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A facile, one-step and environmentally-friendly strategy for the preparation of hierarchical nitrogen-doped
carbon cloth (hNCC) is presented via nitrogen plasma processing of commercial carbon cloth. In addition
to N-doping, the RF plasma treatment induces nanostructuring, thus significantly increasing the surface
area and liquid electrolyte wettability. The untreated carbon cloth (CC) has negligible Li-ion and
supercapacitive storage capacities. However, after plasma treatment, the obtained hNCC delivers
dramatically enlarged capacities. Specifically, the enhancement is by three times for Li-ion storage
(150 mA h g7t versus 50 mA h g7' at 100 mA g™}, and by three orders of magnitude for
pseudocapacitance (391 mF cm™2 versus 0.12 mF cm™2 at 4 mA cm™2). The effect of power-dependent
plasma treatment for optimized performance is also investigated. We propose a plausible mechanism for

achieving a hNCC architecture with highly enhanced ion/charge storage properties. Our research
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Accepted 20th October 2016 provides an approach to fabricate N-doped carbon materials with a controllable surface morphology and

electrochemical properties. This deterministic and plasma-based method of preparing hNCC may offer

DOI: 10.1039/c6ta08155) new opportunities in the design and fabrication of high-performance carbon-based electrodes for energy
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1. Introduction

High performance electrochemical energy storage devices such
as supercapacitors (SCs) and lithium ion batteries (LIBs) have
received considerable research interest as a result of there being
limited fossil-fuel reserves and ever-increasing demands for
renewable energy." Among the various electrode materials,
carbon based materials, such as carbon spheres,*> carbon
nanotubes® and graphenes* have been widely applied as anodes
for energy storage devices because of their high surface area,
excellent electrical conductivity, and extraordinary electro-
chemical inertness. However, these carbon based materials
suffer from low specific capacitance due to their intrinsic elec-
tric double-layer mechanism, limiting the energy density of
supercapacitors.® Given their electrochemical properties and
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fabrication cost, it is highly desirable to develop a facile, scal-
able and controllable approach to boost the capacitive perfor-
mance of carbon-based electrodes.

Compared to elaborate and expensive carbonaceous archi-
tectures (e.g. CNTs and graphene), commercial carbon cloth
(CC), composed of numerous uniform carbon microfibers, is an
inexpensive and highly conductive textile with excellent
mechanical flexibility and strength.® However, due to its poor
electrochemical properties, small specific surface area and poor
porosity, CC is not useful for direct utilization as an electrode
material. However, CC holds great promise as the three
dimensional (3D) support substrate and collector in the fabri-
cation of flexible electrodes. Various electrochemically active
materials, such as MnO,,” C030,,° TiO, (ref. 9) and ZnO* have
been anchored on the surface of CC for enhanced electro-
chemical performance along with remarkable flexibility. None-
theless, due to the potential incompatibility issue between
electroactive materials and the 3D conductive scaffold, the
direct anchoring of electroactive materials with an optimal
porous structure on such a 3D porous substrate still remains
a considerable challenge. To look beyond 3D electrode archi-
tectures and to upgrade this technology towards high perfor-
mance energy storage devices, major consideration is given to
the surface activation of the current collector. Recently, Wang
et al. demonstrated a chemical exfoliation strategy to enhance
the specific capacitance of CC (to 88 mF cm ™ 2)."* Even though
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such an approach led to large amounts of oxygen-containing
functional groups and a considerably enhanced specific surface
area of CC during chemical activation, the introduced C-O
bonding may still lower the conductivity of the entire electrode
and thus limits the eventual increase in specific capacitance.

Remarkably, artificial doping with heteroatoms, particularly
nitrogen atoms, can effectively improve the electronic conduc-
tivity, electron-donor tendency and surface wettability of carbon
materials, thus indicating that doped carbon materials possess
an excellent ability to exhibit ion/charge storage properties."”***
Recently, significant progress has been made in developing
high performance carbon anodes by combining the advantages
of carbon nanostructures and heteroatom doped carbon mate-
rials, such as N-doped carbon nanocages,"” N-doped carbon
foams® and N-doped porous graphene.™ It has also been re-
ported that after nitrogen doping, pseudo-capacitance can be
generated due to the interaction between the electrolyte and the
N species on the surface, resulting in the enhancement of
capacitive properties.*®

In this work, we report a novel one-step nitrogen plasma
processing strategy to simultaneously achieve a hierarchical 3D
nanostructured network along with the introduction of
nitrogen-containing functional groups onto the commercial CC
surface, resulting in distinctly enhanced wettability and electro-
chemical performance. The hierarchical nitrogen doped carbon
cloth (hNCC) electrode exhibited a three-fold increase in specific
capacity to 150 mA h g~* at a current density of 100 mA g™,
compared to 50 mA h g~ for untreated CC at the same current
density. In addition, the hNCC electrode also turned out to be an
excellent electrode for supercapacitors with a specific capaci-
tance of 391 mF em 2 at a current density of 4 mA em 2 and
outstanding long-term cyclic durability (without any significant
decay in capacitance after 10 000 cycles). Compared with the
previous strategies for activating carbon materials, the
approach presented in this paper is relatively simple, effective
and environmentally friendly. Moreover, optical emission
spectroscopy of nitrogen plasma was conducted to deduce
a plausible mechanism of hNCC formation, to formulate
a generic approach for controllable nitrogen activation of the
plasma treated CC.

2. Experimental
2.1 Preparation of hNCC

The hNCC sample was prepared using our RF-plasma system as
shown in Fig. S1.1 In a typical procedure, commercial CC (1 x
1.5 ¢m?®) was washed with ethanol, acetone, and deionized
water, in turn, and subsequently dried in a vacuum oven. The
as-obtained CC was then placed inside the quartz tube reactor
of the RF-plasma system between the two capacitively coupled
RF electrodes at a distance of ~5 cm from the left electrode.
Afterwards, the tube was evacuated using a combination of the
rotary and turbo pumps. The nitrogen was made to flow into the
system at a flow rate of 15 sccm and the pumping rates were
adjusted using mechanical valves to keep the quartz tube
reactor chamber pressure at ~0.2 mbar. Nitrogen plasma was
created using 500 W RF power from a 13.56 MHz Caeser136 RF
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generator, coupled through a Navio Matching network to the RF
electrodes. The 500 W RF plasma treatment of the CC was done
for 15 min (15 min @ 500 W).

2.2 Characterization

Field-emission scanning electron microscopy (FESEM) analysis
was carried out using a JEOL JSM-6700F scanning electron
microscope at an accelerating voltage of 10 kV. Transmission
electron microscopy (TEM) measurements were performed
using a JEOL-2010 UHR high resolution transmission electron
microscope at an accelerating voltage of 200 kV. X-ray diffrac-
tion (XRD) patterns were collected using a D8 advanced
diffractometer equipped with Cu Ko radiation (A = 0.15406 nm).
X-ray diffraction spectroscopy (XPS) analysis was conducted
using a Thermal Scientific Theta Probe system XPS with
a monochromatic Al Ko (486.7 eV) X-ray source. The binding
energy of the C 1s peak from sp>-bonded carbon at 284.5 eV
was used as a reference for correction. Raman spectra were
obtained using a WITEC CRM200 Raman system with a 488
nm excitation laser. The optical emission spectroscopy (OES)
of nitrogen plasma was conducted using an Ocean Optics
HR4000 spectrometer.

To measure the electrochemical performance of all the
synthesized materials, coin-type cells (CR 2016) were assem-
bled in an argon-filled glove box with both moisture and
oxygen content below 0.1 ppm. The coin cell was assembled
using a metallic lithium foil as the counter-electrode, 1 M
LiPFs in ethylene carbonate (EC)-dimethyl carbonate (DME)
(1:1 in volume) as the electrolyte, and a polypropylene (PP)
film (Celgard 2400) as the separator. Pristine and nitrogen
plasma treated CCs were directly used as the working electrode
in the coin cell without the addition of any conductive or
binding materials. The galvanostatic charge/discharge tests
were performed using a NEWARE battery testing system at
different current rates. Cyclic voltammetry (CV) measurements
were conducted on a CHI 760D electrochemical workstation
using a potential range of 0.05-1.5 V (vs. Li/Li"). The electro-
chemical impedance spectroscopy (EIS) was performed using
a CHI 760D electrochemical workstation in the frequency
range of 1 x 10° to 0.01 Hz. The supercapacitive properties of
the electrodes were measured in a 1 M KOH electrolyte using
a three electrode cell configuration (CHI 6604D).

2.3 Calculation

The areal capacitance (C,, F cm™?) of the electrode was calcu-
lated from its CV curves using the following equation:

I1dU
o o1
TSAU  2SvAU’

where Q is the average charge, AU is the potential window, v is
the scan rate, and S is the active surface area of the working
electrode and I is the current density. There is a factor 2
because one CV cycle includes the charge and discharge
processes. The integral contains the charge of these two
processes.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta08155j

Open Access Article. Published on 20 October 2016. Downloaded on 12/9/2025 2:46:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3. Results and discussion

3.1 Plasma functionalization and characterization

The FESEM images of the untreated and 15 min @ 500 W
nitrogen RF-plasma treated CCs are shown in Fig. 1a-d and
S2a.t From Fig. 1d and S2a,t it can be seen that the untreated
CC was composed of numerous interlaced carbon fibers with
a smooth surface. After nitrogen RF-plasma treatment, the
surface of the carbon fibers became extremely rough (Fig. 1b
and c), indicating the successful modification of the carbon
fiber surface by plasma treatment. The inset in Fig. 1c clearly
shows the formation of narrow-size distributed uniform nano-
particle decorated CC, with the particle size in the range of 35 £
5 nm, on the nitrogen plasma treated CC. Notably, the method
is suitable for large area treatment of CC with nearly uniform
nano-structurization of an area of about 1.5 cm” (1 x 1.5 em?,
Fig. S2bt). Moreover, the original excellent flexibility and
mechanical strength of the CC was still preserved after the
nitrogen plasma treatment (Fig. S2ct). The elemental distribu-
tion of the hNCC was further characterized by energy dispersive
spectroscopic (EDS) mapping (Fig. S2d¥). It can be observed that
the N elements are uniformly dispersed onto the surface of the
hNCC sample. Fig. 1c shows the low-magnification TEM image,
which clearly reveals the formation of 20-40 nm thick spherical
nanoparticles on the hNCC, confirming the SEM imaging
results. High resolution TEM (HRTEM, insert of Fig. 1c) shows
one of the spherical nanoparticles with a graphite-like structure
with an inter-planar spacing of ~0.34 nm, indicating graphitic
phase formation on the hNCC surface due to nitrogen plasma

0.2 pm

N2 plasma
activation

7~ ==

(e)

Fig.1 The morphology of the hNCC sample. (a) and (b) FESEM images
and (c) TEM and HRTEM (inset) images; (d) FESEM image of the cor-
responding untreated CC; (e) schematic of hNCC preparation by
nitrogen plasma activation.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Journal of Materials Chemistry A

treatment. Fig. le shows the schematic of nanostructural
decoration (observed through the SEM and TEM images) and
nitrogen functionalization (discussed in the next paragraph) of
the hNCC sample.

To confirm the functionalization and surface modification of
the nitrogen plasma treated CC surface, Raman spectroscopy,
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) were performed. The Raman spectra of the hNCC and
untreated CC samples, shown in Fig. 2a, reveal a pronounced D
band (a disordered band) at ~1350 cm ™' and a G band (asso-
ciated with in-plane vibration of the graphite lattice) at
~1590 cm .Y The D to G peak intensity ratio of the hNCC
sample is estimated to be 1.61 which is much larger than that of
0.93 for the untreated CC, indicating greater disorder/defects in
the hNCC sample. The greater disorder in the hNCC sample can
be attributed to the presence of nitrogen containing functional
groups on the surface of the hNCC sample together with dense
reactive graphitic edges.*® Additionally, a small upshift in the D
and G band positions for the hNCC sample (Fig. S31) indicates
that the hNCC nanostructure has a greatly enhanced defect
density.” Fig. 2b shows the X-ray diffraction (XRD) spectra of the
hNCC and untreated CC samples. The wider base of the (002)
diffraction peak centered at ~26° indicates that both of these
samples are composed of amorphous and graphitic types of
carbon.” The deconvolution of the wide peak centered at ~26°
for the hNCC and untreated CC samples is shown in Fig. S4a
and S4b.f The sharp deconvoluted peak centered at ~26° and
the broad peak at ~22° are representative of the graphitic
carbon and amorphous-like carbon contributions, respectively.
The percentage of graphitic structure in the hNCC is enhanced
to about 66%, from about 60% in the untreated CC, which
further confirms the results of HRTEM. The increased graphitic
percentage in the hNCC sample can be attributed to energetic
nitrogen plasma processing of the treated CC surface.
High-resolution X-ray photoelectron spectroscopy (refer to

(a) —— untreated CC (b) untreated CC
~ D ——hNCC —_ ——hNCC
= G [
& &
z z
7] 2D 2]
2
s 5
= =
300 1600 2400 3200 20 30 40 50 60
Raman shift (cm™) 26 (degree)
(©) fimce R RE (d) e cy  CIy
: (N-6
—~ Quaternary N X —~
= Q) El
< <
= [ N-oxides g
2| ax 2
172} 172}
=
b s
k= =
404 402 400 398 39 288 286 284
Binding energy (eV) Binding Energy (eV)
Fig. 2 (a) Raman spectra of the hNCC and untreated CC samples; (b)

XRD pattern of the hNCC and untreated CC samples; (c) high reso-
lution XPS spectra of N 1s in the hNCC sample; (d) high resolution XPS
spectra of C 1s in the hNCC sample.
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Fig. 2c and S5at) confirms the existence of N-containing species
(5.6 atom%) in the hNCC sample, which include pyridinic N
(N-6, 398.4 eV), pyrrolic N (N-5, 399.7 eV), quaternary N (N-Q,
400.8 eV) and oxidized N (N-X, 402.7 eV) species, which can
provide electrochemically active sites and good conductivity
with enhanced capacitive properties of the material.*® Notably,
the percentage of N atoms on the edge of the graphite plane
(N-5, N-6 and N-X) is 93.7%, much higher than in the middle of
the graphite plane (N-Q), implying the existence of nitrogen at
the more effective active sites (refer to Table S1t).>* No nitrogen
species were detected in the untreated CC sample. The nitrogen
doping in the hNCC sample is expected to enhance the surface
polarity, electric conductivity, and electron-donor tendency of
the carbon materials, which can provide not only enhanced
capacity for lithium ion batteries but also additional pseudo-
capacitance, and improved rate performance and cycling
stability for supercapacitor applications.”> Owing to its nano-
structured, N-doped and conductive architecture with a 3D
hierarchical inherent network, it is expected that the hNCC
should have significantly improved electrochemical perfor-
mance for lithium ion batteries and supercapacitors. Moreover,
as expected, the C 1s XPS peak (Fig. 2d) can be deconvoluted
into a dominant component of sp> carbon at 284.5 eV, along
with two weaker bands associated with C-O and C-N at 285.4 eV
and O-C-O at 286.2 eV, which also demonstrates the nitrogen
doping on the CC surface. In comparison, the peak at 285.4 eV
in untreated CC (Fig. S5bt) exhibits much weaker intensity,
indicating that a relatively smaller amount of the functional
group is attached to its surface.

The surface wettability of the electrode material is important
for its application in electrochemical devices. To investigate the
effect of N-doping on the wettability, water contact angle
measurements were conducted for both the hNCC and the
untreated CC (data shown in Fig. S6t). The untreated CC is
found to be very hydrophobic with a contact angle of about
141.6°. In contrast, the plasma activated hNCC becomes very
hydrophilic with the contact angle reduced to 21.3° after resting
the water droplet on the surface for 5 s. The XPS result shown in
Fig. 2d confirms the C-N and C-O bonds on the plasma pro-
cessed hNCC sample surface. While a small amount of C-O
bonds existed on the untreated carbon cloth (refer Fig. S51), the
C-N bonds were formed only after N plasma treatment. The C-N
bonding is polar due to the higher electronegativity of N (3.04)
compared to that of C (2.55), making it hydrophilic towards
polar water molecules. Other research groups have also attrib-
uted the enhanced hydrophilic property of nitrogen doped
carbon materials to C-N bond formation.*® Furthermore, the
formation of a nano-structure on the surface of carbon materials
can also impede the adsorption of water to some extent.> Thus
even though the hNCC surface is nanostructured, the much
enhanced wettability of the hNCC is clearly due to the overriding
effect of the polar C-N bonds introduced via nitrogen doping.

3.2 Enhancement in lithium ion storage properties

The electrochemical properties of the hNCC electrode, together
with the untreated CC electrode, were measured by configuring
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them as the laboratory-based CR2016 coin cells. The hNCC and
untreated CC (as the anode) were investigated against Li metal
under galvanostatic cycling conditions at room temperature in
the voltage window of 0.005-3.0 V. Fig. S71 shows the initial
charge-discharge profiles for the hNCC and untreated CC
samples at 100 mA g '. The charge-discharge profiles are in
accordance with the cyclic voltammetry (CV) analysis given in
Fig. 3a, which shows the CV curves of the hNCC at a fixed scan
rate of 0.1 mV s~ in the voltage range of 0.005-1.5 V. As can be
seen in Fig. 3a, the first cathodic peak is centered at ~0.8 V,
which corresponds to the formation of a solid electrolyte
interphase (SEI) on the surface of the electrode.>” The CV curves
overlap in the following cycles, indicating the formation of
a stable SEI layer. The following cathodic peaks situated at
~0.2 V are mainly attributed to lithium-ion insertion into the
graphitic structure, which is an important indicator of lithium
storage in a carbon-based architecture. In addition, the capacity
above 0.5 V is attributed to the faradic capacitance on the
surface or edge sites of graphitic carbon. To compare the rela-
tively long-term cyclic performance of the hNCC and untreated
CC, the cells were charged and discharged for 150 cycles at
a current density of 100 mA g~* between 0.005 and 3.0 V. As
shown in Fig. 3b, the hNCC electrode delivers a reversible
capacity of about 140 mA h g~ ' after 150 cycles, considerably
higher than that of untreated CC (50 mA h g %), with a corre-
sponding coulombic efficiency of over 99%. The rate capabilities
for the untreated CC and hNCC based anodes were measured for
60 cycles from 100 to 1600 mA g™ * in the voltage range of 0.005 to
3 V (Fig. 3c). As can be seen, the hNCC anode exhibited the
highest charge-discharge capacity of 159 mAh g™ " at 100 mA g™,
more than twice that of the untreated CC (61 mA h g ). Addi-
tionally, the hNCC can sustain high capacities of 124, 85, 55 and
45 mA h g ', with a coulombic efficiency of over 98%, at current
densities of 200, 400, 800 and 1600 mA g™, respectively. These

values are much higher than those of the untreated CC.
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Fig. 3 The lithium ion storage properties of the hNCC compared with
pristine CC. (a) CV curves of the hNCC sample; (b) cyclic stability of the
hNCC and untreated CC electrodes at a current density of 100 mA g2,
and their coulombic efficiency; (c) rate performance of the hNCC and
untreated CC electrodes at different current densities; (d) EIS spec-
troscopy of the hNCC and the untreated CC.
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Simultaneously, the enhanced conductivity of the hNCC elec-
trode, demonstrated by electrochemical impedance spectros-
copy (EIS) in Fig. 3d, could also be responsible for such
a capacity enhancement in the frequency range of 1 x 10° to 0.01
Hz. Nyquist plots are shown in Fig. 3d. The results reveal that the
hNCC electrode has a lower electrolyte resistance (Ry = 2.9 Q)
and charge transfer resistance (R, = 133 Q) than the untreated
CC electrode (R; = 4.2 Q and R, = 172 Q). Compared to the
untreated CC, the superior capacity of the hNCC is ascribed to
the synergistic effects of nitrogen doping on the surface of CC, as
well as the unique nano-structured surface of the hierarchical 3D
architecture, which effectively facilitate the Li-ion transport
property due to the decreased electrochemical resistance.

3.3 Enhancement in supercapacitive properties

Commercial untreated CCs have been widely employed as
flexible and conductive substrates for metal oxide, nitride or
carbide materials for supercapacitor applications.”® However,
the untreated CC alone has a rather small and negligible electric
double-layer capacitance. After the nanostructuring and N
doping by plasma functionalization, we expect a significant
increase in the supercapacitive charge storage function. The
cyclic voltammetry (CV) curves of the untreated CC and hNCC
electrodes at a scan rate of 200 mV s~ " are shown in Fig. 4a. The
CV curve of the hNCC electrode exhibits a box-like shape in the
potential range of 0 to 0.58 V. The irregular shape of the CV
curve for the hNCC sample suggests the presence of excess
nitrogen containing functional groups on the outer surface that
give rise to redox reactions.'® However, importantly, the hNCC
electrode exhibits a current density many orders of magnitude
larger than that of the untreated CC electrode, indicating the
remarkably enhanced charge storage capability of the hNCC

(2) 2 —Thiraace (b) 06 —nircated CC
. |—nNee —hNCC

. _

; 10 2, 04

g =

= =

50 % 0.2

=t ~

© 0 0.0

00 02 04 06 0 30 60 90 120

( ) Potential (V) vs. Ag/AgCl ( d) Time (s)

C

G 300 M Untreated CC P
5 B hNCC 09 « INGC
£ B

e =}

p = 0

Sl TN,

] =5V

z

é §0'3 00. ‘ ‘ |

£ & L

a0 0.0

0 5 10 15 20 25 30 35 40 0 3000 6000 9000

Current density(mA cm™)

Cycle number

Fig. 4 The supercapacitive performance of the hNCC and untreated
CC electrodes. (a) CV curves of the hNCC and untreated CC at 200 mV
s7L (b) galvanostatic charge—discharge curves of the hNCC and
untreated CC electrodes at 4 mA cm™2; (c) specific capacitance as
a function of the current densities of the hNCC and untreated CC
electrodes; (d) cyclic stability of the hNCC electrode obtained at 4 mA
cm™2 for 10 000 cycles (the inset shows the last five cycles during the
cyclic performance test).
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electrode. Fig. 4b shows the galvanostatic charge-discharge
curves of the untreated CC and hNCC electrodes collected at
a current density of 4 mA cm ™. The much larger discharge time
of the hNCC again demonstrates its enhanced capacitive
performance because of the contribution of pseudocapacitance
(voltage plateau at ~0.3 V) by a large amount of nitrogen con-
taining functional groups on the graphitic edges. Fig. 4c
compares the specific capacitance of the untreated CC and
hNCC electrodes at different current densities. Significantly, the
hNCC electrode demonstrates a high specific capacitance of
391 mF cm > at a current density of 4 mA cm™?, which is
~3250 times higher than that of the untreated CC electrode
(0.12 mF em™?). In addition, ~39.8% of the specific capacitance
was retained by the hNCC electrode as the current density
increased from 2 to 40 mA cm ™ 2. Moreover, the hNCC electrode
exhibited excellent cyclic stability without any decrease in the
specific capacitance even after 10 000 cycles, as shown in
Fig. 4d. Additionally, the respective contribution of the pseu-
docapacitance and double-layer capacitance was also compared
for the hNCC sample (related plots are provided in Fig. S8
along with a detailed explanation).'®*” The estimated pseudo-
capacitance contribution plays a critical role in the hNCC
electrode, providing 72.5% of the total specific capacitance,
while the double-layer capacitance contributes the rest (27.5%).
All these results conclusively confirm that the capacitive
performance of the CC can be effectively increased by the single-
step nitrogen plasma activation method used in the present
study (Table S27).

Electrochemical impedance spectroscopy was conducted to
investigate the electrochemical properties of the samples
assembled for the supercapacitor configuration. As shown in
Fig. S9,7 the absence of a semicircle in the high-frequency
region indicates that the ionic conductivity at the electrode and
electrolyte is extraordinary. Additionally, the calculated charge
transfer resistances (R.) of the untreated CC and hNCC elec-
trodes are ~6.8 and 1.7, respectively. The considerably
decreased R of the hNCC electrode reveals the greatly
enhanced charge transfer properties. Additionally, a straight
line with a slope of about 80° is observed for both the samples in
the low-frequency region, which corresponds to the semi-
infinite Warburg impedance resulting from the frequency
dependence of the ion diffusion/transport in the electrolyte,
indicating the fast ion transport at the electrode-electrolyte
interface.”® Moreover, the higher specific capacitance of the
hNCC electrode can also be confirmed by the increased surface
area. The surface areas of the hNCC and untreated CC samples
were estimated by measuring the electrochemical capacitance
of the film-electrolyte interface in the double-layer regime of
the voltammograms. The specific capacitance (Cq;) was esti-
mated to be 2.4 mF cm ™2 for the hNCC and 0.23 mF cm ™ > for
the untreated CC (representative plots are provided in Fig S107,
together with a detailed explanation). According to the results,
the ratio between the hNCC and untreated CC is estimated to be
10 : 1. Since the Cgq is proportional to the surface area of the
materials, the hNCC electrode possesses a much higher active
surface area than the untreated CC, thus it delivers both an
enhanced specific surface area for double-layer capacitance and
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especially increased polar CN bonding networks for pseudoca-
pacitance. Therefore, the significantly enhanced capacitance
and cyclic durability of the hNCC electrode can be attributed: (1)
to the incorporation of mainly nitrogen, and to some extent
oxygen, functional groups onto the carbon fiber surface, and (2)
to the increased surface area of the carbon fibers as a result of
surface nanostructurization by nitrogen plasma treatment.

3.4 Discussion on the activation mechanism

In order to understand the nitrogen plasma activation on the
surface of the commercial CC, to achieve a highly controllable
hierarchical 3D architecture, we subsequently used optical
emission spectroscopy (OES, Fig. S111) for further analysis. As
shown in Fig. S11,} there are three major regions in the emis-
sion spectrum of nitrogen plasma, representing different
nitrogen species i.e. nitrogen in molecular, atomic and ionic
forms. Among these, N, molecular ions represented by emis-
sion peaks in the 350 to 450 nm range play an essential role in
achieving the nitrogen doping as well as enhancing the rough-
ness and nanostructured morphology of the treated CC surface
(Fig. 5). N," ions can deliver an excitation energy of ~18.7 eV,
leading to CN bonding with an activated state.> The formation
of a volatile CN phase during plasma activation is also thought
to be responsible for the decrease in amorphous carbon for the
treated CC and changes in the surface nanostructure.** The
etching effect of nitrogen plasma is relatively weak compared to
that of H and O plasmas, so the graphitic architecture is rela-
tively stable under N etching.** Moreover, it has been reported
that incorporated N in the sp® configuration may function as a
bridge between sp” clusters, leading to localization of the 7t- and
m*-bands, which are responsible for aromatic ring clusters
(graphitic micro-spherical domination).*® The N," levels in the
nitrogen plasma accelerate the formation of a graphitic micro-
spherical assembly, leading to domination of the graphitic
phase over the amorphous phase. Therefore, the hierarchical
networks composed of aromatic ring clusters should survive
and gradually accumulate with increasing plasma activation
duration. It has been noted that the localized aromatic ring
clusters also form and increase in number with varying several

Amorphous carbon

View Article Online
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operational parameters, such as increased N, flow rate,
enhanced power density and elongated treatment duration.*

Based on the above analysis, the mechanism of the hNCC
formation (shown in Fig. 5) can be summarized as follows:

(1) Before plasma activation, the untreated CC exhibits
a smooth surface which is composed of amorphous and
graphitic carbon;

(2) During nitrogen plasma treatment, the amorphous
carbon reacts with and is etched by N, ions to produce volatile
CN," while the graphitic composition continuously accumu-
lates to achieve a nano-architecture;

(3) Nitrogen-containing ions bond with graphitic carbon,
particularly at the edges of the graphitic structure (based on XPS
results);

(4) Nitrogen-doped graphitic micro-spherical particles are
thus formed over the entire outer surface of the CC to achieve
a hierarchical 3D nano-architecture.

3.5 Effect of plasma power

To further demonstrate the validity of the above explanation, we
studied the effect of the plasma power on the surface
morphology and the nitrogen content of the treated CC. The RF
power was reduced to 250 W with the CC sample being treated
for the same fixed duration of 15 min. This sample is referred to
as rNCC. Reducing the RF power significantly reduces the
formation of a porous nanostructured surface on the CC
(compare Fig. 6b for rNCC with Fig. 1b for hNCC) as only
a randomly separated micro-spherical architecture is seen to
form on the outer surface of the rNCC. Fig. 6a shows that for
a reduced RF power of 250 W, the intensity of the N," emission
peak and correspondingly the number of reactive N," ions, is
lower. This is further evidenced by the XPS results shown in
Fig. 6¢c-d and the data tabulated in Table S1.f The overall
nitrogen atomic percentage decreased from 5.6% for 500 W to
2.7% for 250 W RF plasma power. Notably, the percentage of N
atoms on the edge of the graphite plane is also reduced to
88.1% for rNCC (Table S1t), from 93.7% for hNCC. This
investigation demonstrates that a higher abundance of the N,"
level using a higher RF power is required not only to bond

Fig. 5 A schematic formation process of the hNCC by plasma activation from the untreated CC.
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Fig. 6 (a) OES spectra of nitrogen plasma at different RF powers, 500
W (for the hNCC) and 250 W (for the rNCC sample); (b) SEM and FESEM
images of the INCC sample; (c) XPS spectra of N 1sin the rNCC; (d) XPS
spectra of C 1s in the rNCC.

a significant amount of nitrogen with carbon atoms at the edge
of the graphitic sheets but also to appropriately nanostructurize
the treated carbon fiber surface.

Furthermore, we measured the supercapacitive performance
of the rNCC to further confirm our results (data are shown in
Fig. S12t). As shown in the resultant CV curve (Fig. S12at) along
with the GCD profile (Fig. S12bt), the rNCC also delivered an
irregular box-like shape as well as a capacitance of 237 mF cm >
at 4 mA cm™ %, which is much higher than that of the untreated
CC but still lower than the hNCC. This also demonstrates that
hNCC is capable of providing better performances due to its
hierarchical nano-structure together with its enhanced nitrogen
proportion.

4. Conclusions

In summary, we have demonstrated a facile, environmentally-
friendly, efficient and controllable approach based on RF
nitrogen plasma processing of commercial carbon cloth to
synthesize hierarchical nanostructured porous nitrogen doped
CC as an excellent electrode material for energy storage devices.
Upon plasma activation, the obtained hNCC exhibits a hierar-
chical nano-architecture composed of a graphitic nano-spher-
ical porous assembly as well as abundant nitrogen-containing
functional groups. Owing to these advantageous features, the
as-prepared hNCC electrode delivers almost three times the Li-
ion storage capacity compared to the untreated CC electrode,
with excellent cyclic stability. Moreover, the hNCC has a specific
capacitance of 391 mF cm ™ at a current density of 4 mA cm ™2,
three orders of magnitude higher than the value for the
untreated CC electrode. Furthermore, a plausible mechanism to
achieve such a hierarchical 3D architecture is investigated for
not only confirming the achievement of an excellent perfor-
mance in energy storage devices but also for providing

This journal is © The Royal Society of Chemistry 2016
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a generalized approach to effectively control the morphology
and nitrogen doping of carbon based materials by RF plasma
treatment. We believe the plasma activation strategy to signifi-
cantly enhance the capacitive performance of CC will open up
a novel opportunity in the development of cost-effective and
high-performance electrode materials for energy storage
devices.
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