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Abstract A series of microporous carbons were prepared by
simple carbonization and activation of phenol-melamine—
formaldehyde resin. The morphology, surface area, and ele-
mental composition of the samples were investigated by scan-
ning electron microscope, Brunauer—Emmett—Teller
measurement, Raman spectra, and elemental analysis, respec-
tively. Electrochemical characteristics were evaluated by cyclic
voltammograms, galvanostatic charge/discharge, and electro-
chemical impedance spectroscopy measurements in
6.0 mol L™' KOH. The microporous carbon activated by
KOH presented a high specific capacitance of 202 Fg ' at a
scan rate of 2 mV s '. Furthermore, the KOH-activated micro-
porous carbon electrode exhibited durable operation, the total
loss of capacitance after 20,000 cycles is 2% at a current density
of 500 mA g '. The good electrochemical performance of the
activated carbon was ascribed to well-developed micropores,
high surface area, larger pore volume as well as oxygen groups.

Keywords Supercapacitors - Microporous carbon -
Polymer - Electrochemical properties

Introduction

Supercapacitor (also called electrochemical capacitors), as
energy storage devices with high power density and long
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cycle life, have been considered to be a promising high
power energy source for hybrid electrical vehicles, digital
telecommunication systems, and so on [1-4]. Usually,
supercapacitors may be divided into two categories, namely,
electrical double-layer capacitors (EDLCs) and pseudocapa-
citors, which are distinguished by their charge storage
mechanisms [4, 5]. EDLCs show an electrostatic attraction
with accumulation of charges at the electrode/electrolyte
double-layer interfaces. In contrast, a pseudocapacitor uses
a conducting polymer [6] or transition metal oxides [7] as an
electrode material, which undergoes reversible faradic redox
reactions at or near the electrode surface.

In recent years, much effort has been focused on devel-
oping better supercapacitor electrode materials. Up to date,
activated carbon is well known as promising materials for
future capacitors due to their well-developed microstructure,
high surface area, electrochemical stability, good conductiv-
ity, and low cost [8—10]. Their porosity, mainly micro- and
mesoporous, allows an easy penetration of the electrolyte
species and easy access to the smallest pores. Particularly,
the abundant micropores play an essential role for optimiz-
ing the electrical double-layer surfaces and then strengthen
the value of capacitance. Moreover, their porosity can be
significantly developed by activation: physically with steam
or carbon dioxide, or chemically with chemical reagents, i.c.,
KOH, K,COs, ZnCl,, and H3PO,4 [11-14]. Generally, chem-
ical activation is the preferred route because it achieves higher
yield, larger surface area, needs low operating temperature,
less activation time, and is cost-effective.

Various activated carbons derived from phenolic resin
such as phenol-formaldehyde resin [15-17], resorcinol—
formaldehyde resin [18-20], pyrocatechol-formmaldehyde
resin [21], and melamine—formaldehyde [22, 23] have been
reported. Herein, a serial of oxygen-rich microporous car-
bons with high specific surface area were prepared from
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phenol-melamine—formaldehyde (PMF) resin by chemical
activation. We present an easy-accessed method by directly
mixing phenol, melamine, and formaldehyde under
designed aqueous basic/acidic conditions (first weakly basic
condition then highly acidic condition) to synthesis well-
developed microporous carbon, which could overcome the
restriction of the narrow pH range and simplify the synthesis
procedures. Though activated carbon has been prepared
from PMF gels [24], the synthesis route was different with
ours, and we have used PMF resin-based-activated carbons
as electrode materials for supercapacitors, which presented
good electrochemical properties.

Experimental
Preparation of PMF resin

All reagents used were of analytical grade, and distilled
water was used in this experiment. Melamine (11.7 g),
37% formaldehyde solution (32.6 g) and triethylamine
(6.3 g) were dissolved in 150 ml distilled water to form a
homogeneous mixture with the pH value is about 9. The
mixture was heated to 75 °C under vigorous stirring. After
30 min, phenol (64.6 g) was slowly added to the mixture.
After stirring for 15 min and then 85% H;PO, solution
(14.8 g) was added to decrease the pH value to about 3.
After stirring for another 12 h at 75 °C, the resulting buff
powder was filtered, washed, and dried at 100 °C for 48 h to
obtain the PMF resin.

Preparation of carbon materials

The PMF resin were mixed for 4 h with 1:2 weight ratio of
chemical reagents, i.e., K,CO3;, KOH, and ZnCl, dissolved
in a small amount of distilled water. After drying at 110 °C
for 24 h, the mixture were heated to 700 °C or 800 °C at a
heating rate of 5 °C min ' under nitrogen flow and main-
tained at the desired temperature for 1 h. The as-prepared
products were washed with distilled water and then dried at
110 °C for 24 h. In order to facilitate the description in the
text, the activated samples using K,CO;, KOH, ZnCl, as
chemical reagents were marked as AKC800, AKH800, and
AZ700, respectively. For comparison, a carbonized sample
from PMF resin at 700 °C under nitrogen is marked as
C700.

Characterization and measurements
Scanning electron microscope (SEM) measurements were
performed on a JEOL JEM-3010. The Brunauer—-Emmett—

Teller (BET) specific surface area of the carbon materials
were determined by N, adsorption at 77 K on a Quantachrome
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NOVA-2200 system. The pore size distributions were estimat-
ed by density functional theory (DFT) method. Raman spectra
were recorded on a Jobin-Yavon U-1000 micro-Raman sys-
tem at room temperature at an excitation wavelength of
532 nm. The elemental analyses were performed on an ele-
mental analyzer Vario EL V5 (Elementar analysensysteme
GmbH).

Electrochemical testing

The electrode was prepared by mixing the obtained carbon
(80%), acetylene black (10%), and polyvinylidene fluoride
(10%) in N-methylpyrrolidone to form a homogenous slurry.
The slurry was then spread onto a nickel foam and dried at
100 °C for 24 h in a vacuum oven. Sandwich-type capaci-
tors were assembled with two electrodes separated by nylon
film, and 6 mol L' KOH solution was used as electrolyte.
Cyclic voltammetry (CV), galvanostatic charge/discharge
cycles, and electrochemical impedance spectroscopy (EIS)
were conducted on a CHI 660A electrochemical workstation
(CHI Inc., USA) at room temperature. EIS measurements
were carried out by applying an AC voltage of 5 mV am-
plitude in the 100 kHz to 10 mHz frequency range. The
cycling performance was charged and discharged in the
potential range of 0.001-1.0 V at a constant current density
of 500 mA g ' on a Neware BTS cell test apparatus. In
addition, the influence of the binder (5-15%) on the elec-
trochemical properties of the active material were not obvi-
ous (Electronic supplementary material (ESM) Fig. S1).

Results and discussion

The SEM images of the as-prepared samples are presents
microbead shapes (ESM Fig. S2).

Typical nitrogen adsorption/desorption isotherms of the
as-prepared samples are shown in Fig. 1a. In the isotherm of
C700, the adsorbed volume is very small, indicating its
nonporous characteristics. In the isotherms of AKC800,
AKHS800, and AZ700, according to the International Union
of Pure and Applied Chemistry classification, the N,
adsorption isotherms exhibit type I characteristics, indi-
cating their microporous features. Figure 1b denotes the
corresponding pore size distribution curves by the DFT meth-
od of the as-prepared samples. It is seen in Fig. 1b that the
adsorbed volume of C700 is very small, indicating its nonpo-
rous characteristics. As for AKC800, AKH800, and AZ700,
relatively sharp peaks at pore diameter less than 2 nm indicate
the formation of micropores. Meanwhile, it is also noticeable
that peaks are exhibited in the pore size range of 2—4 nm for
AKHS800, which confirms that AKH800 contain both micro-
pores and mesopores.
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The textural properties of the as-prepared samples are
summarized in Table 1. The BET surface area, micropore
surface area, and total pore volume of the porous carbons
increase remarkably after chemical activation. AKH800
exhibits the highest BET surface area of 2,376 m”* g ' and
a total pore volume of 1.07 cm® g~'. At the same time, a
steady increase of micropore volume could be found for
these carbons. As a result, the average pore diameter de-
creased after activation.

Figure 2 shows the first-order Raman spectrum of the
as-prepared carbons. The first-order spectrum of carbons
exhibit two broad and strongly overlapping peaks. The
peak at ~1,350 cm™' (disorder-induced D band) is at-
tributed to A;, model and is associated with the pres-
ence of structural defects and disorders of carbon
materials, while the peak at ~1,600 cm ' (G band) has
E,; symmetry and is related to the vibration of sp>-
bonded carbon atoms in a two-dimensional hexagonal
lattice, resulting from the stretching modes of C=C
bonds of typical graphite [25-27]. It is worth noting
that the peak positions of G- and D-band shift to a
higher wavelength number in comparison with that of
single crystal, suggesting a structural imperfection of the
graphene sheets of material [28]. However, the width
and intensity of these two peaks suggest the disordered nature
of'the as-prepared carbons. In addition, the relative intensity of
D- against G-band also represents the degree of disorder in the
graphite structure. It can be seen in Fig. 3 that the values of full
width at half maximum of D- and G-band stay approximately
constant or decrease only slightly after activation, and the ratio
of the integrated intensities of the D- and G-bands (Ip/I) of

the as-prepared carbond are almost the same (/p//g=0.99—
1.01), indicating no significant change in overall graphite
structure after activation.

Elemental analyses of the as-prepared samples are also
shown in Table 1. After activation, the high oxygen content
of 7.3%, 10.7%, and 11.5% were retained in AKHS&00,
AKC800, and AZ700, respectively. As a result of self-
oxidation, the carbon surface is usually decorated with ox-
ygen functional groups such as quinone, which can enhance
the capacitance of porous carbon by enhancing the carbon
wettability and by pseudo-Faradaic reactions [29-31].

Typical CV curves for the nickel foam and as-prepared
carbons at a scan rate of 2 mV s ' are presented in Fig. 3a. It
can be observed that all the carbons present a quasirectan-
gular voltammogram shape at the low scan rate. Particularly,
the AKC800 and AKH800 give similar high specific capac-
itance, which is due to their high surface area, well-
developed micropores, and the presence of oxygen groups.
Moreover, the capacitance contribution of nickel foam could
be ignored. Figure 3b presents the CV curves for activated
carbons at a scan rate of 100 mV s~'. The activated carbons
still show a quasirectangular voltammogram shape at the
high scan rate indicative of a good candidate as electrode
materials for supercapacitors.

Figure 4 shows the variation of specific capacitances at
different scan rates. The specific capacitances of all samples
decrease as the scan rate increase. This confirms that at the low
currents, the ions have enough time to diffuse into the micro-
pores of carbons; while at the high currents, the ions can only
partially penetrate into the micropores due to the sterical
limitations [9, 32]. However, the specific capacitance of

Table 1 Textural characteristics,

clemental analysis (carbon, hy- Samples BET Smic Vi Vmic D Elemental analysis Copec

drogen, nitrogen, and oxygen - i s s B

contents [%]), and specific m g m- g cm” g cm” g nm C H N o Fg

capacitance (test at a scan rate

of 2 mV s ") of the as-prepared C700 30.6 - 0.03 - 3.75 76.7 1.4 9.4 12.5 58

samples AKC800 1,610 1,485 0.63 0.51 1.07 874 04 1.5 10.7 208
AKH800 2,376 1,934 1.07 0.83 142 90.8 04 1.5 7.3 202
AZ700 1,296 1,164 0.54 0.52 095  79.7 1.0 78 11.5 153
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AKH800, AKC800 and AZ700 can still remain as high as
178,173, and 122 Fgfl at the high scan rate of 100 mV s
88.3%, 83.4%, and 80% of that measured at 2 mV s_l, re-
spectively. It suggests that, after activation, more surface area
of the carbons was accessible to electrolyte ions due to the
improved wettability of the carbon and faster charge propaga-
tion [33]. This result is supported by BET results.
Galvanostatic charge/discharge measurements are
commonly used to test the performance of capacitors.
Galvanostatic charge/discharge curves of the samples at
the current density of 500 mA g~ between 0 and 1.0 V
in a 6.0 mol L' KOH electrolyte are shown in Fig. 5.
The galvanostatic charge/discharge curves of the sam-
ples exhibit almost the isosceles triangle curves, with
low IR drops, which indicate the supercapacitors with
the performance of electrochemical stability and revers-
ibility. However, the specific capacitance of AKCS800,
AKH800 and AZ700 reach 188, 190, and 140 Fgfl,
respectively, much larger than that of the C700 (53 Fg ).
The specific capacitance of the samples was calculated from
the discharge side of the galvanostatic charge/discharge pro-
files. In addition, although the AKC800 and AKH800 give

G band

D band

AKC800

AKHS800

Intensity (a.u.)

1300 1400 1500 1600 1700

Raman shift (cm™)

1100 1200 1800

Fig. 3 Cyclic voltammograms of the electrode materials in 6 mol L™
KOH aqueous electrolyte: a as-prepared samples and nickel foam at a
scan rate of 2 mV s ' (inset enlarged CV curve of nickel foam), b
activated carbons at a scan rate of 100 mV s '. The weight of nickel
foam is 65 mg, while the weight of electroactive material in each
electrode for C700, AKC800, AKH800, and AZ700 is 6.24, 4.48,
4.48, and 8.56 mg, respectively
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similar specific capacitance, the efficiency of charge/discharge
of AKHS800 (97.2%) is larger than AKC800 (85.7%), which
may be ascribed to its abundant micropore volume and
suitable average pore size, as the average pore size of
AKHBSO00 is large enough to allow the fast access of the ions
compared.

The Ragone plots are frequently used in demonstration of
power densities and energy densities of supercapacitors and
Fig. 6 displays the plots for AKC800, AKH800, and AZ700.
The energy and power densities are calculated from the
galvanostatic cycling of a supercapacitor charged up to
1.0 V at current densities from 0.5 to 5A g '. The highest
energy densities are obtained from AKHS800. As the power
density increased from 1,000 to 8,800 Wkg_l, the energy
density of AKH800 dropped from 26.3 to 20.7 Wh kg .
The other carbons show similar trends. The energy and
power limitations normally observed at high rates are asso-
ciated with the tortuous diffusion pathways within the po-
rous textures. At high discharge current, only some parts of
the pores can be accessed by the ions; whereas at low
current, total surfaces are used for charge storage. The good
energy and power performances of porous carbons (typically
AKHS800) confirm that most of micropores skeleton can be
effectively utilized for charge storage.

The cyclability of activated carbon electrodes are tested
by continuous galvanostatic charge/discharge to 20,000
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Fig. 4 Specific capacitance of the as-prepared samples as a function of
scan rate
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Fig. 5 Galvanostatic charge/discharge curves of the as-prepared
samples

cycles (see Fig. 7) at a current density of 500 mA g '. A
little decrease of specific capacitance mainly occurs at the
initial 2,000 cycles, and thereafter the specific capacitance
tends to stabilize. After 20,000 cycles, the specific capaci-
tance of AKHS800 is still about 98% of the initial specific
capacitance, which can be ascribed to its high surface area
and well-developed micropores. The particular stability of
AKHS800 may also be explained by the existence of lower
oxygen groups such as quinone, which are electrochemically
active but not stable and can cause capacitance deterioration.
This is also supported by the high specific capacitance of
AKC800 but with a poorest cycling performance among the
three activated carbons. At the same time, the specific capac-
itance drop of AZ700 can result from the high oxygen content,
and the pore size of <1 nm limiting the accessibility to the
surface with cycling.

The resistance of a supercapacitor, namely equivalent
series resistance or ESR, consists of electronic resistance
and ionic resistance. Typical Nyquist impedance spectra the
as-prepared samples are shown in Fig. 8. At very high
frequencies, the intercept at the real axis is the ESR value.
It can be seen that the ESR of the activated carbons, partic-
ularly, the AKH800 (1.3 €2) is lower than that of C700
(1.8 2), indicating that the electric conductivity increases.
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Fig. 6 Ragone plots of the AKC800, AKH800, and AZ700
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Fig. 7 Cycle performance of the activated carbon electrodes at a
current density of 500 mA g’

The lower electronic resistance for activated carbons is
probably attributable to more rapid mass transport within
micropores of carbon due to the improved wettability of
active material [34]. In addition, the straight line in all plots
in the low-frequency region reveals the capacitive nature of
the carbons. The slopes of microporous carbons are steeper
than that of C700, which suggests that the capacitive per-
formance is better than that of C700. This is consistent with
above results from CV curves.

Conclusions

Microporous carbons with high surface area were prepared
from PMF resin by simple carbonization and activation.
Various chemical reagents such as K,CO3, KOH, and ZnCl,
were used for activating. Owing to their high surface area,
large amount of micropores less than 1.5 nm, disorder struc-
ture, high oxygen-containing, and low ESR, the obtained
carbon materials cherishes good electrochemical performance
such as high specific capacitance, high energy and power
densities, and cycling stability.
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Fig. 8 Nyquist plot of the as-prepared samples (inset enlarged high-
frequency region of Nyquist plot)
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