conductivity. The problem was addressed by the development
of composites,****” containing activated carbon and con-
ductive additives, such as carbon nanotubes. These studies
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Scheme 1. Schematic Illustration of the Fabrication Method of N-AC-MWCNT
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highlighted the importance of the optimization of the
conductive additives content in the composites, good
dispersion of the additives, and reduction of interface
resistance.

Recent investigations showed that the capacitive behavior of
carbon materials can be improved using various dopants, such
as N and S.** 7 It was found that the use of dopants resulted
in higher electronic conductivity, improved wettability of the
active materials by the electrolytes, and enhanced capacitance,
attributed to the contribution of redox reactions™ of the surface
functional groups. Impressive progress’' " has been made in
the development of doped carbons with controlled porosity and
the investigation of the charge—discharge mechanism.

Significant interest has been generated in the use of N-
enriched polymers as precursors for the fabrication of N-doped
carbon materials by polymer carbonization methods. The use of
N-enriched polymers allows the fabrication of advanced carbon
materials with controlled N content. In contrast, carbon
materials, produced from some natural precursors, suffer from
the variation of their properties,® which is detrimental for
practical applications in supercapacitors. Polypyrrole and
polyaniline are important conductive Eolymer materials for
the fabrication of N-doped carbons.**™>” The use of polymers
allowed the fabrication of activated carbon materials with
ultrahigh specific surface area.’® Investigations were also
focused on the development of doped carbon nanotubes,
nanowires, and nanosheets from polymer precursors.**~*!

In the previous investigations,*” a conceptually new approach
has been developed for the fabrication of polypyrrole-coated
multiwalled carbon nanotubes (PPy-MWCNT). The method
allowed the fabrication of well-dispersed and uniformly coated
MWCNT. The new approach paves the way for the fabrication
of nitrogen-doped activated carbon-coated MWCNT (N-AC-
MWCNT) with high surface area for application in efficient
electrochemical devices.

The goal of this investigation was the fabrication of
supercapacitor devices based on N-AC-MWCNT. The results
presented below indicated that carbonization of PPy coatings
and chemical activation allowed the fabrication of well-
dispersed N-AC-MWCNT with high surface area. The use of
MWCNT allowed good electronic conductivity and improved
charge transfer. The important finding was the possibility of
fabrication of electrodes with high capacitance at high mass
loading, good capacitance retention at high scan rates, and good
cyclic stability. The method allowed the fabrication of efficient
electrochemical devices for energy storage with a voltage
window of 1.8 V in an aqueous 0.5 M Na,SO, electrolyte.
Moreover, testing results indicated that N-AC-MWCNT are
promising materials for CDI and capacitive dye removal (CDR)
technologies. Compared to other dgre removal technologies,
such as photocatalytic degradation,™ * catalytic oxidation,*®
and adsorption,"””** CDR offers the advantage of simple
regeneration of the active material and high efliciency.
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B EXPERIMENTAL PROCEDURES

Materials. Ponceau S (PS), cetrimonium bromide (CTAB),
ammonium persulfate ((NH,),S,05), pyrrole (Py), potassium
hydroxide (KOH), methyl blue (MB) dye, polyvinyl butyral (PVB),
and polyvinylidene fluoride (PVDF) were obtained from Sigma-
Aldrich. Py was stored in a refrigerator at 4 °C before the use.
MWCNT were obtained from Arkema. Ni foam (95% porosity) was
supplied by Vale.

Synthesis of PPy-Coated MWCNT. PPy-MWCNT were
fabricated using oxidant—surfactant nanocrystals (Scheme 1), prepared
by a chemical reaction between CTAB and ((NH,),S,05 according to
our previous study.*” In a typical process, 0.3 g of MWCNT and 4.77 g
of (CTA),S,04 were mixed in 200 mL of deionized water and
ultrasonicated for 1 h. The suspension was cooled to 4 °C, and then
200 mL of a solution containing 0.05 mol L™" of Py and 0.015 mol L™"
PS was added. The reaction was performed at 4 °C for 20 h. Obtained
material was washed with deionized water and dried at 70 °C in air.

Fabrication of Doped Carbon-Coated MWCNT. N-AC-
MWCNT were prepared from PPy-MWCNT by a procedure (Scheme
1) that involved carbonization and chemical activation. Briefly, 2 g of
PPy-MWCNT were dispersed in 50 mL of 4 mol L™ KOH. The
sedimentation tests showed good dispersibility of PPy-MWCNT in the
KOH solution. The suspension was stable for more than one month.
The prepared suspension was further stirred at 80 °C and dried. The
obtained powder was carbonized in a tubular furnace under a nitrogen
atmosphere at 700 °C for 2 h and then cooled to room temperature.
The carbonized material was washed with 1 M HCI solution and then
with deionized water until the filtrate became neutral. Obtained N-AC-
MWCNT were dried in a vacuum oven at 90 °C overnight. For
comparison, PPy-MWCNT were carbonized without KOH activation
using a similar procedure to form N-doped carbon-coated MWCNT
(N-C-MWCNT).

Fabrication of Electrodes and Cells. Supercapacitor electrodes
were prepared by impregnation of Ni foam current collectors using
suspensions of N-AC-MWCNT, N-C-MWCNT, and MWCNT in
ethanol, containing 3 mass% of PVB binder. The active mass loading
was varied in the range of 10—35 mg cm™. Two electrodes, separated
by a porous membrane, were combined for the fabrication of coin cells
(CR2032 type, MTI Corporation, U.S.A.), which were sealed using a
hydraulic crimping machine (MSK-110, MTI Corporation, U.S.A.).

Characterization Methods. Electron microscopy investigations
were performed using a transmission electron microscope (TEM,
JEOL 2010F). X-ray photoelectron spectra (XPS) were recorded using
a Physical Electronics (PHI) Quantera II spectrometer.

Electrochemical studies of individual electrodes in a three-electrode
configuration and coin cells in a symmetrical two-electrode
configuration were conducted using a potentiostat (PARSTAT 2273,
Princeton Applied Research). The area of the individual working
electrode was 1 cm® The counter electrode was platinum gauze, and
the reference electrode was a standard calomel electrode (SCE).
Capacitive behavior and electrochemical impedance of the electrodes
were investigated in a neutral 0.5 M Na,SO, aqueous electrolyte in a
purified nitrogen gas atmosphere. Cyclic voltammetry (CV) studies
were performed at scan rates of 2—200 mV s™'. The capacitances of
electrodes and cells C = Q/AV were calculated using half the
integrated area of the CV curve to obtain the charge (Q) and
subsequently dividing the charge by the width of the potential window
(AV). The mass and area normalized capacitances, C,, = C/m (m,
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Figure 1. (AB) TEM and (C) HRTEM images for (A) PPy-MWCNT and (B,C) N-AC-MWCNT.

Table 1. BET Surface Area, Total Porosity Volume (V,.,), Microporosity (diameter <2 nm), Volume (V,;;,,), Average Pore

Diameter, and Density of Investigated Materials

BET surface area (m” g™') Vi (em® g7")

pristine MWCNT 325.48 0.24
N-C-MWCNT 489.39 0.37
N-AC-MWCNT 1889.12 1.72

Viniero (cm® g7) average pore diameter (nm) density (g cm™)

0.09 5.32 0.72
0.11 6.23 0.68
0.61 3.78 0.24

active mass of electrode), C, = C/S (S, electrode area) of individual
electrodes, and C, = C./2m, C = C./S of coin cells were analyzed.
The alternating current (AC) complex impedance Z* = Z' — iZ" was
analyzed in the frequency range from 10 mHz to 100 kHz at the
amplitude of the AC signal of 5 mV. The complex capacitance® C* =
C’ — iC" was calculated from the impedance dataas C' = Z"/ wl|Z* and
C" = Z'/olZI*, where @ = 2xf, and f is the frequency. Charge—
discharge behavior of the coin cells was investigated using a battery
analyzer (BST8, MTI Corporation, U.S.A.).

Quartz crystal microbalance studies were performed using a
microbalance (QCM 922, Princeton Applied Research) controlled
by a computer. The mass changes of the quartz resonators were
calculated using Sauerbrey’s equation.*”*® The electrochemical cell
contained a Au-coated 9-MHz quartz resonator with an area of 0.2 cm?
and a Pt counter electrode. The quartz resonators were coated using 1
UL of suspension, containing 20 mg of N-AC-MWCNT and 5% PVDF
binder, dissolved in 1 mL of N-methylpyrrolidone. The suspension was
cast on a resonator and dried in oven. The QCM studies were
performed in the pulse mode, using positive and negative pulses with a
constant voltage of 0.5 V.

B RESULTS AND DISCUSSION

Figure 1 shows TEM images of PPy-MWCNT and N-AC-
MWCNT. The use of non-agglomerated MWCNT, uniformly
coated with PPy (Figure 1A), allowed the fabrication of non-
agglomerated N-AC-MWCNT (Figure 1B). The analysis of
HRTEM images (Figure 1C) showed that coating thickness
was in the range of 12—1S nm. It was found (Figure S,
Supporting Information, Table 1) that specific surface area
increased in the order of 325.5 (MWCNT), 489.4 (N-C-
MWCNT), and 1889.1 m* g~' (N-AC-MWCNT). The average
pore diameter changed in the order of 5.32 (MWCNT),
6.23(N-C-MWCNT), and 3.78 nm (N-AC-MWCNT).

The XPS survey spectra of MWCNT and N-AC-MWCNT
are shown in Figure 2A. The spectrum of N-AC-MWCNT
revealed a N 1s peak. A weak S 1s peak in the spectrum of N-
AC-MWCNT was observed due to the use of S-containing PS
dye as an anionic dopant for PPy polymerization. The XPS data
on chemical composition data are shown in Table S1 of the
Supporting Information. The oxygen, nitrogen, and sulfur
contents in N-AC-MWCNT were 7.89, 6.71, and 2.28 wt %,
respectively. The high-resolution N 1s spectrum (Figure 2B)
can be deconvoluted into three peaks located at 400.9, 399.8,
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Figure 2. (A) Survey XPS spectra for (a) pristine MWCNT and (b)
N-AC-MWCNT. (B) High-resolution XPS spectra for N 1s of N-AC-
MWCNT, showing contributions of nitrogen-containing functional

groups: NS (pyrrole), N6 (pyridine), and N-Q_(quaternary).

and 398.2 eV, which are attributed to quaternary (N-Q),
pyrrolic (N-5), and pyridinic nitrogen (N-6) groups (Figure S2,
Supporting Information), respectively.”" It is known that the N-
Q and N-6 groups have a stronger donor electron character,
thus improving the electron transfer in supercapacitor electro-
des at high current loads.* In addition, N-Q and N-5 nitrogens
located at the edges of graphene layers enhanced the
pseudocapacitance effect, wettability, and hydrophilicity of the
electrode.® The analysis of XPS data revealed oxygen-
containing groups (Figure S3, Supporting Information). The
XRD and Raman spectroscopy data (Figures S4 and SS,
Supporting Information) showed that N-AC-MWCNT have a
low degree of graphitization. Sedimentation tests in the 0.5 M
Na,SO, aqueous electrolyte revealed significant improvement

dx.doi.org/10.1021/5c500118r | ACS Sustainable Chem. Eng. 2014, 2, 1289—1298
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Figure 3. (A) CVs at a scan rate of S mV s~ for (a) pristine MWCNT, (b) N-C-MWCNT, and (c) N-AC-MWCNT. (B) CVs for N-AC-MWCNT
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A

. 2 — 130
s = _ 0.9 “ummn—, 160 _ 0.4t .a _
= ] E o 4 =a -~ ¥ Fo o
Q 5l 52 Sl iy 4 = =02 A ac =
- 0 d aC TE o= A 110 =
< 0 1 = 031 120 Ot 8
N 7' (Ohm) ) o
ol ma eb ac 0.0t Jo 0.0t 1o
0 20 40 60 80 107 10" 10° 10' 10> 10° 10° 10" 10° 10" 10° 10°
Z' (Ohm) Frequency (Hz) Frequency (Hz)

Figure 4. (A) Nyquist plot of complex impedance; inset shows high frequency range. (B) C,’ and C,,’ and (C) C,” and C,,” calculated from the
impedance data versus frequency for (a) pristine MWCNT, (b) N-C-MWCNT, and (c) N-AC-MWCNT. All electrodes have mass loadings of 15

mg cm™2

of the wetting behavior of N-AC-MWCNT compared to
MWCNT (Figure S6, Supporting Information).

Figure 3A compares CVs for MWCNT, N-C-MWCNT, and
N-AC-MWCNT electrodes in a three electrode cell. The
electrodes showed nearly box-shaped CVs in an aqueous 0.5 M
Na,SO, electrolyte in a voltage window from —1.0 to +0.8 V
versus SCE. It is important to note that cell voltage in aqueous
electrolytes is usually limited by the potential window of water
decomposition (1.2 V).>* However, voltage windows of 1.7—
1.8 V in aqueous Na,SO, electrolytes were reported for single
activated carbon electrodes.’”* It is known that the enlarged
voltage window of porous carbon in a neutral Na,SO,
electrolyte is attributed to the high overpotential for
dihydrogen evolution.”™ The box-shaped CVs obtained in
different voltage windows (Figure 3B) indicated a possibility of
the fabrication of a supercapacitor device, containing two N-
AC-MWCNT electrodes. The increase in the scan rate resulted
in increasing current (Figure 3C), indicating good capacitive
behavior in a voltage window of 1.8 V. Figure 3D compares
capacitance versus scan rate dependencies for MWCNT, N-C-
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MWCNT, and N-AC-MWCNT electrodes with active mass
loading of 15 mg cm™ The N-AC-MWCNT electrodes
showed significantly higher capacitance compared to MWCNT
and N-C-MWCNT electrodes (Figure 3, Figure S7, Supporting
Information). The difference was especially evident (Figure
3D) at scan rates above 50 mV s”!, where N-AC-MWCNT
electrodes showed significant improvement in capacitance
retention. The N-AC-MWCNT electrodes showed C,, values
of 105.4 and 70.5 F g™' at scan rates of 2 and 200 mV s/,
respectively. The relatively high capacitance of N-C-MWCNT
at low scan rates is in agreement with the literature data,
discussed above, which indicated that N- and S-doped carbon
materials show improved capacitive behavior. The higher
capacitance N-AC-MWCNT, compared to N-C-MWCNT,
can be attributed to significantly higher surface area and better
utilization of the N-doped material. The volumetric capaci-
tances were found to be 34.3 and 205.8 F cm™> for MWCNT
and AC, respectively.

Figure 4 compares impedance spectroscopy data for
MWCNT, N-C-MWCNT, and N-AC-MWCNT electrodes

dx.doi.org/10.1021/5c500118r | ACS Sustainable Chem. Eng. 2014, 2, 1289—1298
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Figure 5. (A) Capacitance retention versus cycle number; inset shows corresponding CVs at 100 mV s™". (B) Nyquist plot of complex impedance;

inset shows high frequency range. (C) C,’ and C,

1000th cycles for 20 mg cm™ electrodes, prepared from N-AC-MWCNT.

"and (D) C,” and C,," versus frequency after (a) Ist, (b) 250th, (c) S00th, (d) 750th, and (e)

with active mass loadings of 15 mg cm™ The experimental
data presented in the Nyquist plot (Figure 4A) showed
relatively low resistance R = Z'. The large slope of the Z” versus
Z' curves indicated good capacitive behavior. The analysis of
capacitive behavior (Figure 4B,C) showed higher capacitance of
N-AC-MWCNT compared to that of MWCNT and N-C-
MWCNT. It was found that C' of N-AC-MWCNT was
practically frequency independent below 0.7 Hz (Figure 4B). At
higher frequencies, a relaxation type of dis.persions‘*’55 was
observed, as indicated by rapid decrease in C’" with frequency in
the range of 0.7—190 Hz (Figure 4B) and corresponding
maximum in the frequency dependence of C” at 2.1 Hz (Figure
4C). The N-AC-MWCNT showed a relaxation type frequency
dispersion of capacitance at much higher frequencies compared
to MWCNT and N-C-MWCNT. This indicates improved
capacitance retention at high charge—discharge rates in
agreement with the results of cyclic voltammetry (Figure 3
and Figure S7, Supporting Information). The improved
capacitance behavior of N-AC-MWCNT can be attributed to
larger surface area (Figure S1, Supporting Information, Table
1) and better wetting of N-AC-MWCNT by the electrolyte
(Figure S6, Supporting Information). It is known that
wettability is an important factor, controlling electrochemical
performance of carbon electrodes,*®*” which allows higher
capacitance values.

As pointed out above, the fabrication of efficient super-
capacitor devices requires good capacitive behavior of electrode
materials at high mass loading and high electrode material to
current collector mass ratios. Recent reviews’*>**” indicated
that capacitance of carbon electrodes for aqueous capacitors is
typically reported as a mass normalized capacitance (C,) in
KOH or H,SO, electrolytes. However, low materials loading
can result in low area normalized capac1tance (C ) at the
leve***® of 5—15 uF cm™. It was pointed out®” that many
investigations were limited to relatively low mass loadings. The
analysis of C, data®* showed that limited electrolyte access to
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the bulk of thick layers of active material resulted in poor
capacitive behavior. Such a bulk layer behaved as a capacitor
with low capacitance, connected in series with a capacitive
surface layer, and reduced the total capacitance of the electrode.
It was shown that high C,, values at low mass loadings do not
necessarily indicate good capacitive behavior. It is challenging>’
to achieve good electrochemical performance at materials
loading of 10—20 mg cm™?, which is desired for many
commercial devices. It is important to note that many
investigations of supercapacitor materials involved the
fabrication and testing of thin films with mass loadings of
0.005—1 mg cm > Such films, deposited on 0.1 mm stainless
steel current collectors, have active material to current collector
mass ratios in the range from 6.3 X 107> to 1.3x 1072 In
contrast, in our investigations, the active material loading was in
the range of 15—35 mg cm ™2, and the active material to current
collector mass ratio was in the range of 0.21—0.50. The analysis
of experimental data for materials loadings in the range of 15—
35 mg cm ™~ showed very small variations in CV shapes and C,,
at low scan rates (Figure S8A,B, Supporting Information). As a
result, C, increased in the range of 1.6—3.6 F cm™> with
increasing mass loading (Figure S8C, Supporting Information).
The corresponding values of C, and volume normalized
capacitance were 105.4—103.1 F ¢! and 38.1-85.7 F cm ™,
respectively. However, the increase in mass loading resulted in
reduced C,, retention at high scan rates, which was especially
evident for material loadings above 25 mg cm™ The C,
retention at a scan rate of 200 mV s™* was 66.8, 58.7, and 46.0%
for material loadings of 15, 25, and 35 mg cm™?, respectively.
The corresponding impedance spectroscopy data showed
relatively low resistance R = Z' (Figure S8D, Supporting
Information). The increase in mass loading resulted in
increasing C, at low frequencies (Figure S8E, Supporting
Information) and the shift of the capacitance dispersion to
lower frequencies (Figure S8E,F, Supporting Information). The
C,’" maxima were observed at frequencies of 2.0, 0.9, and 0.2

dx.doi.org/10.1021/5c500118r | ACS Sustainable Chem. Eng. 2014, 2, 1289—1298



ACS Sustainable Chemistry & Engineering

Research Article

e

004 | [ 2.0
' o~
g { RE
20'02 | = 1.0
-
£0.00 g0s
- T -
:5 5.0 6\ 0.0
o 0.0 1.8 & 0.
0.5 X
P 107s 1.6 &
o . <
leng;,,” 20 14 ¢
1a) v Q\@%
<

110

O — O ./'

1100

Coulombic efficiency (%)

\ 190
| -0 —
180
; ; : 170
1.4 1.6 1.8 2.0
Voltage window (V)

Figure 6. Capacitive behavior for a symmetric cell, containing two N-AC-MWCNT electrodes: (A) CVs at scan rate of 5 mV s™' for different
potential windows, (B) charge—discharge curves at a current of 4 mA cm™ for different potential windows, and (C) C,, calculated from charge—
discharge curves and Columbic efficiency versus width of the potential window. The mass loadings of individual electrodes is 15 mg cm™.

A

g 100} 15
13} ".‘E
<
E O 10>
s S
5 S
£-100¢ 050
=
Q

200 T i
0.0 04 08 12 1.6 2.0 0 20 40 60 80,100
C Potential (V) D Scan rate (mV s™)
2.0 T 71.2
—a—d| 40}

~ 15} —b——c¢ -
% —c—f |Te030} '&L\"\¢\¢____ {0.8'E
5o 1.0} - N
8 £l 20t =
= L o ] @«
205 ) 1ol 04, °

0.0
o o g
00 05 10 15 2.0 25 0 2 4 6 8 i 10
Time (h) Current (mA cm )

Figure 7. Capacitive behavior of a symmetric cell, containing two N-AC-MWCNT electrodes: (A) CVs at scan rates of (a) 2, (b) S, (c) 10, (d) 20,
(e) 50, and (f) 100 mV s™". (B) C,, and C calculated from CVs versus scan rate. (C) Charge—discharge curves at currents of (a) 0.5, (b) 0.75, (c)
1, (d) 2, (e) 4, (f) 6, and (g) 10 mA cm™ (D) C, and C, calculated from the charge—discharge curves versus current. The mass loading of
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Hz for mass loadings of 15, 25, and 35 mg cm™?, respectively
(Figure S8F, Supporting Information).

The analysis of cyclic stability of individual electrodes in the
voltage window of 1.8 V showed that capacitance retention was
about 98.0% after 1000 cycles (Figure S). The analysis of CVs
and impedance spectroscopy data did not show significant
changes in the CV shape and impedance during cycling. The
frequency dependence of AC capacitance remained practically
unchanged during cycling (Figure SC,D).

The individual N-AC-MWCNT electrodes were combined
for the fabrication of two-electrode cells. Figure 6(A,B)
compares the CV and chronopotentiometry data for super-
capacitor cells in different voltage windows. The CV shapes
deviated significantly from the ideal box shape for cell voltages
above 1.8 V (Figure 6A). The corresponding charge—discharge
curves become essentially nonlinear above 1.8 V (Figure 6B).
The capacitance C, increased with increasing cell voltage and
showed a maximum at 1.9 V (Figure 6C). The Coulombic
efficiency showed very small changes at cell voltages in the
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range of 1.4—1.8 V and decreased significantly for higher cell
voltages. The decrease in the Coulombic efficiency was
attributed to electrochemical decomposition of water. There-
fore, the cell voltage of 1.8 V was chosen for further
investigation of the electrochemical performance of the
supercapacitor device.

Figure 7 shows cell testing results for the optimized voltage
window of 1.8 V. The cell capacitances C_, and C, calculated
from the CV data (Figure 7A) decreased from 50.9 to 25.9 F
g™ and from 1.54 to 0.77 F cm™* (Figure 7B), respectively,
with increasing scan rate from 2 to 100 mV s™'. The cell
capacitances, C, and C, calculated from the chronopotenti-
ometry data (Figure 7C) decreased from 36.6 to 27.6 F g™ and
1.0 to 0.76 F cm™ (Figure 7D), respectively, with increasing
current from 1 to 10 mA cm™> The Ragone plot presented in
Figure 8A indicates that energy density of 16.1 mWh g' and
power density of 144 W g~' were achieved. The insets in
Figure 8A show coin cells and LED bulbs powered by the coin
cells. The analysis of cycling behavior of the cells showed a
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Figure 8. (A) Ragone plot for a coin cell, containing two activated
carbon-coated MWCNT electrodes; insets show the coin cells and the
light emitting diodes powered by coin cells. (B) Capacitance retention
of a coin cell versus cycle number; inset shows the initial and final
charge—discharge curves in the cycle performance test.

8.1% decrease in the capacitance after 1000 cycles, and then a
relatively small decrease in the capacitance was observed
(Figure 8B). The capacitance retention after S000 cycles was
89.5%. The charge—discharge curves were linear and indicated
good capacitive behavior (Figure 8B, inset). Impedance studies
showed relatively low impedance of the cells (Figure S9,
Supporting Information).

The investigation of the self-discharge behavior of the coin
cells showed (Figure S10, Supporting Information) an initial
voltage drop during 1 h, and then the voltage was nearly
constant at the level of 1.2 V during the next 9 h. The N-AC-
MWCNT electrodes were also investigated for CDI applica-
tions. The ionic fluxes in the N-AC-MWCNT electrodes were
analyzed using QCM at reverse pulse conditions (Figure S11,
Supporting Information). The investigation of cells, containing
a 0.05 M Na,SO, electrolyte (Figure 9A), showed that the
application of negative voltage pulses resulted in increasing
electrode mass. The increase in the electrode mass resulted
from the insertion of Na® ions into the N-AC-MWCNT
material. The application of the positive current pulses resulted
in the mass loss, related to electromigration of Na* in the
opposite direction. Literature data®® on QCM analysis of
porous electrode materials in periodic electric fields revealed
periodic mass gains related to insertion of both cations and
anions. However, the QCM studies®® of CNT electrodes in
neutral aqueous solutions showed that a mass gain was
observed only when the potential was scanned in the negative
direction. Such behavior indicated significant contribution of
the cationic transport. Investigations®> °' demonstrated that
relative contributions of cationic and anionic transport to the
mass changes of a QCM resonator depend on the relative size
of cations and anions and point of zero charge of the electrode
material. It was demonstrated that negatively charged carbon
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Figure 9. QCM data for mass variation of N-AC-MWCNT-coated
resonators during periodic positive and negative pulses with durations
of 60 s in (A) 0.05 M Na,SO, and (B) 0.001 M MB dye solutions.

nanotubes in aqueous solutions promoted cationic transport.sg
As a result, QCM studies revealed a mass gain only for the
negative scans.”” A similar mechanism can explain the QCM
data for N-AC-MWCNT-coated resonators in Na,SO,
solutions. The analysis of QCM data for MWCNT-coated
resonators showed a similar behavior (Figure S12A, Supporting
Information). However, the mass gain for MWCNT was
significantly lower compared to that for N-AC-MWCNT. The
difference can be attributed to the lower surface area of
MWCNT.

The investigations performed in 0.05 M NaCl solutions
showed periodic mass gains during negative and positive pulses,
corresponding to adsorptions of Na* and Cl™ ions, respectively
(Figure S13, Supporting Information). The difference in the
QCM data for Na,SO, and NaCl solutions indicated that ionic
size and charge affect the electrosorption behavior in agreement
with the data of other investigations.>***~%>

QCM studies showed periodic mass gains during positive
pulses for N-AC-MWCNT-coated resonators in the 0.001 M
MB dye solutions (Figure 9B). Such mass gains resulted from
the insertion of the anionic MB dye into the porous N-AC-
MWCNT electrodes. Therefore, the N-AC-MWCNT electro-
des can be used for CDR from the dye solutions. In contrast,
very small variations in the electrode mass were observed for
the MWCNT electrodes (Figure S12B, Supporting Informa-
tion). The mass variations for MB dye solutions were smaller
compared to the mass variations obtained for Na,SO, solutions
(Figure 9). The difference can be attributed to larger mass and
lower mobility of the MB dyes.

It is important to note that organic dyes are used for many
commercial applications.®> The removal of dyes from the waste
solutions is important from the environmental viewpoint
because most of the dyes are toxic, mutagenic, and
carcinogenic.”* MB dye was used as a model adsorbate®™%
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in order to analyze the efficiency of various adsorbents. It was
found that activated carbons are important adsorbents for MB
removal.®*® The results of our investigation indicated that N-
AC-MWCNT is a promising electrode material for MB removal
by the CDR method. The use of CDR offers the advantages of
high efficiency, energy savings, reversibility, and simple
regeneration of the active material.

In the previous studies of electrodes for CDI technology, the
ion removal from the solutions was analyzed on the basis of
measurements of the electrical conductivity of the solu-
tions, !0 113157171962 The QCM method used in this
investigation addresses the need for in situ analysis of ionic
fluxes of charged species in porous electrodes during charge
and discharge. The results of our investigation showed that
QCM can be used for the investigation of electrosorption and
electrodesorption of ions and charged dyes. This method has a
high potential for the development of CDI and CDR
technologies.

B CONCLUSIONS

A new method has been developed for the fabrication of well-
dispersed N-AC-MWCNT with high surface area for
application in electrodes of electrochemical supercapacitors.
The method allowed the fabrication of electrodes with active
high mass loading in the range of 15—35 mg cm™> and with a
high active material to current collector mass ratio in the range
of 0.21—0.50. The highest capacitance of 3.6 F cm™ was
achieved in a voltage window of 1.8 V in an aqueous Na,SO,
electrolyte. The supercapacitor cells, based on N-AC-MWCNT
electrodes, exhibited excellent performance with energy density
of 16.1 mWh g™' and power density of 14.4 W g™" in a voltage
window of 1.8 V. The individual electrodes and cells showed
good capacitance retention at high charge—discharge rates and
good cycling stability. The N-AC-MWCNT electrodes showed
promising performance for CDI and CDR applications. The
QCM method can be used as an efficient tool for the
development of electrodes for CDI and CDR technologies.
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