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Abstract: Sodium superionic conductor (NASICON)-type lithium aluminum germanium phosphate
(LAGP) has attracted increasing attention as a solid electrolyte for all-solid-state lithium-ion batteries
(ASSLIBs), due to the good ionic conductivity and highly stable interface with Li metal. However, it
still remains challenging to achieve high density and good ionic conductivity in LAGP pellets by
using conventional sintering methods, because they required high temperatures (>800 ◦C) and long
sintering time (>6 h), which could cause the loss of lithium, the formation of impurity phases, and
thus the reduction of ionic conductivity. Herein, we report the utilization of a spark plasma sintering
(SPS) method to synthesize LAGP pellets with a density of 3.477 g cm−3, a relative high density
up to 97.6%, and a good ionic conductivity of 3.29 × 10−4 S cm−1. In contrast to the dry-pressing
process followed with high-temperature annealing, the optimized SPS process only required a low
operating temperature of 650 ◦C and short sintering time of 10 min. Despite the least energy and short
time consumption, the SPS approach could still achieve LAGP pellets with high density, little voids
and cracks, intimate grain–grain boundary, and high ionic conductivity. These advantages suggest
the great potential of SPS as a fabrication technique for preparing solid electrolytes and composite
electrodes used in ASSLIBs.

Keywords: spark plasma sintering; NASICON-type; ionic conductivity; solid electrolyte; solid–solid
interface; grain-boundary resistance

1. Introduction

The utilization of rechargeable lithium-ion batteries (LIBs) has been increasingly expanded from
consumer devices to plug-in or hybrid electric vehicles and smart grid energy storage systems, in
order to alleviate the dependence on fossil fuels, decrease greenhouse gas emissions, and realize clean
transportation [1,2]. However, traditional LIBs utilize liquid organic electrolytes that could cause
catastrophic disasters (such as fire and explosion) upon exposure to the air due to their flammable and
volatile nature [3–5]. Moreover, the energy densities of current LIBs are gradually approaching their
theoretical limits and cannot meet the increasing demands from end users for higher-performance
LIBs. From this aspect, all-solid-state lithium-ion batteries (ASSLIBs) have recently been revisited as
promising next-generation battery systems because of their significantly improved energy density and
safety [3,6–8]. The major difference between ASSLIBs and conventional LIBs is the use of solid-state
electrolytes (SSEs), rather than liquid organic electrolytes, in the design and fabrication of battery
systems. The adoption of SSEs not only can significantly reduce the safety risks associated with the
flammable, volatile, and toxic liquid organic electrolytes, but also could potentially address the Li
dendrite growth problem and make it possible for the utilization of Li metal with a high theoretical

Nanomaterials 2019, 9, 1086; doi:10.3390/nano9081086 www.mdpi.com/journal/nanomaterials1
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capacity of 3860 mA h g−1 as the anode, therefore substantially elevating energy densities and the
safety of ASSLIBs.

Among different kinds of SSEs, including garnet [9,10], perovskite [11,12], sulfides [13],
hydrides [14], borate or phosphate [15–17], halides [18], lithium phosphorousoxynitride (LiPON) [19],
lithium superionic conductor (LISICON) [20–23], and other Li-based ceramic [24], sodium superionic
conductor (NASICON)-type is one of the most popular solid electrolytes, due to its high ionic
conductivity and good chemical and thermal stability with lithium anode [25–28]. In particular, lithium
aluminum germanium phosphate (LAGP) has a NASICON-type structure and possesses several
advantages for material preparation and practical applications in ASSLIBs. First, the high stability of
LAGP SSEs against O2 and H2O means that the synthesis of materials and the assembly of batteries
could be performed in an ambient atmosphere, therefore simplifying the manufacturing processes
and requirements [3–5]. Secondly, the predominant ionic conductivities of LAGP SSEs are in the
order of 10−3–10−5 S cm−1 at room temperature (RT), which are relatively high compared with other
ceramic electrolytes [29,30]. Thirdly, LAGP SSEs exhibit a large electrochemical stability window
(1.8−7 V vs. Li+/Li), good chemical compatibility with cathode materials at different charge states,
and excellent interfacial stability towards Li metal anode [6,31,32]. Nevertheless, it was also reported
that short-circuit occurred in SSEs because the deposited lithium grew along voids among grains, and
an effective approach to suppress lithium dendrites was to enhance the density and the mechanical
strength of SSEs and create stable grain–grain interfaces in the solid electrolytes [33]. Therefore, it
is imperative to develop methods to fabricate SSE pellets with high density and free of voids and
through-holes. However, conventional sintering methods usually require high temperatures (>800 ◦C)
and long sintering time (>6 h), which could easily result in grain coarsening, formation of impurity
phases, and thus reduced ionic conductivity [34].

In recent years, spark plasma sintering (SPS) is attracting increasing attention from researchers to
fabricate solid electrolytes and electrodes with the densities close to their theoretical values in a short
sintering time [35,36]. During SPS processes, uniaxial force and pulsed direct electrical current are
simultaneously applied to the powders and thus can rapidly consolidate the powders into dense pellets.
The use of microscopic electrical current allows the sintering to complete in a few minutes, because of
the very high heating rates and the localized high temperatures between particles. In the meantime,
the water-cooling system in SPS allows a very high cooling rate. Compared to the conventional heat
treatment, the effective heating and cooling systems in SPS enhanced the densification of SSE powders
through grain diffusion mechanisms and avoided grain coarsening to maintain the intrinsic merits of
nano-powders [37,38]. Indeed, SPS technique, with the advantages of a flash and short processing time,
improves the sintering ability of various powder materials and creates intimate solid–solid interfaces
in solid electrolytes and electrodes for ASSLIBs [30,39].

In this work, we have successfully produced high-densified LAGP pellets, with a high ionic
conductivity of 3.29 × 10−4 S cm−1 by using SPS. Owing to the advantage of minimum energy and time
consumptions of SPS, the highly dense LAGP without microcracking resulted in the reduced resistance
at grain boundaries, due to the removal of the pores/voids/cracks at a proper sintering temperature,
thus improving the overall ionic conductivity of LAGP. At the same time, the low operating SPS
temperature avoided the formation of ionic nonconductive impurities, which usually appeared in
the grain boundaries for traditionally high-temperature sintered samples and resulted in blocking of
Li-ion transport pathways.

2. Materials and Methods

LAGP powders with a stoichiometric formula of Li1.5Al0.5Ge1.5(PO4)3 were placed in a graphite
tooling (1 mm die) of the SPS chamber (Thermal Technologies 10-3 SPS system) and heated up to the
target sintering temperature in argon atmosphere. The SPS sintering pressure was 60 MPa, the sintering
temperatures were changed from 600 ◦C to 750 ◦C, and the sintering time was varied between 1 min
and 10 min for all the experiments. The SPS heating rate was set to 100 ◦C min−1. Upon the completion
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of SPS sintering, the samples were cooled down to room temperature (RT) naturally. In addition
to the SPS, LAGP pellets were also made by a conventional dry-pressing method, where 0.5 g of
LAGP powder was placed into a stainless steel die with 10 mm diameter and pressed at 200 MPa for
2 min. The obtained pellets were then placed into a tube furnace and annealed at 800 ◦C for 6 h under
nitrogen atmosphere.

The phase structure of the starting LAGP powders and the LAGP pellets were characterized
by X-ray diffraction (XRD, D8-Advance X-ray diffractometer, Bruker, Karlsruhe, Germany) with Cu
Kα1 and Kα2 radiation source. The LAGP microstructure was observed by field-emission scanning
electron microscopy (MIRA3 FEG-SEM, Tescan, Brno, Czech Republic). The density of the LAGP
pellets was measured by the Archimedes’ method. For ionic conductivity measurement, the surfaces of
the LAGP pellets were first polished with sandpapers to remove carbon residual from the graphite die
during the SPS process, and then coated with 100 nm Au layers on both sides as blocking electrodes.
An electrochemical impedance spectroscopy (EIS) test of the Au-coated LAGP pellets was conducted
on a Potentiostat/Galvanostat Station (Biologic VSP) in a frequency range of 0.1 Hz–1 MHz at different
temperatures of –10 ◦C to 80 ◦C.

3. Results and Discussion

As the starting material, LAGP powders were characterized by SEM for the morphology and by
XRD for the phase structure, and the results are presented in Figure 1. As shown in Figure 1a, the
diameter of LAGP particles was about 400–800 nm. The XRD pattern of LAGP powders (Figure 1b)
shows strong diffraction peaks, which could be well indexed to LiGe2(PO4)3 with a NASICON-type
structure (JCPDS PDF No. 80-1922). No other peaks of impurities are observed in the XRD pattern,
indicating the high purity of the starting LAGP powders.

Figure 1. (a) SEM image and (b) XRD pattern of lithium aluminum germanium phosphate (LAGP) powders.

The effects of SPS sintering temperatures (600–750 ◦C) on the morphology, ionic conductivity,
and phase structure of LAGP pellets was studied first. Figure 2a–d presents the SEM images of the
cross-sectional view of LAGP pellets sintered by SPS at different temperatures of 600 ◦C, 650 ◦C, 700 ◦C,
and 750 ◦C for 2 min. It can be observed that the grain size in all the LAGP pellets was below 800 nm,
similar to that of the starting LAGP powders (Figure 1a). The LAGP grain size remained almost
unchanged at sintering temperatures of 600–750 ◦C, due to short SPS sintering time (2 min). As seen in
Figure 2a,b, LAGP pellets fabricated at 600 ◦C and 650 ◦C were dense with minimal visible porosity.
In contrast, the sample sintered at 700 ◦C in Figure 2c exhibited enlarging pores at grain boundaries,
and the one sintered at 750 ◦C in Figure 2d possessed large cracks in the pellets’ cross section, as
seen in Figure S1. The high temperature at 750 ◦C possibly resulted in rapid grain growth, leading to
the relatively high thermal expansion anisotropy of LAGP. Thus, the growing pores and voids likely
coalesced and gradually emerged on the sample’s surfaces.
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Figure 2. SEM images at cross sections of the LAGP pellets sintered by spark plasma sintering (SPS) for
2 min at (a) 600 ◦C, (b) 650 ◦C, (c) 700 ◦C, and (d) 750 ◦C; (e) Nyquist plots of the LAGP pellet, sintered
at 650 ◦C for 2 min; (f) Nyquist plots at room temperature (RT), (g) Arrhenius curves, and (h) XRD
patterns of LAGP pellets, sintered by SPS for 2 min at 600 ◦C, 650 ◦C, 700 ◦C, and 750 ◦C.

The Nyquist plots of the LAGP pellets were measured by EIS and fitted by using an equivalent
circuit of R1(R2‖CPE)W to obtain their ionic conductivities. As illustrated in Figure 2e,f, a typical Nyquist
plot consists of one semicircle in the high-frequency region and a large spike in the low-frequency
region. In general, the intercept of the high-frequency semicircle with the real axis stands for the
total resistance of R2 = (Rbulk + Rinterface), where Rbulk and Rinterface represent the bulk resistance
and grain-interface resistance, respectively. The spike in the low-frequency domain is known as
Warburg diffusion impedance, which is due to the polarization resulting from Li-ion conduction at the
electrolyte/Au electrode interface [40]. Figure 2e shows one EIS example of LAGP sintered at 650 ◦C,
measured at different temperatures between –10 ◦C and 80 ◦C. The complex Nyquist plots of the LAGP
pellets prepared between 600 ◦C and 750 ◦C are shown in Figure 2f. As supported by the SEM images
(Figure 2c,d, and Figure S1), the appearance of voids and cracks in the LAGP pellets sintered at high
temperatures (700 ◦C and 750 ◦C) likely caused the increase in the resistance and the reduction in
ionic conductivity.

The values of ionic conductivities can be determined from σ = d/AR, in which d and A stand for
the thickness and the area of the pellet, respectively, and R is the total resistance (R2), obtained above,
and the results are given in Figure 2g. Among all the samples, the LAGP pellets sintered at 650 ◦C for
2 min exhibited the highest conductivity of 8.09 × 10−5 S cm−1 at RT. The plots of log(σT) vs. 1000/T
show a linear relation and fit well with the Arrhenius equation, σ = A exp (Ea/kT), in which A, Ea,
and k represents the pre-exponential factor, the activation energy for conduction, and the Boltzmann
constant, respectively. As seen from the Arrhenius plots (Figure 2g), the slope of the 650 ◦C sample is
the lowest. The activation energies (Ea) are calculated from the rates of slopes, and the 650 ◦C sample’s
Ea is 0.293 eV. In Figure 2h, the XRD patterns of SPS pellets sintered at different temperatures are
given. All of the LAGP pellets sintered at 600 ◦C to 700 ◦C maintained pure NASICON-type phase
(JCPDS PDF No. 80-1922). When the temperature increased to 750 ◦C, the peak intensity increased at
26.4◦, which corresponds to the (202) crystal plane of NASICON-type phase. This might be due to the
reorientation of LAGP grains caused by the high pressure during the SPS process. For the whole heat
treatment, the width of the diffraction peaks did not change, implying that the average crystallite size
of LAGP remained unchanged.
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LAGP SSEs sintered by SPS method could usually reach a very high density in a relatively low
temperature (600–750 ◦C) and short time (2 min). The density of LAGP SSEs sintered at 600 ◦C was
3.219 g cm−3, as seen in Table 1. When the sintering temperature increased to 650 ◦C, the density
increased up to 3.477 g cm−3. However, when the temperature further elevated to 700 ◦C and 750 ◦C,
the density decreased to 2.495 and 2.430 g cm−3, respectively, most likely due to the formation of
voids and microcracks in the pellets. The relatively density of LAGP SSEs was determined to be
90.4%, 97.6%, 70.1%, and 68.2%, for the LAGP pellets sintered at 600 ◦C, 650 ◦C, 700 ◦C, and 750 ◦C,
respectively. Therefore, the SPS sintering temperature is a key parameter to determine the density and
ionic conductivity of LAGP pellets.

Table 1. Comparison of the measured densities and the relative densities of LAGP sintered by SPS
method at different temperatures.

SPS Sintering Temperature (◦C) 600 650 700 650

Measured density (g cm−3) 3.219 3.477 2.495 2.430
Relative density (%) * 90.4 97.6 70.1 68.2

* Note: Relative density =measured density/theoretical density × 100. LAGP has a theoretical density of 3.5615 g cm−3.

The SEM images of LAGP pellets subjected to 650 ◦C SPS sintering temperature for different
times from 1 min, 2 min, 5 min, to 10 min are shown in Figure 3a–d, respectively. The microstructure
of LAGP started to reorganize after 5 min of sintering, due to the melting that occurred at grain
boundaries (Figure 3c). Most of the LAGP particles were fully joined after 10 min of sintering, and a
highly densified structure was finally obtained (Figure 3d). SPS has a totally different densification
mechanism compared with that of a conventional heating treatment. During the SPS process, Joule
heating was introduced at the physical contact points of different particles, causing localized heating
and possibly melting to facilitate the densification of the LAGP powders [41].

Figure 3. SEM images at cross sections of the LAGP pellets sintered at 650 ◦C for different sintering
times: (a) 1 min, (b) 2 min, (c) 5 min, and (d) 10 min; (e) Nyquist plots of LAGP pellets (650 ◦C, 10 min)
measured at different temperatures; (f) Nyquist plots, (g) Arrhenius plots, and (h) XRD patterns of the
LAGP fabricated at 650 ◦C for 2 min and 10 min.

The EIS results for the samples obtained at 650 ◦C for 10 min are presented in Figure 3e, and the
Nyquist plots of the samples sintered at 650 ◦C with different SPS times are shown in Figure 3f. It is
obvious that the resistance of LAGP pellets decreased as the sintering time increased, as reflected by
the reduction of the high-frequency semicircles in Figure 3f. When the sintering time reached 10 min,
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the LAGP pellets exhibited the highest ionic conductivity of 3.29 × 10−4 S cm−1 at RT. This result is
consistent with the SEM microstructure observation (Figure 3d), which discloses the melting of grain
boundaries. The high densification and well-jointed grain boundaries reduced the total resistance of
the LAGP pellets. The Ea calculation of the SPS samples processed at different times reveals that the
650 ◦C 10 min sample had a minimum Ea of 0.239 eV, suggesting the lowest diffusion barrier for Li ions
in SSEs. No impurity phases were detected in the XRD pattern for LAGP pellets sintered at 650 ◦C for
10 min.

In order to validate our sintering approach, it is necessary to investigate the impacts of the SPS
compared with other conventional sintering methods. Therefore, LAGP pellets were also synthesized
by a dry-pressing method, followed by heat treatment at 800 ◦C for 6 h, which was an optimal condition
reported in a previous study [42]. Figure 4a,c show the SEM images of the samples obtained using a
conventional sintering approach. It can be seen that the grain size of conventionally sintered LAGP
pellet was in a range of 1.0–1.5 μm, which was much larger than that of SPS-sintered LAGP pellets
(0.4–0.8 μm), as shown in Figure 4b,d.

Figure 4. Cross-sectional SEM images of (a,c) conventionally sintered LAGP pellets and (b,d)
SPS-sintered LAGP pellets.

Table 2 summarizes the correlations of preparation methods and conditions with the final density,
relative density, ionic conductivity, and activation energy for LAGP SSEs. In conventional sintering
approaches, high-temperature heat treatment is usually required to improve grain–grain interfaces and
minimize grain-boundary resistance [31,42–45]. While low-temperature annealing leads to a low ionic
conductivity, such as the glassy LAGP sample annealed at 500 ◦C, which is lower than its crystallization
temperature [38]. This proved that the glassy phase of LAGP is not as good a Li-ion conductor as the
crystallized one. However, two detrimental effects, i.e., the loss of lithium and formation of second
phases, are usually concurrent for high-temperature heat treatment, and could cause the reduction of
ionic conductivity in LAGP SSEs [31,42–45]. In our optimal SPS process, the sintering temperature was
only 650 ◦C, which is much lower than other reported sintering methods, and yet the ionic conductivity
remained high. At last but not least, LAGP pellets fabricated by SPS possess the highest relative density
of 97.6% (Table 2).

6



Nanomaterials 2019, 9, 1086

T
a

b
le

2
.

Su
m

m
ar

y
of

th
e

de
ns

it
y,

re
la

ti
ve

ly
de

ns
it

y,
io

ni
c

co
nd

uc
ti

vi
ty

,a
nd

ac
ti

va
ti

on
en

er
gy

fo
r

LA
G

P
pe

lle
ts

fa
br

ic
at

ed
us

in
g

di
ff

er
en

tm
et

ho
ds

.

S
S

E
s

P
re

p
a
ra

ti
o

n
M

e
th

o
d

P
re

p
a
ra

ti
o

n
C

o
n

d
it

io
n

D
e
n

si
ty

(g
cm
−3

)

R
e
la

ti
v

e
D

e
n

si
ty

(%
)

Io
n

ic
C

o
n

d
u

ct
iv

it
y

(S
cm
−1

)

A
ct

iv
a
ti

o
n

E
n

e
rg

y
(e

V
)

R
e
f.

Li
1.

5A
l 0

.5
G

e 1
.5

(P
O

4)
3

ho
tp

re
ss
+

po
st

-c
al

ci
na

ti
on

60
0
◦ C

,1
h,

20
0

M
Pa
+

80
0
◦ C

,5
h

3.
33

93
.5

1.
64
×1

0−
4

0.
29

9
[3

1]

Li
1.

3A
l 0

.3
G

e 1
.7

(P
O

4)
3

dr
y-

pr
es

si
ng
+

po
st

-c
al

ci
na

ti
on

5
m

in
,2

0
M

Pa
+

75
0
◦ C

,5
h

3.
18

89
.3

3.
4
×1

0−
4

0.
33

0
[4

3]

Li
1.

70
A

l 0
.6

1G
e 1

.3
5

P 3
.0

4O
12

.0
co

ld
pr

es
s
+

si
nt

er
in

g
80

0
◦ C

,6
h

3.
02

84
.8

2.
3
×1

0−
4

0.
32

0
[4

2]

Li
1.

31
A

l 0
.4

2G
e 1

.5
2P

3.
09

O
12

.1
qu

en
ch

ed
gl

as
s

pi
ec

e
+

si
nt

er
in

g
50

0
◦ C

,1
h

3.
08

86
.5

To
o

lo
w

to
be

m
ea

su
re

d
N
/A

[4
2]

Li
1.

5A
l 0

.5
G

e 1
.5

(P
O

4)
3

m
el

t-
qu

en
ch
+

po
st

cr
ys

ta
lli

za
ti

on
80

0
◦ C

,8
h

N
/A

N
/A

5
×1

0−
4

0.
28

0
[4

4]

Li
1.

5A
l 0

.5
G

e 1
.5

(P
O

4)
3

co
ld

pr
es

s
+

si
nt

er
in

g
20

0
M

Pa
+

85
0
◦ C

,5
h

N
/A

N
/A

2.
99
×1

0−
4

N
/A

[4
5]

Li
1.

5A
l 0

.5
G

e 1
.5

(P
O

4)
3

SP
S

65
0
◦ C

,1
0

m
in

,1
00

M
Pa

3.
47

7
97

.6
3.

29
×1

0−
4

0.
23

9
Th

is
w

or
k

N
/A

:n
ot

av
ai

la
bl

e.

7



Nanomaterials 2019, 9, 1086

4. Conclusions

In summary, highly densified LAGP pellets were fabricated by using SPS technique and exhibited
high ionic conductivity at room temperature. The influence of SPS sintering temperatures (600–750 ◦C)
and times (1–10 min) on the microstructure, density, and ionic conductivity of the LAGP pellets were
studied in detail. It can be concluded that the optimal SPS condition for LAGP pellets was 650 ◦C and
10 min, and the synthesized LAGP pellets were dense with minimal visible porosity. The density of
the LAGP pellets was as high as 3.477 g cm−3, a relative density of 97.6% and the ionic conductivity
was 3.29 × 10−4 S cm−1, with a activation energy of 0.239 eV at RT. Sintering temperatures higher than
650 ◦C caused the formation of voids and microcracks in the LAGP pellets, negatively affecting the
density and ionic conductivity. These results clearly demonstrate the potential of the SPS approach to
synthesize solid electrolytes used in ASSLIBs, owing to the drastically reduced sintering temperature
and time compared with that used in conventional sintering processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/8/1086/s1,
Figure S1: Low-magnification SEM images of SPS pellets sintered for 2 min at different temperatures of (a) 650 ◦C,
(b) 700 ◦C, and (c) 750 ◦C.
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Abstract: In this study, one-dimensional porous silicon nanowire (1D–PSiNW) arrays were fabricated
by one-step metal-assisted chemical etching (MACE) to etch phosphorus-doped silicon wafers.
The as-prepared mesoporous 1D–PSiNW arrays here had especially high specific surface areas of
323.47 m2·g−1 and were applied as anodes to achieve fast charge–discharge performance for lithium
ion batteries (LIBs). The 1D–PSiNWs anodes with feature size of ~7 nm exhibited reversible specific
capacity of 2061.1 mAh·g−1 after 1000 cycles at a high current density of 1.5 A·g−1. Moreover,
under the ultrafast charge–discharge current rate of 16.0 A·g−1, the 1D–PSiNWs anodes still
maintained 586.7 mAh·g−1 capacity even after 5000 cycles. This nanoporous 1D–PSiNW with
high surface area is a potential anode candidate for the ultrafast charge–discharge in LIBs with high
specific capacity and superior cycling performance.

Keywords: mesoporous structure; high surface areas; ultrafast; long-cycling life

1. Introduction

Nowadays, the latest research works have paid more attention to the increasing demand of
energy storage devices in various fields, such as supercapacitors, electric vehicles, portable electronics,
and lithium-ion batteries (LIBs) [1–5]. The LIBs, which possess significantly higher energy density
compared to sodium-ion batteries, lead-acid batteries, and aqueous nickel-based systems, have become
the dominant power storage device [6–10]. Many novel technologies have been applied to improve
the cyclability and electrochemical performance of the anode materials for LIBs by designing and
utilizing various nanostructures. Silicon is a promising anode for LIBs due to its highest theoretical
specific capacity (4200.0 mAh·g−1) [11–13], ten times larger than that of the commercial graphite
anode (372.0 mAh·g−1), with low charge–discharge potential (~0.4 V, vs. Li/Li+) [14–19]. However,
the tremendous volume change (>300%) of silicon anodes results in pulverization during fast
charge lithiation and discharge delithiation processes, hindering their application as anode materials
for LIBs [20–22].

Up to now, numerous strategies have been proposed to address the pulverization of the silicon
anode by utilizing 0D to 2D nanostructures, such as hollow nanospheres, nanowalls [9], nanorods [23],
nanosheets [24], nanotubes [16], porous silicon [25–33], and other silicon-based composites including

Nanomaterials 2018, 8, 285; doi:10.3390/nano8050285 www.mdpi.com/journal/nanomaterials11
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Si–carbon nanofibers [34], Si–C [35,36], Si–graphene [37], Cu–Si core–shell [38], and conducting
polymers [39]. The nanostructured silicon as anodes for LIBs reported so far has achieved the high
specific capacity of 1390~3200 mAh·g−1 and high specific surface area [11,12,20,40,41]. For instance,
Li et al. fabricated silicon nanowires with the high surface area of 219.4 m2·g−1, which show
encouraging cycling performance as an anode with reversible capacity of 2111 mAh·g−1 at a relatively
small current density of 0.8 A·g−1 after 50 cycles [42]. Cui et al. first reported that LIBs using silicon
nanowires (SiNWs) with diameter of around 50 nm as anodes could achieve the theoretical charge
capacity (~3200.0 mAh·g−1), but only maintain a discharge capacity around 75% of its original value
over 10 cycles under even the small specific current of 0.2 A·g−1 due to pulverization [41]. Peng et al.
reported that the purely electroless-etched SiNWs anodes of LIBs could achieve the large discharge
capacity of 0.55 mAh·cm−2 over three cycles [43]. To address these issues, Bao’s group increased
the fast charge–discharge current of 4.0 A·g−1 to achieve reversible capacity of ~626.5 mAh·g−1

after 200 cycles, by fabricating a nanoporous silicon particle-coated carbon layer with the feature
size of ~50 nm and high surface area (303.2 m2·g−1) [40]. The porous nanoparticle structure with
small feature size and high surface area improved cycling ability, but with capacity degrading at fast
charge–discharge current density due to the coated carbon hindering fast diffusion of Li+. Hence,
nanoporous silicon structures without coating and with smaller feature size could obtain high capacity
with superior cycling performance at fast charge–discharge current density.

Herein, we developed a novel 1D–PSiNWs anode with high specific area and small feature
size without coating, to realize fast charge–discharge at the current density of 16.0 A·g−1.
The schematic diagram of 1D–PSiNWs by one-step metal-assisted chemical etching (MACE) based on
phosphorus-doped silicon wafers at 50 ◦C is shown in Figure 1 [44,45]. The formation mechanism of
1D–PSiNWs prepared by direct etching of phosphorus-doped silicon wafers is analyzed in Figure S1.
It is noteworthy that the as-prepared 1D–PSiNWs have a high specific surface area of 323.47 m2·g−1

and a feature size of ~7 nm through the Brunauer–Emmett–Teller (BET) method. Moreover, those with
optimized pore structure anodes exhibit reversible specific capacity of 2061.1 mAh·g−1 at a specific
current of 1.5 A·g−1 after 1000 cycles. Our work provides a highly efficient way for the fabrication of
fast charge–discharge anode materials for LIBs.

Figure 1. Schematic diagram illustrating the etching procedure of 1D–PSiNWs on silicon wafers.
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2. Experimental Methods

2.1. Preparation of 1D–PSiNWs

The preparation process of 1D–PsiNWs involves the use of one-step MACE of phosphorus-doped
silicon wafers. N-type silicon wafers with <100> oriented (0.001–0.005 Ω · cm) were cut into pieces
with measurements of 2.0 × 2.0 cm2 (Lijing Silicon Materials Co., Ltd., Quzhou, China). The fabrication
process of 1D–PSiNWs was as follows: (1) the silicon wafer pieces were cleaned by ultrasonication
in acetone (10 min), ethanol (10 min), and deionized water several times (DI water, 18.25 M Ω · cm),
respectively. Then, silicon wafer pieces were dipped in H2SO4/H2O2 solution (volume ratio of 97%
H2SO4/30% H2O2 = 3:1) at 96 ◦C (1 min) and completely washed with DI water. (2) Cleaned silicon
wafer pieces were immersed in the mixture of 4.6 M HF solution and 0.02 M AgNO3 in sealed vessels
and treated for 2 h at 50 ◦C in dark condition. Immediately, the thick dendritic silver film was coated
on etched silicon substrates. (3) The etched silicon substrates were totally dipped into HNO3 (volume
ratio of HNO3/DI water = 1:1) solution for 4 h to remove silver dendritic layer, then transferred into
HF (5 wt %) solution to control 1D–PSiNW length and for a suitable time to ensure that the newly
formed SiO2 was removed. The perpendicularly ordered 1D–PSiNWs could be discovered on silicon
substrates after flaking off the dendritic silver film. (4) The resulting substrates were thoroughly
washed with DI water and ethanol, and vacuum-dried at 70 ◦C for 8 h.

2.2. Material Characterization

The as-synthesized samples were characterized by an X-ray diffractometer (XRD, Rigaku TTRIII,
Rigaku Corporation, Tokyo, Japan) using Cu-Kα radiation (1.5406 Å, 35 kV). The morphology
and structure of the 1D–PSiNWs were investigated by scanning electron microscopy (SEM, FEI
QUANTA200, FEI NanoPorts, Miami, FL, USA) coupled with energy dispersive X-ray spectroscopy
(EDX), field emission scanning electron microscopy (FESEM, FEI Nova Nano SEM 450, Rigaku
Corporation, Tokyo, Japan), and transmission electron microscopy (TEM, JEM-2100, Rigaku
Corporation, Tokyo, Japan). Samples of TEM were obtained using ultrasonically oscillating
etched silicon wafers in ethanol solution. The nitrogen adsorption and desorption isotherms were
obtained using the Brunauer–Emmett–Teller (BET) method at 77 K after degassing the samples
at 200 ◦C for 4 h by an analyzer (Quantachrome, Quadrasorb evo, Boynton Beach, FL, USA).
The Barrett–Joyner–Halenda (BJH) method was applied to adsorption branches of isotherms to obtain
pore diameter distributions. Chemical bonding analysis of the 1D–PSiNW surface layer was carried out
using X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-ALPHA+, Thermo Fisher Scientific,
Waltham, MA, USA).

2.3. Electrochemical Characterization

The working electrodes were made up by mixing the active material (1D–PSiNWs), conductive
agent (carbon black), and binder (sodium alginate) in a weight ratio of 50:30:20. The loading density of
1D–PSiNW active materials was ≈ 0.15 mg · cm−2. Coin-type cells (CR2025) were assembled in an
argon-filled glove box (MIKROUNA super, O2 ≤ 0.1 ppm, H2O ≤ 0.1 ppm) while applying lithium
metal as the counter electrode, a polypropylene (PP) microporous film as the separator, and LiPF6

(1 M) in ethylene carbonate (EC)-dimethyl carbonate (DMC) and diethyl carbonate (DEC) (volume
ratio of EC:DMC:DEC = 1:1:1) as the electrolyte. The galvanostatic measurements were carried out
on a LAND-CT2001A battery tester with a voltage window of 0.01–2.0 V at various current rates.
The cyclic voltammetry was performed using an electrochemical workstation (chi604e) between 0.01
and 2.0 V at a scan rate of 0.1 mV · s−1. The electrochemical impedance spectra (EIS) of the cells were
measured on the electrochemical workstation (chi604e) at the frequency range of 0.1 Hz–100 kHz.
Nyquist plots derived from EIS were simulated by using Z-view software.
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3. Result and Discussion

Figure 2 shows the XRD patterns of the 1D–PSiNWs. The main observed peaks shown in
Figure 2 can be indexed to the face-centered-cubic (fcc) structure of silicon (JCPD Card No. 27-1402),
which belongs to the space group Fd-3m (No. 227). The peak of 38.17◦ indicates the existence of
a tiny minority of Ag in the obtained 1D–PSiNWs after HNO3 treatment. The morphologies and EDX
analysis of 1D–PSiNWs coated by dendritic Ag film after etching were obtained by scanning electron
microscopy (SEM) as presented in Figure S2a.

Figure 2. X-ray diffraction patterns of 1D–PSiNWs.

High-quality 1D–PSiNW arrays can be produced on the n-type Si wafer by simply immersing
the wafer into HF/AgNO3 solution for an appropriate etching time and temperature. Figure 3 shows
FESEM (Figure 3a,b) and TEM (Figure 3c,f) images of 1D–PSiNWs. The cross-section profile in Figure 3a
confirms that the 1D–PSiNW arrays are uniform on the entire wafer surface. The enlarge cross-section
in Figure 3b indicates that the diameters of the vertically well-aligned arrays are in the range of
60.0–500.0 nm. Mesoporous holes are uniformly distributed on the surface of each nanowire. From
the magnified cross-section image shown in Figure S2b, some orderly congregated bundles composed
of 1D–PSiNWs can be clearly seen. The lengths of the as-prepared 1D–PSiNWs still near 7.0 μm
after HF treatment. Figure S3c is an enlarged top view of 1D–PSiNWs, which indicates a uniform
surface. The TEM images in Figure 3c–f demonstrate that the nanowires are highly porous at the
surface, with both pore diameter and wall thickness around 7 nm. The polycrystalline structure
was confirmed by the circular diffraction pattern in the selected area electron diffraction (SAED)
taken on a single porous nanowire as illustrated in Figure 3c. Some parts of 1D–PSiNWs also have
monocrystal properties, displaying clear lattice fringes corresponding to a silicon (111) lattice with
an interplanar crystal spacing of 3.14 Å, as presented in Figure 3f. The phosphorus dopants provide
electrons which facilitate the etching process and leave holes on the silicon nanowire surface, resulting
in the coexistence of crystalline and amorphous states. Figure S1 illustrates a simplified quantitative
model for the detailed growth mechanism of 1D–PSiNWs in aqueous HF/AgNO3 solution. The Fermi
level of N-type silicon is more positive than the redox potential of Ag/Ag+, leading to majority carrier
electrons which will transfer to the silicon/solution interface. Thus, the holes from the oxidant will
be injected into the valence band of silicon with the Ag deposition or reduction of H+ which induces
silicon substrate oxidization and dissolution, leading to SiNW growth. The etching process can be
described as two main simultaneous electrochemical reactions [46,47]:

4Ag++ 4e− → 4Ag

Si + 6F− → [SiF 6]
2−+ 4e−

Surface area measurements are typically based on N2 sorption at 77.3 K, and the
Brunauer–Emmer–Teller (BET) model is typically used to interpret the data. The N2 sorption

14



Nanomaterials 2018, 8, 285

isotherm and the pore diameter size distribution of 1D–PSiNWs are shown in Figure 4. Capillary
condensation occurs in the higher P/P0 region (P/P0 > 0.15), and hysteresis can be observed,
which conforms to the typical isothermal curve of mesopores (type IV). A pore size distribution
analysis by Barrett–Joyner–Halenda (BJH) methods showed that there is a pore diameter distribution
of 1D–PSiNWs which is mesoporous at the range of 3.8–80.5 nm. The maximum probability for
feature size distribution is ~7 nm in diameter (inset). This result is in a good agreement with the
TEM observation. The 1D–PSiNWs exhibit exceptionally high specific surface area of 323.47 m2·g−1.
This value is, significantly, the same as the maximum value reported for pure porous silicon materials
by metal-assisted chemical etching (MACE) [33].

Figure 3. SEM (a,b), TEM (c,d), and HRTEM (e,f) images of 1D–PSiNW arrays etched.

Figure 4. Nitrogen adsorption isotherm at 77.3 K (line, adsorption; triangular, desorption) and pore
size distribution curve (inset) of 1D–PSiNWs depicted after fitting by the Barrett–Joyner–Halenda
(BJH) model.
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The whole XPS spectra of 1D–PSiNWs, which are calibrated with the C1s line of adventitious
carbon at 284.8 eV, are presented in Figure S3 with the four main components fitted (Si at 99.4, SiO2 at
103.6, O2 at 532.9, and [SiF6]2− at 687.1 eV) [22]. Figure 5a presents the Si2p-amplified high-resolution
XPS spectrum, which reveals two peaks centered at 99.4 eV and 103.6 eV that can be attributed to
silicon and SiO2 components, respectively. The typical Si2p1/2 and Si2p3/2 spectra are overlapped
partly, giving an asymmetric peak shape at 99.4 eV. Figure 5b shows the O1s high-resolution XPS
spectrum with a narrow signal peak at 532.9 eV, indicating the coexistence of unique oxygen chemical
environments on the surface of the structure. The binding energy of the O1s signal at 532.9 eV is in full
compliance with the chemical state of SiO2, which can be assigned to the Si–O bond. A weak additional
peak corresponding to [SiF6]2− at 687.1 eV is observed in Figure 5c. Actually, small quantities of
organic fluorine which are not totally eliminated during the etching process are often found. In fact,
as observed in the XPS spectra, the presence of oxygen atoms and fluorine atoms is due to the partial
oxidation of 1D–PSiNWs surface and the formation of Si–O bonds/[SiF6]2− during the etching process
of the silicon wafer on the 1D–PSiNW surface. The XPS survey scans did not detect any other impurities
except oxygen and fluorine. This also shows that the silver elements reflected by the XRD pattern do
not exist on the surface of the 1D–PSiNWs, but inside the deep holes.

Figure 5. X-ray photoelectron spectroscopy (XPS) survey of 1D–PSiNWs using (a) Si2p, (b) O1s,
and (c) F1s.
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The electrochemical performances of 1D–PSiNWs were investigated by repeated charge–discharge
cycling at room temperature in a coin-type half-cell using Li metal as the anode. The electrochemical
reactions occurring in a coin-type half-cell is described by the following formula [32,48]:

Si electrode : xLi++ Si + xe− ↔ LixSi, 0 ≤ x ≤ 4.4

Li electrode : Li ↔ Li++ e−

Cyclic voltammetry (CV) curves at the first and second charge–discharge cycles of anodes based
on 1D–PSiNWs were acquired in the potential window from 0.01 V to 2.0 V (vs Li/Li+) at a scan rate
of 0.1 mV·s−1 (Figure 6). The voltage profile observed was consistent with previous silicon anode
studies, with a long flat plateau during the first charge, during which crystalline silicon reacted with
Li+ to form amorphous LixSi [12,40,41]. During the first discharge cycle, the peak at 0.8 V, which is
absent at the second cycle, leads to the formation of an extremely large solid/electrolyte interphase
(SEI) on the surface of the porous silicon nanowire electrode, which leads to irreversible capacity loss.
We can see the peak at 0.16 V during the first discharge (Li alloy), which is due to the phase transition
of silicon to the amorphous lithium-rich Li15Si4 structure. During the first charge process (Li dealloy),
two broad peaks were observed at 0.28 V and 0.47 V, which can be attributed to the phase transition
between amorphous LixSi and amorphous silicon. Upon the second discharge and charge, peaks were
also observed at 0.18 V and 0.28 V/0.47 V, which are the same as that of the first discharge, respectively.
The CVs from the 200th to 203rd cycles are shown in Figure S4. The charge–discharge curves from
the 200th to 203rd cycles almost overlap each other, thus indicating highly stable electrochemical
cycling performance.

Figure 6. Cyclic voltammograms of 1D–PSiNWs anodes for the first and second cycle at scan rate of
0.1 mV·s−1 (voltage range: 0.01 V–2.0 V).

Representative charge–discharge profiles of the electrode based on 1D–PSiNWs with 100 cycles at
a rate of 1 A·g−1 in the potential range of 0.01–2.0 V are shown in Figure 7a. The electrode based on
1D–PSiNWs exhibits a discharge capacity of 4487.2, 2592.0, 2350.3, and 2004.5 mAh·g−1 at the first,
10th, 50th, and 100th cycle, respectively. The first discharge and charge capacities of the as-prepared
1D–PSiNWs anodes are 4487.2 mAh·g−1 and 2534.5 mAh·g−1, respectively; thus indicating an initial
coulombic efficiency of 56.5%. The irreversible capacity is due to the solid/electrolyte interphase
(SEI) film forming on all surfaces of the 1D–PsiNWs with high specific surface area of 323.47 m2·g−1.
Therefore, the first discharge irreversible capacity loss of ~1953.0 mAh·g−1 could mainly originate
from the reduction of electrolyte and the formation of a SEI on the surface of an electrode, and from
the irreversible insertion of lithium ions into silicon nanowires [42].

To show the advantage and stability of 1D–PSiNWs, the cycling performance is shown in
Figure 7b. The 1D–PSiNW electrode exhibited excellent cycling performance with a reversible capacity
of 2061.1 mAh·g−1 over 1000 cycles under a high current density of 1.5 A·g−1, with 99.7% coulombic
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efficiency. The rate capability (0.4–4.0 A·g−1) of the 1D–PSiNW anodes was evaluated in the voltage
range of 0.01–2.0 V, as presented in Figure 7c. The specific discharge capacities of the 1D–PSiNWs
for the last cycles are 2706.5, 2314.0, 2101.2, and 1667.0 mAh·g−1 at current densities of 0.4, 1.0,
2.0, and 4.0 A·g−1, respectively. After 60 charge–discharge cycles under a high current density of
4.0 A·g−1, a specific discharge capacity as high as 1667.0 mAh·g−1 was maintained. Increasing the
current density to 8.0 A·g−1, a discharge capacity of 1650.6 mAh·g−1 after 60 cycles was delivered
(Figure S5). After going through super-long 5000 cycles at 16.0 A·g−1, as shown in Figure 7d,
a discharge capacity of 586.7 mAh·g−1 was still retained, which was much larger compared with
that of graphite (~372.0 mAh·g−1). The slight increase in the capacity for 1D–PSiNWs in the initial
100 cycles is associated with the gradual activation of the silicon host (the same phenomenon can also
be seen in Figure 7b). It is reported that there is a slight increase in the capacity until full lithiation of
the active silicon [46,48–50]. The rapid fading in capacity for the silicon powder or nanowire was due
to the large volume change during lithium alloying and dealloying processes, leading to fragmentation
and an electrical disconnection between particles. The improved performance of pure 1D–PSiNWs
can be attributed to the interconnected porous network structure, which offers sufficient void space
to accommodate the large volume change. In addition, a huge quantity of mesopores inside silicon
nanowires act as smooth channels for the fast Li+/electron transfer, and are conducive to the rate
capability and cycling stability of 1D–PSiNW anodes.

Figure 7. Results of electrochemical performance for 1D–PSiNW anodes. (a) Galvanostatic
charge/discharge profiles between 0.01 V and 2.0 V vs. Li/Li+ for the first, 10th, 50th, and 100th
cycles at a current density of 1.0 A·g−1. (b) Cycling performance of the as-prepared 1D–PSiNW anodes
at a current density of 1.5 A·g−1. (c) Rate performance of 1D–PSiNW anodes at the current density
of 0.4/1.0/2.0/4.0 A·g−1. (d) Electrochemical performance of 1D–PSiNW anodes with 5000 cycles at
a current density of 16.0 A·g−1.

The electrochemical impedance (EIS) of the 1D–PSiNW electrode is investigated in Figure 8
to gain further insights into the improved cycling performance. The Nyquist plots obtained from
open-circuit voltage (E = 2.0 V) manifested that the charge transfer resistance of the electrode is minimal
for 1D–PSiNW anodes. The fitting equivalent circuit for the cell system is depicted in the inset of
Figure 8. In the equivalent circuit for the fresh cell before cycling, shown in Figure 8a, Rs (7.7 Ω)

18



Nanomaterials 2018, 8, 285

is the bulk resistance of the 1D–PSiNW electrode, electrolyte, and separator, corresponding to the
intercept value of the semicircle with the real axis at the high-frequency region. CPE is the constant
phase element, and Rct (66 Ω) is the charge transfer resistance, corresponding to the diameter of the
semicircle at high frequency. W is the Warburg impedance arising from the semi-infinite diffusion
of Li+ ions in the bulk of the electrode, which is generally indicated by a sloping straight line at the
low-frequency region [51,52]. As shown in Figure 8b, the bulk resistance (Rs) and the charge transfer
resistance (Rct) are 6.7 Ω and 104 Ω for the 1D–PSiNW electrode after 200 cycles at a current density
of 8.0 A·g−1, respectively. There is no significant resistance change in electrode conductivity after
200 cycles, indicating that the 1D–PSiNWs possess excellent conductivity retention. The 1D–PSiNW
electrodes have excellent electron/ion conductivity.

Figure 8. Typical electrochemical impedance spectra of 1D–PSiNW anodes measured at open-circuit
voltage E ≈ 2.0 V (Li/Li+): (a) fresh cell; (b) after 200 cycles at a current density of 8.0 A·g−1 (inset is the
equivalent circuit used to fit the electrochemical impedance (EIS)).

4. Conclusions

In conclusion, we fabricated novel 1D–PSiNW anodes with the high specific area of 323.47 m2·g−1

by a one-step silver-assisted chemical etching method. The TEM image demonstrated that the
nanowires were several μm length and 60–500 nm in diameter with highly uniform porosity at
the surface, with both pore diameter and wall thickness around 7 nm. This small pore size of the
silicon nanoporous structure offered sufficient void space to accommodate the large volume change.
Our designed 1D–PSiNWs as anodes for LIBs show a reversible specific capacity of 2061.1 mAh·g−1

after 1000 cycles under a fast charge–discharge condition at 1.5 A·g−1. Even after 5000 cycles,
a reversible capacity of 586.7 mAh·g−1 was retained at the ultrafast charge–discharge current density
of 16.0 A·g−1. The small feature size acted as a short Li+/electron conductive path during the
lithiation/delithation processes. The superior electrochemical performance and excellent cycling life
of the nanoporous 1D–PSiNW anodes were attributed to the 1D structure with uniform interconnected
nanoporous channels existing inside the silicon nanowires.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/5/285/s1.
Figure S1: Energy-band diagrams of N-type silicon in aqueous HF/AgNO3 solution. Figure S2: (a) SEM and EDX
of dendritic Ag-coated 1D–PSiNWs after etching, (b) SEM cross-section of 1D–PSiNWs, and (c) top view SEM
image of 1D–PSiNWs. Figure S3: XPS survey spectra of 1D–PSiNWs. Figure S4: Cyclic voltammetry curves of
1D–PSiNW anodes of 200th, 201st, 202nd cycles in the voltage window from 0.01 V to 2.0 V at rate of 0.1 mV·s−1.
Figure S5: The results of cycling performance of 1D–PSiNW anodes tested at a current density of 8.0 A·g−1.
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Abstract: Novel N-doped carbon nanonet flakes (NCNFs), consisting of three-dimensional
interconnected carbon nanotube and penetrable mesopore channels were synthesized in the assistance
of a hybrid catalytic template of silica-coated-linear polyethyleneimine (PEI). Resorcinol-formaldehyde
resin and melamine were used as precursors for carbon and nitrogen, respectively, which were
spontaneously formed on the silica-coated-PEI template and then annealed at 700 ◦C in a N2

atmosphere to be transformed into the hierarchical 3D N-doped carbon nanonetworks. The obtained
NCNFs possess high surface area (946 m2 g−1), uniform pore size (2–5 nm), and excellent electron
and ion conductivity, which were quite beneficial for electrochemical double-layered supercapacitors
(EDLSs). The supercapacitor synthesized from NCNFs electrodes exhibited both extremely high
capacitance (up to 613 F g−1 at 1 A g−1) and excellent long-term capacitance retention performance
(96% capacitive retention after 20,000 cycles), which established the current processing among the
most competitive strategies for the synthesis of high performance supercapacitors.

Keywords: linear PEI; N-doped carbon nanonet flask (NCNFs); template-assisted synthesis;
electrochemical properties; supercapacitor

1. Introduction

The critical issues of climate change and rapidly increasing global energy consumption have
triggered tremendous research efforts for clean and renewable energy sources, as well as advanced
techniques for energy storage and conversion [1–3]. Among the most competitive technologies, such as
batteries, fuel cells, and supercapacitors, the electrochemical double-layer supercapacitors (EDLSs) are
capturing growing attention, for their wide potential for electric vehicles, digital devices, and pulsing
techniques [4,5]. The EDLS is primarily a physical electrostatic behavior in nature, which is generally
based on the reversible adsorption of electrolyte ions at the electrode/electrolyte interface [6]. Since the
charges are stored on a high surface area without any faradaic reaction involved, long cycle life can be
achieved, in addition to the high capacitance, which establishes them as one of the most important
emerging energy strategies for consumer electronics, and bridging devices with high energy batteries
in hybrid power applications [7].

Nanomaterials 2019, 9, 1225; doi:10.3390/nano9091225 www.mdpi.com/journal/nanomaterials23



Nanomaterials 2019, 9, 1225

For EDLSs, carbon based materials are the most commonly used electrode candidates, due to their
stable physicochemical properties, fast charging/discharging kinetics, bipolar operational flexibility
and low cost [8]. Various kinds of carbon materials, such as activated carbon (AC), mesoporous carbon,
carbon nanotubes, and graphene, have been reported as the electrode materials for EDLSs [9–12].
Among these carbon materials, AC have been conventionally used for industrial EDLSs, because of
their ultra-high surface area and commercially available mass production. However, the structural
shortcomings, for example, unsuitable pore size distribution and limited surface functionality, make
AC suffer from low energy density, low conductivity, and slow inner-pore ion diffusion. Appropriately,
carbon materials with multiple pore size distribution (micro-, meso-, and macro-pores) are quite
necessary to obtain proper energy storage characteristics [13]. This is because although micropores
(<2 nm) can provide a large surface area, the infiltration of electrolyte ions into these pores is rather
difficult, and the kinetics is quite slow; the transportation of ionic species in macro- (>50 nm) and
meso- (2–50 nm) pores, on the other hand, is much easier but their surface to volume ratios are not
high enough [14,15].

Three dimensional (3D) hierarchical carbon architectures, such as 3D graphene membranes,
3D carbon nanotubes, and 3D carbon fiber networks, are strongly recommended as promising
supercapacitor candidates, due to their special pores, excellent electron conductivity and large,
abundant ion pathways [16–19]. For example, densely-packed carbon nanotube (CNT) spherical
assemblies demonstrated a specific capacitance of 215 F g−1, which is twice more than that of frequently
reported commercial AC electrode. By using polypyrrole (PPy) microsheets as precursors and KOH as
the activating agent, 3D hierarchical porous nanostructures with large specific areas of 2870 m2/g were
reported, which demonstrated a high capacity of 318.2 g−1 at a current rate of 0.5 A g−1, and excellent
retention ability of 95.8% after long-term cycling of more than 10,000 [20]. More recently, by using
garlic skin as a source, novel hierarchical porous carbon materials with 3D penetrating pores were
successfully synthesized by Han et al., and an ultra-high capacitance of around 380 F g−1 at a current
density of 3 A g−1 accompanied by good rate performance were progressively reported [21]. All these
indicated the promising advantages on 3D hierarchical carbon nanostructures for supercapacitor (SC)
applications. Moreover, besides these structural related benefits, the electrochemical performance can
further be reinforced by surface chemistry modification; e.g., introducing heteroatom doping with N,
B, P, or S [22–25], or forming composites with metal oxide nanomaterials, which can provide more
competitive advantages for novel SC devices [26–28].

Up to now, various methods, including chemical vapor or physical based deposition, biomass
carbonization, hard-templating, etc., have been developed to synthesize 3D hierarchical carbon for
supercapacitor applications [29]. On the one hand, most of those methods make it difficult to obtain
the proper structures that are required for high performance SC devices; e.g., large surface area, and
an efficient pathway for ion and electron transportation; and on the other hand, even for the most
frequently reported methods of hard-templating and biomass carbonization, the structural parameters
for carbon are usually limited by their raw templates or initial biomass precursors, which can not
be feasibly modulated to achieve a better electrochemical performance. Even more, most of these
methods are difficult or costly to be applied for large scale production. It is still quite challenging to
develop efficient solutions for synthesizing novel hierarchical carbon nanostructures that are suitable
for advanced supercapacitors.

Linear polyethyleneimine (L-PEI) refers to an interesting family of molecules, which can adopt a
variety of one-dimensional (1D) nanostructures to form hierarchical nano- and micro-structures [30–33].
Distinct structural configurations, like nanoplate, nanowire, mesoporous microsphere, interconnected
nanotube, etc., can be easily obtained from this one single polymer, by modulation of the crystalline
condition via low temperature solution method. And because there are large amounts of amine groups
existing on PEI molecular chains, linear PEI polymers can be used as effective catalysts to prompt the
growth of SiO2 coating layers, enabling them a preponderance for constructing highly ordered 3D
nanomaterials [34–36]. Herein, to unravel the flexibility and benefits for PEI as 3D carbon nanostructure
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constructing template; we reported an efficient method for the preparation of novel 3D hierarchical
nitrogen doped carbon nanonet flakes (NCNFs), which showed significantly improved electrochemical
performance. The NCNFs possess large surface area with permeable and interconnected hierarchical
pores which facilitate the transmission of electrolyte ion, and nitrogen doped groups in carbon
framework contribute effectively on contact with electrolyte solution. Electrochemical measurements
indicated a high specific capacity of 613 F g−1 at a current density of 1 A g−1 (or 259 F g−1 at 10 A g−1)
and cycling stability after 20,000 cycles at 10 A g−1, which are quite encouraging for applications as
high performance SC electrodes.

2. Experimental Section

2.1. Chemicals and Materials

Poly(2-ethyl-2-oxazoline) was bought from Alfa Aesar chemicals, Shanghai. Resorcinol and
tetramethoxysilane (TMOS) was purchased from Maclin Biochemical Co., Ltd., Shanghai, China.
Melamine, sodium hydroxide, anhydrous ethanol and hydrofluoric acid solution (≥40%) were
purchased from Shanghai, China Chemical Regent Co., Ltd. Hydrochloric acid solution (36%–38%)
was purchased from Luoyang, China Haohua Chemical Regent Co., Ltd. Formaldehyde solution
(≥37%) was purchased from Tianjin, China Jiachen Chemical Factory.

2.2. Synthesis of Linear Polyethyleimine

The synthesis was performed according to the previous report (in Scheme 1). Briefly, 20 g
Poly(2-ethyl-2-oxazoline) was dissolved in a 200 mL HCl solution (5 M) and the solution was heated for
12 h under stirring in an oil bath at ca. 100 ◦C. After cooling to room temperature, a white suspension
was obtained. The precipitate was further collected by suction, washed by methanol three times and
dried under vacuum. The as-collected product was protonated PEI (PEI-H+, shown in Scheme 1). 2 g
of PEI-H+ powders were dissolved in 24 mL water and then neutralized by the addition of 5 mL NaOH
solution (5 M), which led to the formation of crystalline PEI aggregates. After centrifugation, wet PEI
powders were separated and further washed by H2O three times.

 
Scheme 1. The synthesis route of linear polyethyleneimine (L-PEI).

2.3. Synthesis of PEI@SiO2 Nanotubes

Wet PEI powders obtained above were dispersed in 480 mL H2O and then mixed with 4 mL
TMOS. After stirring for 3 h, the suspension was subjected to centrifugation, and the as-collected
white precipitates were further washed by H2O and ethanol and finally dried at 60 ◦C for 12 h, which
produced the powders of PEI@SiO2 nanotubes.

2.4. Preparation of CNFs and NCNFs

Phenolic resins, which were formed by the polymerization between resorcinol and formaldehyde,
were employed as the carbon precursor. Melamine was used as the nitrogen source to synthesize
N-doped carbon nanotube networks. Firstly, 0.5 g PEI@SiO2 powders were dispersed in 50 mL H2O,
and proper amount of resorcinol and formaldehyde were added sequentially to form a suspension,
which was subjected to heating with stirring for 24 h in an oil bath at 60 ◦C. After cooling to room
temperature, solid powders were collected by centrifugation, washed with H2O and ethanol, and dried
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under vacuum. To synthesize the N-doped samples, melamine in water solution was added just after
the reaction of resorcinol and formaldehyde.

The as-obtained solid powders above were transferred into a tube furnace and heated at 700 ◦C
for 1.5 h in flowing nitrogen gas, and both carbon and N-doped carbon coated SiO2 (SiO2@C) was
formed. The SiO2 components in SiO2@C was further removed by HF solution. The samples obtained
by adding 0 g, 0.03 g and 0.1 g melamine were denoted as CNFs, NCNFs-1 and NCNFs-2, respectively.

2.5. Characterization

The transmission electrical microscopy (TEM) measurement was performed by FEI Tecnai G220
(Hillsboro, OR, USA) with an accelerating voltage of 200 kV. SEM characterization was conducted on
a JEOL JSM-7500F field-emission scanning electrical microscope (Tokyo, Japan). The samples were
coated with a layer of 10-nm-thick platinum film deposited by a JEOL JFC-1600 auto fine coater (Tokyo,
Japan) before characterization. Wide-angle X-ray diffraction (XRD: RIGAKU, Karlsruhe, Germany)
was conducted at a scanning rate of 5◦ min−1 with CuKα radiation (40 kV, 30 mA). Raman spectra
were obtained by using a Confotec MR520 instrument (Graben, Germany)with an excitation laser
wavelength of 532 nm, and Si wafers were applied as substrates. X-ray photoelectron spectroscopy
(XPS) was conducted with a PHI Quantera SXM (ULVAC-PHI, Kanagawa, Japan) instrument with an
AlKα X-ray source, and Ar ion etching was performed before measurement. All of the binding energies
were calibrated by referencing to the C1’s binding energy (285 eV). The specific surface area and the
pore structure were measured by nitrogen sorption by using a JW-BK 112 physisorption analyzer
(Beijing, China). The samples were degassed at 120 ◦C for 2 h before measurement. The specific
surface area of samples was calculated by the Brunauer–Emmett–Teller and (BET) method. The pore
size distributions were derived from the adsorption of isotherms using the Barrett–Joyner–Halenda
(BJH) model.

2.6. Electrical Measurements.

The electrochemical measurements for all samples were characterized with a CHI 660E
electrochemical workstation (Shanghai Chenhua, China) in a conventional three-electrode system,
and a 6 M KOH aqueous solution was used as the electrolyte. The working electrode was prepared
as follows: The active material (80 wt.%), acetylene black (10 wt.%), and polytetrafluoroethylene
(PTFE) binder (10 wt.%) were mixed sufficiently with the help of ultrasonic machine. The mixture
was pressed into a sheet with a piece of porous nickel net (diameter of 1 cm). The typical loading
mass for each electrode is about 0.8–1.5 mg. Platinum and Ag/AgCl (3 M KCl) electrodes were used as
the counter and the reference electrodes, respectively. The electrochemical properties of the working
electrodes were measured by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). The voltage ranges for the CV and GCD tests were
varied from −1 to 0 V. The current density for the galvanostatic measurement were varied from 1 to
20 A g−1. Electrochemical impedance spectroscopy (EIS) was measured in frequent ranges from 10−2

Hz to 105 Hz at open circuit voltage with a current amplitude of 5 mV. Moreover, to characterize the
cycling performance of the samples, galvanostatic measurement at a current density of 10 A g−1 was
also carried out for 20,000 cycles. The capacitance of the electrode was calculated on the basis of the
GCD curve according to the following equation:

Cm =
I × Δt

m× ΔV

where Cm (F g−1) is the specific capacitance, I (A) is the discharge current, Δt (s) is the discharge time,
m (g) is the mass of active material in the working electrode, and ΔV (V) is the potential window.
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3. Results and Discussion

3.1. Structure Design and Characterization

The schematic illustration for the synthesis of NCNFs is shown in Figure 1. There are several
appealing aspects for the use of linear PEI molecules for constructing the 3D structures: Firstly, as
reported before, the L-PEI molecules can crystallize and self-assemble into diverse nano-structures
under different crystallization conditions. Secondly, the amine groups on the main chains of PEI can
catalyze the quick hydrolysis and condensation of silica source (e.g., TMOS), thus prompt deposition
of SiO2 layers around PEI assembly; thirdly, as the protonated PEI (PEI-H+) is soluble in H2O,
while the PEI was insoluble at room temperature, the crystallization of PEI can easily be fulfilled by
neutralization of PEI-H+ into PEI crystalline aggregates driven by the addition of alkali solution, which
finally transformed into the cross-linked PEI@SiO2 nanotube networks once mixed with silica sources.
Even more, the as-obtained PEI@SiO2 structures are also effective at prompting the polymerization of
resorcinol and formaldehyde to form phenolic resins on the surface of PEI@SiO2 (Figure 1c), which can
be easily turned into SiO2@C structures after carbonization. To further improve the porosity of 3D
NCNFs, the inside SiO2 cores can be removed by HF to form cross-linked hollow nanotube structures
(Figure 1d). The above solution-based processing also showed significant changes in powder colors
with different compositions, which can be seen in the photograph of Figure 2.

Figure 1. Schematic illustration for the synthesis of N-doped 3-dimensional carbon nanotube networks.
(a) Linear polyethyleneimine (PEI) template, (b) deposition of SiO2 layer on PEI surface to form the
PEI@SiO2 sample, (c) coating of RF onto the PEI@SiO2 structure to form the PEI@SiO2@RF sample, and
(d) the formation of N-doped carbon nanonet flakes (NCNFs) and the demonstration of electron and
ion transport pathway in carbon nanonet flakes (CNFs).

 
Figure 2. Photographs showing the evolution from linear PEI precursor to the CNFs during the
synthesizing process. (a) Linear PEI, (b) PEI@SiO2, (c) PEI@SiO2@RF and (d) CNFs.

SEM and TEM characterizations were performed to investigate the morphology and structure
of the as obtained materials, which are shown in Figure 3. We can see that SiO2 coated PEI powders
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(PEI@SiO2) showed flakes-like structure with cross-linked nanofiber networks. After deposition and
carbonization of the carbon precursors and further HF etching, the morphologies were mostly retained,
remaining in uniform contacts and does not collapse in microscale. The diameter of the nanofiber
for PEI@SiO2 was about 20 nm with interconnected mesoscale pores of around 20–30 nm, which
were expected to be beneficial for fast electrolyte ion transportation. After further integration with
N-doped carbon precursors (melamine), most of the porous structures were still reserved, although
the diameter of nanofibers increased by several nanometers. Figure 3e,f showed the TEM and high
resolution TEM images for N-doped sample (NCNFs-1) after HF etching. The mutually cross-linked
nanotubes in the assembled flask structures can be clearly seen. The diameter of the nanotubes for the
NCNFs-1 is about 15–20 nm with wall thickness of around 3–5 nm, and the length of each nanotube
is about dozens to a few hundred nanometers. EDS mapping further confirmed that nitrogen was
homogenously distributed around the carbon nanotube networks, which were expected to improve
the electron conductivity and surface wettability with electrolytes. The large amounts of pores existing
both in the inside of each nanotube and among the large interspaces of adjacent one, may provide
enough ion pathways and efficient surface double layer capacity that are required for high performance
SC electrodes. Moreover, the special flake-like assembles, which were composed of long nanotubes
that interconnected with each other and almost completely spread throughout every flake along the
axial direction, could further prompt the formation of stable electron conductive networks. These
special and relatively ordered structures are expected to be quite beneficial for high performance SC
devices [37], which will be discussed in the following sections.

 
Figure 3. SEM images for PEI@SiO2 (a), SiO2@C, (b) an N-doped CNFs sample of NCNFs-1, (c) and
NCNFs-2 (d). (e,f) Shows the TEM images for sample of NCNFs-1 with different magnifications. (g–i)
Shows the TEM dark field image and the corresponding energy dispersive spectrometer (EDS) element
mapping results for NCNFs-1.

XRD and Raman spectroscopy were further performed to investigate the structure and
compositions of CNFs and N-doped samples, which are shown in Figure 4. According to the
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XRD results, two broad peaks centered at around 23.4◦ and 43.0◦ were observed, which can be assigned
to the (002) and (100) diffractions for carbon. Raman spectra further showed the existence of the two
typical modes of D (relating with sp3 hybridization and in plane defects for carbon) and G (relating
with sp2-bonded ordered graphitic carbon), located at around 1363 and 1585 cm−1, respectively, further
indicating the formation of carbon in all samples. N2 adsorption/desorption isotherm measurements
were performed to investigate the pore structure for CNFs and nitrogen doped samples, and the
results are shown in Figure 4c. All of the N2 adsorption/desorption isotherm curves exhibited the
type-IV profiles, with two typical steep uptakes (P/P0 < 0.01 and P/P0 > 0.98) and hysteresis loops
(CNFs and NCNFs-1: 0.45 < P/P0 < 0.97; NCNFs-2: 0.82 < P/P0 < 0.98), demonstrating the coexistence
of micropores (<2 nm) and mesopores (2–50 nm) in the samples. The pore size distributions of
the samples were calculated by using the Barrett–Joyner–Halenda (BJH) method, which is shown
in Figure 4d. As can be seen from Figure 4d, all samples demonstrated two distinct peaks in the
ranges of 2 to 10 nm (mesopore) and 10 to 200 nm (meso- and macro-pore), respectively, which can
be assigned to the inner side pores for each individual carbon nanotube and the void spaces among
the interconnected adjacent CNFs, according to the TEM characterizations (Figure 4e,f). The pore
contents and their distributions for NCNFs-1 were similar with that of CNFs in the range of 2 to
10 nm, although were reduced to some extent especially at the macropore range (>50 nm), which
can be explained by the incorporation of additional thin N doped carbon layer on the CNFs. Such
peculiar multi-level size distribution is expected to be beneficial for achieving high specific surface
area and fast electrolyte ion transferring [38]. Moreover, the calculated specific surface areas were
860, 946, and 365 m2 g−1, respectively, for CNFs, NCNFs-1, and NCNFs-2, which was quite attractive
among reported 3D hierarchical carbon. The decrease of specific surface area for NCNFs-2 can be
speculated to owe from the excessive coating of melamine, which suppress both of the mesopores and
the macropores, as indicated by the significant decrease of pore volumes for NCNFs-2 in Figure 4d.

Figure 4. XRD (a), Raman (b) and nitrogen adsorption/desorption isotherms; (c) measurements for
CNFs and different N-doped CNF samples. (d) Shows the calculated pore size distributions for
corresponding samples.
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To further investigate the composition of the hierarchical N-doped carbon nanonet flakes, XPS
characterizations were performed which are shown in Figure 5. Wide range survey XPS spectra
suggested the existence of nitrogen with a content of 1.88 wt.% in the powder after coating of melamine.
The forms of nitrogen in carbon frameworks were studied by fitting the high-resolution XPS spectrum
for N 1s. There were three significant peaks locating at 398.1 eV, 399.1 eV and 400.5 eV, respectively,
for NCNFs-1 samples, which can be indexed to the pyridinic-N, pyrrolic-N and the graphitic-N (the
configurations of doped N atoms in graphene layer is shown in the insert of Figure 5b). The formation
of N doped structures can increase the electron density in carbon to achieve a high electron conductivity,
and the defects formed by replacement of C with N can also introduce more active sites to improve the
electrochemical performance, both of which are quite beneficial for SC devices.

 
Figure 5. (a) X-ray photoelectron spectroscopy (XPS) wide range survey spectrum and (b)
high-resolution XPS spectrum of N 1s for a sample of NCNFs-1 (the inset shows the various
configurations of N atoms doped in graphene layer).

3.2. Electrochemical Performance

The electrochemical properties of the CNFs and N-doped CNFs were examined by a three-electrode
configuration method, and a 6 M KOH solution was used as the electrolyte. The CV and galvanostatic
charge-discharge curves were given in Figure 6. As shown in the CV curves (Figure 6a,c,d), under a
fixed potential window of −1 to 0 V (versus Ag/AgCl), all samples indicated the typical response for
electric double-layer electrodes, with quasi-rectangular shapes [39]. When a high voltage scan rate,
e.g., 500 mV s−1, was applied, the rectangular-like curve was still able to be sustained, demonstrating
a relatively fast electron and ion transportation during the charge and discharge process for these
samples. Galvanostatic charge–discharge method was also applied to measure the charge and discharge
capacitance for SC. The recorded specific capacitances were 461, 613 and 347.5 F g−1 (or 322, 351 and
205 F g−1) at a current density of 1 A g−1 (2 A g−1), respectively, for CNFs, NCNFs-1 and NCNFs-2.
These values, especially for sample of NCNFs-1, are quite high among reports for carbon based EDLSs,
which are usually lower than 300 F g−1. Recently, Wu et al. [40]. reported a similar capacitance of around
500 F g−1 based on hierarchical 3D carbon electrodes, which consisted of N-doped graphene quantum
dots on carbonized MOF and carbon nanotubes hybrid structures. However, less controllability over
the structural characteristics and the higher complexity of the synthesizing process can be expected
from their reports. Moreover, as PEI refers to an interesting family of molecules, which can adopt a
verity of 1D nanostructures to form different hierarchical nano- and micro-structures, and the benefits
of feasible interaction chemistry for PEI monocular with SiO2 and the carbon precursors, the method
reported here can provide an effective protocol for building a variety of interesting structures that are
quite suitable for supercapacitors.
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Figure 6. Cyclic voltammetry (CV) curves (a,c,e) at different scan rates and galvanostatic
charge-discharge curves (b,d,f) at different current densities for CNFs, NCNFs-1 and
NCNFs-2, respectively.

To further examine the electrochemical performance, the specific capacitance plots and the
long-time cycling measurements for all samples were given, which were shown in Figure 7. We can see
that, all samples reached relatively stable capacitance at a high current density range of 5 to 20 A g−1,
and more competitively, the NCNF s-1 sample showed a high value of 242 F g−1 at 20 A g−1, which
was quite high among reports for EDLSs [41–43]. The relatively large drops of the specific capacitance
especially at the low current density range (from 1 A g−1 to 4 A g−1) could be understood by the
suppressed contributions for small pores to the specific capacitance at increased current density as
reported by Teng [44] and Daraghmeh [45]. Surface functional groups (see Figure S1 in the Supporting
Information) and the related pseudocapacitance [46], as indicated by the slight tailing in the discharge
curves in Figure 6, can also cause attenuations of the specific capacitance. However, because of the
large amounts of exposed macropores in the hierarchical 3D structures and the excellent electron
conductivity derived from the interconnected carbon nanotubes, a relatively high specific capacitance
at high current density can still be obtained. Moreover, all samples obtained from PEI templates
also showed good cycling stability. As shown in Figure 7b, after 20,000 cycles at a current density of
10 A g−1, specific capacitances of 213 F g−1 and 232 F g−1 can be obtained for CNFs and NCNFs-1,
respectively, with high retention rate of both 95%. Additionally, to investigate the practical benefits of
the as-synthesized NCNFs-1 sample, a symmetric two-electrode soft pack device was also constructed
(see Figure S2 in the supporting information). The device demonstrated excellent electrochemical
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performance with high specific capacitances of up to 313.6 F g−1 at 0.5 A g−1 and 262.4 F g−1 at 2 A g−1,
which were quite attractive among the reported two-electrode supercapacitor devices. Schematic
illustration of the local electron and ion pathway for the 3D hierarchical NCNFs is shown in inset of
Figure 7b. The excellent electrochemical performance can be attributed to the following reasons: Firstly,
the vast specific surface area as measured by BET can allow large amounts of charge accumulations
on the surface or interface between electrodes and electrolyte; secondly, there were a great many
stable interconnected and penetrable mesoscale pores (as shown in the SEM and TEM images), which
can effectively facilitate the electron and ion transportation for fast electrode dynamics; moreover,
the incorporation of nitrogen dopant in carbon nanotubes can significantly enhance the electric
conductivity and electrolyte solution wettability.

 
Figure 7. (a) The specific capacitance calculated by galvanostatic charge-discharge curves at different
current densities ranging from 1 A g−1 to 20 A g−1, (b) cycling stability at 10 A g−1 for NCNFs-1,
CNFs and NCNFs-2 (the inset in (b) shows the schematic illustration for electron and ion pathway
of the 3D hierarchical nitrogen doped carbon nanonet flakes). (c) Nyquist plots. (Z’: real impedance,
Z”: imaginary impedance. And the inset shows a partial enlarged view in high frequency range).
(d) Bode plots of phase angle relate to frequency in the low frequency range (the inset shows the normal
bode plot).

To further explorer the influence of hierarchical pores and the interconnected flake-like structures
on the properties of the working electrodes, electrochemical impedance spectroscopy (EIS) was
conducted, and the results are shown in Figure 7c,d. As can be seen from Figure 7c, the Nyquist
plots, for CNFs, NCNFs-1 and NCNFs-2, constituted a semicircle in the high frequency region and a
straight line in the low frequency region. The nearly vertical profile in the low frequency region for
all samples indicated the desired electrical double-layer behavior. As reported before, the semicircle
at a high frequency region is related with the electronic resistance between the electrode materials
and the electrolyte [47,48]. The resistance for NCNFs-1 is 0.73 Ω, which is slightly lower than that for
the CNFs and NCNFs-2 (details can be seen in the enlarged view in Figure 7c), indicating a higher
electron conductivity for NCNFs-1. Bode plots of phase angle versus the applied frequency were
further performed, which are shown in Figure 7d. We can see that the phase angles of all samples were
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located around 82◦ to 85◦ at the low frequency of zero, agreeing with ideal capacitive behavior for
EDLS devices [49]. Moreover, the calculated characteristic frequencies f 0, defined as the frequency at
phase angle of −45◦, were 3.2 Hz, 3.2 Hz and 1.1 Hz for NCNFs-1, CNFs and NCNFs-2, respectively,
corresponding to a time constant τ0, defined as τ0 = f 0

−1, of 0.31 s, 0.31 s and 0.91 s. The high phase
angle and short time constant indicated a faster frequency response and enhanced ionic transport rate
for NCNFs-1 than that of CNFs and NCNFs-2 samples, which were quite beneficial for ion transport
dynamic and high performance EDLS devices.

4. Conclusions

We have demonstrated a facile way for the synthesis of three-dimensional N-doped carbon
nanotube flake structures by using linear PEI as catalytic template. The as-prepared N carbon materials
exhibited high specific surface area, a stable interconnect nanotube network and 3D penetrable micro
to macro scale hierarchical pores, which were beneficial for achieving high performance ELDSs.
For nitrogen doped sample of NCNFs-1, ultra-high specific capacitances of 613 F g−1 at 1 A g−1 and
242 F g−1 at 10 A g−1, and excellent cycle ability with 95% retention over 20,000 cycles at 10 A g−1,
was obtained, indicating the current processing is of great benefit for developing high performance
electrodes for supercapacitors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1225/s1,
Figure S1: The fitted high-resolution XPS spectrum of C 1s for the sample of NCNFs-1, Figure S2: The
electrochemical performance of NCNFs-1 in a two-electrode system.
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Abstract: MnO2/N-containing graphene composites with various contents of Mn were fabricated
and used as active materials for the electrodes of flexible solid-state asymmetric supercapacitors.
By scanning electron microscopes (SEM), transmission electron microscope (TEM), energy-dispersive
X-ray spectroscopy (EDS), X-ray photoelectron spectrometer (XPS), fourier-transform infrared
spectroscopy (FTIR) and Raman spectra, the presence of MnO2 and N-containing graphene was
verified. The MnO2 nanostructures decorated on the N-containing graphene were of α- and
γ-mixed phases. N-containing graphene was found to reduce the charge transfer impedance in
the high-frequency region at the electrode/electrolyte interface (RCT) due to its good conductivity.
The co-existence of MnO2 and N-containing graphene led to a more reduced RCT and improved
charge transfer. Both the mass loading and content of Mn in an active material electrode were crucial.
Excess Mn caused reduced contacts between the electrode and electrolyte ions, leading to increased
RCT, and suppressed ionic diffusion. When the optimized mass loading and Mn content were used,
the 3-NGM1 electrode exhibiting the smallest RCT and a lower ionic diffusion impedance was obtained.
It also showed a high specific capacitance of 638 F·g−1 by calculation from the cyclic voltammetry
(CV) curves. The corresponding energy and power densities were 372.7 Wh·kg−1 and 4731.1 W·kg−1,
respectively. The superior capacitance property arising from the synergistic effect of mixed-phase
MnO2 and N-containing graphene had permitted the composites promising active materials for
flexible solid-state asymmetric supercapacitors. Moreover, the increase of specific capacitance was
found to be more significant by the pseudocapacitive MnO2 than N-containing graphene.

Keywords: MnO2; N-containing graphene; composite; active material; specific capacitance;
asymmetric supercapacitor

1. Introduction

The rapid development of portable and wearable consumer electronics results in the demand for
high-performance energy-storage devices [1–7]. Solid-state supercapacitors (SSCs) have thus attracted
growing attention, due to their reversibility, safe operation without the use of any liquid electrolyte,
longer cycling stability than batteries, and higher power and energy densities than conventional
capacitors [1,2,8,9]. Further improvement in energy density and searching for economic flexible
current collectors are regarded as the two major challenges when pushing the technology of SSCs
forward. Lots of effort have been made to investigate electrode active materials, to achieve higher
specific capacitance. Carbonaceous materials such as activated carbon, carbon fibers, carbon nanotubes,
graphene (G), and graphene oxides, etc., can be used as the active materials for electrodes of SSCs due to
low cost, high conductivity, and chemical stability [10–16]. However, they usually show the drawback
of lower specific capacitance, as compared to manganese oxide (MnO2) [17,18]. The theoretical
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specific capacitance of porous carbon materials is only 250 F·g−1 when the specific surface area is
1000 m2·g−1 [19]. Modification of pure carbon, like mixing activated carbon with conductive additives
to obtain active materials with a high surface area and better contact for more efficient electrodes,
was reported to improve the conductivity and capacitances of supercapacitors (SCs) [17]. Addition of
heteroatom(s) or a pseudocapacitive material in G to fabricate composites was also conducive to the
performance of SCs. Nitrogen (N) has a high electronegativity and lone pair of electrons, which can be
in conjugation with the π electrons of G to enhance conductivity and electron transport. So, compared
to pure G, N-containing G (NG) would be more favorable to the specific capacitance of SSCs.

Compared with carbonaceous materials, transition metal oxides and hydroxides (RuO2, MnO2,
Ni(OH)2, Fe2O3, etc.) are deemed as more promising active materials for electrode applications to SSCs
with large specific capacitances and high energy densities because the diverse oxidation states of the
transition metals permit effective charge transfer [20–24]. Among them, MnO2 has attracted considerable
attention due to its low cost, natural abundance, environmentally benign nature, and high theoretical
specific capacitance (1370 F·g−1) [25–27]. Its pseudocapacitive characteristic can be attributed to the
single electron transfer in the Mn3+/Mn4+ redox system [28]. Nevertheless, its poor conductivity and low
ion diffusion constant may suppress the further progress [29,30]. The stability and potential application
may be hindered by its problematic dissolution in electrolytes. To address these issues, the combination
of MnO2 nanostructures with conductive carbonaceous materials to form hybrid structures has been
adopted [31–39]. Some studies have focused on the development of MnO2-G composites, which took
advantages of the high capacitance of MnO2 and the high conductivity of G simultaneously.

Despite the advantages of good electrochemical stability, high conductivity, and large specific
surface area, G nanosheets tend to restack during the formation of solid materials due to the strong
π-π interactions. The aggregation reduces the accessible surface area for adsorption and desorption
of electrolyte ions, which would finally result in a small specific capacitance. The high conductivity
and unique surface characteristics of the single-layer G nanosheets can be thereby lost [40]. Thus,
suppression of the aggregation would greatly optimize the electrochemical properties of electrodes.
One feasible method is to anchor transition metal oxides to the surface of G, working as spacers to
separate adjacent G nanosheets. Transition metal oxides such as RuO2, NiO, CoOx, and MnO2 are
appropriate candidates since they have been considered as extensively explored pseduocapacitor’s
electrode materials showing high theoretical specific capacitance [41–44]. Introducing porous MnO2

nanostructures into G nanosheets would suppress the aggregation. The specific surface area of G
was then increased, and more electrical conduction pathways were provided. The relatively higher
gravimetric capacitances had been demonstrated for a variety of MnO2-G composites with low mass
loadings, whereas some literature highlighted the importance of fabricating composites with higher
mass loadings [45–50]. The optimization of mass loading would remain an important challenge.

The asymmetric SCs consisted of a carbonaceous negative electrode and a MnO2-based positive
electrode offered enlarged operation voltage windows and thus improved power energy properties,
compared with symmetric SCs [51]. For example, MnO2 nanostructures grown on activated carbon
by a wet chemical reaction process was used as the positive electrode, which exhibited a high
specific capacitance (345.1 F·g−1 at 0.5 A·g−1) and excellent cycle stability. It was assembled with an
activated carbon negative electrode to fabricate asymmetric SCs, which showed high energy density
of 31.0 Wh·kg−1 at a power density of 500.0 W·kg−1 [19]. Layered δ-MnO2 on N-doped G obtained
by a hydrothermal approach was used as the cathode to improve the conductivity and present a
high specific capacitance of about 305 F·g−1 at a scan rate of 5 mV·s−1. When it was assembled
with an activated carbon anode using a gel electrolyte to fabricate flexible asymmetric SSCs (ASSCs),
a maximum energy density of 3.5 mWh·cm−3 at a power density of 0.019 W·cm−3 was achieved [52].
Despite the progress, most MnO2-based SSCs did not exceed the energy density of lead acid batteries.
Lots of efforts have been made to ASSCs with various electrode combinations [53–55]. Consequently,
it is crucial to develop new active materials for more efficient electrodes applied to SCs.
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In this study, MnO2/NG composites with various contents of Mn were fabricated by a
hydrothermal approach and used as the electrode active materials for flexible ASSCs. Graphite
paper on polyimide (PI) was employed as the soft substrate. NG can enhance the conductivity of
composites and efficiently reduce the interfacial impedance. It can also serve as a better template
for inducing the growth of MnO2 nanostructures than G. By the synergistic effect of MnO2 and NG,
the specific capacitance, energy, and power densities were significantly improved. The MnO2 in the
composites was found to be mixed phases containing γ-MnO2 and α-MnO2. The impacts of mass
loading and the content of Mn on the capacitance parameters were also explored. The 3-NGM1
electrode with the most appropriate Mn content and mass loading of active material exhibited a high
specific capacitance of 258 F·g−1 at a current density of 1 A·g−1. By calculating the cyclic voltammetry
(CV) results, it had a superior specific capacitance of 638 F·g−1. The corresponding energy and power
densities were 372.7 Wh·kg−1 and 4731.1 W·kg−1, respectively. The ongoing work regarding flexible
ASSCs will be designed as using G as the negative electrode and a MnO2/NG composite as the
positive electrode by employing a solid gel electrolyte. It is perceived that the optimized conditions of
electrodes will lead to more enhanced capacitive behavior and cycle stability of the flexible ASSCs.

2. Experimental

2.1. Preparation of G

Graphite oxide (GO) was synthesized by the modified Hummers’ method using graphite
powder [56]. A graphite oxidation procedure was executed before the synthesis of GO [57,58]. 4 g of
graphite powder were added into a solution composed of 2 g of potassium persulfate (K2S2O8), 2 g of
phosphorus pentoxide (P2O5), and 30 mL of conc. sulfuric acid (H2SO4). The mixture solution was
heated to 80 ◦C under continuous stirring for 6 h. When it was cooled down to room temperature, rinse
with deionized (DI) water was performed repeatedly by centrifugation until the neutral pH level was
achieved. Afterward, 4 g of the pre-oxidized graphite powder were added into 100 mL of conc. H2SO4

solution in an ice bath. Then 12 g of potassium permanganate (KMnO4) were slowly added at 35 ◦C.
The stirring was continued for 2 h until the color of the mixture turned to dark brown. Subsequently,
a solution containing 200 mL of DI water and 40 mL of hydrogen peroxide (H2O2, 30 vol% in water)
was added slowly while a violent chemical reaction occurred. A yellow-brown intermediate was
produced when the reaction was completed, which was then put in a dilute aqueous hydrochloric acid
(HCl) solution to remove metal ions. After ultrasonication for 1 h, rinse with DI water was repeatedly
performed by centrifugation until the neutral pH level was achieved to obtain the GO powder.

20 mg of GO were added in 100 mL of DI water to prepare the GO solution. After ultrasonication
for 2 h to make better dispersion of GO, the suspension was transferred to an autoclave, which was
placed in a furnace for the hydrothermal process at 200 ◦C for 2 h. When cooling down to room
temperature, the product was collected by filtration, and then dried at 80 ◦C for 12 h. After grinding,
the powder of G was acquired [59].

2.2. Preparation of NG Composites

55 mg of G were mixed with 8.6 mL of ammonia hydroxide solution (28 vol%~30 vol%) in 70 mL
of DI water. After ultrasonication for 2 h to make better dispersion of G, the suspension was transferred
to an autoclave, which was placed in a furnace for the hydrothermal process at 140 ◦C for 6 h. When
cooling down to room temperature, the product was repeatedly rinsed by DI water until the neutral
pH level was achieved, and then collected by centrifugation. After dried at 80 ◦C for 12 h and grinding,
the NG powder was obtained [52].

2.3. Preparation of NG/MnO2 (NGM) Composites

55 mg of G were mixed with 8.6 mL of ammonia hydroxide solution (28 vol%~30 vol%) in 70 mL
of DI water. After ultrasonication for 2 h to make better dispersion of G, the suspension was transferred
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to an autoclave, which was placed in a furnace for the hydrothermal process at 140 ◦C for 6 h. When
cooling down to the room temperature, five different weights of potassium permanganate (KMnO4)
were added, respectively, to prepare the mixtures containing 8.9 mM, 17.8 mM, 26.7 mM, 35.6 mM,
and 44.5 mM of KMnO4 solutions. After ultrasonication for 30 min, every mixture was transferred back
to the autoclave, which was then placed in the furnace for another hydrothermal process at 160 ◦C for
2 h. When cooling down to room temperature, every mixture was taken out and repeatedly rinsed by
DI water until the neutral pH level was achieved, and then collected by centrifugation. After dried at
80 ◦C for 12 h and grinding, five NGM composites with various contents of Mn were obtained [52].
They were named as x-NGM, in which x was 1, 2, 3, 4, and 5, respectively, to represent the five KMnO4

concentrations as mentioned above used during the preparation processes.

2.4. Fabrication of Electrodes

100 mg of G, NG and x-NGM composites were mixed with 12.5 mg of carbon black in 2 mL of
absolute ethanol, respectively. After ultrasonication for 10 min to make better dispersion, 0.5 g of ethyl
cellulose and 1 mL of terpineol were added to the three kinds of suspensions. Ultrasonication for
another 10 min was performed to obtain more even mixing. The subsequent stirring for 10 min was to
evaporate some ethanol, to achieve an appropriate consistency of the G, NG and x-NGM slurries for
fabricating the electrodes of ASSCs.

A polyimide (PI) tape with the dimension of 3.5 cm × 2.5 cm was attached and stuck to a graphite
paper to obtain a PI/graphite flexible substrate. On the other hand, a square hole with the length of 1.6 cm
was made in the center of transparency, which was placed upper the flexible substrate and fixed by the
3M tape. The transparency was closely attached to the substrate, and the effective area was thus defined.
Afterward, an appropriate amount of the G, NG and x-NGM slurries was uniformly coated within the
square on the flexible substrate by the doctor-blade method. After standing at the room temperature
overnight, the transparency was removed to acquire the electrodes, which were then calcined at 200 ◦C
for 1 h to eliminate organics. Three different mass loadings were used for coating active materials on the
PI/graphite flexible substrates. The resulting electrodes were named as Gy, NGy, and x-NGMy, in which
y was 1, 2, and 3, to represent the mass loadings of 1 mg, 2 mg, and 3 mg, respectively.

2.5. Characterization

The surface morphologies of active materials were examined by field-emission gun scanning
electron microscopes (SEM) (Hitachi, Tokyo, Japan and JEOL, Tokyo, Japan). Their microstructures
and lattice fringes were examined by a high-resolution transmission electron microscope (HRTEM)
(JEOL, Tokyo, Japan). The elemental mappings were obtained by the energy-dispersive X-ray
spectroscopy (EDS). The chemical compositions of active materials were examined by the X-ray
photoelectron spectrometer (XPS) (Thermo VG-Scientific, Waltham, MA, USA). According to the
binding energies of photoelectrons emitted from the surface, the chemical state of each element could
be ascertained. The vibrational modes of molecules identified from the absorption characteristics by
Raman spectroscopies (Horiba Jobin Yvon, Paris, France) and infrared (Bruker, Billerica, MA, USA)
ranging from 400 cm−1 to 2000 cm−1 and 400 cm−1 to 4000 cm−1, respectively, were used to determine
the chemical compositions, bond configurations, and molecular structures of the active materials.

2.6. Electrochemical Measurements

The electrochemical properties were characterized by CV, galvanostatic charge/discharge (GCD),
and electrochemical impedance spectroscopy (EIS), using a potentiostat/galvanostat (CH Instruments,
Austin, TX, USA) as the analyzer. When the measurements on the electrodes coated with active
materials were performed, a 5 M LiCl solution was employed as the electrolyte, and a three-electrode
configuration consisting of a platinum (Pt) wire as the auxiliary electrode and silver chloride (Ag/AgCl)
reference electrode was adopted.
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The capacitance characteristics of the electrodes could be determined by the areas inside the CV
curves obtained at different scan rates and the symmetry of the GCD curves obtained by different
current densities. By Equations (1) and (2), the gravimetric specific capacitances CCV and CC-DC of
individual electrodes were calculated from the CV and GCD curves, respectively [60]:

CCV= k

∫
i

m·s (1)

CC-DC = k
i·Δt

ΔV·m (2)

EEL(Wh/kg) = (
1
4
× CCV × V2)/3.6 (3)

EEL(Wh/kg) = (
1
4
× CC-DC × ΔV2)/3.6 (4)

PEL(W/kg) = EEL/(Δt) (5)

where k is the electrode constant (usually 2 for a single electrode and 4 for a couple of electrodes), i is the
discharging current,

∫
i is the integral area of a CV curve, m is the mass of electrode active materials,

s is the scan rate (100 mV·s−1 in this work), Δt is the discharging time, and ΔV is the potential window
subtracting the initial potential drop. In this study, the potential windows for individual electrodes were
−1.9 V to 1.0 V. After substituting CCV into Equation (3) and CC-DC into Equation (4), the energy densities
of the electrodes (EEL) could be calculated. By further substituting EEL into Equation (5), the power
densities of the electrodes (PEL) were obtained [60]. On the other hand, the electronic and ionic transports
across the interface of active material in the electrodes were investigated by EIS. The frequency range for
EIS was 10−2 Hz to 105 Hz. The AC amplitude was set as 10 mV between two electrodes.

3. Results and Discussion

The surface morphologies of graphite oxide, G, NG, and x-NGM composites at different
magnifications were examined by SEM. The ultrathin sheet-like structures of graphite oxide, G,
and NG were observed, as displayed in Figure 1. There are fine needle structures in x-NGM, which
grow on the surface of NG, as shown in Figure 1d–f. The changes in the content of Mn were discovered
to impact the morphologies and structures of x-NGM composites significantly. When the concentration
of KMnO4 used during the preparation was higher to increase the content of Mn, a larger dimension of
the needle structure resulted, as shown in Figure 1e,f. When the concentration of KMnO4 was 26.7 mM
to fabricate 3-NGM, the intertwined MnO2 nanowires formed. When the KMnO4 concentration
increased to 35.6 mM and 44.5 mM to obtain 4-NGM and 5-NGM, the MnO2 nanorods were observed,
as displayed in Figure 1g,h. For further confirmation, elemental mappings were examined. Figure 2
demonstrates the presence of the C, O, N and Mn elements in 2-NGM and their even distributions.
It verifies the successful preparation of the x-NGM composites as well. The sparser distribution of the
N element was attributed to the relatively lower proportion of the N content in the composite.

Figure 3 displays the TEM micrographs and microstructures of NG, 2-NGM, and 3-NGM.
The semitransparent membranous structure can be observed, as shown in Figure 3a,c,e, demonstrating
the existence of NG in the composites. The lattice fringe spacing value of 0.34 nm corresponds to the
d-spacing of G crystalline plane, indicating the successful formations of G and NG by the hydrothermal
method [61]. Lots of fine needle structures appear on the NG surfaces of 2-NGM and 3-NGM, as shown
in Figure 3c,e, respectively. The needle structure in 2-NGM is larger than that in 3-NGM. By the
high-resolution atomic images in Figure 3d,f, the MnO2 in the x-NGM composites is discovered to be
a two-phase mixture. Namely, the co-existence of γ-MnO2 and α-MnO2. Another two lattice fringe
spacing values of 0.212 nm and 0.239 nm correspond to the (200) plane of γ-MnO2 and (211) plane
of α-MnO2, respectively [29], which also contribute to confirming the presence of MnO2 and the
successful preparation of the x-NGM composites.
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Figure 1. SEM micrographs of (a) graphite oxide, (b) G, (c) NG, (d) 1-NGM, (e) 2-NGM, (f) 3-NGM,
(g) 4-NGM, and (h) 5-NGM.
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The functional group types on the surface of a material can be identified by the FTIR technique.
Figure 4 shows the FTIR spectra of graphite oxide, G, NG, and x-NGM composites. For graphite
oxide, the main absorption peaks are at 1084 cm−1 and 1218 cm−1, which are ascribed to the C-O
stretchings. For G and NG, the two peaks at 1401 cm−1 and 1565 cm−1 are attributed to the O-H
bending and C=C stretching, respectively. Graphite oxide, G, and NG all show the peak at 1720 cm−1,
which is ascribed to the C=O stretching. Another peak for G at 1214 cm−1 can be assigned to the
C-O stretching [62–65]. For the N-containing composites (NG and x-NGM), the two main absorption
peaks are at 1195 cm−1 and 1565 cm−1, which are attributed to the C-N and C=N/C=C stretchings,
respectively [66,67]. For the x-NGM composites, the two peaks at 438 cm−1 and 560 cm−1 can be
ascribed to the Mn-O stretching [64–67]. One more peak for 2-NGM to 5-NGM is observed at 749 cm−1,
which can also be attributed to the Mn-O stretching, and not be found in the composite without or
with too less content of Mn (such as 1-NGM). The FTIR results mentioned above also contribute to
confirming the successful preparation of the G, NG, and x-NGM composites.

Figure 2. (a) SEM and (b) EDS layered images of 2-NGM. Elemental mappings of 2-NGM: (c) C, (d) O,
(e) Mn, and (f) N.
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Figure 3. TEM micrographs and microstructures of (a,b) NG, (c,d) 2-NGM, and (e,f) 3-NGM.

Raman spectroscopy is a widely used technique to examine the structures and electronic properties
of G and its derivatives. Figure 5 shows the Raman spectra of graphite oxide, G, NG, and x-NGM
composites, ranging from 400 cm−1 to 2000 cm−1. The two feature peaks at 1329 cm−1 and 1590 cm−1

are D and G bands, respectively [52,68,69]. The D band is due to the presence of disorders in
sp2-hybridized carbon systems. It can be used to estimate the defect level and content of impurity
in the G sheets. The G band is derived from the stretching of sp2-hybridized carbon-carbon bonds
and highly sensitive to strain effects in the sp2 system within the G sheets. Furthermore, the intensity
ratio of D and G bands, ID/IG, can be considered as a measure of the relative concentration of local
defects or interferences, i.e., can be used to estimate the extent of sp3 graphite oxide converting to
sp2 G [68,69]. Thus, an increment of the ID/IG value implies an increase in the number of defects.
From Figure 5a, the ID/IG value of graphite oxide obtained before the hydrothermal process is
calculated to be 1.73. However, those of the G, NG, and x-NGM composites drop to in between 1.55 to
1.69 after the hydrothermal process. It can be then deduced from the reduced ID/IG values that the
hydrothermal process could remove oxygen-containing functional groups and reduce graphite oxide to
G successfully. This again helps to ascertain the presence of G in NG and x-NGM composites. Since the
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incident light wavelength of the Raman spectrometer influences excitation efficiency, the wavelength
of 532 nm regarded as comparatively of less negative impact on enhancing the characteristic peak of
Mn-O bonds was chosen to excite the x-NGM composites. However, as shown in Figure 5a, it still
unavoidably resulted in weaker scattering intensity and thereby less distinct Mn-O characteristic
peaks. After magnification, the peak at around 560 cm−1 attributed to the stretching vibration of Mn-O
bonds [52] can be more clearly seen in Figure 5b, again confirming that the hydrothermal preparation
of x-NGM composites was successful.

Figure 4. FTIR spectra of graphite oxide, G, NG, and x-NGM composites.
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Figure 5. (a) Raman spectra of graphite oxide, G, NG, and x-NGM composites; (b) enlarged Raman
spectra of x-NGM composites.
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Figure 6 shows the XPS spectra of graphite oxide, G, NG, and x-NGM composites. The composition
of a composite and chemical states of elements can be investigated by XPS. Figure 6a displays the C 1s
spectra. For graphite oxide and G, they have a strong energy peak centered at approximately 283.8 eV,
which is assigned to the C=C bonds (sp2-hybridized carbon atoms). Another weak peak with higher
binding energy at 285.6 eV can be assigned to the C-O bonds (oxygenated carbon atoms) [62,63,70].
There is a weaker peak for graphite oxide at 287.4 eV, which is assigned to the C=O bonds. G shows
an even weaker peak at 288.6 eV, which is assigned to the O-C=O bonds [52,62,63,70]. For NG and
x-NGM composites, they also have energy peaks ascribed to the C=C bonds (symbol of the presence
of G), centered at approximately 284.0 eV. When the containing of Mn in x-NGM to diminish the C=C
bonds and sp2-hybridized carbon atoms, the peak intensity is found to be weakened. Another two
weaker peaks of NG and x-NGM, centered at approximately 285.3 eV and 286.6 eV, can be assigned to
the C=N and C-N bonds, respectively [62,63,69], which stand for another evidence for the existence of
N element in the composites.

Figure 6. Cont.
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Figure 6. XPS spectra of graphite oxide, G, NG, and x-NGM composites: (a) C 1s, (b) O 1s, (c) N 1s,
and (d) Mn 2p.

Figure 6b displays the O 1s spectra. Both graphite oxide and G show an energy peak ascribed
to the C=O bonds at 531.8 eV and 532.7 eV, respectively. The three energy peaks of NG at 531.6 eV,
533.3 eV, and 535.7 eV, can be assigned to the bondings of O-C, O-H, and H2O, respectively [52,62,63].
The five x-NGM composites have similar O 1s spectra. They all exhibit the three energy peaks centered
at approximately 529.8 eV, 531.4 eV, and 533.5 eV, which correspond to the Mn-O, C-O, and O-H bonds,
respectively [52,62,63,69]. The increase in the content of Mn is found to enhance the intensity of the
529.8 eV energy peak. Figure 6c shows the N 1s spectra. All the six NG and x-NGM composites
exhibit a strong peak at 399.0 eV and two weak peaks at 400.1 eV and 401.0 eV, which can be attributed
to the three types of N-containing species on the surface: pyridinic-N, pyrrolic-N, and graphitic-N
(quaternary N), respectively [52,70,71]. Again, the presence of the N element in the six active materials
is confirmed. The fabrication of NG from G is demonstrated to be successful as well. Figure 6d shows
the high-resolution Mn 2p spectra. All the five x-NGM composites exhibit the two peaks centered at
approximately 642.3 eV and 654.1 eV, which are ascribed to the Mn 2p3/2 and Mn 2p1/2 spin-orbit
splitting states, respectively. The separation of spin energy between the two peaks is 11.8 eV, indicating
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the oxidation state of Mn is +4. [52]. Moreover, the intensity of the two peaks is found to increase with
an increased content of Mn. This not only confirms the presence of Mn in the x-NGM composites,
but also demonstrates that the use of a hydrothermal method for preparation of the composites
containing both NG and MnO2 was successful [52,62,63,72]. The XPS surveys have confirmed the
presence of C, Mn, O, and N on the surface of the x-NGM composites.

EIS is a technique used for acquiring information of internal impedances in an electrochemical
system. The electronic and ionic transports along the bulk and across the interface of active material
in the electrode were thus investigated. The Nyquist plots of the 21 electrodes with different active
materials are displayed in Figure 7, where the compressed semicircles at the high and medium
frequency regions are related to the electronic transport resistance, a kinetic-controlled process.
The line tail connecting the semicircle at the low-frequency region is associated with the ionic diffusion
resistance, a thermodynamic-controlled process. The equivalent circuit for the EIS analysis is also
depicted in Figure 7, which includes [73]: (1) the charge transfer impedance in the high-frequency
region at the electrode/electrolyte interface (RCT), (2) the solution resistance (RS), which is the contact
series resistance between the substrate and current collector, (3) Warburg impedance (W), which is
the diffusion resistance of ions in the electrolyte and in relation to the slope of the line tail in the
low-frequency region, (4) the electric double-layer capacitor (C1) [65,74–76]. The corresponding RCT

values obtained by simulation are listed in Table 1. By contrast, G1, NG1, 1-NGM1, 2-NGM1, 3-NGM1,
4-NGM1, and 5-NGM1 are found to exhibit smaller semicircles in the high-frequency region. Their
RCT values are 3.27 Ω, 2.22 Ω, 2.17 Ω, 1.28 Ω, 1.15 Ω, 8.06 Ω, and 9.29 Ω, respectively. When the
mass loading of active materials on the substrate increases to 2 mg, the RCT values of G2, NG2,
1-NGM2, 2-NGM2, 3-NGM2, 4-NGM2, 5-NGM2 are 3.52 Ω, 2.98 Ω, 2.49 Ω, 1.35 Ω, 1.23 Ω, 8.43 Ω,
and 9.40 Ω, respectively. When the mass loading further increases to 3 mg, the RCT values of G3, NG3,
1-NGM3, 2-NGM3, 3-NGM3, 4-NGM3, and 5-NGM3 are 12.83 Ω, 9.21 Ω, 8.42 Ω, 2.14 Ω, 1.70 Ω, 9.46 Ω,
and 11.60 Ω, respectively. According to the significantly increased RCT and larger semicircle in the
high-frequency region, it can be then concluded that the preferred mass loading of active materials on
the PI/graphite flexible substrate is 1 mg.

Figure 7. Nyquist plots of the 21 electrodes with Gy, NGy, and x-NGMy composites. Insets are
enlargements when the mass loading is (a) 1 mg, (b) 2 mg, and (c) 3 mg.
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Table 1. RCT values of the 21 electrodes with Gy, NGy, and x-NGMy composites obtained by
EIS simulation.

Electrode RCT (Ω) Electrode RCT (Ω) Electrode RCT (Ω)

G1 3.27 1-NGM2 2.49 3-NGM3 1.70
G2 3.52 1-NGM3 8.42 4-NGM1 8.06
G3 12.83 2-NGM1 1.28 4-NGM2 8.43

NG1 2.22 2-NGM2 1.35 4-NGM3 9.46
NG2 2.98 2-NGM3 2.14 5-NGM1 9.29
NG3 9.21 3-NGM1 1.15 5-NGM2 9.40

1-NGM1 2.17 3-NGM2 1.23 5-NGM3 11.60

As shown in Table 1, after N was involved in the active materials to obtain NG composites,
the RCT value decreased from 3.27 Ω (G1) to 2.22 Ω (NG1). The interconnected NG component can
effectively facilitate electronic transport. When N and MnO2 were simultaneously involved in the
x-NGM composites, the RCT value was further reduced from 2.22 Ω (NG1) to 1.15 Ω (3-NGM1).
This indicates that the co-existence of NG and MnO2 in an active material could even more improve
charge transfer. The diffusion/transport properties of electrolyte ions to the electrode surface can be
examined by the linear response (slope) of the Nyquist plot in the low-frequency region. An increased
slope usually illustrates a lower diffusion resistance, faster ionic transport, and thereby enhanced
capacitive property [74,77]. As displayed in Figure 7, compared to those of G1 and NG1 electrodes,
the Nyquist plot of the 1-NGM1 electrode has a larger slope in the low-frequency region, indicating
its better ionic diffusion and higher conductivity since it contains NG and MnO2 simultaneously.
The impact of the Mn content on RCT was further investigated. Among the 15 electrodes with x-NGM
active materials, the RCT values for 1-NGM1, 2-NGM1, 3-NGM1, 4-NGM1, and 5-NGM1 are 2.17 Ω,
1.28 Ω, 1.15 Ω, 8.06 Ω, and 9.29 Ω, respectively. The 3-NGM1 electrode exhibits the smallest RCT,
indicating its best charge transfer efficiency. Its Nyquist plot in the low-frequency region is almost
vertical and shows the largest slope, representing the best ionic diffusion and capacitive properties of
the 3-NGM1 electrode. It can be then deduced that the MnO2 nanowires growing on the NG surface
provide more effective contacts between the electrode and electrolyte ions, and charge transfer is
thus improved. However, excess Mn in the 4-NGM1 and 5-NGM1 electrodes causes increased RCT

values due to fewer contacts. Ion diffusion and charge transfer capacity are thereby suppressed, and a
smaller slope of the Nyquist plot in the low-frequency region results. By the aforementioned results,
it is confirmed that both the mass loading and content of Mn in an active material electrode affect
conductivity. The best charge transfer efficiency can be obtained only when the mass loading is 1 mg
and the content of Mn in x-NGM composites is optimized (x = 3).

The capacitive characteristic of an active material electrode can be evaluated by integrating
the area inside a CV curve loop. Figure 8a,b shows the CV curves of the 21 electrodes with Gy,
NGy, and x-NGMy composites, obtained at the scanning rate of 100 mV·s−1 with a fixed potential
range of −2.9 V to 1.0 V. All x-NGMy composites show redox waves, indicating that the faradaic
phenomena occurred during the charge/discharge process. No redox peaks are found for Gy and NGy
composites. Their CV curves exhibit similar rectangular and symmetrical form, which is related to the
characteristics of an electric double-layer capacitor. In Figure 8a, the CV curve loops of the 1-NGMy
electrodes are the largest, indicating that they have the highest specific capacitances, followed by the
NGy and then the Gy electrodes. Among them, the 1-NGM1 electrode has the largest area inside the
loop, giving rise to a high specific capacitance of 416 F·g−1. Its energy and power densities obtained
by calculations are 243.2 Wh·kg−1 and 959.9 W·kg−1, respectively. The capacitance enhancement can
be ascribed to the synergistic effect of the higher conductivity by NG and the larger specific surface
area by MnO2 nanostructures. Afterward, the content of Mn was tuned by using various KMnO4

concentrations. The impacts of mass loading on the capacitive property were also studied by using
1 mg, 2 mg, and 3 mg of active materials (y = 1, 2, and 3) for each x. From the CV curve loops of
the x-NGMy electrodes in Figure 8b, the 3-NGM1 electrode shows the best capacitance performance
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with the highest specific capacitance of 638 F·g−1. Its energy and power densities are 372.7 Wh·kg−1

and 4731.1 W·kg−1, respectively. All the capacitance parameters acquired by calculations are listed in
Table 2, which reveals that there was a most appropriate KMnO4 concentration, i.e., 26.72 mM when x
= 3, to achieve an NGM composite with the optimum Mn content. Moreover, the increase of specific
capacitance is more significant by pseudocapacitive MnO2 than NG.

Table 2. Capacitance parameters obtained from the CV results of the 21 electrodes with Gy, NGy, and
x-NGMy composites.

Electrode
Scan Rate
(mV·s−1)

Specific Capacitance
(F·g−1)

Energy Density
(Wh·kg−1)

Power Density
(W·kg−1)

G1 100 243 141.9 930.5
G2 100 99 57.5 889.0
G3 100 14 8.3 381.8

NG1 100 247 144.4 810.9
NG2 100 104 60.6 375.5
NG3 100 45 26.1 224.9

1-NGM1 100 416 243.2 959.9
1-NGM2 100 223 130.4 662.3
1-NGM3 100 154 90.1 572.9
2-NGM1 100 516 301.6 6556.8
2-NGM2 100 267 155.7 6370.1
2-NGM3 100 173 100.7 6407.3
3-NGM1 100 638 372.7 4731.1
3-NGM2 100 298 174.2 7208.0
3-NGM3 100 192 112.0 6001.7
4-NGM1 100 141 82.0 7959.5
4-NGM2 100 62 36.4 6689.0
4-NGM3 100 36 20.9 6105.0
5-NGM1 100 94 55.0 7799.2
5-NGM2 100 40 23.4 4918.4
5-NGM3 100 12 7.1 2227.0

By the interlaced nanowire structures of MnO2, the contact between the electrode surface
and electrolyte ions and the use of active materials are both improved. There are more sites for
electrochemical reactions to occur, and enhanced diffusion of ions in the electrolyte favorable for
capacitive characteristic has resulted. The higher KMnO4 concentrations during the preparation
process, 35.62 mM and 44.53 mM when x = 4 and 5, led to excess MnO2 in the NGM composites, which
grew into nanorod structures detrimental to more contact between the electrode surface and electrolyte
ions. Inferior ion diffusion and worse capacitive characteristics of the 4-NGMy and 5-NGMy electrodes
are thereby caused, as shown in Figure 8b and Table 2. It can be also seen from Table 2 that the mass
loading of active material on the flexible electrode is also critical. 1 mg has been demonstrated to
be the most appropriate mass loading. 2 mg and 3 mg cause overloaded active materials and thus
reduced specific capacitance, energy, and power densities. By plotting energy density vs. power
density obtained from the CV results and calculated by Equations (3) and (5), a Ragone plot is achieved,
as shown in Figure 8c, which again demonstrates the best electrochemical performance of 3-NGM1
among the 21 x-NGMy electrodes when x = 3 and the mass loading of 1 mg were used.
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Figure 8. CV curves of the 21 electrodes with (a) Gy, NGy, 1-NGMy, and (b) x-NGMy composites.
(c) Ragone plot obtained from the CV results.

The symmetry of charge and discharge curves can be investigated to understand capacitive
behavior. Figure 9a shows the GCD curves of the 9 electrodes with Gy, NGy, and 1-NGMy composites,
obtained by a fixed potential range of −1.2 V to 1.0 V under different current densities. Those of the
1-NGMy electrodes are slightly distorted from the ideal triangle shape because of the pseudocapacitive
contribution from MnO2. The curvature implies that they are typical Faraday capacitance curves [78].
It is revealed that the 1-NGMy electrodes have the best capacitive characteristics, followed by the
NGy electrodes, and the Gy electrodes are the worst. The 1-NGM1 electrode exhibits a longer charge
and discharge time at a current density of 0.2 A·g−1, resulting in a specific capacitance of 188 F·g−1,
and the corresponding energy and power densities are 63.1 Wh·kg−1 and 249.2 W·kg−1, respectively.
Afterward, the impacts of the Mn content and mass loading on the capacitive parameters of the
electrodes were also explored. The specific capacitances can be calculated from the GCD curves by
Equation (2), as listed in Table 3. Figure 9b shows the plots of specific capacitance vs. current density
for the 21 electrodes. The Gy, NGy, 1-NGMy, 4-NGMy, and 5-NGMy electrodes cannot endure the
current densities larger than 1 A·g−1. The 2-NGM2 electrode can endure only the current densities of
1 A·g−1, 3 A·g−1, and 5 A·g−1. The 3-NGM2 electrode can endure the current densities of 1 A·g−1,
3 A·g−1, 5 A·g−1, and 7 A·g−1. The 2-NGM3 and 3-NGM3 electrodes can endure only the current
densities of 1 A·g−1 and 3 A·g−1, whereas the 2-NGM1 and 3-NGM1 electrodes can endure all current
densities. Among the 21 electrodes, the 3-NGM1 electrode exhibits the best endurance. Its energy
and power densities are 86.7 Wh·kg−1 and 1100.0 W·kg−1, respectively. The above results have also
confirmed the optimum conditions for the mass loading and content of Mn.
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Figure 9. (a) GCD curves of the 9 electrodes with Gy, NGy, and 1-NGMy composites. (b) Plots of
specific capacitance vs. current density for the 21 electrodes with Gy, NGy, and x-NGMy composites.
(c) GCD curves of the 3-NGM1 electrode under the current densities of 1 A·g−1 to 9 A·g−1. (d) Ragone
plot obtained from the GCD results.

Since the 3-NGM1 electrode has shown the best sustainable ability to permit its higher charging
capacity, it was selected to perform further GCD investigation by different current densities, are shown
in Figure 9c. The rapid intercalation/deintercalation of metallic cations in an active material reveals
the redox concerning the oxidation state transitions between Mn (III) and Mn (IV). It is inferred that at
higher current densities, only the external surface of an active material is involved in charge/discharge,
leading to insufficient redox and relatively lower specific capacitances. The charge/discharge time
decreases along with a small number of electrolyte ions occupying the active sites. By contrast, at lower
current densities, more internal and external active sites are involved, attaining more complete redox
reactions and higher specific capacitances [79]. The increased charge/discharge time results from
most electrolyte ions being anchored to the active sites at the interface. As displayed in Table 3, when
the current density applied to the 3-NGM1 electrode increases from 1 A·g−1 to 9 A·g−1, the specific
capacitance reduces from 258 F·g−1 to 13 F·g−1. The massive capacitance decay implies that the rate
capability of the x-NGMy electrodes still needs considerable improvement. Moreover, it is perceived
from Table 3 that the mass loading of active materials on the flexible electrode is very critical. 1 mg
has been proven to be the optimum. Both 2 mg and 3 mg are overloads to cause lower conductivity
and inferior capacitive parameters. For the Gy, NGy, and x-NGMy electrodes, their energy and
power densities calculated from the GCD results are plotted as a Ragone plot, as shown in Figure 9d.
Consistent with the EIS and CV results, the synergistic effect of NG with MnO2 is demonstrated again,
to promote reversible redox reactions on the pseudocapacitive materials and play great impacts on the
capacitance characteristics of the electrodes.
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Table 3. Capacitance parameters obtained from the GCD results of the 21 electrodes with Gy, NGy, and
x-NGMy composites by different current densities.

Electrode
Current Density

(A·g−1)
Specific Capacitance

(F·g−1)
Energy Density

(Wh·kg−1)
Power Density

(W·kg−1)

G1 0.2 113 38.0 249.2
G2 0.1 24 8.1 124.6
G3 0.07 5 1.8 83.1

NG1 0.2 132 44.4 249.2
NG2 0.1 60 20.1 124.6
NG3 0.07 29 9.7 83.1

1-NGM1 0.2 188 63.1 249.2
1-NGM2 0.1 73 24.5 124.6
1-NGM3 0.07 39 13.1 83.1
2-NGM1 1 172 57.8 1100.0
2-NGM2 1 69 23.1 1100.0
2-NGM3 1 46 15.4 1100.0
3-NGM1 1 258 86.7 1100.0
3-NGM2 1 79 26.6 1100.0
3-NGM3 1 61 20.5 1100.0
2-NGM1 3 44 14.7 1100.0
2-NGM2 3 14 4.6 3300.0
2-NGM3 3 4 1.3 3300.0
3-NGM1 3 56 18.8 3300.0
3-NGM2 3 38 12.7 3300.0
3-NGM3 3 6 2.1 3300.0
2-NGM1 5 35 11.8 5500.0
2-NGM2 5 6 2.1 5500.0
3-NGM1 5 36 11.9 5500.0
3-NGM2 5 11 3.5 5500.0
2-NGM1 7 26 8.6 7700.0
3-NGM1 7 29 9.6 7700.0
3-NGM2 7 7 2.4 7700.0
2-NGM1 9 12 3.9 9900.0
3-NGM1 9 13 4.4 9900.0
4-NGM1 0.1 3 1.1 110.0
4-NGM2 0.1 2 0.6 110.0
4-NGM3 0.1 1 0.4 110.0
5-NGM1 0.1 2 0.8 110.0
5-NGM2 0.1 1.6 0.5 110.0
5-NGM3 0.1 1 0.3 110.0

4. Conclusions

In this study, x-NGM composites consisting of NG and MnO2 with various Mn contents were
fabricated by a low-cost hydrothermal method. By SEM, TEM, EDS mappings, XPS, FTIR and Raman
spectra, the presence of NG and MnO2 was confirmed, and the successful preparation of the composites
was demonstrated. The microstructure analysis by TEM manifested that the MnO2 in the x-NGM
composites was a two-phase mixture of γ- and α-MnO2. According to the EIS results, the NG
component was found to reduce RCT effectively due to its good conductivity. The co-existence of
NG and MnO2 in an active material led to a more reduced RCT and further improved charge transfer.
Among the 15 electrodes with x-NGM active materials, the 3-NGM1 electrode exhibited the smallest
RCT, indicating its best charge transfer efficiency. Its Nyquist plot in the low-frequency region had
the largest slope, implying a lower diffusion impedance, more rapid ionic diffusion, and enhanced
capacitive property. Both the mass loading and content of Mn in an active material electrode were
crucial. The best electrochemical performance was achieved when the mass loading of active materials
on the PI/graphite flexible substrate was 1 mg and x = 3 to obtain the optimized Mn content in the
x-NGM composites. Excess Mn caused decreased contacts between the electrode and electrolyte ions,
leading to increased RCT, and suppressed ionic diffusion. Among the 21 electrodes with Gy, NGy,
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and x-NGMy composites, the 3-NGM1 electrode exhibited the best sustainable ability. However,
its rate capability still required large improvement. After calculation of the CV results, it showed
a high specific capacitance of 638 F·g−1, and the corresponding energy and power densities were
372.7 Wh·kg−1 and 4731.1 W·kg−1, respectively. The enhancement was ascribed to the synergistic
effect of the higher conductivity by NG and the larger specific surface area by MnO2 nanostructures.
Moreover, the increase of specific capacitance was found to be more significant by the pseudocapacitive
MnO2 than NG.
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Abstract: We report a facile and direct growth of NiMoO4 nanostructures on a nonreactive stainless
steel substrate using a single-step hydrothermal method and investigated hydrothermal growth
duration effects on morphology and electrochemical characteristics. The highest specific capacitances
of 341, 619, and 281 F/g were observed for NiMoO4 with 9, 18, and 27 h growth, respectively, at 1 A/g.
Thus, grown samples preserved almost 59% of maximum specific capacitance at a high current density
of 10 A/g. All samples exhibited a respectable cycling stability over 3000 charge-discharge operations.
NiMoO4 grown for 18 h exhibited 7200 W/kg peak power density at 14 Wh/kg energy density. Thus,
the proposed single-step hydrothermal growth is a promising route to obtain NiMoO4 nanostructures
and other metal oxide electrodes for supercapacitor applications.

Keywords: NiMoO4; nanostructures; hydrothermal; supercapacitor; stainless steel

1. Introduction

Supercapacitors have been widely studied as candidates for energy storage systems due to their
large power density, rapid charge-discharge, excellent rate capabilities, and good endurance [1–3].
They have been used in tandem with rechargeable storage devices and fuel cells, and they have been
broadly applied for electric vehicles, electrical grid buffers, space applications, and memory system
power back-up. In the recent past, there has been significant surge of research in transition metal
oxides-based supercapacitors due to their multiple oxidation states and reversible redox reaction
capabilities [4–6]. However, progress in supercapacitor electrode materials has been constrained by
high cost (e.g., RuO2) or environmental impact (e.g., metal sulfides) [7–9].

Metal oxides with two transition metals have also been studied to take advantage of their variable
oxidation states, excellent electrical conduction, and enhanced pseudo-capacitance characteristics,
such as CoMoO4 [10,11], NiCo2O4 [6], ZnWO4 [12], and NiMoO4 [13]. NiMoO4 is a promising binary
metal oxide due to its potential for high specific capacitance arising from the excellent electrochemical
nature of the Ni ion, although practical electrode use is deterred by its poor electrical conductivity.
Intricate characteristics of the molybdate also complicate NiMoO4 nanostructure growth [14,15]. Hence,
it is important to identify easier preparation routes for NiMoO4 nanostructure thin films with distinct
morphologies and superior supercapacitor characteristics.

There is a promising route to grow the nanostructures directly on conducting substrates [16],
countering inherent low metal oxide electrical conductivity and, hence, considerably enhancing
electrochemical performance. There are many reports of NiMoO4 supercapacitor performance on Ni
foam substrates [14–18]. However, the NiMoO4 on Ni foam (usually coated with a binder as a slurry)
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is often dominated by the Ni foam contribution to overall electrochemical performance, making it
difficult to identify the exact supercapacitance value of the desired electrode material. Only NiMoO4

nanostructure synthesis on nonreactive substrates has been reported previously, such as stainless steel
(SS) and carbon [16,19], without exploring its electrochemical characteristics. However, there are no
reports available detailing the electrochemical performance of NiMoO4 thin film nanostructures on
nonreactive substrate such as stainless steel. Here we intend to exclusively evaluate the electrochemical
performance of NiMoO4 thin film nanostructures, without the hindrance of substrate contribution.

This study reports on the binder-free growth of NiMoO4 nanostructures on SS substrate
using a facile, single-step hydrothermal technique. The optimal growth time was identified by
studying NiMoO4 thin films grown for 9, 18, and 27 h, keeping other deposition conditions constant.
Nanostructured NiMoO4 grown on SS substrate exhibited high specific capacitance, good cycling
stability, and enhanced rate capability. The proposed technique offers a promising, environmentally
friendly, and relatively low cost direct route to obtain high supercapacitance NiMoO4 nanostructures.

2. Materials and Methods

2.1. NiMoO4 Nanostructure Growth Process

Molybdenum chloride (1.5 mmol) was mixed with methanol (50 mL) and stirred for 10 min.
Nickel chloride solution (1.5 mmol) was added and stirred for a further 10 min, then EDTA (1.5 mmol)
was added and stirred for 1 h. After forming a clear solution, 1 mL H2O2 and 1 mL HNO3 were added
and stirred for 10 min. The solution was transferred to a Teflon container that already contained a
pre-cleaned SS substrate with 1 cm × 2 cm exposed area. The complete setup was placed in a stainless
steel autoclave at 180 ◦C. In order to identify optimal growth time, experiments were conducted with
wide ranging growth durations from 9 to 36 h. Three samples were identified with 9, 18, and 27 h
growth duration and labeled as NMO-9, NMO-18, and NMO-27, respectively, due to their superior
electrochemical performance over the other samples. The grown films are then harvested, washed with
deionized water, and dried with N2 gas.

2.2. Materials Characterization

The obtained thin films were characterized using a field emission scanning electron microscope
(FE-SEM, Hitachi-S-4800, Huntington Beach, CA, USA), transmission electron microscope (TEM,
JEM-2100F, JEOL, Akishima, Tokyo, Japan), and high angle annular dark field imaging (HAADF)
scanning transmission electron microscope (STEM, JEM-2100F, JEOL, Akishima, Tokyo, Japan).
Electrochemical measurements were performed in a 2 M KOH aqueous solution using a standard
three-electrode electrochemical cell in Versa-stat-3. NiMoO4 served as the working electrode, with a
saturated calomel electrode (SCE) and graphite rod as reference and counter electrodes, respectively.

3. Results

FE-SEM morphology of the grown films for the durations of 9 h, 18 h, and 27 h are shown in
Figure 1. NiMoO4 nanostructures are evident for all the films grown for different durations, exhibiting
a stacked structure with NiMoO4 nanograins. TEM analyses were carried out only on sample NMO-18
due to its superior electrochemical performance in comparison with NMO-9 and NMO-27. Figure 2a,b
show typical TEM images for the 18 h sample, revealing crystalline NiMoO4 grain-like structure.
From the observed twist dislocations in Figure 2b, it can be inferred that the crystals are composed of
narrow platelets. Figure 2c shows a typical high resolution transmission electron microscope (HRTEM)
image from a single nanograin. The interplanar distance (0.39 nm) corresponds to monoclinic NiMoO4

(021) crystal planes (JCPDS: 45-0142). Figure 2d shows the selected area diffraction (SAED) pattern,
which confirms the polycrystalline nature. Figure 2e–h shows the HAADF-STEM electron, O, Ni,
and Mo mappings, respectively, using the same scale is the TEM images. Ni, Mo, and O are relatively
uniformly distributed, which is confirmed by the elemental line mapping, as shown in Figure 2i.
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Figure 1. Typical field emission scanning electron microscope (FE-SEM) images for (a) NMO-9;
(b) NMO-18; and (c) NMO-27 samples.

Figure 2. The transmission electron microscope (TEM) image for a single NiMoO4 nanograin grown
for 18 h at (a) low and (b) high magnification; (c) The high resolution transmission electron microscope
(HRTEM) image with d spacing noted; (d) The selected area diffraction (SAED) pattern of the same
sample showing respective planes. High angle annular dark field imaging scanning transmission
electron microscope (HAADF-STEM) elemental mapping for a selected area showing (e) the electron
with line mapping; (f) oxygen; (g) nickel; (h) molybdenum; and (i) line mapping, showing the counts
of Mo, Ni, and O.

The electrochemical characteristics of the electrode are mainly dependent on their dimensions
and morphologies [20,21]. Electrochemical measurements of NiMoO4 nanostructure were performed
in 2 M KOH electrolyte. Figure 3a shows the cyclic voltammograms (CV) for hydrothermally grown
NiMoO4 at different durations (100 mV/s scan rate), over the potential range of 0–0.43 V (versus SCE).
Each CV plot exhibits distinct redox peaks, indicating that the observed capacitance properties can be
described by Faradic reactions [22,23]. The NMO-18 sample had the largest area under the CV curve
compared with NMO-9 and NMO-27.

Figure 3b–d show NMO-9, NMO-18, and NMO-27 CVs, respectively, for various scan rates.
The CV curve shapes are almost unchanged for the different scan rates, indicating near ideal capacitive
characteristics. Voltage corresponding to the oxidation peak moved in the positive direction as the scan
rate increased, whereas the reduction peak moved in the negative direction, which can be attributed to
electrode’s internal resistance [24].
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The surface area accessible for electrochemical reactions can be estimated from the electrochemically
active surface area (ECSA). Initially, the non-Faradic capacitive current was obtained from the linear
region of the CV curves,

iDL = CDL × ν (1)

where iDL is the capacitive current, CDL is the specific capacitance in the non-Faradic region, and ν is
the scan rate. Electrochemical capacitance was estimated for each sample at the various scan rates,
and ECSA was calculated from

ECSA = CDL/Cs (2)

where Cs is the specific capacitance of the standard electrode in an alkaline electrolyte [25]. We chose
the non-Faradic region as 0.21–0.23 V, as shown in Figure 4a. Figure 4b shows the iDL at 0.22 V
for the scan rate, with a corresponding ECSA of 649, 874, and 342 cm−2 for NMO-9, NMO-18,
and NMO-27, respectively. NMO-18 exhibited the highest ECSA, consistent with its observed maximum
supercapacitance. Thus, hydrothermal growth duration is critical to obtain the largest surface area and,
hence, the highest supercapacitance.

Figure 3. Cyclic voltammograms (CVs) for (a) NMO-9, NMO-18, and NMO-27 samples at 100 mV/s
scan rate and various scan rates for (b) NMO-9; (c) NMO-18; and (d) NMO-27.

Figure 5a shows the galvanostatic charge-discharge profiles for the NiMoO4 nanostructure electrodes
at a 1 A/g current density, with NMO-18 exhibiting the longest discharge time. Figure 5b–d show NMO-9,
NMO-18, and NMO-27 charge-discharge profiles, respectively, at different current densities.

64



Nanomaterials 2018, 8, 563

Figure 4. (a) Cyclic voltammograms (CV) for NMO-18 at various scan rates in the non-Faradic voltage
region (0.21–0.23 V); (b) The measured current at 0.22 V as a function of the scan rate for NMO-9,
NMO-18, and NMO-27.

Figure 5. Galvanostatic charge-discharge profile for (a) NMO-9, NMO-18, and NMO-27 at 1 A/g
current density; (b) NMO-9; (c) NMO-18; and (d) NMO-27 at various current densities.

Each charge-discharge curve shows pseudo-capacitor characteristics, consistent with the CV
data. There is a sharp voltage drop as the supercapacitor changes state from charge to discharge,
which can be attributed to an IR drop. Each electrode exhibits nonlinear discharge followed by a
plateau, which verifies faradaic reactions occurring on the electrode surface due to the redox reaction
at the material/solution interface. Figure 6a represents the specific capacitance response for current
densities for all samples. The performance of the specific capacitance decreases with increasing current
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density. The fall in the supercapacitance value at a high current density could be attributed to the lack
of active material at the electrode/electrolyte interface during oxidation/reduction reactions and the
slow diffusion of bulky OH ions [26,27].

Figure 6. (a) Specific capacitance as a function of current density for all the samples of NMO-9,
NMO-18, and NMO-27; (b) The response of specific capacity to current density for NMO-9, NMO-18,
and NMO-27.

Specific capacitance or Cs was calculated from galvanostatic charge-discharge plots (Figure 5) from

Cs =
I·Δt

m·ΔV
, (3)

where I is the applied current density, ΔV is the potential window, and Δt is the discharge time.
The calculated specific capacitances at 1 A/g are 341, 619, and 219 F/g for NMO-9, NMO-18,
and NMO-27, respectively. The observed specific capacitances are directly related to the available
surface area for the electrochemical reaction in the NiMoO4 nanostructure electrode. The superior
specific capacitance observed in NMO-18, in comparison with NMO-9 and NMO-27, can be attributed
to the higher electrochemical surface area observed in NMO-18 from the ECSA estimation described
above. Thus, NiMoO4 nanostructures showed comparable capacitance and rate capability with
previously reported materials, such as NiO [26,28], Co3O4 [20], and MnO2 [29]. Table 1 shows the
super capacitance values of this work along with other NiMoO4 reports on various nanostructures and
different substrates. The specific capacity was also calculated due to the fact that CV-plots exhibit sharp
redox and oxidation peaks arising from a Faradic battery-type mechanism [30,31]. Therefore, we also
present specific capacity, C (mAh/g), which can be calculated from charge-discharge plots using,

C =
I·Δt

3600·m (4)

The specific capacity for all the samples at various current densities are shown in Figure 6b.
The specific capacity for NMO-9, NMO-18, and NMO-27 are 33.9, 61.8, and 27.9 mAh/g, respectively,
at a current density of 1 A/g.

Table 1. Data of previous NiMoO4 nanostructure-based reports compared with our work.

S. No. NiMoO4 Electrode Type Substrate Substrate Type Super Capacitance (F/g) Reference

1. Nanorods Ni-Foam Reactive 1136 [16]
2. Nanorods Ni-Foam Reactive 944 [17]
3. Nanotubes Ni-Foam Reactive 864 [18]
4. Nanoneedles Carbon Non-reactive 412 [19]
5. Nanograins Stainless Steel Non-reactive 619 This work
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We also study electrochemical stability, an important characteristic for practical applications.
Each NiMoO4 electrode was subjected to 3000 charge-discharge cycles. Figure 7a shows the electrode
stability at 10 A/g current density. NMO-18 exhibited a steep capacitance loss during the initial several
hundred cycles, and then stabilized to approximately 57% retention after 3000 cycles [32]. NMO-9 and
NMO-27 showed 44% and 56.5% retention after 3000 cycles of charge-discharge operations, respectively.
The lower retention level in NMO-9 may be attributed to a more rapid attrition of electrode material
in relation to other two samples during charge-discharge cycles. The capacitance reduction can be
explained by NiMoO4 material physical expansion as ionic transfer occurred and the partial dissolution
of NiMoO4 material during charge-discharge operations [33].

Energy density (E) and power density (P) can be expressed as

E =
1
2

CS·(ΔV)2 (5)

and
P =

E
Δt

(6)

 

Figure 7. (a) Response of specific capacitance over 3000 cycles of charge-discharge operations for
NMO-9, NMO-18, and NMO-27; (b) Ragone plots with energy density versus power density.

Figure 7b shows the Ragone plots comparing energy and power density for all the electrodes.
The peak energy density was observed for NMO-18 as 40 Wh/kg, and the highest power density of
7200 W/kg was associated with NMO-27. In a largely diffusion-controlled redox reaction between
NiO and OH−, it is expected that energy density and charge-discharge rates will be inversely
proportional [34–36]. It is notable that the NiMoO4 nanostructures exhibited high power density and
energy density, consistent with past research reports [37,38]. Table 2 shows the specific capacitance and
energy density found in the current work in relation to the previously published metal oxide reports.

Table 2. Electrochemical performance of this work compared with previously reported various metal
oxide supercapacitor electrode materials.

S. No. Electrode Material Substrate Specific Capacitance (F/g) Energy Density (Wh/kg) Reference

1. PANI/PTSa/cross linked NiMoO4 Graphite 1300 60 [39]

2.
NiMoO4
CoMoO4
MnMoO4

Carbon
412
240
120

35
15
10

[19]

3. CoMoO4 Carbon 79 21 [40]

4. NiMn2O4/CNT Ni 151 60.69 [41]

5. RuO2 - 658 - [42]

6. MnO2 - 1380 - [43]

7. NiMoO4 SS 619 40 This work
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4. Conclusions

Direct NiMoO4 nanostructure growth on SS substrates was achieved via a facile, single-step
hydrothermal method, and the resultant electrode electrochemical characteristics were investigated
with respect to growth times of 9, 18, and 27 h. The NMO-18 electrode exhibited the maximum
supercapacitance value of 619, 500, 458, and 390 F/g at 1, 3, 5, and 10 A/g, respectively. All the
electrodes showed good stability over 3000 charge-discharge cycles. The available active surface area
for all the samples were estimated from ECSA analysis. The highest capacitance observed in NMO-18
could be attributed to the observed maximum ECSA value of the sample. Along with excellent
capacitive characteristics, NiMoO4 showed appreciable energy and power density values. We propose
that the direct growth of nanostructured NiMoO4 on SS substrate through a one-step hydrothermal
method offers a promising electrode material for supercapacitor applications.
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Abstract: Hierarchical porous structures with surface nitrogen-doped porous carbon are current
research topics of interest for high performance supercapacitor electrode materials. Herein,
a three-dimensional (3D) honeycomb-like porous carbon with interconnected hierarchical porosity
and nitrogen self-doping was synthesized by simple and cost-efficient one-step KOH activation from
waste cottonseed husk (a-CSHs). The obtained a-CSHs possessed hierarchical micro-, meso-, and
macro-pores, a high specific surface area of 1694.1 m2/g, 3D architecture, and abundant self N-doping.
Owing to these distinct features, a-CSHs delivered high specific capacitances of 238 F/g and 200 F/g
at current densities of 0.5 A/g and 20 A/g, respectively, in a 6 mol/L KOH electrolyte, demonstrating
good capacitance retention of 84%. The assembled a-CSHs-based symmetric supercapacitor also
displayed high specific capacitance of 52 F/g at 0.5 A/g, with an energy density of 10.4 Wh/Kg at
300 W/Kg, and 91% capacitance retention after 5000 cycles at 10 A/g.

Keywords: nitrogen doping; hierarchical structure; porous carbon; three-dimensional architecture;
cotton seed husk; supercapacitor; sustainable biomass

1. Introduction

Supercapacitors are receiving extensive attention worldwide on account of their fast
charge/discharge rates, higher power densities, and excellent cycling stabilities, which are superior to
other energy storage devices [1–3]. The energy storage mechanisms of supercapacitors are mainly based
on electrical double layer capacitance (EDLC), which occurs at the electrode/electrolyte interface [4,5],
and pseudo-capacitors with reversible Faradic redox reaction [6]. Their relatively simple energy storage
mechanisms and fast charge/discharge traits make supercapacitors the most promising energy storage
devices [7–9]. However, the energy that is stored in a supercapacitor is lower than that in batteries.
This has inspired research focused on increasing the supercapacitor’s energy density, while maintaining
high power density [10].

Recently, studies have been conducted to produce porous carbon-based electrode materials,
mainly focusing on porous structures [11,12]. In general, specific surface area (SSA) is the most
important feature that influences the electrochemical performances of porous carbon materials [1,13,14].
High SSA benefits include good energy storage, especially for high rate performance. On the
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other hand, hierarchical pore size distribution accelerates the ion transfer from the electrolyte to
electrode surface [15]. Typically, macro- and meso-pores provide space for electrolyte storage,
thereby reducing the ion diffusion distance and ion diffusion resistance, which is conducive to better
capacitive performance [16–18]. Additionally, three-dimensional (3D) frameworks are capable of
supplying stable frame structures, inter-connected pore networks, and are further conducive to ion
transfer [18,19]. However, in order to obtain above 3D hierarchical porous carbons (3D-HPCs), it is
necessary to add a certain amount of hard templates or soft templates in most of the previously reported
works [20–22]. Consequently, the synthesis of 3D-HPCs is limited by its complex, time-consuming,
and costly processes.

Surface functional groups also play an important role in energy storage. Nitrogen doping is
the most widely studied [23–25]. Generally, a proper amount of nitrogen doping promotes the
electrochemical capacitance, by improving the wettability of the porous carbon electrode material,
thus bringing about the properties of pseudo-capacitance [26–29]. Nitrogen-doped carbon is achieved
by the pyrolysis of nitrogen-enriched polymer precursors and subsequent physicochemical activation,
to obtain a nitrogen-doped carbon material. The process is expensive, time-consuming, and endangers
our environment [30,31]. On the other hand, through the post-treatment of porous carbon with
organic and inorganic nitrogen sources [32], urea [33,34] and ammonia [23,35], it is possible to obtain
nitrogen-doped porous carbon. However, the resulting carbon material rarely has the previously
mentioned 3D hierarchical structure. The traditional synthesis of 3D hierarchical nitrogen-doped
porous carbon (3D-HNPCs) materials is limited to this complex, time-consuming, and costly process.
Therefore, transforming sustainable raw materials into highly-performing 3D-HNPC materials,
through a simple preparation method, is required.

In this work, we have successfully prepared a 3D hierarchical structure of nitrogen self-doped
porous carbon from waste cottonseed husks (CSHs), for high performance supercapacitor electrode
materials, using one-step KOH activation. After carbonization and activation, the obtained a-CSHs will
have the following features. Firstly, it has a 3D architecture that is associated with hierarchical micro-,
meso-, and macro-pores, a high specific surface area of 1694.1 m2/g, and a moderate pore volume of
0.87 cm3/g. Secondly, the obtained a-CSHs also contain a moderate nitrogen content of 2.56 atom %,
which is as a result of the protein content in the raw materials. Thirdly, the synthesis process is
also simple and convenient for large-scale industrial production. The formation of a 3D hierarchical
structure is based on the fact that KOH acts both as hard template to form 3D structures and as an
activator to produce affluent micropores on the surface of the carbon material. Finally, cotton is an
important agricultural crop in China, with an annual production of 1.5 million tons [36]. The Xinjiang
Production and Construction Corps occupies up to 70% of the total production. Cottonseed is mainly
used to extract cottonseed oil, thereby generating a large amount of sustainable raw material. On the
basis of the above advantages, a-CSHs provide high performed high supercapacitor performances in
three- and two-electrode systems.

2. Materials and Methods

2.1. Sample Preparation

The preparation of nitrogen self-doped three-dimensional (3D) honeycomb-like porous carbon
was synthesized by one-step KOH activation. The specific preparation steps were as follows:
Cottonseed husk (CSH) was fully washed with deionized water to remove ash and other impurities,
and then dried at 100 ◦C for 10 h. It was further crushed to form a powder and passed through
a 200 mesh sieve for further use. Subsequently, the CSH powder was vigorously stirred with an
aqueous KOH solution at a mass ratio of KOH/CSH powder = 1, and then dried at 80 ◦C. The mixture
was then activated in a tube furnace under an Ar atmosphere at 600 ◦C, 700 ◦C, or 800 ◦C for 1 h with
a heating rate of 5 ◦C/min. The obtained product was washed with 10% v/v HCl to remove the metal
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impurities, was washed with deionized water until the pH of the filtrate was 7.0, and was dried at 80 ◦C
for 10 h. The obtained samples were denoted a-CSH-x, where x represented the activation temperature.

2.2. Material Characterization

Scanning electron microscopy (SEM) surveys were examined with a Hitachi SU8010 microscope
(Tokyo, Japan). Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy
(EDS) were analyzed by a field emission Tecnai G2 F20 electron (Hillsboro, OR, USA) microscope.
X-ray diffraction (XRD) measurements were carried out on a Bruker D8 Advance X-ray diffractometer
with Cu-Kα radiation (Karlsruhe, Germany). Specific surface areas of the samples were calculated
using the Brunauer-Emmett-Teller (BET) method (Micromeritics ASAP 2020 BET apparatus, Atlanta,
GA, USA). The pore size distribution (PSD) curves were derived from the adsorption branch,
using a nonlocal density functional theory (NLDFT) model assuming slit pore geometry. The surface
chemical compositions were determined using an ESCALAB 250Xi (Thermo Fisher Scientific, USA)
X-ray photoelectron spectroscope (XPS). The Raman spectra were collected on a LabRAM HR800 Laser
Confocal Micro-Raman Spectroscope (Horiba Jobin Yvon, Franch) with a laser wavelength of 532 nm.

2.3. Electrochemical Measurements

The electrochemical properties of the as-prepared samples were tested on a CHI 760E working
station with a 6 M KOH electrolyte. Cyclic voltammetry (CV) tests at different scanning rates and
galvanostatic charge/discharge (GCD) curves under varying current densities were used to evaluate
the electrochemical performances of the electrode materials. The working electrode was obtained
by mixing carbon material (5 mg) with acetylene black (1 mg) and polytetrafluoroethylene (1 μL)
in absolute ethanol (1 mL). The mixture was dispersed by ultrasound for 40 min and the ink-like
dispersion that was obtained was transferred to nickel foam (1 cm × 1 cm) and then vacuum dried
at 80 ◦C for 10 h. The nickel foam was further pressed on a tablet press at 20 MPa for 1 min and
was immersed in 6 M KOH for further testing. The loaded mass of each electrode was 5 mg. For the
three-electrode system, the Pt sheet and Saturated Calomel Electrode (SCE) were utilized as counter
electrode and reference electrode, respectively. The specific capacitances of the samples were calculated
through discharge curves following Equation (1), as follows:

C =
I × Δt

m × ΔV
(1)

where C (F/g) is the specific capacitance, I (A) is the charge/discharge current, Δt (s) is the
discharging time, m (g) is the mass of the working electrode, and ΔV (v) is the voltage window
of the charge/discharge process.

The electrochemical properties of a-CSH-700 were measured with the two electrode system.
Two symmetrical electrodes were separated by a cellulose membrane in a 6 M KOH electrolyte and
were assembled in a CR2032 stainless-steel coin cell. The specific capacitance was calculated from the
discharge process, according to Equation (1). The energy density and power density of symmetric
supercapacitor systems were further calculated by Equations (2) and (3).

E =
1
2

CtΔV2 × 1
3.6

(2)

P =
E
Δt

× 3600 (3)

where E (Wh/kg), P (W/kg), Ct (F/g), ΔV (v), and Δt (h) are the specific energy density,
specific power density, specific capacitance, and voltage window, respectively, of the symmetrical
supercapacitor system.
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3. Results

Nitrogen self-doped 3D honeycomb-like porous carbon was prepared through one-step activation
from waste cottonseed husk (CSH). Cotton seeds were generally collected for the preparation of
cottonseed oil; large amounts of cotton seed husks were not effectively used and were abandoned.
Therefore, we recycled them to prepare high-performance biomass-derived electrode materials
(Figure 1a,b). The material preparation process is shown in Figure 1b–d. Pretreated CSH powder
(Figure 1c) was directly stirred with aqueous KOH solution and dried for carbonization and activation.
The temperature for activation was adjusted from 600 ◦C to 800 ◦C, and the carbon that was obtained
was washed and dried. The entire preparation process was cost-efficient, simple, and easily achieved
the industrialized requirements.

 

Figure 1. Schematic diagrams for the fabrication of a-CSH-700 and the corresponding scanning electron
microscopy (SEM) image. (a) Images of cotton. (b–d) Schematic of the synthesis of a-CSH-700 derived
from cottonseed husk, and (e) the corresponding SEM images of a-CSH-700.

Scanning electron microscopy (SEM) images of a-CSH-600, 700, and 800 are shown in Figure 2a–f.
The micromorphologies of the obtained samples showed typical 3D inter-connected honeycomb-like
microstructures at different pyrolysis temperatures. The chemical composition of the waste cottonseed
husk had a certain degree of degradation after stirring and evaporation with an aqueous KOH solution.
Subsequently, the following chemical reaction of CSH and KOH during carbonization and activation
processes occurred: 6KOH + C → 2K + 3H2 + 2K2CO3, followed by the decomposition of K2CO3, and
the simultaneous generation of 3D pore structures and graphite sheet-like layer structures [8,37,38].
The lateral size of the 3D porous carbon varied in the range 400 nm to 4 μm (Figure 1d–f). With the
increasing pyrolysis temperature, the characteristics of the 3D structure were slightly damaged,
which was mainly because the higher temperature was bad for obtaining the 3D structure. The 3D
linked carbon skeleton caused the obtained carbon material to exhibit a higher specific surface area.
Moreover, this unique 3D structure generated abundant interconnected pore structure that allowed the
electrolyte to be stored therein, reducing the distance that the electrolyte travelled on the surface of the
electrode material. At the same time, abundant micropores and mesoporous structures existed on the
surface of the carbon material (Figure 3a,b). With the help of these multi-level pore structures, it was
easy to obtain a high energy storage performance.
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Figure 2. SEM images of (a,d) a-CSH-600, (b,e) a-CSH-700, and (c,f) a-CSH-800.

 

Figure 3. Transmission electron microscopy (TEM) image (a) and high-resolution TEM (HRTEM) image
(b) of a-CSH-700.

The powder X-ray diffraction (XRD) patterns of as-prepared a-CSHs samples are shown in
Figure 4a. There were two distinct peaks at around 2θ = 22.1◦ and 43.5◦, which were ascribed to the
(002) and (100) reflections of the amorphous graphitic carbon structure. The high intensity values at
the low angles indicated high specific surface areas of carbon materials. The obvious peak at 43.5◦

revealed a higher degree of interlayer condensation in a-CSHs, which also significantly increased the
electrical conductivity. Raman spectroscopy was further used to characterize the a-CSHs samples.
As shown in Figure 4b, there were three distinct peaks at 1343 cm−1 (D band), 1590 cm−1 (G band),
and 2800 cm−1 (2D band). The D band represented the degree of the defects and disordered sp3 carbon
atoms in the sample, and the G band was in line with graphite sp2 hybridized carbon atoms in the
sample. The presence of a 2D peak indicated that there existed an ordered graphite-like structure
in the a-CSHs. The intensity ratio of D band to G band (ID/IG) represented the disorder degree of
the samples [39,40]. The ID/IG ratios of a-CSH-600, a-CSH-700, and a-CSH-800 were 0.83, 0.84, and
0.87, respectively. We confirmed that the chemical reaction became deeper with rise in activation
temperature, which promoted the defects and disordered structures in a-CSH-700 and a-CSH-800.
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Figure 4. Powder X-ray diffraction (XRD) patterns (a) and Raman spectra (b) of a-CSHs samples.
(c) Nitrogen adsorption-desorption isotherms and (d) pore size distributions of a-CSHs.

The nitrogen adsorption/desorption measurements were further used to examine the pore
properties of a-CSHs. The nitrogen adsorption-desorption isotherm and pore size distribution curve
of a-CSHs are shown in Figure 4c,d, respectively. It could be seen that all of the a-CSHs samples
displayed type I isotherms [41]. With the increase in pyrolysis temperature, the corresponding quantity
adsorbed value also increased [42]. This suggested that the specific surface area increased with
an increase in the activation temperature. Figure 4d displays the pore size distribution isotherms.
The dominant pore size distribution was located in the micropores (0.5–2 nm), and a part in mesopores
(2–4 nm). a-CSH-600, a-CSH-700, and a-CSH-800 exhibited hierarchical porous structures, abundant
micropores, and profuse mesopores, respectively, which were consistent with the results of the SEM
images. Table 1 also summarizes the information on the specific BET surface areas and pore sizes of
all of the a-CSHs samples. The specific surface areas of a-CSH-600, a-CSH-700, and a-CSH-800 were
determined to be 1257.8, 1694.1, and 2063.0 m2/g, respectively, while the pore volumes were 0.64, 0.87,
and 1.07 cm3/g, respectively. This showed that the temperature of activation was a dominating factor
for the development of pore structure.

Table 1. Pore characteristics of the a-CSHs samples.

Samples SBET
a (m2/g) Smi

b (m2/g) Vtotal
c (cm3/g) Vmid

b (m2/g) Daver
d (nm)

a-CSH-600 1257.8 1051.0 0.64 0.51 3.95
a-CSH-700 1694.1 1253.5 0.87 0.63 3.76
a-CSH-800 2063.0 1080.0 1.07 0.52 2.60

a Total surface area calculated using the Brunauer-Emmett-Teller (BET) method; b Micropore surface area and
volume calculated from the t-plot method; c Total pore volume calculated at P/Po = 0.99; d Average pore diameter
calculated from the (Barrett-Joyner-Halenda) BJH desorption.

The chemical compositions and surface functional groups of as-prepared a-CSH-600, a-CSH-700,
and a-CSH-800 were further characterized by XPS measurements. As shown in the survey spectra
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(Figure 5a), there existed three distinct peak signals corresponding to the C 1s peak near 286 eV,
the N 1s peak near 400 eV, and the O 1s peak near 534 eV. Table 2 lists the statistical results of the
corresponding elemental contents of the as-prepared carbon materials. The carbon content decreased
and the associated oxygen content increased with rise in activation temperature. The nitrogen content
of a-CSHs ranged from 1.51 to 2.56 atom %, the main reason being the complex chemical processes
and structure features of these groups at a higher temperature. Figure 6 shows the element mapping
images of as-obtained a-CSH-700. The nitrogen was uniformly distributed on the surface of the carbon,
and the nitrogen content was 2.62 atom %.

Figure 5b–d displays high resolution C 1s, O 1s, and N 1s spectra of the as-prepared carbon
materials. The high resolution C 1s spectrum (Figure 5b) of a-CSHs was resolved into four
individual peaks at 284.6, 285.7, 286.7, and 289.2 eV, corresponding to C=C, C–C, C–O, and
C=O, respectively [43,44]. The high-resolution O 1s spectrum at 530.8, 531.9, 533, and 534.1 eV
were associated with COOH, O–C=O/N–C=O, C–O=C, and C–OH/N–O–C, respectively [45,46].
The high-resolution N 1s spectrum was composed of pyridinic-N (398.4 eV), pyrolic-N (400.1 eV),
quaternary-N (401 eV), and oxidized-N (402.7 eV) [47–49]. These nitrogen and oxygen functional
groups enhanced the surface wettabilities of the a-CSHs, and thereby promoting the specific
capacitances of the as-prepared carbon materials [8,50,51].

Table 2. Elemental contents of a-CSHs samples from X-ray photoelectron spectroscope (XPS) and EDS.

Samples
Composition (from XPS) (from EDX)

C (atom %) O (atom %) N (atom %) N (atom %)

a-CSH-600 90.03 8.46 1.51 1.87
a-CSH-700 90.11 7.33 2.56 2.62
a-CSH-800 91.19 6.37 2.44 2.86

 

Figure 5. XPS images of the a-CSH-600, a-CSH-700, and a-CSH-800 (a). High-resolution C 1s (b),
O 1s (c), and N 1s (d) of the a-CSH-600, a-CSH-700, and a-CSH-800.
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Figure 6. (a) SEM image of a-CSH-700, and elemental mapping images of (b) C, (c) O, and (d) N.

The general standards for designing high performance supercapacitor electrodes were associated
with high specific capacitance, good rate capability, and long cycle stability. According to the
above conclusions, the a-CSHs derived from one-step synthesis possessed many advantages for
supercapacitor electrode materials. The a-CSHs had superior specific surface area for forming ideal
electrochemical double layers. The interconnected micropores and mesopores could increase ion
transport and the abundant surface nitrogen functional groups improved the wettability and promoted
electrical conductivity. The 3D structure provided space for electrolyte storage. These characteristics
endowed a-CSHs with a high supercapacitor performance.

The electrochemical performances of the obtained a-CSHs were tested by a three-electrode
system in a 6 M KOH aqueous electrolyte and the CV curves are shown in Figure 7. The CV
curves of a-CSH-600 (Figure 7a), a-CSH-700 (Figure 7b), and a-CSH-800 (Figure 7c) showed typical
quasi-rectangular shapes at scan rates from 5 mV/s to 50 mV/s. This suggested that all of the samples
displayed ideal electrochemical double layer capacitances. The CV curves of a-CSH-700 had the
largest current responses and areas, suggesting the highest capacitance. Furthermore, galvanostatic
charge/discharge (GCD) was further used to assess the electrochemical performance, which is shown in
Figure 8. The GCD curves of a-CSH-600 (Figure 8a), a-CSH-700 (Figure 8b), and a-CSH-800 (Figure 8c)
showed typical quasi-linear shapes at current densities from 0.5 A/g to 20 A/g. It also suggested that
the as-obtained carbon samples possessed good electrochemical performances. Figure 8d summarizes
the gravimetric specific capacitances of a-CSHs, calculated from galvanostatic charge/discharge curves
at a current density ranging from 0.5 to 20 A/g. The specific capacitance value of the a-CSH-700
sample was as high as 238 F/g at a current density of 0.5 A/g, which was higher than those of
a-CSH-800 (217 F/g) and a-CSH-600 (204 F/g). The capacitance was also as high as 200 F/g for
a-CSH-700 with an excellent capacitance retention of 92%, indicating its outstanding rate capability.
For a better comparison, Table 3 lists the specific capacitances of other biomass-derived porous carbons
that were reported in the recent literature. Although the electrode of a-CSH-700 exhibited the best
electrochemical performance, its specific area and surface functional groups were not the highest
among all of the samples, meaning that there were synergistic effects.
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Figure 7. Electrochemical performance characteristics of a-CSHs measured in a three-electrode system
in a 6 M KOH electrolyte: the cyclic voltammetry (CV) curves of (a) a-CSH-600, (b) a-CSH-700, and
(c) a-CSH-800 at different scan rates.

 

Figure 8. Electrochemical performance characteristics of a-CSHs measured in a three-electrode
system in a 6 M KOH electrolyte: galvanostatic charge/discharge (GCD) curves of (a) a-CSH-600,
(b) a-CSH-700, and (c) a-CSH-800 at different scan rates. (d) Specific capacitances at different
current densities.

Table 3. Electrochemical performance of biomass derived porous carbons.

Materials SBET (m2/g) Cm (F/g) Current Density Electrolyte Ref.

Broad beans 655.4 129 10 A/g 6 M KOH [52]
Banana peel 1357.6 155 2.5 A/g 6 M KOH [44]
Potato waste 1052 192 10 A/g 2 M KOH [53]
Banana peel 1650 182 10 A/g 6 M KOH [54]

Sugarcane bagasse 1939.6 175 20 A/g 1 M H2SO4 [55]
Pomelo 974.6 176.4 20 A/g 2 M KOH [56]
Chitin 1600 196.2 20 A/g 6 M KOH [57]

Cotton seed husk 1694.1 200 20 A/g 6 M KOH This work

The capacitive performance of a-CSH-700 was further evaluated by assembling it in a symmetric
two-electrode cell in 6 M KOH. Figure 9a shows the CV curves that were tested in different potential
windows. It could be seen that there no obvious promotion of anodic current when the operating
voltage was 1.2 V. The GCD curves (Figure 9b) had a symmetric triangular shape as the current density
increased from 0.5 A/g to 10 A/g, and there were no evident IR drops. The testing results also showed

79



Nanomaterials 2018, 8, 412

that it had a good capacitive performance. The specific capacitance for the entire electrochemical
supercapacitor was estimated to be 52 F/g at 0.5 A/g with an energy density of 10.4 Wh/kg and power
density 300 W/kg (Figure 9c,e). Figure 9d shows the cycling stability of the device at a higher current
density of 10 A/g. It could be seen that the charge/discharge curves of the last two cycles were the
same as the first two cycles (Figure 9f). Capacitance retention was also as high as 91% after 5000 cycles.
These results revealed that the synthesized a-CSH-700 sample was a superior electrode material for
high power and cost-effective supercapacitors.

 

Figure 9. Electrochemical measurements of an as-assembled a-CSH-700//a-CSH-700 symmetric
supercapacitor in a 6 M KOH electrolyte: (a) CV curves of the cell operated in different voltage windows
at scan rate 50 mV/s; (b) galvanostatic charge/discharge curves of the cell at various current densities;
and (c) specific capacitances for the supercapacitor at different current densities. (d) Cycling stabilities
of the devices at a current density of 10 A/g. (e) Ragone plot. (f) First two cycle charge-discharge and
last two charge-dischage plots.

4. Conclusions

Nitrogen self-doped 3D honeycomb-like porous carbon was successfully prepared via one-step
KOH activation (a-CSHs). When the carbonization temperature was adjusted, the obtained carbon
materials showed high specific surface areas (1257.8–2063.0 m2/g), abundant nitrogen contents
(1.51–2.56 atom %), and hierarchical pore structures. The a-CSH-700 based electrode delivered a high
specific capacitance of 238 F/g and 200 F/g at current densities of 0.5 A/g and 20 A/g, respectively,
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demonstrating a good capacitance retention of 84%. Moreover, the assembled a-CSH-700 based
symmetric supercapacitor also displayed a high specific capacitance of 52 F/g at 0.5 A/g, with an
energy density of 10.4 Wh/kg at 300 W/kg, and 91% capacitance retention after 5000 cycles at 10 A/g.
This facile and cost-effective method for the preparation of 3D honeycomb-like porous carbon material
from waste cottonseed husk was also renewable and easy for industrial production.
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Abstract: Phosphorus oxide modified graphene was prepared by one-step electrochemical anodic
exfoliation method and utilized as electrode in a redox supercapacitor that contained potassium
iodide in electrolytes. The whole preparation process was completed in a few minutes and the
yield was about 37.2%. The prepared sample has better electrocatalysis activity for I−/I−3 redox
reaction than graphite due to the good charge transfer performance between phosphorus oxide and
iodide ions. The maximum discharge specific capacitance is 1634.2 F/g when the current density
is 3.5 mA/cm2 and it can keep at 463 F/g after 500 charging–discharging cycles when the current
density increased about three times.

Keywords: graphene; electrochemical anodic exfoliation; phosphorus oxide group; supercapacitors;
iodide ions

1. Introduction

In recent years, graphene and its composite materials have attracted great attention due to their
excellent performance in various fields. Many researchers have presented that graphene plays an
important role as electrodes, catalysts, and supports in energy-storage fields, such as supercapacitors,
ions batteries, fuel cells and so on [1–4]. To improve the electrochemical performance of graphene,
introducing other active groups (–OH, –COOH, –NOx, and –POx) or heteroatoms, including O, P,
N and B, into graphene is regarded as an effective way to adjust the electrochemical properties of
graphene. The advantages of this strategy are the heteroatoms could tailor the electronic properties
and average electronic charge distribution of adjacent carbon atoms of graphene. Among various
heteroatom-doped graphene materials, nitrogen-doped (N-doped) graphene has been widely studied
in supercapacitors [5] and batteries [6]. However, only a few studies are reported so far regarding
graphene modified with phosphorus (P) and phosphorus-oxide (–POx) in electrochemical energy
storage field. Recently, Karthika et al. prepared a high electrochemical activity P-doped graphene by
reducing graphene oxide with phosphoric acid. The prepared sample exhibited a specific discharge
capacitance value of 367 F/g, which is much larger than that of graphene [7]. This study suggests
that the electrochemical properties of graphene can be effectively improved by introducing P into
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graphene. Therefore, it is very necessary to study the preparation and electrochemical properties of
P and P–O group modified graphene. In addition, it was revealed that P-modified graphene was
much more stable in air than N-modified graphene and exhibited improved n-type semiconducting
behavior [8]. However, the traditional preparation methods are relatively complex and time-consuming.
Wang et al. synthesized P/C hybrid through a simple ball-milling approach under argon protection.
The whole preparation time was 16 h [9]. Xu et al. prepared P doped graphene via thermally
annealing approach and the preparation time was more than 48 h [10]. To overcome these drawbacks,
it is necessary to use another fast and efficiency method to prepare P modified graphene material.
In contrast to the tradition methods, the electrochemical exfoliation approach is believed to be an
effective and efficiency strategy. The whole time of preparation usually takes only a few minutes.
Accordingly, the preparation of P or P–O group modified graphene through electrochemical approach
is more advantageous than traditional methods.

Currently, supercapacitors (SCs) play an important role in the field of energy storage and
have been applied in many areas due to high power density, good rate capability and excellent
cycling stability [11]. Different from the traditional methods, a unique strategy of introducing
redox additives in the electrolytes could effective improve the capacity of SCs via redox reactions
at the interface of electrode and electrolyte. Therefore, the efficient use of redox electrolytes
is an indispensable way to increase the electrochemical performance of SCs. In our previous
studies, we have presented that the potassium iodide (KI) is an effective active redox electrolyte
to enhance the capacitance of SCs due to the redox reaction between pairs of 3I−/I−3, 2I−/I2, 2I−3/I2,
I2/IO−

3, etc. [12–19]. The electrode materials include conductive polymers such as polyaniline and
poly(3,4-ethylenedioxythiophene) (PEDOT):poly(styrene sulfonate) (PSS). Although these polymers
have good electrochemical performance, the preparation process is tedious, and, because of the stability
restriction of polymer material itself, iodide ions may destroy the structure when they frequently
penetrate and release from the polymer. Therefore, it is necessary to apply a new material with
good electrochemical performance and that is not easily damaged to improve the performance of
the supercapacitor.

In recent studies, some researchers have presented that heteroatom-doped graphene has
excellent electrocatalytic activity for the reduction of iodine, due to the electrons conjugation
effect, charge redistribution and defect sites [20]. However, the electrochemical catalytic activity
of phosphorus oxide modified graphene (PO-graphene) has not been fully revealed. Similar to doping
heteroatoms, introducing P–O groups is an effective way to improve the electrochemical performance
of graphene. The advantages lie in the modification of the electronic properties and the effect on
electronic charge distribution of graphene. Furthermore, the P–O groups could also perform redox
reactions with some electroactive ions, such as iodide ions. Therefore, the PO-graphene is a suitable
electrode material to use in supercapacitors that contains KI electrolysis.

In this paper, we present a facile method to prepare high quality PO-graphene and study the
electrochemical property. The PO-graphene is prepared by the one-step electrochemical anodic
exfoliation method and used as the electrode in a redox supercapacitor, whose electrolyte contains KI.
We investigated in detail the catalytic effect of P–O group on redox reaction of 3I−/I−3 via various
electrochemical analysis. We present that the introduced P–O group in graphene could effectively
improve its electrochemical performance. The whole preparation process can be completed within
30 min and the yield is about 37.2%. Owing to the catalytic effect of P–O group, the PO-graphene has a
better electrochemical performance than graphite in promoting the redox reaction of I−/I−3.
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2. Materials and Methods

2.1. Materials

High purity graphite rod was obtained from C Nano Technology Co. Ltd., Beijing, China.
Ammonium phosphate, Poly(vinylidene fluoride) (PVDF), Sulfuric acid (H2SO4) and potassium iodide
(KI) were obtained from Aladdin Co. Ltd., Shanghai, China.

2.2. Phosphorus Oxide Modified Graphene (PO-Graphene) Preparation

In a typical procedure, high purity graphite rod and platinum plate (1 × 1 × 0.05 cm3) were
used as the anode and cathode, respectively, and the distance was fixed at 1.5 cm. The exfoliation
was performed at 10 V in 1 M ammonium phosphate aqueous. After the preparation, the sample
was collected by centrifugation at 5000 rpm for 30 min and purified repeatedly with distilled water
until PH = 7.

2.3. Characterization

The as-prepared PO-graphene was characterized by field emission scanning electron microscope
(FESEM; Zeiss EVO-50, Zeiss, Germany), Transmission electron microscopy (TEM) images are
performed on a Tecnal G2 20STWIN microscope operating (FEI, Hillsboro, OR, USA) at 200 kV.
Fourier transform Infrared spectroscopy (FT-IR) analyses were accomplished on Thermal Nicolet
6700 (Thermo Nicolet, Shanghai, China). Laser Raman spectra were carried out using Raman
spectrometry (RENISHAW inVia Raman Microscope, London, UK). X-ray diffraction analysis (XRD)
was carried out by Bruker D8 Advance (BRUKER AXS, Berlin, Germany), Cu Kα = 0.154 nm with a
voltage of 40 kV.

The electrochemical measurements were performed by a three-electrode cell. In detail, the working
electrode was composed of PO-graphene (90 wt %) and polyvinylidene fluoride PVDF (10 wt %).
A Pt foil electrode and a saturated calomel electrode (SCE) (CH Instruments Ins, Shanghai, China) were
used as the counter electrode and reference electrode, respectively. The electrolytes were composed
of 0.1 M KI and 0.2 M H2SO4. The cyclic voltammetry (CV) tests were performed from −0.5 to 0.7 V
(vs. SCE). Electrochemical impedance spectroscopy (EIS) measurements were performed under open
circuit conditions over a frequency region from 0.01 Hz to 100 kHz by applying an AC signal of 5 mV
in amplitude throughout the test. The galvanostatic charge–discharge (GCD) analyses were performed
in a potential range of 0–0.7 V (vs. SCE). The CV, GCD and EIS tests were all performed on a CHI660D
electrochemical workstation (CH Instruments Ins, Shanghai, China).

3. Results

The schematic diagram of the preparation and the photo of PO-graphene are shown in Figure 1a,b.
The preparation process included two parts: oxidation and exfoliation of graphite. The oxidation
process produced the P–O groups and then the graphite was exfoliated into few-layer graphene,
which possessed a platelet-like morphology (Figure 1c,d), with the promotion of water decomposition.
The whole preparation process was completed within 30 min and the yield reached 37.2%.

The chemical composition of PO-graphene was determined by FT-IR, XPS and Raman spectra.
As presented in Figure 2a, the PO-graphene shows clear stretching peaks of P=O, O–P–O, P–OH,
and P-H at 1155, 1116, 946, and 2443–2330 cm−1, respectively. Different types of oxygen functionalities
are presented at 3434 cm−1 (O–H stretching), 1076 cm−1 (C–O stretching), 980 and 861 cm−1

(P–O–C stretching). The peaks at 1649 (C=C skeletal vibrations from graphite) and 2856 cm−1

(CH2 stretching) are also detected [21]. These characteristic peaks confirm the graphene is successfully
modified by P–O group.
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Figure 1. (a) schematic diagram of preparation; (b) the photo of phosphorus oxide modified graphene
(PO-graphene); (c) scanning electron microscope (SEM) and (d) transmission electron microscopy
(TEM) image of PO-graphene.

The high resolution XPS spectra could provide detailed bonding and chemical information for
the PO-graphene. As presented in Figure 2b, the C 1s peak can be divided into three components
centered at about 284.3, 285.8 and 287.5 eV, which cloud be attributed to C–C, C–P, and C–O bonding,
respectively [22]. The presence of the C–P characteristic peak confirms that P atoms have been
successfully bonded into the graphene. The high-resolution P 2p spectrum (Figure 2c) shows that
phosphorus bonded with graphene in two types of chemical bonding: P–C and P–O bonding, located at
about 129.8 and 133.7 eV, respectively [23]. The presence of both P–C and P–O stretch models confirms
that the P–O group was successfully bonded with graphene.

The Raman spectra of PO-graphene and graphite are presented in Figure 2d. The spectrum of the
original graphite shows a very weak D band at 1338 cm−1 and strong G band at 1563 cm−1. The D band
is related to the defects and disorder in the structure of the graphite due to the intervalley scattering,
while the G band corresponds to the E2g vibration of sp2 of C atoms. In contrast to the origin graphite,
the PO-graphene shows a clearly strong D band. The intensity ratio of D to G band (ID/IG) increases
from 0.1 to 0.87, manifesting that the disorder degree and structural defect (decrease in the average size
of the sp2 domains) in PO-graphene are enhanced due to the oxidization during the preparation [24].
The decreased layers of graphene in PO-graphene were also demonstrated by the wave shift of the G
band from 1563 to 1568 cm−1.

The XRD patterns of PO-graphene and graphite are presented in Figure 2e. PO-graphene exhibits
two diffraction peaks centered at 23.7◦ and 26.3◦, corresponding to the larger interlayer spacing of
0.375 and 0.338 nm, respectively. Compared with the graphite (about 0.335 nm), the larger interlayer
distance is due to the accommodation of oxygen functional groups and water molecules during the
preparation due to the obvious hydrophilic character [25]. This result also suggests the formation of
P–O groups on graphene.
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Figure 2. (a) Fourier transform Infrared spectroscopy (FT-IR) analysis of PO-graphene; (b) high-resolution
C1s spectrum of PO-graphene; (c) high-resolution P2p spectrum of PO-graphene; (d) Raman analysis
patterns of PO-graphene and graphite and (e) X-ray diffraction analysis (XRD) patterns of PO-graphene
and graphite.

The electrochemical performance of PO-graphene is investigated by CV analysis. As shown
in Figure 3a, compared with the graphite, which possesses only one single reduction peak,
the PO-graphene has a more symmetry and larger peak current than that of graphite, suggesting that it
has a better electrochemical performance due to the catalysis of P–O groups. The pseudo capacitance
performance comes from both the redox transformation of I−↔ I−3 and the interaction between P–O
groups and iodide ions. Clearly, the PO-graphene possesses three pair of redox peaks. The peaks
centered at 0.27 and 0.12 V are due to the transformation of 3I−–2e ↔ I−3, the peaks at 0.53 and 0.22 V
could be assigned to the transformation of 5I−–4e ↔ I−5 and the peaks at 0.65 and 0.29 V may be
attributed to the interaction between P–O and iodide ions.
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Figure 3. (a) Cyclic voltammetry (CV) profiles of PO-graphene and graphite performed in a mixture
of 0.1 M KI and 0.2 M H2SO4 aqueous at 10 mV/s; (b) CV profiles of PO-graphene and (c) graphite
at different scan rate; (d) Nyquist plots and equivalent circuit (inset) of PO-graphene and graphite;
(e) galvanostatic charge–discharge (GCD) analysis of PO-graphene and graphite at 3.5 mA/cm2;
and (f) GCD analysis of PO-graphene at different current density; (g) cycling stability analysis at
10 mA/cm2.
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To investigate the charge transfer process between PO-graphene and iodide ions, CV tests at
different scan rates were performed. As exhibited in Figure 3b, with increasing scan rate, the separation
of the peak potentials was enlarged slightly, indicating that the oxidation and reduction of iodide
ions in graphite electrode were surface-controlled process. In contrast, the redox peak current of
PO-graphene (Figure 3c) was increased apparently by improving the scan rate and the shape of the
curve gradually turns into a rectangle, suggesting that the interaction between PO-graphene and
iodide ions was performed through a Faradic reaction.

The charge transfer performance is also investigated by EIS analysis. The Nyquist plots and
equivalent circuit are shown in Figure 3d. In the Nyquist plots, the diameter of the semicircle
manifests the difficulty of the charge transfer in the electrochemical system [26]. As can be seen
clearly, the PO-graphene shows a smaller semicircle than that of the graphite, suggesting that it has a
lower charge transfer resistance and a faster charge transfer process. The charge-transfer resistance for
PO-graphene and graphite is 2.09 and 6.67 Ω/cm2, respectively. This result could be ascribed to the
strong redox interaction between P–O groups and iodide ions, and this conclusion agrees well with
the CV results.

Because of the convenient charge transfer character, the PO-graphene has a better
charging–discharging performance than that of graphite. As shown in Figure 3e, the discharge
specific capacitance of PO-graphene and graphite is calculated as 1634.2 and 87.1 F/g, respectively.
The rate capacity of PO-graphene was tested with different current density. As presented in
Figure 3f, the discharge specific capacitance decreased gradually with increasing current density
from 6.5 mA/cm2 to 16.5 mA/cm2 due to the polarization. The maximum discharge specific
capacitance was calculated as 904.3 F/g when the current density was 6.5 mA/cm2 and it reached
342.5 F/g at 16.5 mA/cm2. This result manifests that the PO-graphene possesses a good rate
performance and this discharge performance is also better than the other electrochemical systems,
as shown in Table 1. The cycling stability of PO-graphene was investigated at the current density
of 10 mA/cm2. As shown in Figure 3g, the discharge specific capacitance still keeps 438 F/g after
500 charge–discharge cycles. This good cycling stability is ascribed to the excellent charge transfer
ability of PO-graphene. The charge-transfer resistance only increased 3.1 Ω/cm2 compared to pristine
during the charge–discharge process (as presented in Figure 3d, inset).

Table 1. Comparison of discharge specific capacitance between the phosphorus oxide modified
graphene (PO-graphene) and other reported values.

Materials Electrolyte Test Condition Specific Capacitance (F/g) Reference

PX-MWCNT H2SO4, 1 M 20 mA/cm2 118 [27]
PANI/SWCNT H2SO4, 1 M 5 mA/cm2 485 [28]
PANI/MWCNT NaNO3, 1 M 5 mA/cm2 328 [29]
PANI/MWCNT H2SO4, 0.5 M 5 mA/cm2 500 [15]

N-rGO H2SO4, 1 M 1 mA/cm2 459 [30]
PEDOT-GF H2SO4, 1 M 2 mA/cm2 522 [31]

PO-graphene KI, 0.1 M + H2SO4, 0.2 M

3.5 mA/cm2 1634.2

Present work
6.5 mA/cm2 904.3
10 mA/cm2 655.7

13.5 mA/cm2 437.1
16.5 mA/cm2 342.5

4. Conclusions

In summary, we applied electrochemical anodic exfoliation method to prepare phosphorus oxide
modified graphene and used it as an effective electrode in a redox supercapacitor. The PO-graphene
has excellent electrochemical performance due to the significant catalysis to iodide ions and convenient
charge transfer capability between phosphorus oxide and iodide ions. The maximum discharge
capacitance is 1634.2 F/g when the current density is 3.5 mA/cm2. The PO-graphene possesses good
rate performance and cycling stability.
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Abstract: Aqueous rechargeable zinc-manganese dioxide (Zn-MnO2) batteries are considered as
one of the most promising energy storage devices for large scale-energy storage systems due to
their low cost, high safety, and environmental friendliness. However, only a few cathode materials
have been demonstrated to achieve stable cycling for aqueous rechargeable Zn-MnO2 batteries.
Here, we report a new material consisting of hollow MnO2 nanospheres, which can be used for
aqueous Zn-MnO2 batteries. The hollow MnO2 nanospheres can achieve high specific capacity up
to ~405 mAh g−1 at 0.5 C. More importantly, the hollow structure of birnessite-type MnO2 enables
long-term cycling stability for the aqueous Zn-MnO2 batteries. The excellent performance of the
hollow MnO2 nanospheres should be due to their unique structural properties that enable the easy
intercalation of zinc ions.

Keywords: manganese oxide; hollow structure; multivalent intercalation; zinc ion batteries

1. Introduction

Lithium-ion batteries (LIBs) have predominantly held a significant share of the energy storage
market for portable electronics and electric vehicles since the 1990s, due to their high energy/power
density and long cycling life. However, with the rapid development of renewable energy plants, there is
an extensive and urgent demand for energy storage technologies for large-scale smart grid applications,
which require rechargeable battery systems with good cycling performance, low cost, high safety, and
environmental friendliness. In searching for new chemistry beyond lithium-ion batteries, multivalent
secondary batteries (Mg, Ca, Zn, and Al) have attracted tremendous research efforts, which could,
in principle, deliver a higher energy density based on their multi-electron reaction mechanisms [1,2].
Among the multivalent batteries based on intercalation chemistries, aqueous rechargeable zinc ion
batteries are considered as a promising candidate for large-scale energy storage applications because
of their low cost and the large abundance of Zn [3]. In addition, the aqueous electrolytes in zinc ion
batteries provide better safety compared to other battery systems with flammable organic electrolytes.
However, the development of aqueous zinc ion batteries is significantly hindered by the limited choice
of positive electrode materials, which usually suffer from low specific capacity and poor cycling
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stability [4]. Many failure mechanisms are associated with phase transformations and the formation of
irreversible products [5,6]. Only a few positive electrodes coupled with suitable electrolytes have been
demonstrated to be able to achieve stable long-term cycling for aqueous zinc ion batteries [7–12].

Despite their low cost and high abundance, manganese oxides have a variety of advantages
including tunable crystal structure and a scalable manufacturing process, which have been widely
used for many energy storage applications including lithium-ion batteries, supercapacitors, and
zinc-air batteries [13–15]. Manganese oxides possess a variety of polymorphs, including α-, β-, γ-,
δ-, λ-, and ε-types, which form different structures such as tunnel, layered, and spinel structures,
and can be used as positive electrode materials for aqueous zinc manganese dioxide (Zn-MnO2)
batteries [16–19]. Birnessite-type manganese dioxide (δ-MnO2) is featured with a layered structure,
which is considered as a favorable host for the intercalation of various cations [20,21]. Considerable
efforts have been made to verify this layered structure materials for reversible zinc ion intercalation [22].
It was observed that the birnessite-type manganese dioxide is not stable as a positive electrode material
under the long-term cycling of a secondary Zn-MnO2 battery [23]. In order to deliver a two-electron
capacity for a long cycling life, the structure of δ-MnO2 needs to be maintained by structure-stabilizing
agents. For example, it was reported that the birnessite-type MnO2 could achieve a full two-electron
capacity for over 6000 cycles when mixed with bismuth oxide (Bi2O3), called Bi-birnessite (Bi-δ-MnO2),
intercalated with Cu2+ ions [24]. Also, we note that hollow nanostructures offer promising potentials
for energy storage applications because of their favorable properties in terms of hierarchical structure
complexity and fast ion transport pathway [25,26].

Herein, without stabilizing agents, we tackle the stability issue of δ-MnO2 in aqueous Zn-MnO2

batteries by tuning the nanostructure of this materials. A hollow spherical structure of δ-MnO2 is
developed to enable a robust architecture and a high specific capacity of the positive electrode for an
aqueous Zn-MnO2 battery. The hollow manganese oxide cathode exhibits high capacity and stable
cycling performance with an aqueous electrolyte.

2. Materials and Methods

2.1. Synthesis of Hollow Spherical MnO2 Particles

SiO2 spherical particles were prepared by a sol-gel method and used as a template. In a typical
synthesis procedure, 4.0 mL of tetrapropyl orthosilicate was added into the mixture of ethanol (50.0 mL),
water (10.0 mL), and ammonia (1.0 mL, 25–28%) at room temperature under stirring. After 14 h,
the obtained SiO2 suspension was centrifuged, rinsed with distilled water, and re-dispersed in 30 mL
H2O to form a SiO2 white suspension.

Then, 0.98 g of KMnO4 was added to the SiO2 suspension and followed by ultrasonic treatment
for 30 min. The suspension was then transferred to a Teflon-lined autoclave and heated at 150 ◦C
for 48 h. The brown product with a silica/manganese oxide core-shell structure (SiO2@MnO2) was
obtained and then etched in the 2.00 M of NaCO3 solution at 60 ◦C for 24 h.

After the removal of the SiO2 core, the final products of the hollow spherical MnO2 particles were
collected by centrifugation, washed with deionized water, and freeze-dried.

2.2. Cell Assembly and Test

To prepare the cathode electrode, the slurry was prepared with 70 wt % MnO2, 20 wt % KB
(Ketjenblack), and 10 wt % PVDF (Polyvinylidene Fluoride) binder and casted onto a Ti foil current
collector. The electrode was dried at 60 ◦C in a vacuum oven for 24 h. The loading of MnO2 on the
electrodes was around 0.5 mg/cm2. The CR2032 coin cells were assembled with zinc metal as anodes
and MnO2 as cathodes. The electrolyte was 1.0 M ZnSO4 with 0.2 M MnSO4 as an additive and glass
fiber was used as the separator. Galvanostatic measurements were carried out between 1.0 and 1.8 V
on a Land CT2001A system (LANHE, Wuhan, China). The cyclic voltammetry (CV) experiments were
performed with a CHI600E electrochemical workstation (CH, Shanghai, China) at a scanning rate of
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0.1 mV s−1 between 0.8 and 1.9 V. The electrochemical impedances spectroscopy (EIS) of the active
material was recorded on an electrochemical workstation (Solartron) using the frequency response
analysis with a range from 100 kHz to 0.01 Hz.

2.3. Materials Characterization

The dimensions and morphologies were examined using scanning electron microscopy (SEM,
JSM-2100F, JEOL, Tokyo, Japan. The crystallographic structures were investigated by powder XRD
(X-ray diffraction) measurements on a Rigaku D/max-TTR III diffractometer with Cu Kα radiation
(Rigaku Corporation, Shibuya-ku, Japan), 40 kV, 200 mA. The nanostructures of hollow spherical
samples were characterized by high-resolution transmission electron microscopy (HRTEM, JEOL,
Tokyo, Japan, 2010).

3. Results

The hollow MnO2 nanospheres were synthesized using a template approach. The synthesis
process of hollow MnO2 nanospheres is illustrated schematically in Figure 1. First, the SiO2

nanospheres were prepared through a sol-gel method. To form the core-shell structure of SiO2@MnO2,
the as-synthesized SiO2 nanospheres were used as templates for a hydrothermal process with a KMnO4

solution. After being etched in an aqueous Na2CO3 solution, the SiO2 core was removed and the
hollow MnO2 nanospheres were obtained for characterization and electrochemical tests.

Figure 1. Schematic illustration of the synthetic process of hollow MnO2 nanospheres.

As shown in Figure 2a, the prepared monodisperse SiO2 nanospheres show a uniform sphere
morphology with a size ranging from 200 to 250 nm. After the reaction with aqueous KMnO4 solution
by a hydrothermal process at 150 ◦C for 48 h, the core-shell structure of SiO2@MnO2 was formed
(Figure 2b). It was clearly shown that the SiO2 nanospheres were fully covered with MnO2 and no
aggregation was observed. The uniform coating on SiO2 nanoparticles was due to the surface-induced
nucleation and growth of manganese oxide species. To remove the SiO2 core materials, the core-shell
SiO2@MnO2 particles were etched in an aqueous 2 M Na2CO3 solution for 24 h. After the etching
process, very little silica is remained based on EDX (Energy Dispersive X-Ray Spectroscopy) and XPS
(X-ray Photoelectron Spectroscopy) measurements. Figure 2c shows the typical morphology of hollow
spherical MnO2 particles after the etching treatment. It is clearly seen that the spherical morphology is
completely maintained and almost no damage was observed on the shell structure of MnO2. Powder
X-ray diffraction (XRD) measurement was used to examine the crystallographic structure phase in the
as-synthesized hollow MnO2 spheres. Figure 2d shows the XRD pattern of the as-synthesized hollow
MnO2 nanospheres, which shows peaks at 2θ around 12.4◦, 24.8◦, 36.8◦, and 65.8◦. These peaks can
be indexed to birnessite-type MnO2. The peaks lack the long-range order of layers and a tail toward
higher angle two-theta, demonstrating common features of the birnessite structure [27].

In order to further investigate the structure of the as-synthesized hollow MnO2 nanospheres,
we carried out high-resolution TEM analysis. Figure 3a clearly shows the hollow structure of MnO2

nanospheres without aggregation observed. The MnO2 shell is around 15 nm thick and its diameter
is around 200 nm. Almost no damage was observed under TEM analysis, indicating that the shell
structure is robust enough to tolerate the harsh etching process. Detailed analysis shows that the shell
structure consists of very thin nanosheets of MnO2, which form interconnected wrinkle structures
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(Figure 3b). The wrinkled structure was confirmed by HAADF-STEM (High-Angle Annular Dark Field
Scanning Transmission Electron Microscopy) image (Figure 3c). Moreover, elemental compositions of
the hollow MnO2 structure were mapped by electron energy loss spectroscopy (EELS), confirming
the uniform dispersion of elemental Mn and O (Figure 3d,e). A N2 adsorption/desorption analysis
of hollow MnO2 nanospheres was conducted to analyze the surface area of the wrinkled hollow
structure. The BET (Brunauer-Emmett-Teller) surface area of as-synthesized hollow MnO2 nanosphere
was ~200 m2/g with a pore size distribution at ~1.6 nm (Figure 4), indicating that the hollow MnO2

nanosphere also featured a microporous structure.

Figure 2. SEM images of SiO2 nanospheres (a); SiO2@MnO2 core-shell structure (b); and hollow MnO2

nanospheres (c); (d) XRD patterns of the hollow MnO2 nanospheres.

Figure 3. High- (a) and low-magnification (b) HRTEM images of hollow MnO2 nanospheres; (c)
HAADF-STEM image of hollow MnO2 nanospheres. Elemental mapping of hollow MnO2 nanospheres:
(d) Mn and (e) O.
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Figure 4. BET measurement of hollow MnO2 nanospheres. (a) Nitrogen adsorption/desorption
isotherms of as-synthesized hollow MnO2 nanospheres; (b) the pore size distribution of hollow MnO2

nanospheres, as calculated using a BJH (Barrett-Joyner-Halenda) method.

The electrochemical performance of hollow MnO2 nanospheres was evaluated in aqueous
Zn-MnO2 batteries. The Zn-MnO2 cell was assembled with zinc foil as an anode and 1.0 M Zn(SO4)2

aqueous solution with 0.2 M MnSO4 as an electrolyte. Figure 5a shows the cyclic voltammetry scan
results of the Zn-MnO2 cell with hollow MnO2 nanospheres as cathode materials. The sweep range
was between 1.9 V and 0.8 V vs. Zn/Zn2+, and the sweep rate was 0.1 mV/s. During the first cycle,
a low cathodic peak at around 1.36 V and a sharp cathodic peak at around 1.22 V were observed, while
only one anodic peak at around 1.58 V was observed when sweeping back. In the following scan cycles,
the cathodic peak at 1.36 V increased gradually, indicating an activation process of hollow MnO2

nanospheres during discharge. Figure 5b shows the typical galvanostatic discharge/charge profiles of
the Zn-MnO2 cell at a 1 C rate. The discharge curve in first cycle exhibited a flat plateau at around 1.26 V,
which is consist with the CV results. Two plateaus, ~1.38 V and ~1.26 V, were observed during the
second discharge process, which are related to two distinct cathodic peaks in the second sweep of CV
curves, indicating a two-step intercalation process of zinc ions into the birnessite structure. Upon charge
process, two plateaus at ~1.50 V and ~1.58 V were observed. Previously, the two-step intercalation
process was also observed in other Zn-MnO2 batteries based on birnessite-type materials [23,24].
The discharge capacity of hollow MnO2 nanospheres reached up to ~270 mAh g−1 at a 1 C rate.

Figure 5c shows the typical charge/discharge profiles of Zn-MnO2 batteries at different current
densities. At rates of 0.5, 1, 2, 5, and 10 C, specific discharge capacities of ~405, ~265, ~166, ~85, and
~40 mAh g−1 were obtained, respectively, indicating a good rate performance of the hollow MnO2

nanospheres. The long-term cycling performance of the Zn-MnO2 batteries in terms of discharge
capacity and coulombic efficiency was also investigated at 1 C. As shown in Figure 5d, we compared
the cycling performance of nanosheets, nanorods, and hollow spherical structure of MnO2 in aqueous
Zn-MnO2 batteries. The morphologies of MnO2 nanosheets and nanorods are shown in Figure 6.
The initial discharge capacity for hollow MnO2 nanospheres was ~168 mAh g−1. After the activation
process, the discharge capacity of the second cycle was reached at ~270 mAh g−1. Notably, after 100
cycles, the discharge capacity was stabilized at ~305 mAh g−1 with a coulombic efficiency over 97%.
However, the MnO2 nanorods showed a quickly fading capacity. The MnO2 nanosheets performed
a low discharge capacity and poor cycling performance. The excellent rate capability and cycling
stability of the Zn-MnO2 cell should be due to the hollow structure of the birnessite-type MnO2

cathode materials.
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Figure 5. Electrochemical performance of Zn-MnO2 batteries: (a) CV profiles; (b) typical
charge–discharge curves; (c) rate performance; and (d) long-term cycling stability of hollow MnO2

nanospheres, MnO2 nanosheets, and MnO2 nanorods at 1 C with an electrolyte of 1.0 M Zn(SO4)2 and
0.2 M MnSO4.

 

Figure 6. SEM images of (a) MnO2 nanosheets and (b) MnO2 nanorods.

EIS measurements were performed to evaluate the impedance difference between before cycle
and after the first discharge/charge cycle. As depicted in Figure 7a, the charge transfer impedance
decreased after the first cycle, which indicated that the intercalation of Zn2+ ions into the MnO2

structure became easier after the structure transformation. An ex situ XRD analysis was conducted for
the cathode after the first cycle. As shown in Figure 7b, the representative birnessite structure peaks,
(002) and (212), significantly decreased in intensity, especially compared to the mixed indices (161)
peak. This selective loss suggests a loss of long-range order in the direction of the layers, perhaps due
to a structural transformation to another polymorph with similar building blocks but not layered.
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Figure 7. (a) Electrochemical impedance spectra of the Zn/MnO2 cells before any cycles and after the
first cycle; (b) XRD patterns of the cathode after the first cycle.

4. Conclusions

In summary, hollow MnO2 nanospheres were synthesized through a facile hydrothermal approach
and used as cathode materials in aqueous Zn-MnO2 batteries. The hollow birnessite-type MnO2

cathode achieved a relatively high discharge capacity and stable cycling performance with an aqueous
electrolyte in a Zn-MnO2 battery. The excellent electrochemical performance was ascribed to the
unique hollow structure, which favors the intercalation process of zinc ions and enables a stable cycling
of the Zn-MnO2 battery.
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