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a  b  s  t  r  a  c  t

Highly  porous  carbon  film  (PCF)  coated  on  nickel  foam  was prepared  successfully  by  microwave  plasma-
assisted  chemical  vapor  deposition  (MPCVD)  with  C2H2 as  carbon  source  and  Ar as  discharge  gas.  The
PCF is  uniform  and  dense  with  3D-crosslinked  nanoscale  network  structure  possessing  high  degree  of
graphitization.  When  used  as  the  electrode  material  in an  electrochemical  supercapacitor,  the  PCF sam-
ples  verify  their  advantageous  electrical  conductivity,  ion  contact  and  electrochemical  stability.  The  test
eywords:
orous carbon film
ouble-layer supercapacitor
icrowave plasma

hemical vapor deposition
upercapacitive energy storage

results show  that  the sample  prepared  under  1000  W  microwave  power  has  good  electrochemical  per-
formance.  It displays  the  specific  capacitance  of 62.75  F/g  at the  current  density  of 2.0  A/g  and  retains  95%
of  its  capacitance  after 10,000  cycles  at the  current  density  of 2.0  A/g.  Besides,  its near-rectangular  shape
of the  cyclic  voltammograms  (CV)  curves  exhibits  typical  character  of  an  electric  double-layer  capacitor,
which  owns  an  enhanced  ionic  diffusion  that  can  fit the  requirements  for  energy  storage  applications.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

With the increasing demand for environment-friendly energy
torage technology in recent years, electrochemical supercapaci-
ors have received extensive attention with their attractive features
ncluding rapid charge/discharge capability, fast charge transfer,
ong cyclic life (>106) and high power density (2000 W/kg) to fill
he gaps left by batteries [1]. Such advantages make them the most
pplicable in high power supply for both stationary and portable
evices of digital communication, memory storage, electric cars
nd personal electronics [2].

The electrode materials are one of the key components deter-
ining the performance of supercapacitors and can be categorized
ainly into three types: carbon-based materials, transition metal

xides and conductive polymers [3]. Carbon-based materials are

he most widely studied serving as the electrode in electrochemical
ouble-layer capacitors due to their excellent electrical conduc-
ivity, chemical stability, high specific surface area and low cost.

∗ Corresponding authors.
E-mail addresses: aimin@dlut.edu.cn (A.-M. Wu), huanghao@dlut.edu.cn

H. Huang).

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.017
169-4332/© 2017 Elsevier B.V. All rights reserved.
Plenty of carbon materials with various crystallinity and nanostruc-
tures have been attempted, such as carbon nanotubes [4], graphene
[5], carbon aerogels [6], carbon nanocomposites [7], meso- and
macro-porous carbon materials [8] and hierarchical carbon struc-
ture [9]. Two major approaches have been proposed to improve
the electrochemical performance of these materials: (1) hybridiza-
tion [10,11] or doping [12,13] on carbon in order to introduce
Faradaic pseudo-capacitance; (2) growing carbon film directly on
the electric collector for fast charge transportation, that is, form-
ing highly PCF which has been receiving enormous concern in
lithium-ion batteries, supercapacitors and fuel cells [14]. The PCF,
especially serving in supercapacitors, demonstrates novel advan-
tages including fast current response and high specific gravimetric
capacitance [14,15]. However, most of the nanoproducts are pre-
pared in the form of powder, which means they require to be mixed
with conductive binders and additives for the fabrication of elec-
trodes. The handicrafts naturally involve the intrinsic deficiency
of reduced electroactive materials and a compromised electrical
conductivity, hampering the diffusion of ions, therefore diminish-
ing the capacitance and the long-term stability of the composite.

Such electrodes, hence, greatly limit the overall performance of the
assembled supercapacitors working as high rate units [2].

dx.doi.org/10.1016/j.apsusc.2017.03.017
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.03.017&domain=pdf
mailto:aimin@dlut.edu.cn
mailto:huanghao@dlut.edu.cn
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In the present work, PCF grows directly on the nickel foam by
he means of MPCVD that is able to generate wide-range and uni-
orm plasma through high-power microwave source. This way, as
tayed before, the use the polymer binder and conductive additives
an be prevented, which greatly simplifies the tedious process of
onventional electrode preparation and carbonaceous nanoarrays
eposited on the conductive substrates can provide larger effective
urface area of materials. Our simple synthesis technique has many
dvantages such as, low temperature conditions, large-scale pro-
uction and high-quality products, which guarantee its industrial
pplication in the nearest future. Nickel foam was chosen as the
ubstrate because it acts as a 3D network, which owns abundant
nter-connected tunnels with large surface area for carbon depo-
ition. In addition, the catalysis nature of Ni is hypothesized to
romote the pyrolysis of carbonaceous precursor gas and improve
he growth and crystallization of deposited carbon [16,17]. The PCF
lectrode combines the features of high accessible surface area
nd hierarchical additive-free porous structure that collectively
ncreases the contact area between the electrolyte and electroactive

aterial. More ions will participate in building the charged layers
t the electrode-electrolyte interface, but their diffusion routes are
reatly shortened. The electrochemical tests show the significant
esults of the PCF prepared under the microwave power of 1000 W,
hich attained the best electrochemical performance. It displays

he specific capacitance of 62.75 F/g in 30 wt.% KOH aqueous solu-
ion with the current density of 2.0 A/g and 95% of the capacitance
etains after 10,000 cycles at the current density of 2.0 A/g. Besides,
ood near-rectangular shape of CV curves was obtained with var-

ous scan rates ranging from 50 mV/s to 1000 mV/s. Thus, it is
isible that galvanostatic and CV curves of the electrodes show their
upercapacitive energy storage, which highlights the potential of
ell-designed PCF for supercapacitor applications.

. Experimental

.1. Fabrication of porous carbon films

The MPCVD system (Fig. S1 in Supplementary) uses exactly
he same two magnetron of 1.2 kW (continuous mode) to pro-
uce 2.45 GHz linear coaxial-coupled microwave. By adjusting the
icrowave coupling degree and the gas pressure, stable and uni-

orm plasma can be generated in the working chamber. The nickel
oam that was used as substrate had the thickness of 1.0 mm,
he surface density of 300 g/m2 and about 17 pores per square
entimeter. The foam was cut into rectangular specimens in the
ize of 1.0 cm × 2.0 cm and then they were immersed into diluted
ydrochloric acid for 5 min  in order to remove the oxides on the sur-

ace. After being cleaned in the deionized water under sonication,
he Ni foam was dried in a vacuum oven and its mass was  weighed
m1). The surface of the Ni foam was activated under plasma con-
itions with Ar:H2 (2:1 sccm) as the flowing gas, for 10 min. The
eed gas was subsequently changed to C2H2:Ar (15:1 sccm). Dur-
ng the deposition process, the inner pressure of the chamber was

aintained at 35 Pa; the microwave power was set as 800, 1000 and
200 W,  respectively. The deposition time was fixed as 1 h. The flow
ate of C2H2:Ar and deposition time were optimized by comparing
he results of the orthogonal tests which are displayed in Supple-

entary as the supporting information (Figs. S2–S3 stand for the
xperiments under the flow rates of C2H2:Ar and Figs. S4–S5 for the

esults depending on deposition time). The mass of the specimen
as re-weighed, 2 and the mass of active carbon film was  calculated

y m = m2 − m1. The obtained specimens are labeled as PCF-800 W,
CF-1000 W and PCF-1200 W respectively.
cience 409 (2017) 261–269

2.2. Plasma diagnosis

The plasma diagnosis was executed with the floating harmonic
probes being set close to the axial center. The copper probe tip
had a length and a diameter of 7 mm and 0.4 mm,  respectively.
A sinusoidal signal of 5 V was  applied between the probe tip and
the ground. The current was  calculated from the measured voltage
drop across the current sensing resistor. The Labview program was
employed to analyze the harmonics of the current signal and made
calculation to give the electron temperature and ion density, as it
is explained later on in our work.

2.3. Characterization

The surface morphology of the PCF was observed with the
scanning electron microscopy (SEM) of Zeiss Supra 55 VP.
High-resolution transmission electron microscopy (HR-TEM) was
observed on FEI Tecnai G20 S-type Twin. The test of Fourier-
Transform Infrared Spectrometer (FTIR) was  conducted in the
wavelength range of 500–4000 cm−1 on VERTEX 70. Raman spectra
were recorded by an inVia spectrometer (England Renishaw) with
a laser excitation wavelength of 632.8 nm.  The specific surface area
was calculated from the Brunauer-Emmett-Teller (BET) plot of the
nitrogen adsorption isotherm.

2.4. Electrochemical measurements

The electrochemical measurements were performed on the
workstation CHI760e. A standard 3-electrode system was set with
the PCF on nickel foam as the working electrode, Ag/AgCl as the
reference electrode, a Pt foil as the counter electrode and 30 wt.%
KOH solution as the electrolyte. The nickel foam with the deposited
PCF, which was cut into rectangular specimens of 1.0 cm × 2.0 cm,
was directly used as the electrode after the synthesis, without any
other extra procedure, including mixing the conducting additives
and binders with the active material to form a paste that ulti-
mately will be deposited on the current collector. The absence
of conducting additives and binders is one of the traits of our
technique, which clearly simplifies the electrode preparation and
boosts the charge transference between the current collector and
the carbon electrode. The scanning rate of CV varied at the range
of 50–1000 mV/s. Current density range for charge/discharge was
set from 2.0 to 10.0 A/g and the potential range was −0.8 to 0.0 V.
The specific capacitance of a single electrode can be calculated
by the galvanostatic charge-discharge curves according to the for-
mula C = (�t  × I) / (m × ��), where I is the set discharge current,
�t is the discharge time, m is the net mass of the active mate-
rial of PCF on single electrode and �u  is the voltage drop upon
discharge (excluding the IR drop). The energy density (Eg) and
power density (Pg) of each electrode were calculated from dis-
charge region (upward direction versus time) of the galvanostatic
charge-discharge test following the formula: Eg = i/4m

∫
Vddt and

Pg = Eg/�t, where i is the applied current density, Vd is the potential
as a function of discharging time, m is the mass of active materials
and �t  is the discharge time (the energy density is divided by 4
because the experiment was  conducted on a three-electrode cell).
The electrochemical impedance spectroscopy (EIS) measurements
were carried out with an excitation signal of 5 mV in the frequency
range of 10 mHz–100 kHz.

3. Results and discussion
Fig. 1(a)–(c) is the SEM images showing the typical inter-
connected structures with random open pores templated from
the framework of Ni foam. The close-up cross-section views (in
Fig. 1(a’)–(c’)) clearly show Region I for nickel foam and Region
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ig. 1. SEM images of the porous carbon films prepared under the microwave pow
lose-up  cross-section view of the porous carbon films; (a)–(c) The SEM images of t

I for uniformly coated carbon film. The average thickness of
he carbon film (D̄) increases from 18.7 to 36.2 �m with the
ncreasing microwave power from 800 to 1200 W.  Under the res-
lution of 1 �m,  PCF-800 W is found predominantly consisting of
omogeneous carbon array with isolated carbon rods (Fig. 1(a)).
CF-1000 W has a wheat-like configuration, which consists of
ross-linked carbon stalks with porous structure (Fig. 1(b)). How-
ver, the morphology of PCF-1200 W changes into a carbon network
nd with an obvious reduction of pore volume on the surface
Fig. 1(c)).

Fig. 2(a)–(c) provides the TEM images of the deposited car-
on flakes scratched from the surface of PCF-800 W,  PCF-1000 W
nd PCF-1200 W,  respectively. PCF-800 W is apparently covered
ith the carbon clusters as shown in Fig. 2(a). The wrinkle fringe

hows the amorphous nature in the close HR-TEM observation
Fig. 2(a’)). PCF-1000 W has similar cluster morphology, however
ith much neat borders shown in Fig. 2(b). The possible expla-
ation could be that the carbon film has been crystallized to
nion-like graphite, which clearly exposes its (002) crystal plane

ith the interplanar spacing of approximate 0.344 nm (Fig. 2(bı́)).
otably, the interplanar space is larger than that of single-crystal
raphite (0.335 nm), suggesting a possible random combination of
 (a) 800 W,  (b) 1000 W and (c) 1200 W at the magnification of 500×; (a’)–(c’) The
rous carbon films at the magnification of 20.00 kX.

graphitic and turbostratic stacking [18]. To further check the degree
of graphitization, Raman spectra of PCF-1000 W is employed with
the results also shown in Fig. 2(b’). Raman spectrum has two sharp
peaks at 1341 and 1595 cm−1, assigning to D and G band, respec-
tively. The D band is caused by structural defects and the partially
disordered structure of sp3 domains. The G band associates with
the first-order scattering of the E2g vibrations observed for sp2

domains [19]. Qualitatively, the peak intensity ratio between the
D and G bands (ID/IG) is calculated as 2.17, which confirms a large
disorder in the microcrystalline carbon [20]. When the microwave
power increased to 1200 W,  highly aligned multiwall carbon array
is deposited as shown in Fig. 2(c’), indicating the unidirectional
growth due to the rapid decomposition of acetylene on the Ni sur-
face, which is expected to exert catalytic effect [21].

The plasma generated by the linear coaxial-coupled microwave
is monitored with the help of a floating harmonic probe
moving from the center (X = 0 cm)  to the edge of platform
(X = 15 cm)  in the typical deposition conditions (PDeposite = 35 Pa;
C2H2:Ar = 15:1 sccm) at different microwave power of 800, 1000

and 1200 W,  respectively, which is shown in Fig. 3(a1). Stable work
of the probe is maintained during the entire deposition period up to
1 h. Assuming that the electrons are of Maxwellian distribution, the
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ig. 2. (a)–(c) TEM images of the porous carbon films prepared under the microwav
arbon  films; Insert in (b’) is the Raman spectra of the sample prepared under the m

robe current ipr can be expanded with modified Bessel functions
22]:

ipr = ii − iesexp
[
e
(

V̄ − Vp

)
/Te

]
I0

(
eV0/Te

)
− 2iesexp

[
e
(

V̄ − Vp

)

/Te

] ∞∑

k=1

Ik
(

eVo/Te

)
cos(kωt) (1)

here Vp is the plasma potential, V̄ is the self-bias potential of the
robe and ii and ies are the ion current and electron saturation cur-
ent, respectively. It should be mentioned that V0 should be the
mplitude of the voltage drop over the probe sheath, so in practice,
he voltage drop over Rs was subtracted from the applied bias and
he voltage drop over the blocking capacitor was neglected since its
apacitance (100 �F in our case) is many orders larger than that of
he probe sheath. Assuming that ii is constant, the electron temper-
ture, Te and ion density, ni can be calculated from the equations
23]:

i1ω|/|i2ω| = I1
(

eV0/Te

)
/I2

(
eV0/Te

)
(2)

i = |i1w|/2 (0.61e�BA) xI0
(

eV0/Te

)
/I1

(
eV0/Te

)
(3)

here �B is the Bohm velocity and A is the probe area. During
he process of deposition, Te and ni were measured by harmonic
echnique with bias signal V0 set to 5 V and their values vs. X
re plotted in Fig. 3 (a2)–(a4) respectively for the power of 800,
000 and 1200 W.  Fig. 3(a2) displays that Te (19.18–20.30 eV)
nd ni (5.31–6.83 × 109/cm3) shows no major change with the
robe moving at 800 W microwave power, which means that the
lasma is homogeneously distributed. When the microwave is
owered up to 1000 W,  Te (18.67–20.02 eV) decreases insignif-
cantly and ni (5.93–8.40 × 109/cm3) improves substantially, as
hown in Fig. 3(a3). Te (17.86–19.68 eV) continues to reduce at
he power of 1200 W and ni (6.68–8.59 × 109/cm3) was slightly
nhanced (Fig. 3(a4)). Overall, the electron temperature has the
er of 800, 1000 and 1200 W;  (a’)–(c’) corresponding HR-TEM images of the porous
ave power of 1000 W.

decreasing tendency with the increasing microwave power, which
is caused by the multistep ionization effect. The enhanced ion den-
sity with the microwave power is brought up by the promoted
plasma energy that will greatly affect the excitation or ionization
degree of the reaction gas [24]. According to above measurements,
we find that the values of Te and ni are stable and sufficiently high
at X = 4 cm,  so samples are settled at X = 4 cm at the midline of the
platform (Y = 0 cm)  during the MPCVD process.

The deposited films were characterized by FTIR spectroscopy
with the results shown in Fig. 3(b2)–(b4). All of the as-prepared
samples show almost identical peaks, which are typical for the
carbon film deposited from hydrocarbon precursors by plasma-
enhanced CVD [25]. The peaks display clearly at 3600–3681,
3281–3400, 2893–2925, 2350, 1562–1575 and 875 cm−1, corre-
sponding to OH, C(sp)-H, C(sp3)-H2, C H (on the benzene ring),
C C and C(sp2)-H, respectively. The OH radicals rise due to either
the strongly acquainted water particle or from the environment
[26]. From Fig. 3(b2)–(b4), it seems that the O H absorption band
for PCF-1000 W was  strongest, which means PCF-1000 W has the
strongest absorbability and affinity to the water molecule. It is
known that the fine hydrophilicity is an important factor for the
supercapacitor in aqueous media, influencing the wettability of the
electrode surface [27]. Thus, a tentative inference on these results
is that PCF-1000 W sample could attain superior electrochemical
performance in comparison to PCF-800 W and PCF-1200 W sam-
ples respectively. The asymmetric stretching vibration peaks of
C(sp)-H, C(sp2)-H and C(sp3)-H2 are attributed to the dissociation
(Eqs. (4)–(6)) and ionization (Eqs. (7)–(10)) of C2H2. These radicals
intrinsically present hydrogen impurity incorporated into the car-
bonaceous film during its growth. In general, the larger or stronger
the C H absorption band displays, the more impurity the film has

[25]. The peak of C H on the benzene ring is due to the highly
reactive C2H radicals that take part in the polymerization of C2H2
molecules into the long-chained C4H4 (Eq. (13)). The aromatic ring
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ig. 3. (a1) Schematic graph of the harmonic electronic probe in sedimentary chamb
he  microwave power of 800, 1000 and 1200 W;  (b1) schematic graph of gas-phase r
nder  the microwave power of 800, 1000 and 1200 W.

f benzene are formed by the successive addition reaction of C2H2
n vinylacetylene, as in Eq. (14). The strong characteristic peaks
t around 1570 cm−1 is due to the stretching vibration of carbon
anotube backbone C C bond, which is cross-linked by removing
ydrogen from various hydrocarbon chains [28].

(i) Dissociation and Ionization:

2H2 + e− → C2H + H + e−(ET = 7.5 eV) (4)

2H2 + e− → C2H+
2 + 2e− (ET = 11.4eV) (5)
2H2 + e− → C2H+ + H + 2e−(ET = 16.5 eV)(6)

2H2 + e− → C+
2 + H2 + 2e− (ET = 17.5eV) (7)
2)–(a4) the plots of the electron temperature Te and ion density ni , measured under
ns of C2H2 in the process of MPCVD; (b2)–(b4) FTIR spectra of the samples prepared

C2H2 + e− → H+ + C2H + 2e−(ET = 18.4 eV)(8)

C2H2 + e− → C+ + CH2 + 2e−(ET = 20.3 eV)(9)

(ii) Condensation:

C2H2 + C2H ↔ C4H3 (10)

C2H + H ↔ H2 + C2 (11)
(iii) Polymerization:

2C2H2 ↔ C4H4 (12)

C2H2 + C4H4 ↔ C6H6 (13)
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Because the energetic thresholds (ET ) of the above reactions are
ommonly lower than for the exerted plasma energy Te, different
ypes of ionized species, such as C2H2

+, C2H+, C+ and H+ can be gen-
rated together with the neutral radicals, i.e. C2H and CH [29]. The
ehydrogenation of the hydrocarbon structures produces carbon
toms on Ni surface with the encouragement of Ni catalysis [17].

Neutral C atoms continuously arrive at the film surface and form
ainly sp2 coordinated bonds with the surface C atoms, eventu-

lly leading to carbon pentagons and other rings [28]. The ionized
pecies with two or more C atoms such as C2H+

2 mainly contribute
o the formation of sp3 C C [30] (Fig. 3(b1)). By comparing the
amples, the intensity of the C(sp)-H stretching vibration peaks
t 3300–3400 cm−1 is almost unchanged. The peak of C H on the
enzene ring gradually enhanced with the increase of microwave
ower, indicating more aromatic rings generated during the suc-
essive polymerization reactions of C2H2. The C(sp2)-H peak at
75 cm−1 in PCF-800 W disappear with the power improvement,
owever followed by the birth of mixed sp2/sp3 C C bond instead

n PCF-1000 W and PCF-1200 W at about 1244 cm−1. The increas-
ng C C bonds give rise to the film density as well as the hardness
30]. Meanwhile, we can find gradually intensified stretching vibra-
ion peak of C C bond due to the dehydrogenation reaction and
roducing large-area crystallized carbon network [28].

The electrochemical properties and device performance of the
CF as electrodes in supercapacitors were studied by the means of
V, galvanostatic charge-discharge and cyclic stability. Fig. 4(a)–(c)
epresents the CV curves with various scan rates ranging from 50
o 1000 mV/s in the potential range between −0.8 and 0.0 V. The
amples present near rectangular and symmetric voltammogram
lots with slight distortions, demonstrating small value of time
onstant (�) that is proportional to the electrode resistance (R) at a
xed capacitance when voltage transforms. In other words, smaller

 means smaller R which allows quick diffusion and transfer of
lectrolyte ions within the macro- or meso-pore channels [31]. Fur-
hermore, the distortion of CV curves is inconspicuous even at high
canning rate of 1000 mV/s, implying that the system of electrodes
as low contact resistance and good rate capability.

Fig. 4(a’)–(c’) shows the galvanostatic charge-discharge curves
ith the current density ranging from 2.0 to 10.0 A/g in the poten-

ial range between −0.8 and 0.0 V (the specific capacitance of the
lectrodes are listed in Table S2 in Supplementary). According to
he galvanostatic charge and discharge curves, the highest spe-
ific capacitances of 19.50, 62.75 and 41.25 F/g were obtained at

 current density of 2.0 A/g corresponding to samples PCF-800 W,
CF-1000 W and PCF-1200 W,  respectively. The specific capaci-
ance decreases slightly when the current density rises from 2.0
o 10.0 A/g. Even at the current density of 10.0 A/g, PCF-1000 W
till retains specific capacitance of 42.50 F/g, displaying excellent
ate of charging and discharging. Fig. 4(d) depicts the significantly
arger capacity charge of PCF-1000 W electrode in comparison with
he other samples, which is confirmed by its considerably longer
ischarge time.

When galvanostatic charge-discharge is performed, if the capac-
tance C is constant, the change of potential with time, dϕ/dt, will
e linear relationship with the current i, i.e., i = Cdϕ/dt,  which leads
o a symmetrical charge-discharge curve. However, in practice the

ajority of discharge branches are slightly bent, which is generated
y the internal resistance (always present in supercapacitors), caus-

ng a deviation of linearity. Another reason for the distortion of the
ischarge curve is the presence of pseudocapacitive reactions dur-

ng the discharge process. These reactions are produced by the large
olume of oxygenated groups on the surface of the carbon elec-

rodes, which can be quickly charged and discharged, contributing
ith an additional pseudocapacitance [27,32]. Regardless of this

ehavior, there was no voltage drop at the beginning of the dis-
cience 409 (2017) 261–269

charge process, indicating a low equivalent series resistance of the
PCF [33].

In addition, N2 adsorption-desorption measurement was car-
ried out in order to furtherly investigate the texture and
calculate the specific surface area of PCF specimens using
Brunauer–Emmett–Teller technique. PCF-800 W,  PCF-1000 W and
PCF-1200 W display BET specific surface areas of 241.20, 212.08
and 173.84 m2 g−1, respectively, with a total pore volume of
0.068, 0.074, and 0.039 cm3 g−1. The high specific surface and
optimized pore structure are beneficial for the enhancement of
supercapacitor’s electrochemical performance, which is reflected
in its capacitance, cycling stability and rate capability. Thus, based
on its BET surface area, the surface area normalized capaci-
tance of PCF-1000 W is calculated accordingly as 29.59 �F/cm2 at
2.0 A/g. Our result is superior to the capacitive performance of the
composite film (20 �F/cm2) [34], the porous carbon nanosheets
(8.8–6.1 �F/cm2) [35], and the activated carbon (about 5 �F/cm2)
[36,37]. This demonstrates that our study could be an alternative
for the synthesis of carbon-based electrode materials for energy
storage.

Nevertheless, one unexpected finding should be mentioned,
which is the non-monotonic increasing of the capacitance with the
microwave power. The capacitance of the PCF varies from 19.50 up
to 62.75 F/g when the microwave power is elevated from 800 to
1000 W.  However, it decreases to 41.25 F/g as the power reaches
1200 W.  This was corroborated before with the findings of the FTIR
spectra, where the PCF-1000 W sample owned the largest amount
of oxygenated species, which directly enhanced the wettability of
the carbon surface and gave rise to its pseudocapacitive behavior.
More evidence to explain such behavior of the PCF will be presented
later on with the performance of the electrochemical impedance
spectroscopy (EIS).

In order to investigate the long-term cycling stability, the spe-
cific capacitance of PCF-1000 W as a function of cycle number
was conducted at a current density of 2.0 A/g (Fig. 4(e)). The
first 20 cycles are to activate electrode materials, which could
be considered as the full penetration of the electrolyte within
the carbonaceous pores. Up to this point, relatively stable specific
capacitance values are obtained. After 10,000 cycles, an outstanding
capacitance retention of 95% is attained, demonstrating superior
cycling stability that provide favorable prospects for its application
as electrode materials for supercapacitors. This suggests that the
carbon nanoporous configuration of PCF in the electrodes are well
preserved and the onion-like graphite structures are still strongly
adhered to the nickel foam, highlighting the advantages of our
deposition method.

Energy density (Eg) and power density (Pg) as important
parameters, should be considered synthetically for practical appli-
cations. By calculation from the galvanostatic charge-discharge,
PCF-1000 W has novel Eg that ranges from 1.24 Wh/kg (10.0 A/g) to
1.97 Wh/kg (2.0 A/g), The Pg of the PCF-1000 W electrode can reach
0.28 kW/kg (2.0 A/g) and 1.31 kW/kg (10.0 A/g). The Eg of the PCF-
1000 W is higher than those of PCF-800 W and PCF-1200 W and the
Pg of the PCF-1000 W is not much different from PCF-800 W and
PCF-1200 W as shown in Fig. 4(f). The good electrochemical perfor-
mance of the PCF electrode is attributed to the positive synergistic
effects between the graphitic structure and the conductive nickel
foam.

The Nyquist plots for the PCF electrodes are shown in Fig. 5.
At high frequency area (close to 100 kHz), the intercept with Z’
axis (real impedance axis) represents the intrinsic ohmic resis-
tance of the internal resistance or equivalent series resistance of

the electrode material and electrolyte [38]. The internal resistance
of PCF-800 W,  PCF-1000 W and PCF-1200 W-Ni foam electrodes are
0.25, 0.24 and 0.21 � (100 kHz), respectively, shown in the insert
of Fig. 5. The increase of the microwave power of PCF enhanced its
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Fig. 4. (a)–(c) CV curves, scanning at different rates in 30 wt.% KOH aqueous electrolyte, of the porous carbon films electrode prepared under the microwave power of 800,
1000  and 1200 W;  (a’)–(c’) galvanostatic charge-discharge curves at different current densities of the porous carbon films electrode; (d) the galvanostatic charge-discharge
curves  of the porous carbon films at the same current density 5.0 A/g; (e) evaluation of the specific capacitance versus the number of cycles at a constant current density of
2.0  A/g for the porous carbon films electrode prepared under the microwave power of 10
(f)  energy density (Eg ) and power density (Pg ) of the porous carbon films electrode prepar
galvanostatic charge-discharge profiles at the current density of 2.0 A/g.
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ig. 5. Nyquist plots of the porous carbon films under the different microwave
ower of 800, 1000 and 1200 W,  respectively; the insert is the close-up image in
he  high frequency range.

onductivity by promoting the crystalline degree of the deposited
arbon. Our resistances are much smaller than the values reported
efore in other works like functional graphene-Ni foam (0.57 �,
00 kHz) [39] and the electrodeposited graphene-Ni foam (0.8 �,

00 kHz) [40]. This clearly indicates that the direct contact between
CF and the current collector without any polymer binder is an
mportant feature that helps to decrease the internal resistance
f the porous carbon electrode. Thus, charge transfer would be
00 W,  where the inset shows the galvanostatic charge/discharge curves at 2.0 A/g;
ed under the microwave power of 800 W,  1000 W and 1200 W calculated from the

improved during its flowing from and to the nanoporous electrode
and the electric collector [41].

At low frequency range, as we know, the linear plot symbol-
izes the Warburg impedance and the slope of the line reflects
the diffusive resistivity of the electrolyte ions within the pores
[42]. The slope for PCF-1000 W is larger than those of other sam-
ples, unveiling the inherent capacitive nature of the porous carbon
electrode and its faster ion diffusion rate (due to a more con-
ductive carbonaceous structure and shorter pathways), which is
closer to the characteristic behavior of an ideal capacitor [43]. This
behavior directly agrees with the CV and galvanostatic findings.
Consequently, according to electrochemical characterization and
electrochemical impedance spectroscopy results, the large deal of
oxygenated species on the surface, vast nanopores within the car-
bon film and its high crystalline degree, significantly facilitate the
charge storage and ionic transportation of the PCF-1000 W elec-
trode [44].

4. Conclusions

The 3D-crosslinked PCF was grown directly on nickel foam
by the MPCVD method. The condensed film was well-crystallized
and owned a distinct porous configuration. The PCF prepared

under 1000 W microwave power demonstrated ideal electric
double-layer capacitive behavior and quick charging/discharging
performance due to the following contributions: (i) the intercon-
nected macropores of the Ni form that accelerate kinetic process
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f ion diffusion inside of the electrodes; (ii) the large deal of
xygenated groups on the surface which provides additional pseu-
ocapacitance as well as enhanced wettability of the electrode; (iii)
ell-crystallized carbon structure with remarkable conductivity,
hich is able to realize a rapid charging/discharging, especially,
hen the electrode is prepared by in-situ carbon growth and
ithout participation of conductive agents or adhesives. In all,

he highlighted achievements of the PCF including facile synthetic
oute, large-scale production and supercapacitive performance
ncourage our earnest expectation of its industrial application in
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