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Carbon nanotubes are widely employed as catalyst supports and electrode materials.
In our earlier studies, capacitance characteristics of carbon nanotubes (CNTs)
and nitrogen-doped carbon nanotubes (N-CNTs) were measured. Voltammetric
curves obtained for nitrogen-doped nanotubes in an acid electrolyte showed

pseudocapacitance peaks that were caused by electrochemical processes involving
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nitrogen-containing functional groups. In this study, measurements were made in a
two-electrode cell of a supercapacitor with a hydrophilic polypropylene PORP-A1

film serving as a separator in alkaline (6 M KOH solution) and acid (1 M H,SO,
solution) electrolytes using a PARSTAT 4000 potentiostat/galvanostat. A technique
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was developed to estimate the contribution of electrical double layer (EDL) by
subtracting pseudocapacitance from total capacitance of a cell using the Origin
9 software. The contribution of EDL and pseudocapacitance to the capacitance
of supercapacitor cells was estimated. The highest capacitance of an electrode
material equal to 97.2 F/g (including the EDL capacitance of 65 F/g) was reached
for nanotubes doped with 8.5% of nitrogen in an acid electrolyte at a potential
scanning rate of 10 mV/s.

1. Introduction

Carbon nanotubes (CNTs) are promising mate-
rials for a wide application in flexible electronics,
nanoelectronics and devices for energy conversion
and storage. This is related to unique physicochem-
ical properties of CNTs: high mobility of charge
carriers, high thermal and electric conductivity,
high specific surface area, mechanical strength and
flexibility combined with chemical stability [1-8].
Nitrogen doping affects the mechanical, optical,
electrical and adsorption properties of nanotubes,
thus substantially extending the field of their appli-
cation [7-13].

One of the most topical and promising applica-
tion fields of carbon nanotubes is the development
of electrode materials for supercapacitors (SC).
When nanotubes are used as an electrode materi-
al, charge accumulation occurs due to formation of
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electrical double layer at the electrode/electrolyte
interface and due to pseudocapacitance. Pseudoca-
pacitance may be caused by the presence of oxy-
gen- or nitrogen-containing groups and admixtures
of catalysts — compounds of transition metals (Fe,
Co, Ni, Cu, etc.) on the surface of nanotubes acces-
sible to electrolyte ions.

In the case of nitrogen doping of nanotubes, it
is very important to estimate the contribution of ni-
trogen to EDL capacitance and pseudocapacitance.

A technique has been developed for estimating
the contribution of EDL to the total capacitance
by subtraction of pseudocapacitance from total ca-
pacitance on voltammetric curves using the Origin
software. The measurements were carried out in a
two-electrode SC cell by cyclic voltammetry in a
potential window from —1 to +1 V at a potential
scanning rate of 10, 20, 40 and 80 mV/s in differ-
ent electrolytes.
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Undoped (CNTs) and nitrogen-doped (N-CNTs)
carbon nanotubes with the nitrogen content 2.0,
3.6, 6.0 and 8.5 wt.%, which were synthesized in
our previous studies [14—16], served as the elec-
trode materials. The effect of nitrogen doping of the
nanotubes on electrical double layer capacitance,
pseudocapacitance and total capacitance of elec-
trode materials was studied.

2. Experimental

A special SC cell was designed for the experi-
ments. Its construction is displayed on Fig. 1.

The cell casing consists of two cylinders (1)
ground out of fluoroplastic, which are separated by
a separator (2) and contracted by four pins (3) that
are covered with insulating adhesive (4). Contract-
ing plates (springs) (5) are located at an angle of 90°
to each other. An electrode material sample mixed
with an electrolyte is placed in holes (6) with the
diameter of 6 mm and slowly compressed by special
graphite cylinders (7) using plates (5). Wires (8),
which apply a voltage to the electrodes, are connect-
ed to two pins.

SC electrode materials were synthesized by the
following procedure: the tested carbon nanotubes
were held at a residual pressure of inert gas (argon)
0.1 atm for an hour at 105 °C, then placed in an
exiccator with CaCl, and cooled to room tempera-
ture for 2 h in an argon atmosphere. The tested 10
mg sample was supplemented with 3—4 drops of an
aqueous 1 M solution of H,SO, or 6 M solution of
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Fig. 1.

Experimental SC cell for
measurements: 1 — fluoroplastic cylinders; 2 — separator;
3 — stud pins; 4 — insulating adhesive; 5 — contracting
plates (springs); 6 — holes for electrodes; 7 — graphite
cylinders; 8 — wires.

capacitance

KOH, carefully ground in an agate mortar to a ho-
mogeneous paste-like state, and the resulting sus-
pension was placed in SC holes as indicated above.
A hydrophilic polypropylene PORP-A1 film was
used as a separator.

The SC cell was connected to a PARSTAT 4000
measuring-feeding device, the data array from
which was automatically transferred to a computer
via a USB port and processed using the VersaStu-
dio software.

Electrode characteristics were measured by cy-
clic voltammetry (CVs) in a potential window from
—1 to +1 V at different potential scanning rates: 10,
20, 40 and 80 mV/s. The samples were examined
using a symmetric design of the cell in which both
the main electrode and the counter electrode were
made of the same material. The measurements
were used to obtain the voltammetric dependenc-
es, from which an electrode cell capacitance was
calculated by formula (1). Capacitance of the elec-
trode material in the symmetric cell was calculated
by formula (2).

Cear = JI(U)dU/mvAV (1)
Cel = 2 Ccell (2)

where C, is the capacitance of the electrode cell;
C, is the capacitance of the tested electrode mate-
rial; m is the mass of an electrode material; v is the
scanning rate (V/s); AU is the potential window, V;
and JI(U)dU is the area limited by the CVs curve.
For supercapacitors with energy accumulation
in the electrical double layer, the typical shape of
CVs curves is nearly rectangular. Such a shape
is observed for the initial nanotubes in both the
acid and alkaline electrolytes. In the case of ni-
trogen-doped nanotubes in the alkaline electro-
lyte (6 M KOH), distinct pseudocapacitance peaks
are also not observed and shape of the curves is
close to rectangular. In the acid electrolyte, distinct
pseudocapacitance peaks appear on CVs curves of
nitrogen-doped nanotubes; the area of the peaks in-
creases with the nitrogen content. Hence, they are
caused mostly by electrochemical redox processes
involving nitrogen-containing functional groups
on the surface of carbon nanotubes. It was assumed
that the rectangular region is the contribution from
EDL, and peaks in the horizontal regions of CVs
curves are caused by pseudocapacitance: C =
Cepr + Cpe, where C, is the total capacitance,
Cepy 1s the capacitance of electrical double layer,
and Cp¢ is the pseudocapacitance. To estimate the
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Fig. 2. CVs curves for the cells (exemplified by
N-CNTs-8.5) inthe acid electrolyte at a potential scanning
rate of 80 mV/s. The contribution of pseudocapacitance
is colored gray.

contribution from EDL, the area of pseudocapaci-
tance peaks was subtracted from the total area lim-
ited by CVs curves using the Origin 9 program, i.e.
the area of the ‘rectangular’ region without peaks
was determined by extrapolation of the horizontal
regions, and the EDL capacitance was calculated.

Figure 2 displays a typical voltammetric depen-
dence for SC with the electrodes based on nitro-
gen-doped nanotubes (exemplified by N-CNTs-8.5)
at a potential scanning rate of 80 mV/s; gray color
indicates the region of pseudocapacitance peaks
that is subtracted to estimate the contribution of
EDL from the total area limited by CVs curves.

Galvanostatic charge-discharge (GSCD) curves
were plotted using the chronopotentiometry meth-
od [17-20] — changes of the cell potential with time
were recorded at the constant strength of current of
charging (I = + 10 mA) and discharging (I
charge = — 10 mA) processes and charge/discharge
time (teharge = taischarge = 10 ). Graphical representa-
tion of the charge-discharge curves is displayed on
Fig. 3.

At the beginning of discharge curves, a sharp U,
region is observed, which is caused by internal re-
sistance of the cell (capacitance losses for internal
resistance).

Equivalent series resistance (R) and capaci-
tance of the cell (C) were found from galvanostatic
charge curves by the formulas [19]:

R = U3/Idischarge
C = _Idischarge ’ (t2_tl)/(U2_U1) "m
where U, and U, are the potential values at the

discharge time t; and t,, respectively, and m is the
mass of an electrode material, g.
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Fig. 3. The first cycle of galvanostatic charge-discharge
curve of a supercapacitor cell.

Internal resistance values can differ from specif-
ic electric resistance of a material because conduc-
tivity takes into account only the active component
of electrode material, whereas internal resistance
takes into account the active component of elec-
trode material, electrolyte solution, separator,
current collectors, diffusion limitations on charge
transfer at the electrode/electrolyte interface, etc.

Measurements of electrochemical cells by im-
pedometry were performed with sinusoidal alter-
nating current [21-22] in the frequency range from
102 to 10* Hz. Electrical impedance of a superca-
pacitor comprises the active (real) component Z,.
(electric resistance of electrode materials, separa-
tor, electrolyte and current collectors), which is
virtually independent of frequency, and the reac-
tive (imaginary) component Z;, (capacitive reac-
tance), which depends on the current frequency.

Redox processes on the electrode surfaces are
related to diffusion delivery/removal of ions from
the solution volume and back. In this case, the
so-called Warburg impedance [21] additionally
emerges. Such impedance is denoted by a special
symbol W and implies a series connection of resis-
tance and capacitance, which depend on frequency
o (Fig. 4).
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Fig. 4. An equivalent scheme for an electrode with
capacitance of the double layer CEDL and uncompensated
resistance of solution R;,. Resistance of the reaction
consists of the charge transfer resistance R, and the
Warburg impedance W.
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Fig. 5. The dependence of the reactive component of
impedance on the active component for the equivalent
scheme displayed on Fig. 4.

In this case (Fig. 5), the semicircle has the cen-
ter Z. = R, + R,/2 with the radius R,/2. Overall,
the diagram demonstrates the presence of both the
kinetic control (semicircle) and the diffusion-con-
trolled region (a straight line with a single slope).
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The shape of the diagram can change in depen-
dence on the tested system and measurement mode
[21].

3. Results and Discussion

3.1. Investigation of electrode materials by cyclic
voltammetry

Carbon electrodes of symmetric SC cells ac-
cumulate charge mostly due to EDL. The contri-
bution from pseudocapacitance of oxygen- and
nitrogen-containing surface functional groups to
the total capacitance is caused by their type (car-
boxyl, phenol, lactone, hydroxyl, amine and other
groups), percentage, electrochemical activity and
accessibility to electrolyte solutions.

Experimental CVs curves for symmetric cells
with undoped (CNTs) and nitrogen-doped (exem-
plified by N-CNTs-8.5) carbon nanotubes are dis-
played on Fig. 6.
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—20mV/s ;:'I“VITL = (b)
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Fig. 6. CVs curves of SC cells with the electrodes made of undoped initial nanotubes (a, b) and nitrogen-doped nanotubes
exemplified by N-CNTs-8.5 (c, d) in alkaline (a, ¢) and acid (b, d) electrolytes at the indicated potential scanning rates

of 10, 20, 40 and 80 mV/s.
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In both the alkaline (Fig. 6a) and acid electro-
lytes (Fig. 6b), distinct pseudocapacitance peaks are
not observed on the CVs curves of SC cells with the
electrode materials based on CNTs. The shape of
the curves is close to rectangular; hence, the main
contribution to capacitance is caused by the forma-
tion of electrical double layer and charge accumula-
tion at the electrode/electrolyte interface.

Figures 6¢c and d show typical voltammetric
curves for an electrode material that is based on ni-
trogen-doped nanotubes exemplified by N-CNTs-8.5
in different electrolytes. Other samples have similar
shapes of the curves that differ in intensity of the
peaks and in the area limited by the curves.

It is seen that functionalization of nanotubes with
nitrogen increases the area limited by CVs curves,
and hence the total capacitance of related electrode
materials. Capacitance increases with the nitrogen
content. Moreover, in the acid electrolyte (1 M aque-
ous solution of H,SO,) distinct pseudocapacitance
peaks show up on CVs curves (Fig. 6d), whereas
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in the alkaline electrolyte (6 M aqueous solution of
KOH) such peaks are not observed (Fig. 6¢). Thus,
nitrogen-doped nanotubes accumulate charge due to
both the electrical double layer at the electrode/elec-
trolyte interface and the redox processes with par-
ticipation of nitrogen-containing groups (pseudo-
capacitance). Capacitance in the acid electrolyte is
higher than in the alkaline one, which also agrees
with the literature data.

The total capacitance in acid and alkaline elec-
trolytes and EDL capacitance in the acid electrolyte
were calculated from voltammetric curves for all the
tested systems at different potential scanning rates
by the technique mentioned above.

Figures 7a and b display the capacitance of elec-
trode materials based on initial carbon nanotubes
versus the potential scanning rate in acid and alka-
line electrolytes.

Experimental data for N-CNT samples were pro-
cessed with subtraction of pseudocapacitance. Re-
sults of the calculation are illustrated on Fig. 8.
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Fig. 7. Capacitance of electrode materials versus the scanning rate in a potential window from — 1 to + 1 V in acid
(a) and alkaline (b) electrolytes. The electrode material: 1 — CNTs; 2 — N-CNTs-2; 3 — N-CNTs-3.6; 4 — N-CNTs-6;

5 —N-CNTs-8.5.
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Fig. 8. Capacitance of electrical double layer after subtraction of pseudocapacitance (a) at different potential scanning
rates; the contribution of EDL (%) in dependence on the nitrogen content in nitrogen-doped nanotubes at 10 mV/s (b).
The electrode material: 1 — CNTs; 2 — N-CNTs-2; 3 — N-CNTs-3.6; 4 — N-CNTs-6; 5 — N-CNTs-8.5.
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The dependences of EDL capacitance in the acid
electrolyte on the potential scanning rate are dis-
played on Fig. 8a. The highest capacitance of 97
F/g (including the EDL capacitance of 65 F/g) is
observed for N-CNTs-8.5 as an electrode material
in 1 M H,SO, solution, while the lowest capacitance
(39 F/g in 1 M H,SO, and 35 F/g in 6 M KOH) is
observed for initial undoped CNTs. Hence, nitro-
gen doping of carbon nanotubes increases the ca-
pacitance by a factor of 1.3-2.5. For all the tested
systems, the capacitance of electrical double lay-
er CEDL is higher as compared to the electrodes
based on the initial nanotubes, and manifestation
of pseudocapacitance further increases the total ca-
pacitance C,,. However, an increase in the nitro-
gen content decreases the EDL contribution (%) to
the total capacitance and increases the contribution
of pseudocapacitance (Fig. 8b) to ~ 32% at the ni-
trogen content of 8.5 wt.% in the acid electrolyte.

3.2. Investigation of charge-discharge character-
istics of electrode materials at a constant current

Charge-discharge curves of SC cells with the
electrode materials based on undoped and nitro-
gen-doped nanotubes (samples with 3.6 and 8.5%
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nitrogen content) in acid and alkaline electrolytes
are displayed on Fig. 9a and c.

Equivalent series resistance of SC cells and elec-
tric capacitance were calculated from GSCD curves
(Figs. 9b and d). As the nitrogen content increases,
the internal resistance of a cell decreases, whereas
the capacitance increases. In the acid electrolyte the
capacitance is higher, while the resistance is lower
as compared to the alkaline electrolyte. Thus, stud-
ies in the acid electrolyte are more promising. The
results obtained agree with CVs data.

One can see that in the acid electrolyte (1 M
H,SO, solution, Fig. 10a and b) the impedance val-
ues are lower than in the alkaline electrolyte for
all the studied systems. Nitrogen doping of nano-
tubes facilitates a decrease in the full impedance
of SC cells, mostly in its reactive (capacitance)
component; this testifies to a higher capacitance
of nitrogen-doped nanotubes as an electrode ma-
terial, which is consistent with CVs and GSCD
data. However, in the alkaline electrolyte, nitro-
gen-doped samples show an increase in the active
component of impedance (Fig. 10c); this compo-
nent increases with the nitrogen content in nano-
tubes, which may be related to electrical conduc-
tivity of the materials.
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Fig. 9. GSCD curves for SC cells with the electrode materials based on undoped and nitrogen-doped nanotubes in acid
(a) and alkaline (c) electrolytes, and dependences of electrode capacitance and equivalent series resistance, which were
calculated from GSCD curves, in acid (b) and alkaline (d) electrolytes.
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Fig. 10. The Nyquist diagrams (a, ¢) and dependences of the full impedance of a cell on the frequency (b, d) of symmetric
cells with the electrodes based on undoped and nitrogen-doped nanotubes in acid (a, b) and alkaline (c, d) electrolytes.

Nitrogen content in N-CNTs is indicated on the plots.

4. Conclusions

A comprehensive technique for electrochemical
studies of electrode materials has been developed.
It includes estimation of the contribution of EDL
capacitance and pseudocapacitance to the total ca-
pacitance from the area of CVs curves and a com-
parison of the obtained data with chronopotenti-
ometry and impedometry data. The measurements
were made in a specially devised two-electrode
electrochemical cell using different electrolytes:
acid — 1 M aqueous H,SO, solution, and alkaline
— 6 M aqueous KOH solution on a PARSTAT
4000 potentiostat/galvanostat. Electrode materials
were represented by undoped (CNTs) and nitro-
gen-doped (N-CNTs) nanotubes containing 2, 3.6,
6 or 8.5% nitrogen. A technique for processing of
CVs curves was developed to take into account the
contribution from capacitance of electrical dou-
ble layer and pseudocapacitance to the total ca-
pacitance of the tested systems by subtraction of
pseudocapacitance.

The analysis of CVs curves obtained in the
acid electrolyte demonstrated that nitrogen doping
of nanotubes increases the capacitance of electri-
cal double layer at the electrode/electrolyte inter-

face and pseudocapacitance as a result of electro-
chemical processes involving nitrogen-containing
groups, thus increasing the total capacitance by
a factor of 1.3-2.5. Pseudocapacitance peaks are
not observed for undoped nanotubes in the acid
electrolyte. As the nitrogen content is increased,
the percent contribution of EDL to the total ca-
pacitance decreases, and the dependence is recti-
linear; however, the calculated EDL capacitance
increases in the process. Thus, pseudocapacitance
is caused by the nitrogen-containing groups. In
the alkaline electrolyte, pseudocapacitance peaks
are not observed for all the tested systems; so the
capacitance is caused mostly by the formation
of electrical double layer. However, in this case,
the highest capacitance is observed also for nitro-
gen-doped nanotubes and increases with their ni-
trogen content. The optimal nitrogen content was
8.5%. Such systems typically retain the shape of
the curves and positions of pseudocapacitance
peaks when the potential scanning rate is varied
from 10 to 80 mV/s. Therewith, the percent con-
tribution of pseudocapacitance virtually does not
change, which indicates the occurrence of fast and
kinetically uninhibited redox processes involving
nitrogen-containing groups; this is confirmed by
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the absence of peaks in the high-frequency (kinet-
ic) region of the Nyquist diagrams that are typical
of the majority of pseudocapacitance materials.

Thus, the application of the developed technique
for measuring the capacitance characteristics made
it possible: 1) to reveal the possibility of finding two
capacitance components: the EDL capacitance and
pseudocapacitance; 2) to quantitatively determine
the contribution from EDL capacitance.

As a result, it was found that nitrogen-doped
nanotubes (especially N-CNTs-8.5) open up ample
opportunities for their use as a material of the work-
ing electrode in supercapacitors owing to a relative-
ly high capacitance (including the EDL capacitance,
pseudocapacitance and total capacitance) and stabil-
ity in cycling.
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