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Hierarchical porous carbon materials were prepared using a facile and low-cost method from phenolic

resin and carboxyl graphene oxide by foaming and carbonization. Structural characterization revealed

that the prepared materials consisted of macropores, mesopores and micropores from the foaming

process, decomposition of the ester groups and carbonization of the polymer, respectively. Due to the

advantages of a rational-distribution of porous structures and the excellent electrical conductivity, the

best specific capacitance of the porous carbon materials could reach up to 272.6 F g*1 at a current
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density of 0.1 A g™t and exhibited an excellent cycle life with 92.31% specific capacitance retained after

10 000 cycles in KOH electrolyte. The symmetric supercapacitor based on the prepared material also
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1. Introduction

Supercapacitors, a new type of advanced energy storage device
with the characteristics of high energy and power density, long
cycle life and non-polluting to the environment, satisfy many
requirements of various fields and have become a hot research
area."™ The energy storage of supercapacitors depends on the
adsorption of electrolyte ions on the electrodes and the charge
separation at electrode/electrolyte interfaces. This requires the
electrodes to have a large specific surface area for high specific
capacitance. Therefore, studies on supercapacitors have mainly
concentrated on electrode materials with a large specific
surface.® Activated carbons have been widely employed as the
electrode materials due to their advantages of large surface
area, good electrical conductivity and an abundant source of
raw materials.®®

In theory, the larger the special surface area of the electrode
is, the higher the specific capacitance of the supercapacitor is.’
Therefore, the initial research always focused on the micropores
structure due to its contribution to the special surface,'* but
neglected the blocking effect to electrolyte ions.'* However, many
studies showed that the specific capacitance of the

“School of Chemistry, Chemical Engineering and Life Science, Wuhan University of
Technology, Wuhan 430070, PR China. E-mail: chemlixi@whut.edu.cn; Tel: +86 27
87756662

School of Materials Science and Engineering, Wuhan University of Technology, Wuhan
430070, PR China. E-mail: polymers@whut.edu.cn

T Electronic  supplementary
10.1039/c7ra08602d

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2017

exhibited a high energy density (1520 W h kg™Y and power density (10.11 kW kg™, indicating
a promising electrode material for real energy storage in supercapacitors.

supercapacitors did not increase with the special surface area
of the electrode and almost all of the experimental specific
capacitance values were far below the theoretical values even if
the special surface area of the electrode was up to 1000-3000 m*
g 1121 Tjke the nitrogen-doped activated carbon (NACs)
prepared by Li et al., the surface area could reach 2900 m” g™ %,
but the specific capacitance was only 184 F g~ ' at a current
density of 0.4 A g~'.** This is because most of micropores
contributing to the larger specific surface area are non-
interconnected or closed pores, which caused the low utiliza-
tion of the specific surface area and thus the small specific
capacitance. In fact, during the charging and discharging
process, the electrolyte ions cannot easily get through the
micropores structure to reach the electrochemical reaction site
on the inner surface of the electrode materials, which results in
low both power and energy densities.” Recently, the hierarchical
porous carbon is regarded as a promising electrode material for
supercapacitors, which could meet these demands of the fast ion
diffusion and high charge storage.'® For the hierarchical porous
carbon, the macrospores can be regarded as temporary ion
repository to accelerate the flow of electrolyte, the mesoporous
afford ion-transport pathways to electrochemical reaction site,
and the microporous also increase the specific surface area in
favor of charge accommodation.'” It was demonstrated that the
hierarchical porous carbon materials with larger macropores,
moderate mesopores and abundant micropores exhibited the
better capacitance performance than the porous carbon mate-
rials with uniform pore size.'

Until now, the research about the carbon materials with
hierarchical porous structure has made the considerable
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progress in terms of both the raw materials and the preparation
procedure.”*® Among these, phenolic resins were usually
selected as the carbon precursors for the hierarchical porous
carbon owing to the high-yield and economical synthesis.***
Phenolic resins also have the thermal and chemical stability
which is more important to possess abundant micropores from
the crosslinking of macromolecular chains.*® In addition, the
hierarchical porous carbon derived from phenolic resins can be
designed and fabricated through the template*° and activa-
tion methods.””>* However, the methods are usually compli-
cated and prone to the isolated non-interconnected pores which
are detrimental to the ion transport. Therefore, a simple and
effective method to prepare the hierarchical porous carbon with
inner-connective porous structure is highly desired.

Besides, the structural damage of the hierarchical porous
carbon due to the collapse is also a problem. The reported work
indicated that the incorporation of 1D or 2D carbon materials
with the small proportion, such as carbon fibers and graphene,
could effectively prevent or alleviate the collapse.**** Zou et al.
synthesized the three-dimensional (3D) N/O-doped activated
carbon by adopting silkworm cocoon and phenolic resin, and
the silkworm cocoon as carbon fibers after carbonization was
used as a good framework to make the composite materials
more hierarchical porosity and flexible.*® Therefore, it was only
a lower surface area of 499 m? g~ but a higher specific capac-
itance of 239 F g~ " at current density of 0.57 A g™ ",

Graphene, a two-dimensional carbon material with the large
theoretical surface area, unique electronic conductivity and
good electrochemical stability, is considered as a promising
candidate for the electrode materials of the supercapacitors.
However, graphene is strongly inclined to restack together
because of the strong van der Waals forces between sheets and
7Tt interaction, which leads to a decrease of the effective
specific surface area.**** Thus, graphene with planar sheets
could not reach the theoretical maximum specific capacitance,
550 F g~ '.*° Combining graphene with other materials has been
proved to be an effective way to prevent or mitigate the aggre-
gation and these graphene-based hybrid materials have the
excellent capacitance performance.*** For examples, Zhang
et al. fabricated a graphene-RF carbon composite with alkali
treated graphene oxide as a base catalyst for the polymerization
of formaldehyde and phenol, and the composite exhibited
excellent rate performance in supercapacitors.** Qian et al
synthesized a three-dimensional graphene-based aerogels foam
by adopting graphene oxide and resin.** The as-prepared porous
carbon owned a large specific surface area of 1019 m* g~ ' and
exhibited a higher specific capacitance of 160 Fg 'at2Ag 'in
KOH without bio-inspired methods and activation methods.
The truth is that the resol molecules were first adsorbed on the
surface of graphene oxide sheets so that the graphene oxide
could not get together easily. In addition, Qin et al also
designed and prepared 3D flexible O/N Co-doped graphene
foams via melamine and graphene oxide.** The best specific
capacitance was up to 375 pF cm ™~ at a higher current density of
1 A g ' due to the unique structure and design. That is, the
melamine was used not only as the source of O/N, but also as
the template to prevent the agglomeration of graphene.
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On the basis of the above statement, we present a convenient
and effective template-free approach to prepare the hierarchical
porous carbon materials by using carboxyl graphene oxide/
phenolic resin composite through the simple foaming method
and carbonization. As shown in Scheme 1, the phenolic resin
was firstly synthesized through the polymerization of para-
formaldehyde and phenol and the carboxyl graphene oxide
(CGO) was obtained through chemical modification; then CGO
was combined with the phenolic resin to prepare CGO/phenolic
resin composite by the esterification reaction and hydrogen
bond; thirdly, the CGO/phenolic foam (CGO/PF) was formed by
the simple foaming method; finally, the hierarchical porous
carbon foam (RGPF) was prepared by the carbonization of CGO/
PF. Here, the choice of phenol and CGO as the raw materials is
attributed to the four reasons: (1) the synthesis of phenolic
resins is high-yield and economical, and the mutual cross-
linking could lead to the vast microporous structure during the
carbonization process because of the thermal and chemical
stability; (2) CGO could easily dispersed in the organic solution
to avoid the agglomeration, and have strong interfacial inter-
action with the phenolic resins; (3) the carboxyl groups from
CGO could react with the phenolic hydroxyl groups in phenolic
resin to form ester groups, and the ester groups will decompose
during the carbonization, which leads to the formation of
mesopores; (4) CGO could translate into graphene during the
carbonization process and the flexible network of graphene
could improve the electron conductivity of electrode materials
during the charging and discharging process.

On balance, mesopores are mainly produced by the decom-
position of the ester groups during the carbonization and all
most micropores are formed due to carbonization of polymer. It
is worth noting that the formation of macropores comprising
thin walls during the foaming process is quite important in
supercapacitors because they provide the fast accessibility of
the electrolyte ions to the material surface, which accords with
the demands of the electrodes for the highly capacitive perfor-
mance. By taking full advantage of the large specific surface,
well-defined pore structure and excellent electrical conductivity,
the hierarchical porous carbon material as the working elec-
trode showed a good capacitive behavior. In KOH electrolyte,
the specific capacitance can reach up to 272.6 F g~ ' at a current
density of 0.1 Ag™ " when the mass fraction of carboxyl graphene
oxide was just only 0.2%.

2. Experimental section
2.1 Materials preparation

Graphene oxide (GO) was prepared from the flake graphite
according to the Hummers' method.*

Carboxyl graphene oxide (CGO) was obtained through
chemical modification.*® In a typical preparation, GO (0.75 g)
was first dispersed in the double distilled water by the hyper-
acoustic. Then 50 mL hydrogen bromide was added in the GO
suspension and the mixture was stirred for 12 h at room
temperature. Following, oxalic acid (15.0 g) was added and the
mixture kept stirring for another 4 h. Finally, CGO was obtained
after centrifugation, lavation and vacuum drying at 50 °C. The

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic illustration of the preparation of RGPF.

final CGO suspension was obtained by dispersing CGO into
absolute alcohol.

The synthesis of CGO/phenolic foam (CGO/PF) was divided
into three steps. The first step is the synthesis of phenolic
resin.*”*® Paraformaldehyde (F) and phenol (P) were mixed to
obtain a homogeneous mixture. Then sodium hydroxide was
added stepwisely in the mixture at 65 °C and the polymerization
was kept at 85 °C for 3 h. The second step is the incorporation of
CGO to phenolic resin by esterification reaction.** CGO
suspension was added in the above mixture and the mixture
reacted for 1 h at 85 °C. The third step is the foaming process
according to the literatures.”>** Phenolic resin (80 g) is mixed
homogeneously with surfactants, foaming agents and
composite curing agents. Then the mixture was put into a rect-
angular container at 65 °C for 1 h. CGO/PF with different
proportions was obtained by changing the initial mass percent
of CGO with 0, 0.05%, 0.10%, 0.20% and 0.30%.

Hierarchical porous carbon foam (RGPF) was prepared by
carbonizing CGO/PF in N, atmosphere at a certain temperature
(700, 800, 900 and 1000 °C) for 5 h. The obtained RGPF was
denoted as RGPF-m-t, where m stands for initial mass percent of
CGO and ¢ for the carbonization temperature. For the compar-
ison, carboxyl graphene oxide and phenolic foam were also
carbonized at 800 °C and designated as RCGO-800 and PF-800.

This journal is © The Royal Society of Chemistry 2017

In addition, because the amount of F and P could affect the
crosslinking of the resins and then the porous structure of the
carbon foam, F and P with different ratios (F/P = 1.6, 1.8, 2.0, 2.2,
2.4) was used in the preparation of the phenolic resins. The
porous carbon foams were prepared from the obtained phenolic
resins through the same foaming and carbonizing process as
above. All the results were shown in ESI materials.} The ratio of F
and P played a critical role in the formation of the hierarchical
porous structure. On the one hand, the smaller ration of F and P
would make the crosslinkage of the phenolic resin lower, then
the resin difficult to curing and finally the pore structure of the
porous carbon easy to collapse during the carbonization, which
caused a little amount of pores and a smaller specific surface
area as shown in Table S2.f Obviously, the materials with
a smaller specific surface area were inappropriate to the elec-
trode materials. On the other hand, the higher ration of F and P
would cause a higher crosslinkage of the resin, which was
favorable to the formation of the micropores but unfavorable to
the foaming of the resin. Therefore, most of these micropores
were closed pores which were not conducive to the ion transport.
That was the reason why the porous carbon foam exhibited
a larger specific surface area and a poor capacitive performance
when the ration of F and P was higher than 2.0. As shown in
Fig. S3,t the electrochemical measurements indicated that when

RSC Adv., 2017, 7, 43965-43977 | 43967
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the ratio of F and P was 2.0, the porous carbon foam derived
from the phenolic resin exhibited the best performance. So,
F/P = 2.0 was chosen in the preparation of CGO/PF and RGPF.

2.2 Characterization

The surface morphology and microstructure of the prepared
materials were observed by an ULTRA PLUS scanning electron
microscopy (SEM, Zeiss, Germany) and a JEM2100F trans-
mission electron microscopy (TEM, JEOL, Japan). Fourier
transform infrared (FT-IR) spectra were recorded by a Nexus
FT-IR spectrometer (Thermo Nicolet, USA). Raman spectra were
obtained from an INVIA Raman spectrometer (Renishaw, UK).
X-ray photoelectron spectroscopy (XPS) measurements were
carried out by a VG Multilab 2000 spectrometer (Thermo, USA).
The nitrogen adsorption/desorption experiments were investi-
gated at the liquid nitrogen temperature (77 K) by an automatic
ASAP 2460 sorptometer (Micromeritics, USA). The specific
surface areas (Sggr, m?> g~ ') of the prepared materials were
determined by using the Brunauer-Emmett-Teller (BET)
method. The micropore surface area (Smicro, m> g ') and
micropore volume (Viicro, cm® g~ ') were calculated from the
t-plot method. The total pore volume (Vio, cm® g~ ') was
calculated at a relative pressure P/P, = 0.995. Average pore
width (D, nm) was calculated by 4Viy1/Sper- The pore size
distribution (PSD) was calculated using adsorption isotherms
by Barrett-Joiner-Halenda (BJH) model.

2.3 Electrochemical measurements

The working electrode was prepared by first grounding RGPF-m-
t with acetylene black and polytetrafluoroethylene into
a uniform thin slice, then placing the slice between two pieces
of nickel foam and finally pressing them together under
a pressure of 5 MPa to make the electrode active material adhere
to the nickel foam. The weight ratio of RGPF-m-t, acetylene
black and polytetrafluoroethylene was 18 : 1 : 1. The weight of
the prepared working electrode was about 9 mg and the surface
area was about 1 cm”.

The cyclic voltammetry (CV), galvanostatic charge/discharge
(CP) and electrochemical impedance spectroscopy (EIS) were
carried out on CHI660D electrochemical workstation (Shanghai
CH Instruments Co, China) in KOH solution (6 M). The counter
and reference electrodes were platinum column and Hg/HgO
electrode, respectively.

The specific capacitance (C, F g ') was calculated from the
CV curves by using eqn (1) as well as from the CP curves
according to the eqn (2).

I jEdE
== 1
¢ 2mvAE ®
IAt
C= mAE )

where I (A) is the response current, AE (V) represents the
potential window, m (g) is the mass of the active substance
RGPF-m-t, v (V s~ ') is the scanning rate and At (s) is the
discharge time.
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In this paper, the value of the specific capacitance was the
average of six samples. From the average specific capacitance,
the energy density (£, W h kg™ ') and power density (P, W kg™ )
were calculated from CP curves of two-electrode system
according to the eqn (3) and (4), respectively.

CAE?
E= = ©)
E
Y )

where C (F g™') is the specific capacitance, AE (V) is the
potential window and At (s) is the discharge time.*>*?

3. Results and discussion
3.1 Materials characterization

FT-IR was employed to investigate the chemical characteristics
of the prepared samples. The typical FTIR spectra of RCGO-800,
PF-800 and RGPF-0.20%-800 were showed in Fig. 1(a). The three
FTIR spectra were similar and in accord with the reported
papers.” In each FTIR spectrum, there was a wide and strong
absorption peak at 3440 cm™ ', which could be considered as the
contribution of the -OH groups residual in phenol and gra-
phene.>®** The characteristic peak at 1326 cm™ ' was mainly
contributed by C-O vibration, and the one at 1630 cm ™" corre-
sponded to the C=C vibration.*>*° In the FTIR spectra of RGPF-
0.20%-800, a weak absorption peak was observed at 2340 cm ™",
which could be attributed to the residual O-C=O0 groups
formed by the esterification reaction between carboxyl gra-
phene oxide and phenolic resin. In addition, compared with
CGO and phenolic resin,”*® the peaks owing to the oxygen
groups such as C=0 (1732 cm™!) and C-O-C (1048 cm!) dis-
appeared, indicating these oxygen groups were decomposed
during the carbonization, which is helpful for the pore
formation.>

Raman spectroscopy is an effective tool for the character-
ization of carbon materials. As shown in Fig. 1(b), all the Raman
spectra of the three carbon material (RGPF-0.20%-800, PF-800
and RCGO-800) had two obvious peaks located at about
1325 cm ™" and 1586 cm ™ '. The peak loaded at 1325 cm ™' is
regarded as D bands corresponding to sp® carbon atoms, and it
also represents irregular model concerned with structure
defects and content. Meanwhile, G bands loaded at 1586 cm™*
is derived from stretching vibration of sp> carbon atoms, and it
certainly indicates order-induced mode.*>* The intensity ratio
I(D)/I(G) is usually served as a standard to evaluate the quality of
the graphene structures.®* For RCGO-800, I(D)/I(G) was the
highest up to 1.27, meaning the reduction of CGO at 800 in N,
atmosphere. This also could be verified by the obvious 2D bands
at 2700 cm™ %% I(D)/I(G) values of RGPF-0.20%-800 and PF-800
were similar, indicating the incorporation of CGO with small
amount had little influence on the Raman spectra.

X-ray photoelectron spectroscopy (XPS) is a powerful method
to analysis the elemental composition on the material surface.
Fig. 1(c-e) is the C 1s spectra of RCGO-800, PF-800 and RGPF-
0.20%-800. Five typical peaks locating at 284.4, 285.1, 286.1,

This journal is © The Royal Society of Chemistry 2017
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PF-800 and (e) RGPF-0.20%-800.

288.2 and 289.6 eV corresponded to C=C, C-C, C-O, C=0 and
0O-C=(, respectively.’>* In the three spectra, the two wide and
high peaks at 284.4 and 285.1 eV indicated that most of the
carbons in the prepared porous materials were aromatic
because they owned sp” carbon atoms and delocalized-bonds.**
The percentages of the groups on the surface were summarized
in Table 1. Compared to CGO,*® the percentage distribution of

This journal is © The Royal Society of Chemistry 2017

(a) FT-IR spectra and (b) Raman spectra of RCGO-800, PF-800 and RGPF-0.20%-800. XPS spectra for C 1s region of (c) RCGO-800, (d)

C=0 and O-C=O0O in RCGO-800 reduced, indicating the
reduction of CGO to RCGO during the carbonization. The
carboxyl groups were only derived from the CGO. So there was
no O-C=0 in the PF-800. The content of oxygen groups on the
surface of RGPF-m-800 was changed with the initial content of
CGO. In CGO/PF, the statues of oxygen groups on the surface of
RGPF-m-800 was changed with the initial content of CGO. In

RSC Adv., 2017, 7, 43965-43977 | 43969
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Table 1 The surface chemical properties of prepared materials

Element content

(at%) C 1s (at%)
Samples C 0 0/C (at%) Cc=C c-C Cc-0 c=0 0-C=0
RCGO-800 93.64 6.36 6.79 45.83 42.82 5.62 3.70 2.03
PF-800 94.54 5.46 5.78 49.34 39.73 10.22 0.71
RGPF-0.05%-800 92.58 7.42 8.01 45.54 40.00 8.27 3.36 2.83
RGPF-0.10%-800 95.27 4.73 4.96 46.86 38.49 7.98 3.29 3.38
RGPF-0.20%-800 95.88 4.12 4.30 47.25 38.08 7.70 3.39 3.58
RGPF-0.30%-800 91.56 8.44 9.22 48.41 36.26 6.62 4.75 3.97
RGPF-0.20%-700 92.04 7.96 8.65 48.29 35.2 9.62 3.67 3.21
RGPF-0.20%-900 94.26 5.74 6.09 38.77 47.31 5.89 4.83 3.20
RGPF-0.20%-1000 95.30 4.70 4.93 37.10 49.86 4.99 5.54 2.51

CGO/PF, the statues of oxygen groups mainly originated from
-OH on the phenyl rings, -COOH on CGO and -O-C=0 from
the esterification reaction. Among these oxygen groups, -O-C=
O was the easiest to thermally decompose.”® When the content
of CGO increased from 0.05% to 0.20%, the number of -O-C=0
in CGO/PF increased and the content of ~-OH decreased, which
caused the content of oxygen decreased after carbonization.
However, when the content of CGO increased from 0.2% to
0.30%, the content of oxygen increased because the number of
-O-C=0 in CGO/PF was up to the maximum and extra -COOH
was introduced. This also was verified by the contents of C-O,
C=0 and O-C=C in the RGPF-m-800. RGPF-0.05%-800 had the
largest number of C-O which could come from -OH. In the
meantime, RGPF-0.30%-800 had the maximum of C=O and
O-C=C due to -COOH in CGO. The thermolysis of O-C=C
benefited formation of the micropores during the carboniza-
tion. The carbonization temperature also affected the chemical
structure of the carbon materials. With the rise of carbonization
temperature, the structure of C-O, C=0 and O-C=C would
decompose, leading to the oxygen content became less.

To understand the surface properties and pore distribution
of the prepared porous materials, N, adsorption/desorption
isotherms of RCGO-800, PF-800 and RGPF-m-t (Fig. 2) were
analyzed. The isotherms of RCGO-800 (Fig. 2(c)) is the typical I
adsorption isotherms, indicating the presences of micropores
(<2 nm).* The isotherms of PF-800 (Fig. 2(c)) exhibited
a mixture adsorption isotherm of type I at the lower pressure
and type IV with a H, hysteresis in the higher relative pressure
of 0.450 to 0.995. This demonstrated the presence of micropores
and mesopores (2-50 nm), which in agreement with the pore
size distribution calculated by the BJH model shown in
Fig. 2(d).* For RGPF-m-t (Fig. 2(a) and (b)), the isotherm showed
a type I at the lower pressure attributed to the micropores. But at
the higher pressure, a slight hysteresis existed, implying a small
quantity of mesopores with the smaller diameter. The pore size
distribution in Fig. 2(d) was consistent with this. Table 2 pre-
sented the specific surface area, total pore volume and micro-
pore volume of the prepared porous carbon materials.

PF-800 had the smallest specific surface area because of the
fewest micropores. It is noteworthy that all the specific surface
area of RGPF-m-t except RGPF-0.20%-700 was much larger than
that of PF-800 and RCGO-800, and RGPF-0.20%-800 had the

43970 | RSC Adv., 2017, 7, 43965-43977

largest one, which further demonstrated the micropores mainly
formed by the decomposition of O-C=C.

However, the carbon materials only with the micropore
structure were unfavorable to the capacitive performance
because it is difficult for inner pores to be fully accessed by the
ions. It also needs a certain amount of macropores to ensure the
fast and accessible ion diffusion.’”*” In this work, the macro-
pores formed by the foaming of CGO/PF, which were obviously
observed from the SEM and TEM images shown in Fig. 3. In the
SEM pictures of PF and RGPF, there were mass of the
honeycomb-like structure with external open pores in the
diameter range from nanometer to micron. It could derive from
the above representation that the prepared carbon materials
had the hierarchical porous structure with macropores, meso-
pores and micropores.

3.2 Electrochemical tests

The above discussion about the surface properties of the
prepared materials revealed that most of RGPF-m-t had a hier-
archical porous structure and a large specific surface area,
illustrating they were the ideal candidate electrode materials for
the supercapacitors. The material characterization also
demonstrated that the content of CGO as well as the carbon-
ization temperature could affect the surface structure, and
resultantly would affect their electrochemical properties. The
electrochemical performance of these materials was evaluated
by CV, CP and EIS in a 6 M KOH solution by using a three-
electrode system.

Firstly, the optimization of the potential window was carried
out using RGPF-0.02%-800 by CV at 5 mV s~ *. The higher cut-off
potential varied from 0.0 to 0.5 V vs. Hg/HgO with respect to
—1.0 V vs. Hg/HgO. As shown in Fig. 4(a), the oxygen evolution
reaction was observed clearly when the higher cut-off potential
was higher than 0.3 V vs. Hg/HgO, which would affect the
measurement of the double-layer capacitance and the stability
of the electrode. Hence, we selected the potential window of
—1.0 to 0.3 V vs. Hg/HgO for the following double-layer-
capacitance investigation.

The impact of the content of CGO on electrochemical
behaviors of RGPF-m-800 was investigated and the results were
shown in Fig. 4(b)—(f). As shown in Fig. 4(b), all the CV curves of

This journal is © The Royal Society of Chemistry 2017
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the RGPF-m-800 samples presented quasi-rectangular shapes
with a wider potential range of —1.0 to 0.3 V, showing the typical
double-layer capacitive behavior.”** The currents changed with
the content of CGO. Fig. 4(c) showed the specific capacitance of
all the prepared RGPF-m-800 calculated by the eqn (1) at
different scan rates. All the capacitance of RGPF-m-800 is higher
than that of pure PF-800 and the composite materials
owning 0.20% CGO reach the highest capacitance at a scan rate
of 5 mV s~ . In addition, Fig. 4(c) also showed the capacitance
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decreased with the increase of the scan rates, which was regar-
ded corresponding to the diffusion of electrolyte ions. At a low
scan rate, electrolyte ions have sufficient time to diffuse on the
electrode surface and finish the charge propagation at the
interfaces of electrode/electrolyte. With the increase of scanning
ratio, the charge propagation would be affected by decrease of
the ion effective diffusion, resulting in a lower capacitance.
The CP experiments of RGPF-m-800 with different current
densities in Fig. 4(d) and (e) also exhibited the same results. As

Table 2 Textural properties of the prepared materials derived from BET analyses

Samples SgeT (mz gil) Smicro (mZ gil) Veotal (Cm3 gil) Vmicro (Cm3 gil) D (nm)
RCGO-800 281.90 222.36 0.13 0.09 1.78
PF-800 141.62 80.56 0.11 0.03 3.22
RGPF-0.05%-800 609.54 547.49 0.25 0.21 1.60
RGPF-0.10%-800 679.13 599.83 0.27 0.23 1.60
RGPF-0.20%-800 837.55 744.36 0.33 0.28 1.58
RGPF-0.30%-800 616.74 561.64 0.24 0.21 1.56
RGPF-0.20%-700 224.11 198.22 0.13 0.075 2.34
RGPF-0.20%-900 672.12 599.11 0.27 0.23 1.61
RGPF-0.20%-1000 397.11 335.31 0.16 0.13 1.65

This journal is © The Royal Society of Chemistry 2017
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b) RCGO-800

Fig. 3 (a—i) SEM images of the prepared materials, the insets are SEM
images under high magnification; (j) TEM image of RGPF-0.20%-800.

showed in the Fig. 4(d), the profile of these charge/discharge
curves was like an isosceles triangle, indicating a reversible
adsorption/desorption of ions which is the characteristic of the
electric double-layer capacitors.****° It was clearly noted from
Fig. 4(e) that RGPF-0.20%-800 owns the highest specific capac-
itance at the same current density calculated from the CP
curves, and the changing rules of the specific capacitance with
the content of CGO was consistent with that in the CV
measurement.

RGPF-0.20%-800 exhibits a higher capacitance up to
272.6 Fg ' ata current density of 0.1 A g™, and the capacitance
still sustained 153.1 F g~ at 20 A g~ '. Compared with the
specific capacitance of PF-800 (158.9 F ¢! at 0.1 A g~ ), there
was a huge and obvious improvement for RGPF-0.20%-800 after
adding about 18 pg CGO in each working electrode. Meanwhile,
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compared with the reported porous carbon derived from
phenolic resin summarized in Table S3,F RGPF-0.20%-800 also
exhibited an excellent capacitive performance. The first reason
for the excellent electrochemical performance of RGPF-0.20%-
800 is that it had the largest special surface area and the well-
balanced pore distribution shown in the above surface struc-
ture analysis for the fast diffusion and storage of ions. A porous
carbon material with the excellent capacitive performance
should have an appropriate proportion of macropores, meso-
pores and micropores.”*’> The macropores as a bulk-buffering
reservoir for the electrolyte made the ion diffusion distance
shorten, mesopores provided a large, accessible surface area
which enables the rapid and reversible ion transport during
charging storage, and micropores could be helpful for the
charge accommodation. Moreover, the incorporation of RCGO
was also helpful for the electron conduction.” In addition,
a foaming method was applied to forming hierarchical porous
structure instead of the conventional method to make pores,
such as template method and acid or alkali activation. Hard-to-
control process and complicated post-treatment limited the
large scale application of these conventional methods. In
contrast, the foaming method was simple, easy to control and
able to form a large amount of open pores, which was more
suitable for the extensive preparation of the porous carbon
materials.

EIS was performed to evaluate the conductive ability of the
electrode materials. Fig. 4(f) showed the Nyquist plots of RGPF-
m-800. All the Nyquist plots exhibited a straight line in the low
frequency region and a semicircle in the high frequency region.
The straight line related to the ion diffusion. The larger the
value of slope was, the faster the ion diffusion was, and the
better the capacitive performance of the electrode was. It was
obvious that the straight line in the Nyquist plot of RGPF-0.20%-
800 was nearly vertical, indicating a closely ideal capacitive
performance due to the hierarchical porous structure. The
radius of the semicircle represented charge transfer resistance
(Ret) at the electrode/electrolyte interface.” Obviously, RGPF-
0.20%-800 showed the smallest R.; compared to other RGPF. In
the high-frequency region, the intercept of the semicircle with
the real axis corresponded to the internal resistance (R;) coming
from the ionic resistance of the electrolyte, the electrical resis-
tance of the electrode, and interfacial resistance between the
electrode and electrolyte.” All the R values of RGPF were about
0.4 Q. This was also due to the hierarchical porous structure
which could shorten the ion diffusion distance and prompt ion
transport fast.

The carbonization temperature was another pivotal factor in
determining the structures of the prepared materials as well as
the resultant supercapacitive performance. Fig. 5(a-e) showed
the CV, CP and EIS curves of RGPF-0.20%-t. The results indi-
cated the appropriate carbonization temperature was at 800 °C
because of the larger special surface area, the appropriate pore
distribution and the good electron conduction.

In addition, the cyclic stability, an important criterion for the
supercapacitor applications, was investigated by the charge/
discharge curves of RGPF-0.20%-800 at the current density of
1 A ¢~ '. During the measurement process, all the curves kept

This journal is © The Royal Society of Chemistry 2017
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Fig.4 (a) CV curves of the RGPF-0.02%-800 at 5 mV s in different potential windows; (b) CV curves at 20 mV s™%; (c) specific capacitance from
CV curves as a function of scan rate; (d) CP curves at 1 A g~%; (e) specific capacitance from CP curves as a function of current density; (f) Nyquist

plots from 10 mHz to 100 kHz for PF-800 and RGPF-m-800.

a symmetric triangular shape and owned the same trans-
formation. The specific capacitance retention ratio shown in
Fig. 5(f) was calculated based on the eqn (2). After 10 000 cycles,
RGPF-0.20%-800 can retain 92.31% of its initial specific
capacitance. In a word, this hierarchical porous carbon pre-
sented a good cycle life and capacitance value, implying
a promising application for the supercapacitors.

This journal is © The Royal Society of Chemistry 2017

To further explore the capacitance performance of the RGPF
and PF electrode for the actual application, RGPF-0.20%-800 or
PF-800 was characterized as electrodes in a two-electrode
symmetric supercapacitor by CV and CP using 6 M KOH solu-
tion. The performance of the symmetric supercapacitor was
shown in Fig. 6. The CV curves with various potential windows
from 0-1.0 to 0-1.5 V at 5 mV s~ ' were presented in Fig. 6(a). It
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Fig. 5 (a) CV curves at 20 mV s™%; (b) specific capacitance from CV curves of as a function of scan rate; (c) CP curves at 1 A g~%; (d) specific
capacitance from CP curves as a function of current density; (e) Nyquist plot from 10 mHz to 100 kHz for RGPF-0.20%-t; (f) capacitance retention
of RGPF-0.20%-800 over 10 000 cycles at 1 A g%, the inset is the typical measured CP curves.

was noted that the CV curves hold the rectangular shapes with
a mirror image feature at the potential window up to 1.3 V,
demonstrating a double-layer capacitive behavior and the
maximum working potential window of 1.3 V. With the increase
of scan rate from 5 mV s~ to 100 mV s~ *, the profile of the CV
curves of RGPF-0.20%-800 had no significant change as shown
in Fig. 6(b), which was due to the hierarchical porous structure.

43974 | RSC Adv., 2017, 7, 43965-43977

Fig. 6(c) showed the CP curves of the RGPF-0.20%-800 with
a regular isosceles triangle shapes, also indicating an ideal
double-layer capacitive behavior. The specific capacitance could
be calculated from CP curves by the eqn (2). The capacitance at
0.1 Ag 'was 64.9 F g ', and still retain 31.55 F g~ ' at a high
current density of 10 A g '. According to the specific capaci-
tance, the energy density and power density of the symmetric

This journal is © The Royal Society of Chemistry 2017
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supercapacitor were calculated by eqn (3) and (4) respectively,
and their relationship was depicted by Ragone plots shown in
Fig. 6(d). The maximum energy density of the RGPF-0.20%-800
could reach 15.20 W h kg™ " corresponding to the power density
of 90.90 W kg™' at a current density of 0.1 A g~'. More
remarkably, even when the power density of devices was 10.11
kw kg ', the energy density still remained 4.54 W h kg™ .
Taking into account of the high-yield, economical, environ-
mentally friendly of the raw materials and simple synthetic
method, this hierarchical porous carbon derived from carboxyl
graphene oxide/phenolic foam are worthy of further investiga-
tion to be applied actual production for the supercapacitors.

4. Conclusions

In summary, the hierarchical porous carbon materials were
prepared with a facile and low-cost method from phenolic resin
and CGO by foaming and carbonization. Structure character-
izations revealed that the hierarchical porous carbon materials
with a large special surface area consisted of macropores,
mesopores and micropores from the foaming process, decom-
position of the ester groups and carbonization of the polymer,

This journal is © The Royal Society of Chemistry 2017

respectively. The rational-distribution hierarchical porous
structures could shorten the ion transport distance and
increase the charge accommodation, whereas the excellent
electrical conductivity could be conducive to the electron
transport. Because of the above advantages, RGPF-0.20%-800
exhibited a high specific capacitance of 272.6 F g~ " at a current
density of 0.1 A g”" in KOH electrolyte, which is 113.7 F g~*
higher than PF-800. Meanwhile, the electrode materials RGPF-
0.20%-800 also showed an excellent cycle life with 92.31%
specific capacitance retained after 10 000 cycles. Moreover,
symmetric supercapacitor based on RGPF-0.20%-800 also
exhibited a high energy density (15.20 W h kg™") and power
density (10.11 kW kg™ "). All the excellent capacitance perfor-
mances indicate the synthesized hierarchical porous carbon
material is a promising candidate for real energy storage in
supercapacitors. The approach proposed in this work also
provides a novel strategy for the mass preparation of the
advanced capacitance materials.
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