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The ash was removed before or after carbonization of potassium humate to investigate the effect of ash removal methods
on pore structure and electrochemical performance of activated carbons for supercapacitors. The activated carbons were
prepared by direct carbonization of potassium humate at 700 °C for 1 hour under N2 atmosphere with different de-ashing
strategies. It was found that ash removal before carbonization was an effective strategy to reduce the ash content of the
corresponding activated carbon. When de-ashing treatment was adopted after carbonization, part of the ash in activated
carbon was coated with carbon and could not be removed through acid soaking. Moreover, ash removal before
carbonization could better contribute to creating the micropores and the ash removed after carbonization performed as
templates to mainly generate mesopores. The activated carbon with ash removed before carbonization as electrodes
delivered a specific capacitance of 164.84 F/g at a current density of 50 mA/g, and exhibited typical electric double layer
capacitive performance as well as lower leakage current of 15.3 pA.
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1. INTRODUCTION

Electric double layer capacitors (EDLCs), also known
as supercapacitors, have been extensively investigated due
to their excellent properties such as high power density, high
coulombic efficiency, short charging time and long cycle
life [1, 2]. EDLCs currently fill the gap between batteries
and conventional capacitors [3—8], and have widespread
applications in hybrid vehicles, memory backup — system
[6, 7], elevator, locomotives [9], and so on. EDLCs store
charges in the double layer formed at the electrolyte-
electrode interface [3, 7, 10, 11], and their electrochemical
performances strongly depend on the properties of the
electrode materials, including specific surface area, pore
size distribution, surface chemistry and electronic
conductivity [12]. Activated carbon is considered as one of
the most promising electrode materials for EDLCs because
of its high specific surface area, well-developed and
adjustable porous structure, high conductivity, excellent
chemical stability and low cost [4, 13].

Ash in activated carbon has negative impacts on the
electrochemical properties of the corresponding EDLCs,
including increase in leakage current and decrease in
electrochemical cycling stability [12]. Fortunately, the
mineral matter in precursors can function as templates for
porosity formation of the resultant activated carbons [9].
Activated carbon prepared from rice husk, was basically
mesoporous, which was obtained from leaching of the
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mineral component of silica, and exhibited a considerable
specific capacitance of 120 F/g in EMIm'BF4 [14]. Qu [15]
prepared corncob residues based porous carbon with high
capacitance of 314 F/g and superb cycling stability in 6 M
KOH electrolyte, and found that the process of ash removal
was efficient for pore-forming, especially so for well-
developed micropores. However, to the best of my
knowledge, there are few studies available regarding the
effects of the de-ashing strategies on the surface area and
pore size distribution of the resulting activated carbons,
which play a crucial role in determining their
electrochemical performances.

Activated carbons for supercapacitors have been
prepared from different precursors, including coal [3], coal
tar pitch [16] and biomass [17]. Humic acid (HA), a kind of
biomasses, consisting of a skeleton of aromatic units cross-
linked by oxygen-containing functional groups [18, 19], has
been becoming a promising precursor for activated carbon
preparation. Oxygen-rich and hierarchical porous carbons
were prepared from humic acid through KOH or ZnCl,
activation method, delivering high specific capacitance,
high rate capabilities and excellent cycling stabilities
[19-—21]. Potassium humate, a neutralized product of KOH
and HA with a KOH/HA mass ratio of about 0.12, can be
used as precursor to synthesize highly porous carbons by
single-step carbonization, which exhibited a high specific
capacitance of 232 F/g (26.1 pF/cm?) at a constant
charge/discharge current of 0.5 A/g [22]. Obviously, the ash
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content of as-prepared porous carbons greatly depends on
that of potassium humate due to the relatively weak
activation with small amount of potassium. In other words,
potassium humate is an appropriate precursor for preparing
activated carbons as EDLCs electrodes and, more
importantly, for studying the effects of de-ashing strategies
on their pore structure simultaneously.

In this paper, the commercial potassium humate with
high ash content is adopted as precursor to prepare activated
carbons by direct carbonization with ash removed before or
after carbonization, respectively. The effects of ash removal
strategies on the specific surface area and pore size
distribution of as-prepared activated carbons are studied,
and their electrochemical properties are also investigated in
detail.

2. EXPERIMENTAL
2.1. Preparation of activated carbons

The commercial potassium humate with ash content of
20 % was purchased from Shuanglong Co., Ltd (Xinjiang,
China) and its ultimate analysis is shown in Table 1. The
activated carbons were prepared by direct carbonization of
potassium humate at 700 ° for 1 hour with a heating rate of
5 °C/min under N flow. The ash was removed before or
after carbonization of commercial potassium humate
through hydrochloric acid and hydrofluoric acid soaking
with a volume ratio of 1:1. The carbonized materials were
washed with diluted hydrochloric acid and deionized water,
and dried at 120 ° for 2 hours. The obtained activated
carbons with ash removed before or after carbonization
were referred as AC1 and AC3, respectively. Meanwhile,
activated carbon prepared without ash removed was
nominated as AC2.

Table 1. Ultimate analysis of potassium humate

Caat, % Haat, % (O + S)*qat, %o Ndat, %

44.98 3.26 50.85 0.91
Notes: ad —air dried basis; d —dry basis; daf—dry ash free basis;
* — difference method.

2.2. Characterization

The elemental composition of porous carbons was
analyzed by an elemental analyzer (Vario Macro Cube,
Germany). A silica crucible and a muffle furnace were used
to estimate ash content. X-ray diffraction (XRD) patterns
were collected on a Rigaku Smart-Lab X-ray diffractometer
at a scan rate of 10 °C/min. N, adsorption/desorption
isotherms were measured using a Quantachrome Autosorb-
iQ-MP analyzer at 77 K. The specific surface area (Sger)
was calculated from the isotherms using Brunauer-Emmett-
Teller method. The total pore volume (V;) was estimated
from the single point adsorption (P/Py = 0.99) and pore size
distributions (PSD) were derived from density functional
theory (DFT). The micropore volume (Vmic) was determined
by the t-plot method and the mesopore volume (Vines) Was
calculated by the difference of total pore volume and
micropore volume. Prior to test, the samples were degassed
at 200 °C for 10 hours to remove the water vapor and other
foreign gas matters. The morphology of the samples was
observed by scanning electron microscope (SEM, JSM-

6390LV, JEOL). X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250Xi) was used to investigate the
surface chemical composition.

2.3. Electrodes preparation and electrochemical
measurements

A two-electrode cell was used for electrochemical tests
with a 3 M KOH solution as the electrolyte. The electrodes
were fabricated by mixing 85 wt.% activated carbon
powders with 10wt% of acetylene black and 5wt% of
polytetrafluorene ethylene (PTFE) binder. The galvanostatic
charge-discharge (GCD), cyclic voltammetry (CV) and
Leakage current (LC) were performed on an Arbin SCTS
Instrument (CSCT, Arbin, USA). The gravimetric
capacitances (F/g) were calculated from the discharge
curves according to:

C=2(1 At/(m AV), (D

where I, At, m and AV are the discharge current, A; discharge
time, s; the mass, g of the active materials in the single
electrode and the discharge voltage, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of pore structure

The ash contents of the three activated carbons are listed
in Table 2. The commercial potassium humate precursor has
high ash content of 20 %, resulting in relatively high ash
content (11.6 %) of the corresponding activated carbon
(AC2) without ash removal in the preparation process.

Table 2. Ash contents of the activated carbons

Samples ACl1 AC2 AC3
Ash, % 6.3 11.6 9.4

The three carbons have an order of AC1 < AC3 < AC2
in terms of ash content. The result indicates that ash removal
before rather than after carbonization is an effective strategy
to reduce the ash content of the corresponding activated
carbons, and also suggests that part of the ash in AC2 is
coated with carbon and cannot be removed through acid
soaking.

As shown in Fig. 1, activated carbons all exhibit two
broad peaks at around 20 =22° and 43°, which are
attributed to the reflection in the (002) plane and (100) plane
of'aromatic layers respectively, indicating a porous structure
with a relatively low degree of graphitization [23].

Intensity,a.u.
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Fig. 1. XRD patterns of activated carbons
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For AC2 and AC3, there are some sharp peaks, which is
assigned to the mineral matters.

Fig. 2 a shows the N, adsorption/desorption isotherms
of activated carbons. The isotherms of AC1 and AC3 exhibit
characteristics of type IV curve, showing a sharp increase in
adsorptive volumes at low relative pressures while a
relatively smooth increase at high relative pressure, and
exhibiting pronounced hysteresis loops. The results above
demonstrate the presence of certain amount of micropores
and mesopores in ACl and AC3. The N,
adsorption/desorption isotherm of AC2 exhibits combined
characteristics of type I/IV curve. The obvious hysteresis
loop indicates the existence of a relatively large percentage
of mesopores, and the almost vertical tail at a relative
pressure near to 0.95 denotes the presence of macroporosity
[12, 13, 20].
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Fig.2.a—N: adsorption-desorption isotherms of activated

carbons; b—pore size distribution of activated carbons

The PSD curves are shown in Fig. 2 b and demonstrate
activated carbons possess hierarchical pore structure with
micropores less than 1.8 nm and mesopores in the range of
2.3 to 6 nm. It is well known that the micropores can
accommodate electrolyte ions to achieve high capacitance,
mesopores act as channels to facilitate ion transportation
within the carbon framework, and macropores serve as ion-
buffering reservoirs to reduce diffusion distance for
electrolyte ions diffusing into the interior surface [9, 10].
Therefore, the as-prepared activated carbons used as
electrodematerials for the supercapacitors may exhibit
excellent performance [6 -8, 23].

The pore structure parameters of the activated carbons
are summarized in Table 3. AC1 exhibits higher specific
surface area and micropore volume while smaller mesopore
volume and mesoporosity than AC2, indicating that the
mineral matter in precursor facilitates the mesopores
formation, however, suppresses the micropores formation
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that is tightly associated with specific surface area.
Compared to AC2, AC3 shows approximately equal value
of micropore volume, slight increase of specific surface area
but significant increase in mesopore volume (nearly
doubled), which suggest that the ash removal of activated
carbon mainly influence the mesopore rather than micropore
formation. In summary, among the three activated carbons,
ACI possesses the largest specific surface area of 492 m%/g
and micropore volume of 0.2279 cm?/g, AC3 possesses the
largest total pore volume, mesopore volume and
mesoporosity, and AC2 possesses the smallest specific
surface area, total pore volume and micropore volume.

Potassium humate is a neutralized product of KOH and
HA with a KOH/HA mass ratio of about 0.12. During
carbonization of potassium humate, the small amount of
potassium prefers to react with mineral matter to form
mesopores, thus, the reaction between potassium and
organic matter to create micropores is weakened. That is, the
ash in potassium humate may suppress the formation of
micropores and benefit the formation of mesopores.
Obviously, the degree of reaction to make mesopores in
commercial potassium humate is higher than that in pure
potassium humate, which is contrary in terms of the reaction
of forming micropores. AC3 exhibits more remarkable
increment of mesopore volume than AC2, which is due to
the micropore wall collapsing and template effect based on
ash removal from AC2.

Table 3. Specific surface area and pore structure parameters of
activated carbons

Samples i?f/g Vi, cm?/g cIr/I‘;ng CZT;ZO) (sz/:)/ Ve
ACI1 492 0.2498 | 0.2279 0.0217 8.7
AC2 421 0.2270 | 0.1916 0.0353 15.6
AC3 451 0.2599 | 0.1928 0.0670 25.8

The surface morphologies of the samples are presented
in Fig. 3. AC1 displays blocky structure with plenty of pores
on its rough surface, which originates from the properties of
potassium humate, i.e., certain order degree and relatively
low ash content. AC2 exhibits three-dimensionally loose
and amorphous structure with interconnected pores. AC3
shows the thick lamellar structure derived from aromatic
units and these individual sheets associate with each other
to form a continuous network.

The surface chemical compositions of activated carbons
were analyzed by XPS measurements. As shown in Fig. 4,
activated carbons all possess two main peaks located at the
binding energy of about 285 and 533 eV, which correspond
to the Cls and Ols, respectively. The Cls spectrum can be
approximately fitted into four main peaks located at the
binding energy of 284.5 eV, 285.2 eV, 286 eV and 289 eV,
which is related to the sp? hybridized carbon (Cpl), sp?
hybridized carbon (Cp2), C-O (Cp3) as well as C = O (Cp4)
functional groups, respectively. The presence of oxygen
containing functional groups can improve the wettability of
activated carbons, and facilitate the penetration of
electrolytes to pores.

3.2. Electrochemical properties

The carbon and oxygen contents of activated carbons
are all in the range of 82.2-83.8 wt.%, 12.2—13.8 wt.%,



respectively, which demonstrate that the surface chemistry
of the activated carbons are almost the same.

400nm

Fig. 3. SEM images of activated carbons: a—ACl; b—AC2;
c—AC3

Thus, the electrochemical properties of the samples may
mainly depend on their pore structures and ash contents.

The GCD curves of the activated carbons as electrodes
presented in Fig. 5a exhibit typical triangular shapes
without obvious voltage drop at the beginning of discharge,
indicating the electrodes have the typical capacitive
behaviors [21]. Moreover, the specific capacitances
calculated from Eq. 1 are 164 F/g for AC1, 110 F/g for AC2
and 127 F/g for AC3, respectively. It is known that
micropores can provide electrode materials with a high
accessible surface area for double layer capacitance. The
three carbons have an order of AC1 > AC3 > AC2 in terms
of the specific capacitance, which agrees well with the order
of the specific surface areas.

The CV curves of activated carbons at the scan rate of
1 mV/s (Fig. 5 b) exhibit a quasi-rectangular shape without
visible distortion, indicating the double layer capacitive
behavior and excellent electrochemical reversibility, which

is consistent with the results of GCD curves.
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Fig. 4. a—full-range XPS spectrum of activated carbons; b—Cls
XPS spectrum of AC1; ¢c—Cls XPS spectrum of AC2; d.
Cl1s XPS spectrum of AC3

Leakage current is a main parameter on practical
applications of the EDLCs. As shown in Fig. 5c, the
leakage currents of ACI1 and AC3 drop significantly from
0.906 mA to 0.104 mA at the beginning 17 min, while that
of AC2 is from 0.886 mA to 0.106 mA after 34 min. Then
they all gradually become smaller and more stable (finally
to only 15.3 pA for AC1, 25.0 pA for AC2 and 17.3 pA for
AC3 after 5.4 hours, respectively). The leakage current



behavior is related to the ash content, the values of leakage
current and ash contents follow the same sequence of
AC1 < AC3 < AC2. The smaller values of leakage current
mean less shuttle reactions caused by the ashes in the
activated carbons [21]. The less ash content, the smaller
leakage current, which is in according to the results in the
literature [12].
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Fig. 5. a— GCD curves of activated carbons at 50 mA/g; b—CV
curves of activated carbons at 1 mV/s; c—leakage current
curves of activated carbons

4. Conclusions

The ash removal methods have an important effect on
ash content, pore structure and electrochemical performance
of corresponding activated carbons for electric double layer
capacitors. The process of ash removal before carbonization
can better contribute to creating the micropores and ash
removed after carbonization performs as templates to
mainly generate mesopores. The activated carbons possess
large specific surface area of 492 m?/g, total pore volume of
0.2599 cm?/g, and micropore volume of 0.2279 cm®/g,
respectively. The activated carbon (AC1) with ash removed
before carbonization as electrodes delivers a specific
capacitance of 164.84 F/g at a current density of 50 mA/g,
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and exhibits typical electric double layer capacitive
performance as well as lower leakage current of 15.3 pA.
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