
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 7
:5

5:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Vertically-oriente
aState Key Laboratory of Powder Metallur

410083, China. E-mail: pingge@csu.edu.cn;
bCollege of Civil Engineering and Mechanics

R. China
cKey Laboratory of Mechanics on Disaste

(Lanzhou University), The Ministry of Edu

China

† Electronic supplementary informa
10.1039/c8ra01537f

Cite this: RSC Adv., 2018, 8, 13891

Received 20th February 2018
Accepted 28th March 2018

DOI: 10.1039/c8ra01537f

rsc.li/rsc-advances

This journal is © The Royal Society of C
d graphene nanosheet as nano-
bridge for pseudocapacitive electrode with
ultrahigh electrochemical stability†

Pingge He, *a Qiangqiang Zhang,bc Qun Huang,a Boyun Huanga

and Tengfei Chen*a

A hierarchical structure consisting of Ni–Co hydroxide nanosheets (NCHN) electrodeposited on vertically-

oriented graphene nanosheets (GN) on carbon cloth (CC) was fabricated for high-performance

pseudocapacitive electrodes. NCHN was uniformly distributed on GN, forming a sheet-on-sheet

hierarchical structure. Such NCHN/GN/CC hybrid electrodes exhibit high capacitance and ultrahigh

electrochemical-stability that structure and electrochemical properties of hybrid electrodes are not

affected by the cyclic low-rate scanning (at 5 mV s�1 even over 1000 cycles). GN vertically grown on CC

is used as nano-bridge between NCHN active materials and CC current collector, which effectively

facilitates ion/charge transfer between the electrolyte and electrode, consequently leading to the

ultrahigh electrochemical-stability of hybrid electrodes. To assess functional behavior, two-terminal

flexible asymmetric supercapacitor devices with NCHN/GN/CC as positive electrode and GN/CC as

negative electrode were assembled and electrochemically treated to demonstrate the ultrahigh

electrochemical stability.
1. Introduction

Supercapacitors, with fast power delivery, high rate capability
and stable cyclic life, show great promise as next-generation
energy storage systems, complementing even replacing
batteries as power supplies in practical applications.1–4 Great
efforts have been made for the development of supercapacitors,
particularly the exploration of novel supercapacitor electrodes.
Pseudocapacitive electrode materials, such as metal oxides/
hydroxides containing transition metal elements (e.g., Ni, Co,
Mn) that are endowed with rich redox states, can signicantly
improve energy densities of supercapacitors compared to their
carbon-based counterparts.5–7 Recently, a novel binary metal
oxide (NiCo2O4) and related hydroxide nanostructures have
been extensively studied as promising pseudocapacitive elec-
trode materials for supercapacitors because of their low cost,
relatively high electrical conductivity and high electrochemical
activity compared to single metal oxides/hydroxides.8 However,
the high capacitance of such pseudocapacitive electrodes is
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generally achieved at low scan rates or low current densities,
which signicantly deteriorate the electrode structure and
performance.9,10 The structure and performance instability of
pseudocapacitive electrodes over charge/discharge process at
low scan rates or low current densities are possibly attributed to
the mechanical detachment of the active materials from
substrates, excessive volume expansion of active materials, low
conductivity and limited mass transfer during charge/discharge
processes.9,11 Thus, the design of hierarchical structure with
high structural and electrochemical stability is necessary to
achieve high-performance and durable supercapacitor
electrodes.

Numerous templates for metal oxides/hydroxides are devel-
oped to enhance the structural stability of electrodes during
charge/discharge process. Traditional substrates such as Ni and
stainless steel are commonly used while they generally exhibit
relatively low specic surface area. Carbon-based nanomaterials
such as graphene,12,13 reduced graphene oxide14,15 and carbon
nanotubes16 are frequently adopted as nanotemplates for highly
pseudocapacitive materials due to their large specic surface
area. However, the electrode fabrication process always involves
utilization of binder and mechanical mixing, which seriously
deteriorates the structural unity and stability of electrodes,
leading to poor electrochemical performance.17,18 To alleviate
this problem, free-standing electrodes with desirable structural-
stability to fully exploit the excellent pseudocapacitive proper-
ties of metal oxides/hydroxides are highly required. Meanwhile,
rarely has it been reported on the structural evolution of hybrid
RSC Adv., 2018, 8, 13891–13897 | 13891
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pseudocapacitive electrodes during the charge/discharge
process at low scan rates and its subsequent effects on elec-
trochemical performance of electrodes. The deep under-
standing of the ion/charge transfer mechanism of electrodes
during the charge/discharge process is meaningful and
instructive for supercapacitor in their practical applications.

In this work, highly pseudocapacitive Ni–Co hydroxide
nanosheet (NCHN) was electrodeposited on vertically-oriented
graphene nanosheet (GN) as free-standing and binder-free
pseudocapacitive electrodes. The GN layer has been demon-
strated its great promise in supercapacitor eld, either as active
materials (with improved capacitance)4,19 or nanotemplate for
pseudocapacitive materials (with high rate capability and
excellent cyclic stability).20,21 GN which is vertically grown on
carbon cloth (CC) is used as nano-bridge connecting NCHN
active materials with CC current collector. The structural
evolution of NCHN/GN/CC hybrid electrodes during charge/
discharge process was systematically studied through electro-
chemically treating NCHN/GN/CC electrodes at low scan rates
over different cycles. The microstructures and electrochemical
properties of hybrid electrodes aer treatments are investigated
to get a deep understanding of the electrochemical stability
mechanism for such hybrid electrodes during cyclic charge/
discharge process. Moreover, exible asymmetric super-
capacitors with NCHN/GN/CC as positive electrode, GN/CC as
negative electrode and KOH/PVA as both electrolyte and sepa-
rator were fabricated and electrochemically treated as well to
demonstrate the ultrahigh electrochemical stability of such
hybrid electrodes.
2. Experimental
2.1 Growth of GN on CC

Carbon cloth substrate (5 � 10 mm2, Epsilon Corp. China) was
put into the center of a microwave plasma chemical vapor
deposition (MPCVD) furnace. H2 (50 sccm) was rst introduced
to the MPCVD system and aer the total pressure reaches 10
torr, the plasma was turned on (a power of 300 W). Then the
total pressure was gradually increased to 25 torr, during which
the plasma power gradually increased from 300 to 550 W.
Subsequently, CH4 (10 sccm) as the carbon source was intro-
duced. The GN growth was under a MPCVD condition with the
plasma power of 550 W, total pressure of 25 torr, and feed gases
of H2 (50 sccm) and CH4 (10 sccm). The growth time was 15 min
to ensure the CC substrates fully covered by GN. The mass
loading of GN is measured to be 1.8 mg cm�2 by the weight
difference of the CC sample before and aer MPCVD process
using a microbalance with an accuracy of 1 mg.
2.2 Electrodeposition of NCHN on GN/CC

According to previously reported procedures, NCHN were
prepared on GN/CC by an electrodeposition method.20,22 The
electrodeposition was conducted by the electrochemical work-
station (CHI660C) through a three-electrode system consisting
of GN/CC as the working electrode, Pt mesh as the counter
electrode and saturated calomel electrode (SCE) as the reference
13892 | RSC Adv., 2018, 8, 13891–13897
electrode. The NCHN was electrodeposited on GN at a constant
potential of �1.0 V vs. SCE in a aqueous solution containing
0.1 M Ni(NO3)2 and 0.03 M Co(NO3)2 at ambient temperature.
The electrodeposition duration was 3 min, which has been
demonstrated as the optimized time in our previous work.20 The
mass loading of NCHN is measured to be approx. 3 mg cm�2 by
the weight difference of the sample before and aer electrode-
position process. For comparison, NCHN were also electro-
deposited on bare CC under the same condition.

2.3 Material characterization

The surface morphology of electrodes was characterized by eld
emission scanning electron microscope (FESEM, Nova Nano
230). The structure and chemical composition of the electrodes
were investigated characterized by transmission electron
microscopy (TEM, Japan FEM-2100F) combined with energy-
dispersive X-ray spectroscopy (EDX) mapping and X-ray
diffraction (XRD, D/max 2550).

2.4 Electrochemical treatments and characterization

The electrochemical performance was evaluated using an elec-
trochemical workstation (CHI660C). Electrochemical measure-
ments were conducted in a three-electrode conguration at
room temperature using 2 M KOH as electrolyte. NCHN/GN/CC
served directly as the working electrode. Pt mesh and standard
calomel electrode (SCE) were used as the counter electrode and
reference electrode, respectively. Electrochemical impedance
spectroscopy (EIS) measurements were executed with an AC
perturbation amplitude of 5 mV in the frequency range from
0.1 Hz to 1 MHz.

In order to investigate effects of low scan rates on the
structure and electrochemical properties of NCHN/GN/CC
electrodes, the hybrid electrodes were scanned at 5 mV s�1

over 100, 300, 500 and 1000 cycles, respectively. For compar-
ison, NCHN/CC electrodes (without GN) were also electro-
chemically treated under the same condition.

3. Results and discussion

The morphology of NCHN/GN/CC has been shown in Fig. 1. The
bare GN grown on CC has been provided in ESI, Fig. S1,† and
the detailed mechanism for such vertical GN growth has been
systematically reported in previous work.23,24 Aer electrodepo-
sition time of 3 min, NCHNs are uniformly distributed on the
surface of GN (see Fig. 1a). Moreover, the edges of GN are clearly
observed with dense NCHN coverage. High-magnication SEM
image in Fig. 1b indicates that smaller NCHN with a lateral size
of several tens of nanometers covers perpendicularly from the
surface of larger GN substrate, forming an island-like
morphology. The TEM image in Fig. 1c further conrms the
homogeneous distribution of small NCHN (visible dark lines)
on large GN, forming a unique sheet-on-sheet hierarchical
structure. Energy dispersive X-ray spectrometry (EDX) elemental
mapping of NCHN/GN shown in Fig. 1d–h reveals the spatial
elemental distribution within the hierarchical structure. Fig. 1d
contains a high-angle annular dark eld (HAADF) scanning
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) SEM image of GN uniformly covered by NCHN at low
magnification. (b) SEM image of smaller NCHN densely grown on
relatively larger GN at high magnification. (c) TEM image of a GN
covered with a large amount of NCHN. (d) High-angle annular dark
field (HAADF) scanning TEM image of a magnified part of GN covered
with many small NCHPs. (e–h) Elemental mapping showing uniform
spatial distribution of mapped elements in (d): (e) to (h) correspond to
C, Ni, O and Co maps, respectively.

Fig. 2 XRD patterns of NCHN/GN/CC electrodes before and after
electrochemical treatment at 5 mV s�1 over different cycles.
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TEM image of numerous NCHN on a magnied portion of
a single GN. Fig. 1e–h corresponds to C, Co, Ni and O map,
respectively. These spatial elemental mappings reveal a homo-
geneous spatial distribution of the mapped elements (Ni, Co
and O) in the nanosheet structure. The structural uniformity
and integrality are the prerequisites for performance stability.
The nitrogen (N2) adsorption–desorption isotherms and the
corresponding Barret–Joyner–Halenda (BJH) pore size distri-
bution curves of NCHN/GN/CC electrode have been provided in
ESI, Fig. S2,† indicating the NCHN/GN/CC electrode presents
mesoporous structure, which could facilitate the fast mass
transport.25 Moreover, XPS spectra of NCHN/GN/CC hybrid
electrode have been provided in ESI, Fig. S3† showing some
covalent bonds form between C and O, which suggests that a
robust bonding exists at the interface between the NCHN
and GN.

Aer electrochemical treatment at a scan rate of 5 mV s�1

over different cycles, hybrid electrodes were systematically
characterized through XRD and SEM to investigate the struc-
tural evolution. The XRD patterns of electrodes before and aer
electrochemical treatments are shown in Fig. 2. The XRD
pattern of original NCHN/GN/CC electrode (without electro-
chemical treatment) shows a dominant peak at 26.4� and
a small peak at approx. 44�, corresponding to (002) and (101)
plane diffraction of graphite crystalline structure (JCPDS
number: 41-1487), respectively. Meanwhile, peaks at
approx.11.6�, 23.3�, 35� and 60.9� shown in the XRD pattern are
This journal is © The Royal Society of Chemistry 2018
attributed to (003), (006), (012) and (110) plane diffraction of
a comblainite structure, consisting of Ni, Co, O, H and C
elements in a unity structure (JCPDS number: 33-0429).22,26

Some sharp peaks at around 30� and 40� might be attributed to
impurities from the original electrode surface. Aer electro-
chemical treatments at 5 mV s�1 over 100, 300, 500 and 1000
cycles, NCHN/GN/CC electrodes display few differences in the
XRD patterns, indicating the crystalline structure of NCHN/GN/
CC electrodes is independent on cyclic charge/discharge
process at low scan rates.

SEM images of NCHN/GN/CC electrodes aer different cyclic
charge/discharge treatments at a scan rate of 5 mV s�1 (See
Fig. 3) reveal the morphology evolution of hybrid electrodes.
Aer 100-cycle electrochemical treatment, GN surface remains
a large-scale coverage of NCHN (see Fig. 3a), and edges of GN
are clearly distinguished (see Fig. 3b). Small NCHN with
numerous edges are homogeneously and densely distributed on
GN surface, indicating the intact sheet-on-sheet hierarchical
structure aer 100-cycle electrochemical treatment. With
increasing charge/discharge treatment cycles (300 cycles), a thin
layer of NCHN lm covers the surface of GN (see Fig. 3c), and
less edges of NCHN are observed (see Fig. 3d). Aer 500-cycle
electrochemical treatment, GN surface is covered with a thicker
layer of NCHN, especially among the GN edge regions (see
Fig. 3e). As shown in Fig. 3f, some NCHN tend to aggregate on
GN edges but the sheet-on-sheet hierarchical structure is still
remained without structural collapse. In Fig. 3g, the NCHN/GN/
CC electrode aer 1000-cycle charge/discharge treatment pres-
ents some aggregations on the surface as well, while edges of
NCHN and GN are clearly distinguished, indicating the high
structural-stability of NCHN/GN/CC electrodes. In sharp
contrast, SEM images of NCHN/CC electrodes aer a 300-cycle
charge/discharge treatment at 5 mV s�1 (see ESI, Fig. S4†) show
that a large number of NCHN peel off the CC substrate and
some NCHN seriously aggregate on carbon ber surface, indi-
cating severe structural damage and deformation of NCHN/CC
electrodes during the cyclic charge/discharge process.

Aer cyclic charge/discharge treatments at a scan rate of
5 mV s�1, NCHN/GN/CC electrodes were electrochemically
characterized in 2 M KOH aqueous electrolyte and the related
RSC Adv., 2018, 8, 13891–13897 | 13893
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Fig. 3 SEM images of NCHN/GN/CC electrodes after electrochemical
treatment at 5 mV s�1 over different cycles: 100-cycle treatment (a) at
low magnification. (b) At high magnification; 300-cycle treatment (c)
at low magnification. (d) At high magnification; 500-cycle treatment
(e) at low magnification. (f) At high magnification; 1000-cycle treat-
ment (g) at low magnification. (h) At high magnification.

Fig. 4 (a) CV curves of NCHN/GN/CC electrodes before and after
different cyclic-electrochemical treatments. (b) Capacitances and
capacitance retentions of NCHN/GN/CC electrodes before and after
treatments. (c) CV curves of NCHN/CC electrodes before and after
different cyclic-electrochemical treatments. (b) Capacitances and
capacitance retentions of NCHN/CC electrodes before and after
treatments. (e) Nyquist plots for the NCHN/GN/CC electrodes before
and after treatments (the inset shows the impedance spectra in the
high frequency region). (f) Cyclic stability tests of NCHN/GN/CC
electrodes before and after treatments measured at a current density
of 60 mA cm�2 over 10 000 cycles.
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results are shown in Fig. 4. Fig. 4a displays cyclic voltammetry
(CV) curves of treated NCHN/GN/CC electrodes at a scan rate of
5 mV s�1 (CV curves of treated NCHN/GN/CC electrodes at
different scan rates are provided in ESI, Fig. S5†). All the CV
curves almost overlap and show few differences in the location
of redox peaks (the negligible shi in the CV curves could be
attributed to the increased ion-diffusion resistance, and redox
peaks correspond to the redox reactions between NCHN and
KOH electrolyte27,28), independent of treating cycle numbers,
which indicate the electrochemical properties of NCHN/GN/CC
electrodes do not change aer cyclic charge/discharge treat-
ments even at low scan rates. Moreover, overlapped galvano-
static charge/discharge proles of NCHN/GN/CC electrodes
aer treatments (see ESI, Fig. S6a†) further conrm the high
electrochemical-stability during cyclic charge/discharge
process. The capacitances of NCHN/GN/CC electrodes aer
treatments calculated from galvanostatic charge/discharge
curves at a current density of 5 mA cm�2 have been provided
in Fig. 4b. The NCHN/GN/CC electrodes exhibit an areal
capacitance of 8.25, 8.27, 8.24 and 8.22 F cm�2 aer 100-, 300-,
500-, and 1000-cycling treatments, respectively. Compared to
13894 | RSC Adv., 2018, 8, 13891–13897
the original NCHN/GN/CC electrode (8.4 F cm�2), the capaci-
tance retentions are over 98% aer cyclic charge/discharge
treatments at a low scan rate.

For comparison, NCHN/CC electrodes aer electrochemical
treatments were electrochemically investigated as well. Fig. 4c
shows huge differences in CV curves at 5 mV s�1 of treated
NCHN/CC electrodes. Aer 100-cycle treatment, the redox peaks
move positively, and the current (particularly the discharge
current) signicantly decreases, indicating the great decrease in
the capacitance of electrodes. Moreover, with further increasing
cycles of treatments, redox peaks become much milder and
currents undergo a continuous attenuation. Galvanostatic
charge/discharge curves of NCHN/CC electrodes aer different
cycling treatments provided in ESI, Fig. S6b† indicate with
increasing cycles during low-rate scanning treatments, voltage
plateaus on charge/discharge proles of NCHN/CC electrodes
are not obvious, and the time period required for charge and
discharge process remarkably decreases, which are consistent
with the CV results. The capacitances of NCHN/CC electrodes
aer low rate-scanning treatments calculated from charge/
discharge curves at a current density of 5 mA cm�2 have been
provided in Fig. 4d. The NCHN/CC electrodes present an areal
capacitance of 5.21, 3.99, 3.11 and 1.58 F cm�2, with a capaci-
tance retention of 90%, 70%, 54.5% and 27.6% aer 100-, 300-,
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Electrochemical performance of flexible asymmetric devices
before and after electrochemical treatments. (a) CV curves at different
scan rates before treatment. (b) Galvanostatic charge/discharge curves
at different current densities (c) CV curves at a scan rate of 30 mV s�1

after treatment. (d) Nyquist plots after treatment (the inset shows the
impedance spectra in the high frequency region).
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500-, and 1000-cycling treatments, respectively, indicating
a signicant decrease in capacitance aer cyclic charge/discharge
process at low scan rates. Moreover, the capacitance drops
remarkably with increasing cycles during the treatments. The
sharp comparison of electrochemical stability between NCHN/GN/
CC and NCHN/CC electrodes reveals that GN as nano-bridge
between pseudocapacitive materials and current collectors plays
an essential role in the structural and electrochemical stability of
hybrid electrodes during the low-rate scanning charge/discharge
process. Furthermore, comparative EIS data of NCHN/GN/CC
and NCHN/CC has been provided in the ESI, Fig. S7,† which
demonstrates the NCHN/GN/CC electrode exhibits lower
equivalent-series-resistance and higher charge transfer efficiency.

Capacitance retentions of NCHN/GN/CC electrodes aer
treatments are plotted as a function of current density (See ESI,
Fig. S8†). As the current density increases from 5 to 100 mA cm�2,
all the capacitances of NCHN/GN/CC electrodes undergo a slight
decrease, with a capacitance retention of over 88%, which is
independent on the treatment cycle. Nyquist plots of
NCHN/GN/CC electrodes aer treatments are shown in Fig. 4e,
in which few differences are present. From the magnied EIS in
the inset of Fig. 4e, the equivalent-series-resistance (Re) value,
measured from the real-axis intercept of the impedance spec-
trum at high frequencies, increases slightly from approx. 2.1 to
2.4 U aer 1000-cycle treatment on electrodes. Moreover, all
Nyquist plots show negligible semicircle features at high
frequencies, indicating the high charge transfer efficiency of
hybrid electrodes. The cycle life of NCHN/GN/CC electrodes
before and aer treatments provided in Fig. 4f is evaluated over
10 000 galvanostatic charge/discharge cycles at a current
density of 60mA cm�2. For the original NCHN/GN/CC electrode,
the capacitance exhibits a slight increase during the rst 3000
cycles and then undergoes a gradual attenuation through the
10000th cycle, with overall capacitance retention of approx. 92%
compared to the rst cycle. The gradual increase of capacitance
in early cycles has been observed for many metal oxide or
hydroxide containing electrodes in prior work and hypotheti-
cally explained by the gradually ameliorated electrolyte
penetration/wetting of the electrodes by the electrolyte and
structural activation.29,30 Aer cyclic treatment at low scan rates,
the hybrid electrodes exhibit gradual decrease in capacitance,
but still with high capacitance retentions over 90% during
10 000 cycles, which indicates an excellent long-term cyclic
stability of such hybrid electrodes even aer cyclic treatments at
low scan rates. Moreover, the cycling stabilities of NCHN/CC
electrodes before and aer treatments have also been
provided in the ESI, Fig. S9.†

To demonstrate the practical feasibility that GN as nano-
bridge between NCHN and CC improves their electrochemical
stability during charge/discharge process, we assembled exible
asymmetric supercapacitor devices consisting of GN/CC as
negative electrode (the CV curves of GN/CC electrode measured
using 2 M KOH as electrolyte have been provided in ESI,
Fig. S10†), NCHN/GN/CC as positive electrode, and KOH/PVA as
both electrolyte and separator (detailed fabrication procedures
are provided in ESI†), and electrochemically treating the device
at a low scan rate of 5 mV s�1 over 100, 300 and 500 cycles. The
This journal is © The Royal Society of Chemistry 2018
electrochemical performance of two-terminal asymmetric
supercapacitor device before and aer treatment is shown in
Fig. 5.

Fig. 5a displays CV proles of the asymmetric device before
electrochemical treatment at different scan rates from 5 to 50 mV
s�1 with a voltage window of 0–1.5 V. Two redox peaks are observed
in the CV curves at all scan rates that are attributed to the redox
reactions between NCHN active material and KOH electrolyte.
Galvanostatic charge/discharge curves at different current densi-
ties ranging from 3 to 15 mA cm�2 are provided in Fig. 5b. The
charge/discharge curves show obvious voltage plateaus, which are
consistent with voltages of the redox peaks in CV curves. The
Ragone plots of the present asymmetric device compared with
contemporary supercapacitors have been provided in ESI,
Fig. S11,† demonstrating the excellent electrochemical perfor-
mance of the asymmetric supercapacitor device. For practical
applications, leakage current and self-discharge should be
minimal, and these characteristics of the asymmetric super-
capacitors are provided in ESI, Fig. S12.† The leakage current was
measured by keeping the supercapacitor at a constant voltage of
1.5 V for 24 h. The obtained data in Fig. S12a† indicates that
leakage current drops quickly at an initial stage and gradually
stabilizes, reaching 0.0015mA aermaintaining a constant voltage
for 24 h. Such a low leakage current indicates good capacitor
performance, which could be attributed to few shuttle reactions
caused by the impurities in electrode materials.31,32 Fig. S12b†
displays the self-discharge prole of the exible asymmetric
supercapacitor under such an open-circuit voltage condition. The
asymmetric supercapacitor maintains approx. 52% of the initial
potential aer 24 h of self-discharge. These leakage current and
self-discharge characteristics of the asymmetric supercapacitor
corroborate that the devices are promising for use in future energy
storage system.
RSC Adv., 2018, 8, 13891–13897 | 13895
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Aer electrochemical treatment at low scan rates over
different cycles, the device presents almost overlapped CV
curves measured at a scan rate of 30 mV s�1 (see Fig. 5c). The
highly repeatable CV characteristic further demonstrates the
high electrochemical stability of the present device. Further-
more, Nyquist plots of the devices before and aer treatments
are provided in Fig. 5d, only showing a few uctuations. From
the inset of Fig. 5d, the Re value of device before treatment is
approx. 7.5U and aer treatments at a scan rate of 5mV s�1 over
100, 300 and 500 cycles, Re value increases to 7.6, 8 and 8.5 U,
respectively, indicating a small increase in the equivalent-
series-resistance aer cyclic treatment at low scan rates. More-
over, all the curves (before or aer treatments) show small
semicircles, indicating high charge transfer efficiency of the
devices (the small charge transfer resistance might be attrib-
uted to various factors).

To get a deep understanding of the high electrochemical-
stability of NCHN/GN/CC hybrid electrode, the ion transfer
mechanism during charge/discharge process is further investi-
gated. The electrochemical performance is highly dependent on
the electrode structure, while the electrode structural change
during charge/discharge process is expected to be affected by
the amount of active materials reduced or oxidized, which is
determined by the scan rate (current density), and the diffusion
path (diffusion time).9,33 During low-rate scanning process, the
diffusion time is the main factor inuencing the structural and
performance stability of electrodes. Herein, the mechanisms for
ion transfer of hybrid electrodes (NCHN/GN/CC and NCHN/CC)
during charge/discharge process are schematically illustrated as
shown in Fig. 6. For NCHN/GN/CC hybrid electrodes, ions
transfer following the path as: electrolyte / NCHN (active
material) / GN (nano-bridge) / CC (current collector). GN as
nano-bridge effectively connects NCHN and CC and the
continuous atom transition between GN and CC34 further
eliminates the interfacial barrier for ion transfer, therefore
shortening ion diffusion time and facilitating ion rapid diffu-
sion between electrolyte and current collector during the cyclic
charge/discharge process (at low scan rates). However, for
NCHN/CC hybrid electrodes, the interface between NCHN and
CC hinders ion transfer, contributing to a large number of ions
retention among NCHN. As a result, electrolyte ions exceedingly
react with NCHN active materials, leading to seriously structural
Fig. 6 Schematic of ion transfer mechanisms for NCHN/GN/CC and
NCHN/CC hybrid electrodes during charge/discharge process.

13896 | RSC Adv., 2018, 8, 13891–13897
deformation of electrodes and subsequent deteriorating effects
on performance. GNs as nano-bridge between NCHN active
material and CC current collector effectively provides a rapid
channel for ion/charge transfer. Moreover, the robust interfacial
bonding is a prerequisite to ensure the structural stability and
performance durability of NCHN/GN/CC hybrid electrodes.

4. Conclusions

In summary, GN was grown on CC through MPCVD for NCHN
electrodeposition as high-performance supercapacitor elec-
trodes. The structural evolution of NCHN/GN/CC hybrid elec-
trodes at low scan rates and its subsequent inuences on the
electrochemical properties are systematically investigated
through studying the microstructure and performance of elec-
trodes that underwent low-rate scanning over different cycles.
The results reveal that the structure and electrochemical
performance of hybrid electrodes are highly independent on
scan cycle at low scan rates, showing ultrahigh electrochemical-
stability. To further demonstrate the practical functionality,
exible asymmetric supercapacitors based on such hybrid
electrodes are prepared and exhibit high electrochemical-
stability as well. The ultrahigh electrochemical-stability of
such hybrid structures during charge/discharge process are
mainly attributed to that GNs as nano-bridge connecting active
material and current collector, on one hand facilitates ion
transfer between electrolyte and current density, and on the
other hand provides a robust interfacial bonding to ensure the
structural stability and performance durability of hybrid elec-
trodes during cyclic charge/discharge process. The present
results demonstrate that hybrid NCHN/GN/CC structures are
particularly well-suited for practical implementation as a high-
performance, durable electrode at low scan rates.
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