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Heteroatom doping on the surface of an electrode and catalyst can impact the surface and electronic
properties. Herein, nitrogen and sulfur co-doped multi-walled carbon nanotubes (denoted as MWCNTs-
NS) prepared via a pyrolysis method, in which thiourea served as both nitrogen and sulfur sources, were
investigated as an electrocatalyst for the VO*/VO,* redox couple in vanadium redox flow battery. It was
revealed that the pyrolysis process had no effect on the microstructure of MWCNTs. The VO?*/VO,*
redox reaction on MWCNTs-NS exhibited higher electrochemical kinetics when compared with that on
pristine and nitrogen-doped MWCNTSs. The nitrogen and sulfur co-doping for MWCNTs can decrease
the charge transfer resistance of the VO?*/VO,* redox reaction. Static cells using graphite felt modified

R 4 4th D ber 2016 by the MWCNTs samples were employed to evaluate their electrocatalytic properties for the VO VO, *

eceived 4th December . . .

Accepted 7th February 2017 reaction. The cell using the MWCNTs-NS electrocatalyst showed the smallest electrochemical
polarization, resulting in a larger energy density and energy efficiency. The results indicate that

DOI: 10.1039/c6ra27734a MWCNTs-NS is a novel efficient catalyst for the VO?*/VO," redox reaction with excellent electrocatalytic
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1. Introduction

Vanadium redox flow battery (VRFB), as a promising large-scale
energy storage system, has attracted significant attention of
researchers due to its long life and high energy efficiency."” The
electrolyte, electrode, and membrane are the three main
components for the VRFB. The sluggishness of redox reactions
on the electrode in the membrane separated side partly limits
the development of the VRFB. The VO**/VO," redox reaction is
particularly sluggish when compared with the V**/V** redox
reaction.> Therefore, catalyst materials with high electro-
catalytic properties are required to improve the electrochemical
activity of the VO**/VO," redox couple.**

Carbonaceous materials doped by heteroatoms, such as N, B,
and O, exhibit especial electrochemical and physical properties,
attracting significant attention of the researchers in the past few
decades.®* Chemical doping has been acknowledged as
a superior approach to break the sluggishness of the carbon
layer and to change the chemical electronic properties by
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modulating the electron states.'* Substitutional doping with
heteroatoms into the carbon framework can modulate the
chemical properties and create new active sites, further
improving the electrocatalytic activity of carbonaceous mate-
rials.”*™* Furthermore, co-doping by multi-elements with
different electronegativities can result in a unique electron
distribution, causing a positive synergistic effect.”” Liu et al.*®
reported that B and N co-doped carbon nanofibers exhibit an
outstanding electrochemical activity for the VO*'/vVO," redox
couple, which is better than N or B mono-doped carbon nano-
fibers. The electrocatalytic properties towards the VO**/VO,"
redox couple are mainly determined by the type of incorpora-
tion of B and N into the carbon nanostructure. Flox et al.’
modified PAN-based graphite felt by a thermochemical treat-
ment using an NH;/O, mixed gas. The nitrogen and oxygen-
containing groups were incorporated onto the graphite felt
surface, with the nitrogen and oxygen contents of up to 8% and
32%, respectively. The introduced groups could facilitate elec-
tron transfer through the electrolyte/electrode interface both for
the oxidation and reduction processes.

Carbon nanotubes have been widely applied in electro-
chemical fields such as lithium-ion batteries, fuel cells, elec-
troanalytical chemistry, and flow batteries due to their unique
chemical and physical performance.'®?' Carbon nanotubes
have been acknowledged as a superior electrocatalyst or support
for redox couples in VRFBs.”*?* For instance, Li et al*
compared the electrocatalytic activity of functionalized multi-
walled carbon nanotube for the VO**/VO," couple and found

This journal is © The Royal Society of Chemistry 2017
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that the VO**/VO," reaction exhibited the highest electro-
catalytic kinetics on carboxyl MWCNTSs compared with that on
pristine and hydroxyl MWCNTSs. He et al.>® developed a Mn;O,/
MWCNTs composite catalyst via a solvothermal method, and
the composite revealed superior electrocatalytic properties for
the VO**/VO," redox couple due to the synergistic effect of
Mn;0, and MWCNTs. Han et al.”” prepared a graphene oxide
nanosheets/MWCNTs hybrid using an electrostatic spray tech-
nique. This hybrid demonstrated superior electrocatalytic
performance towards the VO**/VO," couple in VRFB, resulting
from the formation of an effective mixed conducting network.

In this study, N and S co-doped carbon nanotubes were
prepared for the first time, which were employed as electro-
catalytic materials for the VO**/VO," redox couple, and their
electrochemical kinetics and battery performance were investi-
gated for VRFB.

2. Experimental

2.1. Preparation

MWCNTs and thiourea were added to 30 mL ethanol and then
stirred for 30 min. The suspension was heated under agitation at
50 °C to evaporate ethanol. The molar ratio of MWCNTSs to
thiourea was setat 4 : 1. The resulting solid was sintered at 800 °C
for 2 h under an Ar atmosphere with the gas flowing for 2 h before
heating to eliminate the air. The product was denoted as
MWCNTSs-NS. For comparison, pristine and N-doped MWCNTs
were prepared in the absence of thiourea and by replacing thio-
urea with urea in the same molar ratio. The samples were then
denoted as MWCNTs and MWCNTSs-N, respectively.

2.2. Characterization

The microstructure of the samples was studied using a Nova
NanoSEM230 FE-SEM at a 10 kV accelerating voltage, and
a JEOL JEM-2100F TEM with a LaBs filament as the electron
source. X-ray photoelectron spectroscopy (XPS) measurements
were performed via a K-Alpha 1063 (Thermo Fisher Scientific)
using Al Ko radiation (6 mA, 12 kv).

2.3. Electrochemical measurements

Cyclic voltammetry measurements were performed using
a CHI660E electrochemical workstation (Shanghai Chenhua
Instrument, China) via the three-electrode system. The three-
electrode system included a glassy carbon electrode covered
by the MWCNTs sample as the working electrode, a saturated
calomel electrode as the reference electrode, and a Pt electrode
as the counter electrode. The measurements were performed at
the scan rate of 20 mV s~ in the range of 0.2-1.6 V in a 3.0 mol
L' H,S0, + 2.0 mol L™ VOSO, electrolyte solution. The glassy
carbon electrodes modified by the MWCNTs samples were
prepared as follows. The glassy carbon electrode was polished
as described in the literature.>® Then, 10 mg MWCNTSs sample
was dispersed in 5 mL dimethylformamide by ultrasonication
for 2 h. A 20 uL of the suspension was placed on the glassy
carbon electrode. The glassy carbon electrode with the
suspension was heated at 80 °C for 8 h in an oven.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Electrochemical impedance spectroscopy measurements
were conducted using a 3.0 mol L™" H,SO,4 + 1.0 mol L™ VOSO,
solution with an amplitude of 5 mV in the frequency range of
10~" to 10° Hz at the ambient temperature. The measured
system and electrochemical workstation used were the same as
those for the cyclic voltammetry measurements.

2.4. Charge-discharge test

The charge-discharge performance of the cell was evaluated via
a single static cell. The cell was assembled by two pieces of 3 x 3
cm” polyacrylonitrile-based graphite felt (6 mm, Shenhe Carbon
Fiber Materials Co. Ltd., China) as the electrode, a per-
fluorinated ion-exchange membrane (Nepem-1110, Best
Industrial & Trade Co., Ltd., China), and conductive plastics
(1.0 mm, Guangdong Foshan Plastics Factory) as the current
collector; 1.6 mol L™ V**/V*" (molar ratio: 1 : 1) were the orig-
inal electrolytes in both the negative and positive sides. The
tests were conducted in the range of 0.7-1.7 V at the current
density of 50 mA cm 2 for 50 cycles using a battery test system
(CT2001C-10 V/5 A, Wuhan Land Co., China). The graphite felts
modified by the MWCNTs samples were prepared as follows.
Graphite felts were washed with distilled water via ultra-
sonication and then dried at 100 °C for 10 h. The graphite felts
were then immersed in MWCNTs-dispersed dimethylforma-
mide with the concentration of 0.4 mg mL ™" and then dried at
100 °C for 24 h.

3. Results and discussion

3.1. SEM and TEM

The SEM images of MWCNTs, MWCNTs-N, and MWCNTSs-NS
are shown in Fig. la-c. As observed, the doping of hetero-
atoms has no obvious influence on the morphologies of
MWCNTs. The TEM image of MWCNTs-NS (see Fig. 1d)
confirms the type of multi-walled carbon nanotube, and
MWCNTs have an average diameter of about 25 nm with
a thickness of about 8 nm.

3.2. XPS

The incorporation of heteroatoms (N and S) was confirmed by
the XPS measurements. The XPS full scan spectrum of
MWCNTSs-NS is shown in Fig. 2a. Correspondingly, the atomic
percentage of MWCNTSs-NS was evaluated as 96.69% for C,
0.86% for S, 1.23% for N, and 1.22% for O. The peak fitting of
S,p and N, for MWCNTSs-NS is presented in Fig. 2b and c. The
high-resolution S,, peak at about 164 eV is deconvoluted into
three constituent peaks. The major peaks situated at the binding
energies of 162.7 eV and 163.8 eV can be ascribed to C-S bonding
arising from spin-orbit coupling.”®*® The minor peak at the
binding energy of 167.8 eV is attributed to the oxidized sulfur
moieties (-SO,-).”> The high-resolution N;; spectrum of
MW(CNTSs-NS demonstrates the existence of pyrrole-like N (400.6
eV) and pyridine-like N (398.5 eV) species (see Fig. 2¢), which can
be employed as dopants, resulting in the formation of defects on
the surface of the graphite felt.***> The presence of O atoms may
originate from the physicochemically adsorbed oxygen on the

RSC Adv., 2017, 7, 13184-13190 | 13185
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Fig.1 SEM images of MWCNTSs (a), MWCNTs-N (b), MWCNTs-NS (c), and TEM image of MWCNTs-NS (d).

surface of MWCNTSs.** The XPS results indicate that N and S
heteroatoms are incorporated into the carbon framework of
MWOCNTs via this method, further serving as active sites.

3.3. Cyclic voltammetry

The cyclic voltammetry curves of the glass carbon electrodes
modified by the MWCNTs samples are shown in Fig. 3, and the
corresponding electrochemical parameters are presented in
Table 1. The cathodic and anodic peak shapes corresponding to
the reduction and oxidation processes for the VO**/VO," reac-
tion are obvious for all the MWCNTSs samples. The cathodic and
anodic peaks are situated at approximately 0.8 V and 1.1 V,
respectively. As for the three MWCNTs samples, the peak
currents are in the order of MWCNTs-NS > MWCNTs-N >
MWCNTs for both the reduction and oxidation processes. The
anodic peak currents for the MWCNTSs-NS and MWCNTSs-N are
1.13 mA and 0.51 mA larger than that for the pristine MWCNTs,
and the corresponding cathodic peak currents are 0.85 mA and
0.31 mA larger than that for the pristine MWCNTS, respectively.
It suggests that the electrochemical activity of the VO**/VO,"
couple on the modified MWCNTs is higher than that on the
pristine MWCNTs, especially for MWCNTs-NS. The peak
potential intervals (AE,) of MWCNTs-NS and MWCNTSs-N are
251 mV and 276 mV, respectively, which are both smaller than
that of the pristine MWCNTs (417 mV). Moreover, the ratios of
the cathodic peak current to anodic peak current (I,c/I,) of the
modified MWCNTs are closer to 1 compared to that of the
pristine MWCNTSs. Note that the value of I,,./I,; is in the range of
0.4-0.6, which is probably due to a portion of VO, ions
diffusing into the bulk measured solution of VO** ions after the
oxidation of VO>' ions, resulting in smaller cathodic peak
current compared with the anodic peak current. Smaller AE,

13186 | RSC Aadv., 2017, 7, 1318413190

and better symmetry of the peak shape indicate that the VO*'/

VO," redox couple exhibits best electrochemical reversibility on
MWCNTSs-NS. The results demonstrate that the electrochemical
kinetics of the VO**/VO," redox couple on MWCNTSs can be
improved by the incorporation of heteroatoms, and the elec-
trocatalytic kinetics of the redox reaction were in the order of
MWCNTSs-NS > MWCNTs-N > MWCNTs.

The excellent electrocatalytic properties of MWCNTs-NS for
the VO**/VO," redox reaction can be explained as follows. First,
compared with doping by one heteroatom, co-doping by two
heteroatoms can lead to an increase in the number of hetero-
atoms, resulting in the increase of active sites.**** Second, the
unique structural features and synergistic effect of the N and S
co-doping, due to the redistribution of spin and charge density
and newly created active sites, can improve the electrocatalytic
properties of MWCNTs. %%

3.4. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy of the MWCNTs
samples in a 1.0 mol L' VOSO, + 3.0 mol L™ " H,SO, solution at
the open-circuit voltage are presented in Fig. 4. Z' with the value
of about 11 Q at Z” = 0 is the ohmic resistance, which includes
electrode, electrolyte, and electrode/electrolyte surface contact
resistance.'® The ohmic resistance remains almost constant for
the three MWCNTs samples due to its nature of high conduc-
tivity. The semicircle at high frequency in Nyquist plots corre-
sponds to the charge transfer process between the electrolyte
and electrode surface, and the radius of the semicircle reflects
the value of the charge transfer resistance.’®** As can be seen
from Fig. 4, the charge transfer resistance of the VO**/VO,"
couple is in the order of MWCNTs-NS > MWCNTs-N > MWCNTSs.
The results are in agreement with the results of the cyclic

This journal is © The Royal Society of Chemistry 2017
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Fig.2 XPS survey of MWCNTs-NS (a) and high resolution XPS of Sy, (b)
and Ny (c).

voltammetry measurements. The electrochemical impedance
spectroscopy and cyclic voltammetry results demonstrate that
the incorporation of heteroatoms for MWCNTSs enhances the
electrochemical kinetics of the VO**/VO," couple, especially for
MWCNTSs-NS.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic voltammetry curves of glass carbon electrodes modified
by different MWCNTs samples at the scan rate of 20 mV st in
a 2.0 mol L1 VOSO,4 + 3.0 mol L™ H,S0, electrolyte solution.

Table 1 Electrochemical parameters obtained from the cyclic vol-
tammetry measurements®

Sample Ipa (MA) Iy (mA) AE, (mV) Ipe/lpa
MWCNTSs 3.152 1.520 417 0.482
MWCNTSs-N 3.664 1.839 276 0.502
MWCNTSs-NS 4.286 2.376 251 0.554

“ Ina: anodic peak, I, cathodic peak, AEy: peak potential interval.
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Fig. 4 Electrochemical impedance spectroscopy of glassy carbon
electrodes modified by different MWCNTs samples in 1.0 mol L™t
VOSO4 + 3.0 mol L™ H,SO, at open-circuit voltage.

3.5. Charge-discharge test

SEM images of the pristine graphite felt and MWCNTS-NS-
modified graphite felt are compared in Fig. 5. The graphite
felt has a diameter of about 13 um. As observed, the MWCNTs-
NS sample can be attached to the surface of the graphite felt via
ultrasonication. The introduction of MWCNTs with a large

RSC Adv., 2017, 7, 13184-13190 | 13187
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Fig. 5 SEM images of the pristine graphite felt (a) and MWCNTs-NS
modified graphite felt (b).

surface area can provide more electrode reaction places for the
redox couple. Moreover, the introduced N and S heteroatoms on
MWCNTSs-NS can be employed as active sites. The increase in
the reaction places and introduced active sites are beneficial for
the electrochemical performance of the vanadium redox flow
battery.

The 10" charge-discharge curves of the cells using the
MWCNTSs samples as a catalyst in the positive side at the current
density of 50 mA cm ™2 are shown in Fig. 6. As can be seen, the
cells using MWCNTs and MWCNTSs-NS exhibit larger charge-
discharge times, lower charge voltages, and higher discharge
voltages. A longer charge-discharge time would lead to an
increase of discharge capacity of the cell, and a higher discharge
voltage would increase the energy density of the VRFB system.
As for the two cells using MWCNTs and MWCNTSs-NS as cata-
lysts for the VO*>*/VO," redox couple, the cell using MWCNTSs-NS
exhibits better electrochemical properties compared with the
pristine cell.

The discharge capacity and efficiency of the cells using
different MWCNTs samples at the current density of 50 mA
cm™? are shown in Fig. 7. As can be seen, the discharge capacity
significantly increases when employing the MWCNTs samples
as a catalyst in the positive side. The initial discharge capacity of
the cells using MWCNTs and MWCNTSs-NS are 120.1 mA h and

13188 | RSC Adv., 2017, 7, 13184-13190
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128.5 mA h, respectively, which are much larger than that

without a catalyst (97.0 mA h). As for the two MWCNTSs samples,
the cell using a MWCNTSs-NS catalyst exhibits a larger discharge

This journal is © The Royal Society of Chemistry 2017
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capacity. The retentions of the discharge capacity for 40 cycles
using MWCNTs and MWCNTSs-NS are 75.3% and 76.5%,
respectively, which are comparable with that of the pristine cell
(70.4%), indicating the high stability of the electrochemical
activity of the MWCNTSs samples. The average coulombic effi-
ciencies of the cells using MWCNTs and MWCNTSs-NS for 40
cycles are 97.6% and 96.1%, slightly lower than that of the
pristine cell (98.1%). This is ascribed to the slightly severe self-
discharge originating from the longer charge-discharge
process. However, the energy efficiency of the cells increased by
3.5% and 5.1% when using MWCNTs and MWCNTSs-NS cata-
lysts, respectively, compared with that of the pristine cell
(73.8%). The large discharge capacity and efficiency demon-
strate the improvement of the electrochemical performance of
the cell by MWCNTs samples, especially for MWCNTSs-NS.

4. Conclusion

We reported nitrogen and sulfur co-doped carbon nanotubes
(MWCNTs-NS) synthesized via a simple route of direct carbon-
ization using thiourea. The MWCNTs-NS exhibit excellent
electrocatalytic properties for the VO**/VO," redox couple in the
VRFB. The heteroatom doping process has no effect on the
surface morphologies of MWCNTs. The cell using the
MWCNTSs-NS electrocatalyst reveals an improvement in the
discharge capacity and energy efficiency. MWCNTSs-NS is a novel
catalyst for the VO**/VO," redox reaction with excellent elec-
trocatalytic properties, further improving the comprehensive
energy storage performance for the VRFB system.
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