Open Access Article. Published on 10 January 2020. Downloaded on 3/11/2026 1:13:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 2209

Received 9th November 2019
Accepted 6th January 2020

DOI: 10.1039/c9ra09317f

Comparison of porous carbons derived from
sodium alginate and calcium alginate and their
electrochemical propertiesy

. i~ . s . . . . . . . .
Ming Li, ©® Kuihua Han, {2* Zhaocai Teng, Jinxiao Li, Meimei Wang and Xian Li

Here, sodium alginate and calcium alginate which have the same carbon-forming component (alginic acid)
and different regulation component (sodium/calcium) were used to prepare porous carbons, and
comparisons were made of the microstructures and electrochemical properties of the obtained
charcoals. The morphology was characterized by Scanning electron microscopy (SEM), and the results
show that porous carbons can inherit plane or concave structures from their corresponding carbonized
samples. The Horvath—Kawazoe (HK) method was used to analyze micropore size distributions, and the
results show that, under the same mass ratio of potassium hydroxide to carbonized sample (KOH/C), the
positions of extreme points on the two curves are similar, but the extreme values are different, and new
extreme points appear at larger pore sizes with increases in the KOH/C ratio. The results of cyclic
voltammetry (CV) and galvanostatic charge and discharge (GCD) tests show that the capacitance of
sodium alginate-derived porous carbon is greater than that of porous carbon derived from calcium
alginate when the KOH/C ratios are 2 and 4, and the size relationship is reversed when the KOH/C ratio
is 3. The results of cycling performance tests show that the cycle numbers corresponding to the three
stages on the two curves are similar under the same KOH/C ratio, but the cycle numbers at the same
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Introduction

Carbonaceous porous materials with high specific surface
areas, large pore volume, developed pore structures,'* high
electrical conductivity and good thermochemical stability** are
considered to possess high potential for energy storage.”®
Biomass used to prepare porous carbons has attracted extensive
attention because of its richness, diversity and easy availability.
Generally, biomass consists of cellulose, hemicellulose, lignin,
inorganic salts, etc. Based on the formation mechanism of
porous carbons, various components of biomass can be divided
into carbon-forming components (for example, cellulose) and
regulation components (for example, inorganic salts). Although
regulation components are not converted into the products,
they are capable of adjusting the composition and microstruc-
tures of charcoals. For instance, the specific surface areas can
be increased by removing minerals from raw materials;'*"*
adding certain compounds to the raw materials can introduce
the target elements (such as N, P, S, etc.) into the charcoals;***®
the microstructures can be changed by adjusting the composi-
tion of raw materials (such as adding calcium)."** These
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stage are significantly different under different KOH/C ratios.

methods have been used to improve the capacitance perfor-
mance. However, in general, biomass usually contains a variety
of carbon-forming components and regulation components,
the contents of which are different and their distributions are
uneven,”?* and then the detailed roles played by regulation
components are still unclear. Figuring out the roles of regula-
tion components is beneficial for microstructure directional
control of carbon materials. Therefore, it is necessary to study
the roles of common regulators such as sodium and calcium.

The carbonized samples obtained by carbonization of
precursors often need to be activated to improve their pore
structures. Although the activation mechanism of different
activation methods is different, based on the actual treatment
effects, the activation treatments aim to develop pore structures
by etching the surface of carbonized samples.”””** Due to the
excellent ability to create pores in carbon materials, KOH has
been widely used to prepare high-performance porous carbons
with ultra-high specific surface areas and large pore
volumes.**** More importantly, there is a simple way to prepare
charcoals with different pore structures by changing the mass
ratios of KOH to carbon material. In general, a target sample is
selected for detailed study based on a certain performance of
carbon materials (for example, specific mass capacitance), but
few studies have been conducted on the correlations of all
products in terms of microstructures, electrochemical perfor-
mance, etc.
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Alginic acid, a natural polysaccharide in the cell wall of
seaweed, is an excellent raw material for the preparation of
charcoals.***” In order to compare the differences in the
microstructures of charcoals derived from alginic acid under
the effect of sodium or calcium, sodium alginate and calcium
alginate were chosen as precursors, which have the same
carbon-forming component (alginic acid) and different regula-
tion components (sodium or calcium), and those components
are evenly distributed in the precursor. Two carbonized samples
were obtained by simple carbonization. Six porous carbons were
prepared at three different KOH/C ratios and comparison of
their microstructures and electrochemical performance were
made. The microstructures of those obtained charcoals were
investigated based on morphology and pore structure. SEM was
used to characterize the morphology, and then differences of
the two carbonized samples were compared, and similarities
between the carbonized samples and their corresponding
porous carbons were observed. The pore structures were char-
acterized by nitrogen adsorption and desorption, HK method
and Barrett Joyner and Halenda (BJH) method, and then the
pore structures of different charcoals were compared and their
variation with the KOH/C ratio were investigated. The electro-
chemical properties were characterized by CV, GCD, electro-
chemical impedance spectroscopy (EIS), rate performance and
cycle performance, and then the relationship between the
performance and microstructures was analysed.

Experimental
Materials

Sodium alginate (SA) and potassium hydroxide (KOH) were
purchased from Tianjin Kermel Chemical Reagent Co., Ltd.,
China. Calcium alginate (CA) was purchased from J&K Scientific
Co., Ltd., China. Hydrochloric acid (HCl) was obtained from
Sinopharm Chemical Reagent Co., Ltd., China. Nickel foam
(thickness of 1 mm), conductive graphite, polytetrafluoro-
ethylene (PTFE) emulsion, glassy-fiber filter paper, and coin cell
shell (2016-type) were purchased from Shanxi Battery Materials
Co., Ltd, China. Chemical reagents used in this study were all of
analytical grade. Deionized water was used throughout all
preparation and treatment processes.

Synthesis of porous carbons

Under nitrogen atmosphere, precursors were placed in
a tubular furnace at 600 °C for 2 hours with a heating rate of
5°C min~" and then naturally cooled to room temperature. The
carbonized products were extensively washed with 5 M HCl and
then washed thoroughly with deionized water until neutral.
After drying in an oven at 105 °C for 24 hours, two kinds of
carbonized samples were obtained. The carbonized sample was
immersed in saturated KOH solution for 12 hours, wherein the
KOH/C ratios were 2:1, 3:1 and 4:1, respectively. The
mixtures were placed in a muffle furnace at 800 °C for 2 hours
with a heating rate of 5 °C min~' and then naturally cooled to
room temperature. The activated products were extensively
washed with 5 M HCl and then washed thoroughly with
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deionized water until neutral. After drying in an oven at 105 °C
for 24 hours, porous carbons were obtained. The carbonized
samples were denoted as SA-C and CA-C, respectively, and their
derived products were denoted as SA-AC-X and CA-AC-X (X=2, 3
and 4), respectively.

Material characterization

The morphologies were analyzed by using an SUPRA 55 (Carl
Zeiss AG, Germany) scanning electron microscope. Charcoals
were degassed at 300 °C for 5 hours, and then their pore
structures were investigated by nitrogen adsorption-desorption
at 77.4 K using a JW-BK132F instrument (Beijing JWGB Sci &
Tech Ltd., China). The specific surface areas (denoted as Sggr)
were calculated by the Brunauer-Emmett-Teller (BET) method
with a P/P, value between 0.10 and 0.25 with nitrogen adsorp-
tion data. The total pore volume (denoted as Vi) was deter-
mined by the amount of nitrogen absorbed at P/P, = 0.993. The
micropore surface areas (denoted as Spicro) and mesopore
surface areas (denoted as Speso) Were estimated by the t-plot
method with the carbon-black model, using the nitrogen
adsorption data with P/P, in the range of 0.2 to 0.5. The HK
method was used to obtain the micropore size distribution,
total micropore volume (denoted as Viyicro) and average micro-
pore size (denoted as Dyyicro) assuming a slit pore model with
nitrogen adsorption data. The BJH method was used to obtain
the mesopore size distribution and average mesopore size
(denoted as Dpeso)-

Electrochemical characterization

The capacitive performance was tested on a two-electrode
system. A homogeneous mixture of porous carbon, polytetra-
fluoroethylene (PTFE) and conductive graphite with a mass
ratio of 8: 1 : 1 was coated on one side of nickel foam pieces.
Those pieces were pressed under 12 MPa for 1 min and dried in
a vacuum at 110 °C for 12 h. The mass load of each electrode
piece was about 10 mg with a thickness of about 0.1 mm. Two
electrode pieces with similar mass loads were assembled in
a two-electrode system with 6 M KOH as the electrolyte.

The CV, GCD, and EIS were measured on an electrochemical
station (CS310H, Wuhan Corrtest Instruments Corp., Ltd.,
China). The voltage window was set to be 0-1 V. The scan rate
was in a range 20-200 mV s~ '. GCD test was performed under
a current density ranging from 0.1 to 50 A g '. EIS were
collected with frequencies ranging from 10°> Hz to 10 * Hz with
an AC amplitude of 5 mV.

Results and discussion

Fig. 1a and b show the SEM images of SA-C and CA-C prepared
from SA and CA by simple carbonization under the same
conditions, respectively. During the carbonization process, with
the enrichment of carbon elements, a carbonized sample
composed of many small particles was finally formed. It can be
observed that the SA-C particles exhibit plane structure, while
the CA-C particles exhibit plane and concave alternately
distributed structure, which means that the carbon-forming

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 SEM images of SA-C (a), CA-C (b), SA-AC-4 (c) and CA-AC-4
(d).

component (alginic acid) was converted into two carbonized
sample with different microstructures under the action of
sodium or calcium. Fig. 1c and d show the SEM images of SA-
AC-4 and CA-AC-4 prepared from SA-C and CA-C by KOH acti-
vation, respectively. During the immersion process, KOH will be
attached to the surface of carbon particles, and then the pore
structure of particles will be developed as the surface structure
was etched. It can be observed that pores are distributed in the
plane structure after SA-C activated by KOH, and the surface
structure appears to be destroyed by repeated etching; pores are
distributed in the plane and concave structures after CA-C
activated by KOH, and the surface structure is still well
preserved. The different structural characteristics of SA-AC-4
and CA-AC-4 should be caused by the different distributions
of the activator on the surface of SA-C and CA-C particles.
Besides, after comparing the morphologies, it can be found that
porous carbons can inherit structures from their corresponding
carbonized samples.
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Fig. 2 Nitrogen adsorption and desorption isotherm curves of
charcoals.
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Pore structures were characterized by nitrogen adsorption
and desorption at 77.4 K. Fig. 2 shows the various stages of the
nitrogen adsorption and desorption isotherm curves of the
obtained charcoals. All these curves show linear monolayer-
multilayer adsorption properties and hysteresis loops, and
hysteresis loops are generally considered to be related to the
capillary condensation process occurred in mesopores, indi-
cating the presence of mesopores.***" Furthermore, it can be
noticed that carbonized samples adsorb little nitrogen while
porous carbons adsorb a large amount of nitrogen at low
pressure, indicating that most of micropores should be created
during the KOH activation process.

The different microstructures of carbonized samples cause
different distributions of the activator on the surfaces of the
carbon particles, which will lead to the formation of different
pore structures. Table 1 shows the pore parameters of char-
coals. The specific surface areas and total pore volumes increase
as the KOH/C ratio increases. The specific surface areas of SA-C-
X are larger than those of CA-C-X (X = 2, 3 and 4) at the same
KOH/C ratio, and moreover, as the KOH/C ratio increases, the
difference values between SA-AC-X and CA-AC-X (X =2, 3 and 4)
are gradually decreasing (69.6 > 22.8 > 22.5, m”> g~ '), which
indicates that the influence of microstructures of carbonized
samples on increasing their specific surface areas during acti-
vation process gradually weakens as the KOH/C ratio increases.
The total pore volume of SA-C-X is larger than that of CA-C-X (X
= 3 and 4) at the same KOH/C ratio, and the difference value is
increasing (0.02 < 0.04, cm® g™ '), which indicates that plane
structures are more conducive to the pore volume increase than
concave structures, and this result should be caused by the
formation of micropores with larger pore sizes after repeated
etching on the plane structure. As the KOH/C ratio increases,
the average micropore sizes of SA-AC-X and CA-AC-X gradually
increase; the average mesopore size of SA-AC-X increases first
and then decreases, while the average mesopore size of CA-AC-X
is gradually decreasing. Based on the pore size variations and
the morphology changes shown in Fig. 1, it can be concluded
that the generation process of pores in concave structures is
more orderly than that in plane structures.

The micropores are mainly created by the etching of the
activator, and the surface structures of carbon particles deter-
mine the activator's attachment state, which means that the
microstructures of the carbonized sample is an important factor
determining the micropore size distribution. Fig. 3 and S17
show the micropore size distributions determined by HK
method using the adsorption data based on a slit pore model.

It can be observed that the changing trends of the micropore
size distributions of SA-AC-X and CA-AC-X (X = 2, 3 and 4) at the
same KOH/C ratio are similar, and micropores are mainly
distributed below 0.8 nm. Obviously, the positions of extreme
points on the micropore size distribution curves are similar, but
their corresponding extreme values are different, which should
be attributed to the different microstructures of carbonized
samples. Besides, new extreme points appear in the curves at
larger pore size positions as the KOH/C ratio increases, which
may be due to the fact that increasing the KOH/C ratio can cause
smaller micropores to transform into larger micropores.

RSC Adv, 2020, 10, 2209-2215 | 2211
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Table 1 Properties of pores in charcoals
SpeET Veotal Vimicro Dricro Dmeso Smicro Smeso
Sample m®g ! em® gt em® gt nm nm m®g ! m? g Smesol/Smicro Vimicrof Veotal
SA-C 54.9 0.11 0.023 0.38 9.60 7.5 47.4 6.32 0.2
CA-C 91.4 0.14 0.031 0.39 5.10 20.5 70.9 3.46 0.2
SA-AC-2 1426.5 0.81 0.664 0.58 4.03 1284.3 142.2 0.11 0.8
CA-AC-2 1356.9 0.90 0.631 0.58 4.94 1070.8 286.1 0.27 0.7
SA-AC-3 1830.0 1.20 0.886 0.61 4.45 1485.7 344.3 0.23 0.7
CA-AC-3 1807.2 1.18 0.844 0.60 4.82 1458.4 348.8 0.24 0.7
SA-AC-4 2226.3 1.28 0.999 0.62 3.36 1866.5 359.8 0.19 0.8
CA-AC-4 2203.8 1.24 1.032 0.61 3.71 1965.1 238.7 0.12 0.8
Therefore, the magnitude relationship of the charge capacity
10 " 1 SA-ACA is: SA-AC-2 > CA-AC-2, SA-AC-3 < CA-AC-3 and SA-AC-4 > CA-AC-
g | —e—CA-AC4 N
5] I Fig. S47 shows the GCD curves carbons at various current
£ densities. These curves are symmetrical, indicating that every
”gF_ ' electrode has a good electric double layer effect. The specific
@6 L capacitances were calculated from the GCD discharge curves by
TE 5 | f ! “f‘ the method as described in previous ref. 46 and 47. The
g o | i g B capacitance was shown in Table S11 and SA-AC-4 has the largest
é D : capacitance (312.9 Fg ' @ 1 A g ). It can be noticed that at the
R I Y = same current density, as the KOH/C ratio increases, the specific
] capacitance increases, which is mainly caused by the increase of
14 | effective specific surface areas. When the KOH/C ratios are 2
o ' ; ; , , : 2 ; - and 4, the specific capacitance of SA-AC-X is larger than that of
0.52 0.54 0.56 0.58 0.60 0.62 0.64 0.8 1.2 1.6 2.0

Pore size (nm)

Fig. 3 Micropore size distributions of SA-AC-4 and CA-AC-4.

Fig. S21 shows the mesopore size distributions determined by
BJH method using adsorption data. It can be observed that
mesopore size distributions with the KOH/C ratios of 2 and 3
differ a lot, which may be due to the different microstructures of
the carbonized samples and lower etching levels, while the
trends of mesopore size distributions with the KOH/C ratio of 4
are similar, which indicates that the influence of microstruc-
tures of carbonized samples on the mesopore size distributions
gradually weakens as the KOH/C ratio increases.

In order to evaluate the capacitive performance, two-
electrode symmetrical supercapacitor cells were constructed
and measured using 6 M KOH as the electrolyte. Fig. 4 and S3t
show the CV curves at various scan rates. These CV curves show
rectangular shapes from 0 to 1 V over the test range of scan
rates, suggesting that an ideal electrical double layer effect of
these tested supercapacitor cells, and small shape distortions
can be observed as the scan rate increased from 20 to 200 mV
s~', demonstrating strong charge transporting ability of these
charcoals.”** The smaller the rectangular shape distortion, the
higher the charge transporting ability. Therefore, the magni-
tude relationship of the charge transporting abilities is: SA-AC-2
> CA-AC-2, SA-AC-3 = CA-AC-3 and SA-AC-4 > CA-AC-4. The
larger the area enclosed by the curve, the larger the charge
capacity.

2212 | RSC Adv,, 2020, 10, 2209-2215

CA-AC-X, and when the KOH/C ratio is 3, the specific capaci-
tance of SA-AC-X is less than that of CA-AC-X, which is mainly
caused by their different pore size distributions.

Fig. 5 shows the rate performance curves. Overall, the trends
of these curves are similar. When the current density is less than
10 A g7, the specific capacitance exhibits a similar and slower
decay as the current density increases; when the current density
is larger than 10 A g, the specific capacitance exhibits a rapid
decay as the current density increases. In addition, it can be
noticed that when the KOH/C ratios are 2 and 3, there is no
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Fig. 4 CV curves of SA-AC-4 and CA-AC-4 at various scan rates.
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Fig. 5 Rate performance curves of charcoals.

significant difference in the rate performance of SA-AC-X and
CA-AC-X, while when the KOH/C ratio is 4, the rate performance
of SA-AC-X is slightly better than that of CA-AC-X.

Fig. 6 and S5f show the Nyquist plots for charcoals. These
curves are vertical at low frequencies, indicating ideal capacitive
properties of these supercapacitor cells. There are no semi-
circles in the Nyquist curves of SA-AC-X and CA-AC-X (X = 2
and 3), indicating that the charge transfer rates in these char-
coals are very fast, while there are semi-circles in the curves of
SA-AC-4 and CA-AC-4, indicating that there is charge transfer
resistance. Obviously, the transition domain in the Nyquist
curve of SA-AC-4 is shorter than that in the Nyquist curve of CA-
AC-4, indicating that the charge transfer resistance in SA-AC-4
caused by the electrolyte penetration into the pores is much
smaller than that in CA-AC-4.

Fig. 7 and S67 shows the cycle performance curves at the
current density of 5 A g~ " for 10 000 cycles in 6 M KOH. All these
curves present three similar stages. When these curves change
from the first stage to the second stage, the capacitance

20
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\ —C—CA-AC4
| 2.0
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0 {4k . . . . . .

15 20

10
Z' (ohm)

Fig. 6 Nyquist plots for SA-AC-4 and CA-AC-4. Insets provide the
data at high frequency.
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Fig. 7 Cycle performance curves of SA-AC-4 and CA-AC-4 at the
current density of 5 A g%,

becomes larger, which may be due to the pores in these char-
coals being effectively utilized after a certain number of cycles;
when these curves change from the second stage to the third
stage, the capacitance becomes smaller, which may be due to
the increase in charge transfer resistance after a large number
of cycles. It can be observed that when the KOH/C ratios are the
same, the cycle numbers of different charcoals corresponding
to the same stage are similar, but when the KOH/C ratios are
different, the cycle numbers of different charcoals correspond-
ing to the same stage differ a lot, which can be attributed to the
different etching levels under different KOH/C ratios. In addi-
tion, it can be noticed that SA-AC-X and CA-AC-X (X =2, 3 and 4)
have no significant difference in cycle performance, which is
mainly due to the fact that the charge and discharge processes
in the electrodes are almost performed by highly reversible
electric double layer processes.

Conclusions

In this study, two carbonized samples with different micro-
structures were prepared from sodium alginate and calcium
alginate by simple carbonization, and six porous carbons were
obtained by KOH activation. The results of SEM images show
that under the effect of sodium or calcium, carbonized samples
derived from alginic acid present respectively plane structure or
concave structure. Pore properties of charcoals indicate that the
influence of microstructures of carbonized samples on
increasing their specific surface areas during activation process
gradually weakens as the KOH/C ratio increases, and the
generation process of pores in concave structures is more
orderly than that in plane structures. Micropore size distribu-
tions demonstrate that increasing the KOH/C ratio, smaller
micropores can be transformed into larger micropores, which
leads to new extreme points appearing in the curves at larger
pore size positions. In terms of electrochemical performance,
the specific capacitance of CA-AC-4 is the largest, which is due
to its large specific surface areas and excellent pore size

RSC Adv, 2020, 10, 2209-2215 | 2213
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distribution, and the charge transfer resistance in SA-AC-4 is
smaller, which should be attributed to its higher ratio of mes-
opore specific surface areas to micropore specific surface areas.
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