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Porous activated carbon (AC) is prepared by the steam activation of biochar prepared from pyrolyzed
pine nut shell as a precursor. The effects of various activation temperatures, activation times and steam
flow rates on the structure and properties of the obtained ACs are compared and analyzed. The cyclic
voltammetry, galvanostatic charge/discharge, electrochemical impedance spectroscopy and cycle
stability properties of the ACs are measured in a three-electrode electrochemical system with 6 mol L™
KOH solution as the electrolyte. The results show that an activation temperature of 850°C, an
activation time of 60 min and a steam flow rate of 18 ml h*! are the optimal conditions. The AC
obtained under these conditions displays a specific surface area of 956 m? g!, a mesopore ratio of
37.1% and a specific capacitance of 128 F g at 0.5 A g. Moreover, the AC has a well-developed
interconnected hierarchical pore structure including micropores, mesopores and macropores and a
good capacitance retention rate of 98% at a current density of 5 A g after 10000 cycles of testing.
These high-performance ACs from biomass waste show potential industrial applications in energy
storage.
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1. INTRODUCTION

With the increasing environmental and energy problems around the world, renewable energy
has attracted increasing attention [1-2], especially biomass resources, owing to their abundant reserves
and multiple species. Pyrolysis technology as a thermochemical method can effectively convert
biomass into biochar, bio-oil and non-condensable gas under oxygen-free or oxygen-limited
conditions; the reactor is simple and easily controlled [3-4]. As the main product of biomass pyrolysis,
biochar has unique physicochemical properties, a fundamental pore structure and a certain adsorption
capacity. However, the specific surface area (SSA) of biochar derived from biomass is usually
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relatively low, which limits its further application in high-value-added materials, such as carbon-based
electrode materials and catalysts [5-6]. The high-value-added utilization of biochar is conducive to
enhancing the economy of biomass conversion and biomass energy utilization. Activated carbon (AC)
is prepared from biomass with high SSA and controllable pore size with simple preparation processes
and low cost. Therefore, converting biochar as a precursor into AC has been considered a good
approach. In previous reports, various biomass wastes have been utilized as precursors to obtain AC
materials, such as walnut shell using CO> as the activating agent [7], waste tea using steam as the
activating agent [8], pine wood sawdust using HsPO4 as the activating agent [9] and bagasse using
KOH as the activating agent [10]. The main methods of preparing AC from biochar are physical
activation and chemical activation [11]. Chemical activation has some advantages, such as highly
efficient pore development and consequently high SSA. However, physical activation is more
environmentally friendly because no chemical reagents are used, reducing the cost of the preparation
process as well [7, 12]. Steam is widely used as an activator due to its efficient, clean and safe
properties. For example, AC prepared from argan nut shell by steam activation was applied in a high-
grade adsorbent [13], and carbon electrodes were derived from corncob residue by a steam activation
process [14]. During the stream activation process, the main factors affecting the properties of ACs are
the activation temperature, activation time and steam flow rate [15-16].

Pine nut shell (PNS) is one of the main byproducts in the processing of pine nuts, which have a
large output every year in China, and the lignin and cellulose content of PNS is approximately 40%
[16-17]. Moreover, biochar from PNS (PNSB) has a hard texture, high fixed carbon content and low
ash content and is a good precursor material for AC preparation. Effectively utilizing PNS can not only
protect the environment but also avoid resource waste. For instance, Chen et al. prepared PNS AC by
stream activation, and the highest SSA was 1057.8 m? g with an iodine adsorption value of 958.9 mg
g! [16]. Deng et al. prepared PNS AC by KOH activation and observed good adsorptive ability for
CO; at different temperatures and pressures [18]. However, to the best of our knowledge, there is no
report on the electrochemical properties of ACs derived from PNS or PNSB used as electrode
materials. In this study, PNS was employed as the carbon source, and AC was prepared from PNSB
(PAC) by steam activation. The effects of activation temperature, activation time and steam flow rate
on the SSA and pore structure of PAC were investigated. In addition, the electrochemical performance
of PACs was studied in 6 mol L™t KOH electrolyte solution. This work aims to provide an approach to
prepare AC from PNS as a high-performance electrode material and achieve the high-value-added
utilization of biowaste.

2. MATERIAL AND METHODS

2.1 Materials

The PNS used as a carbon source was obtained from Heilongjiang Province, China. Before use,
the PNS was crushed, passed through 4-6 mm mesh, washed with deionized water and then dried at 75
°C for 24 h. The PNSB was prepared through PNS pyrolysis at a temperature of 500 °C for 15 min.
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The component, proximate and elemental analyses of PNS and PNSB are shown in Table 1.

Table 1. Component, proximate and elemental analyses of PNS and PNSB.

PNS PNSB
Component analysis (%, dry basis)
Lignin 38.42 -
Cellulose 33.96 -
Hemicellulose 15.22 -
Proximate analysis (%, dry basis)
\olatile matter 76.26 21.52
Fixed carbon 23.03 75.77
Ash 0.71 2.71
Elemental analysis (%, dry basis)
C 47.59 85.93
0] 43.74 8.47
H 6.28 2.15
S 1.16 0.57
N 0.56 0.32
2.2 Preparation of PAC
3
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Figure 1. Activation device diagram.

In the activation process, after washing with deionized water, PNSB was dried at 75 °C for 24 h
and then crushed to a particle size of 3-5 mm as a precursor material for activation. Each time, 10 g
PNSB was placed into the quartz tube of the activation device shown in Fig. 1. After removing the air
in the tube by nitrogen, the temperature of the activation device was adjusted to the designated value,
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and steam was injected through the pump at a specified flow rate to obtain AC. The selected
parameters included activation temperatures of 800, 850 and 900°C, activation times of 45, 60 and 75
min, and steam flow rates of 12, 18 and 24 ml h't. The AC was washed with deionized water and dried
at 85°C for 24 h before use. The prepared ACs from PNSB were denoted as PAC-activation
temperature-activation time-steam flow rate, for example, PAC850-60-18. The yield of PAC was
calculated using the following equation:

v =™ £100% (1)

My

where Y is the yield of PAC, %; m is the mass of PAC, g; and m, is the mass of PNSB, g.

2.3 Characterization of samples

N> adsorption/desorption isotherms were measured by a specific surface and aperture analyzer
(3H-2000PS1, Bei Shi De Instrument, China). The SSA was obtained by the Brunauer-Emmett-Teller
(BET) method. The pore size distribution of mesopores was determined by the Barrett-Joyner-Halenda
(BJH) method, and the micropore characteristics were calculated through the t-plot method. The
crystal structure and functional groups of samples were detected using X-ray diffraction (XRD,
MiniFlex-600, Japan) and Fourier transform infrared spectroscopy (FTIR, Tensor 27, Germany). The
morphology of the samples was investigated by scanning electron microscopy (SEM, S-3400, Hitachi,
Japan). Elemental analysis was performed on an elemental analyzer (Vario, micro cube, Elementar,
Germany).

2.4 Electrochemical measurements

The electrochemical properties were tested in 6 mol L KOH electrolyte using an
electrochemical workstation (SP-150, Bio-Logic, France). A platinum electrode and Ag/AgCl
electrode were used as the counter electrode and reference electrode, respectively. The working
electrodes were fabricated by mixing the prepared AC materials with acetylene black and
polytetrafluorethylene (PTFE) in ethanol solution (mass ratio of 8:1:1) and then spreading the slurry
onto a piece of nickel foam (1 cmx1 cm). The prepared electrodes were dried at 70°C in a vacuum
oven for 12 h and pressed at 10 MPa. Cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS) were conducted at a voltage range from -
1.1 to -0.1 V. The frequency of the EIS test ranged from 10 to 10 Hz. The specific capacitance of
the AC samples was calculated from the GCD curves using the following equation [19-20]:

C —1x_ 2 ©
mx AV

where Cs is the specific capacitance, F g; I is the current density, A g*; 4t is the discharge time,
s; m is the mass of active material, g; and AV is the range of voltage, V.
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3. RESULTS AND DISCUSSION

The porosity of PAC was characterized by N> adsorption-desorption tests at 77 K, and the
results are shown in Fig. 2. The characteristic pore parameters of PAC are summarized in Table 2. Fig.
2(a) shows the N adsorption-desorption isotherms of PAC obtained under different conditions.
According to the IUPAC classification, all the PAC samples exhibit type | isotherms. The adsorption
values sharply increase at a relative pressure P/Po<0.1, indicating the existence of a large number of
microporous in the prepared PACs. Furthermore, when the relative pressure P/Po>0.1, the adsorption
values increase slowly, and a hysteresis loop is observed at a relative pressure P/Po>0.4, which
suggests the existence of mesoporous in the PAC structure. Among the PAC samples, the adsorption
volume of PACB850-60-18 is the largest, and its hysteresis loop is more pronounced, which is
characteristic of microporous materials with higher amounts of mesopores. The pore size distributions
of PACs obtained under different activation conditions are shown in Fig. 2(b), which shows that the
micropore and mesopore size of the PACs are concentrated at 0.5-0.8 nm and 2-4 nm, respectively,
which verifies the coexistence of microporous and mesoporous.
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Figure 2. (a) Nitrogen adsorption-desorption isotherms and (b) mesopore pore size distribution of PAC
(the inset shows the pore size distribution of the micropore).

As seen from the data in Table 2, the yields of the prepared PACs range from 25.2% to 49.2%
under various activation conditions. As the activation temperature, activation time and steam flow rate
increase during the activation process, the SSA, total pore volume, micropore volume and mesopore
volume of PACs all increase at first and then decrease, while the yield of PAC gradually decreases.
This is because a higher activation temperature, activation time and steam flow rate can promote the
reaction between PNSB and steam, which increases desorption, distillation and the removal of volatile
compounds and forms a large number of micropores, mesopores and even macropores in the PAC.
However, as the activation parameters increase further, the reaction between PNSB and steam becomes
more intense, which causes some of the existing micropores to be transformed into mesopores or
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macropores, and mesopores and macropores collapse. In addition, the excess steam flow causes a
temperature decrease on the PNSB surface and weakens the activation reaction. Thus, the SSA, total
pore volume, micropore volume and mesopore volume of all PACs are decreased. A higher SSA and
mesopore ratio in the prepared PACs are advantageous for charge storage and ion diffusion, leading to
excellent capacitance performance [21-22]. PAC850-60-18 shows the largest SSA of 956 m? g, the
highest total pore volume of 0.62 cm? g with a mesopore ratio of 37.1% and an appropriate yield of
36.2%.

Table 2. Summary of the porosity parameters of PAC.

Yield Sget? th Viic® Vmesd Vies/ V¢ Df
Sample % m?gt cmig! cmig cmig? % nm
1

PAC800-60-18 37.5 803 0.44 0.37 0.07 15.9 2.21
PAC850-60-18 36.2 956 0.62 0.39 0.23 37.1 2.59
PAC900-60-18 25.2 889 0.49 0.38 0.11 224 2.21
PAC850-45-18 49.2 705 0.40 0.33 0.07 17.5 2.26
PAC850-75-18 30.6 812 0.48 0.37 0.11 22.9 2.27
PAC850-60-12 47.4 760 0.42 0.36 0.06 14.3 2.21
PAC850-60-24 29.3 841 0.46 0.39 0.07 15.2 2.22

2 SSA determined according to BET. ° Total pore volume. ¢ Micropore volume. ¢ Mesopore volume.
¢ Mesopore ratio. f Average pore diameter.

Fig. 3 shows the surface morphology of PAC850-60-18. From the low-magnification image in
Fig. 3(a), it can be seen that after activation, PAC850-60-18 shows an abundant pore structure and not
only maintains a large number of micropores and greater number of mesopores as mentioned above but
also develops many macropores. Therefore, the prepared PAC is a typical hierarchical porous structure
with regular circular-shaped features including microporous, mesoporous and macroporous. The
uniform porous structure is more clearly seen in the high-magnification image in Fig. 3(b); this
structure formed because there is no chemical corrosion in steam activation. The reactions are as
follows: C + H.0 — Hz + CO; C + H20 —H2 + CO2; C+H2—CHs4; C + CO2 — CO [23]. These
connected pores are beneficial for the rapid migration and diffusion of electrolyte ions in the pore
channels of carbon materials.
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Figure 3. SEM images of PAC850-60-18: (a) low-magnification image; (b) high-magnification image.

Compared with PNSB, the crystallinity and functional groups of PAC850-60-18 were analyzed
by XRD and FTIR, and the results are shown in Fig. 4. The XRD patterns in Fig. 4(a) show that
PAC850-60-18 and PNSB both have (002) and (100) diffraction peaks at 23° and 43°, respectively,
which are typical amorphous structures. The peak intensity of PAC850-60-18 is slightly higher,
indicating that activation can enhance the graphitization degree [24-25]. Because the carbon atoms can
realign a more stable structure in the activation process and form a more obvious graphitization
structure.
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Figure 4. (a) XRD patterns and (b) FTIR spectra of PNSB and PAC850-60-18.

Moreover, there is an up-turned tail in the PAC850-60-18 pattern from 5° to 10°, indicating
that there are many nanoporous in the PAC850-60-18 structure [26]. The FTIR spectra of PNSB and
PAC850-60-18 are presented in Fig. 4(b), and both spectra are similar. The sharp peak at 3440 cm™ is
assigned to the stretching vibration of O-H, indicating the presence of hydroxyl groups; the peaks from
1450 cm™ to 1650 cm™ correspond to C=C in olefins or aromatic compounds. However, some
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absorption peaks of PAC850-60-18 are weak and even disappear from 650 to 1275 cm™, which
indicates that some organic compounds associated with the functional groups of C-O, C-H and
aromatic compounds in PNSB may decompose in the process of high-temperature activation [27-28].
Although some functional groups disappear, hydrophilic oxygen functional groups such as carboxyl,
hydroxyl and carbonyl are retained in PAC850-60-18; such groups can improve the wettability of
carbon materials.

The electrochemical performances of the prepared PAC were evaluated, and the results are
shown in Fig. 5. The GCD curves of the PACs prepared under different activation conditions at a
current density of 0.5 A g* are shown in Fig. 5(a). All PACs show linear and symmetrical profiles,
suggesting good reversible and ideal capacitive behavior for supercapacitor electrode materials [29].
Among these PACs, PAC850-60-18 indicates the optimal capacitive performance with the longest
discharge time. According to equation (2), the specific capacitance of PACs was calculated and is
shown in Fig. 5(b). PAC850-60-18 shows the largest specific capacitance, 128 A g* at 0.5 A g and
114 A gt at 5 A g. When the current density increases by 10-fold, the capacitance of PAC850-60-18
decreases but remains at 89.1%, which indicates good rate performance. The highest specific
capacitance of PAC850-60-18 is ascribed to the higher SSA, total pore volume and mesopore ratio.
The other prepared PACs show a similar change trend: the specific capacitance decreases with
increasing current density.

0.0 160
—=— PAC800-60-18
(a) " — PACB00-60-18 - —e— PAC850-60-18
. —— PACS850-60-18 3 e
oz f // —— PAC900-60-18 | 149 i
1/ —— PACS50-45-18 | - PA b 5'1 :
~ —— PAC850-75-18 | = 130F §\§\ Pﬁczssoiﬁohiz
> 04r —— PAC850-60-12 8 (OIVOLE
= guor = +—— > PACS50-60-24
5 PAC850-60-24 | 5 ¢ 1 s
= ‘3110 b . S -
g ool =
P~ 2100
,E
08k (%( 90
80
1.0 - 70 |
I N ) X 60 1 1 Il 1 1
0 100 200 300 400 500 0 1 2 3 4 )
Time (s) Current density (A g™
80 0.0
© (d) — 05Ag"
60 - [ R — 1Ay
[ “Sea 0.2 -1
/ ——— ~—— — 2Ac¢
40 Ve TS ©
/ e — SAg»I
~ 20 F -04 F
< ~
g e
2 0 3
8 2
E § -0.6
3 =20 2 n?
40 T QRS “—— 10mVi/s o8l
L’:‘/,//’/ T —— 20mVi/s
sy I —— 50mV/s
-~ — 80mV/s 10 H
-80 [ 1 L 1 n 1 " 1 " 1 1001:[1\//8 " L 1 1
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0 100 200 300 400 500

Potential (V) Time (s)



Int. J. Electrochem. Sci., Vol. 14, 2019 8915

(¢)
100 e L R L E-E 20 - @®
00 18
o> — ltime 0.10
S 80 - A —— 5000 times 16 1
= <02 = 10000 timgs | |
=)
E P 14 r -~
B N 04 g g
g o s S 12F =
5 3 s g
3 i ok £ 0.05
5 i 06 & 10 H S /
St ‘ 8F /
a8, 08 | ] /
3
S 6r | j
2 - 10 ] r
il 0. 09— ‘
! . 0.6 0.8 1.0 1.2
2 7' (ohm)
0 Lt 1 1 1 1 L 0 J 1 1 L L
0 2000 4000 6000 8000 10000 0 2 4 6 8 10
Cycle Number Z' (ohm)

Figure 5. Electrochemical properties of PAC in 6 M KOH: (a) GCD curves of PAC at a current
density of 0.5 A g%; (b) Specific capacitance of the PAC electrode at different current densities.
(c) CV curves of PAC850-60-18 at different scanning rates; (d) GCD curves of PAC850-60-18
at different current densities; (e) cyclic curve (the inset shows GCD curves with different
cycles) and (f) Nyquist plots (the inset shows the high-magnification plot of the high-frequency
region).

In hierarchical porous carbon electrode materials, abundant micropores provide more
adsorption sites for charge storage, and well-developed mesopore and macropore structures act as
channels for electrolyte ion transfer and provide easy access to the micropores of carbon electrodes
[21, 30]. Therefore, the best performance of PAC850-60-18 can be expected, which is consistent with
the adsorption-desorption test analysis.

Fig. 5(c) shows the CV curves of PAC850-60-18 at scan rates from 10 mV/s to 100 mV/s. The
CV curves indicate a typical nearly rectangular shape, and no dramatic distortion is observed even at
100 mV/s, which suggests an ideal capability for use as a supercapacitor electrode material.
Furthermore, there is no weak redox peak in the CV curves, indicating no pseudocapacitance in the
AClelectrolyte system, and the specific capacitance is almost entirely supplied by double layers [31-
33]. GCD curves of PAC850-60-18 from a current density of 0.5 A g* to 5 A g are shown in Fig. 5
(d). Although the charge-discharge time of PAC850-60-18 decreases obviously with increasing current
density, all the curves show an approximately symmetric triangle shape. In addition, Fig. 5(e) shows
that PAC850-60-18 has a 98% capacitance retention rate after 10000 charge-discharge cycles at a
current density of 5 A g, which indicates excellent cycling stability. Further confirmation of the
excellent cycling stability is shown in the inset of Fig. 5(e) by comparing the 1% and 10000" cycle
curves. The Nyquist plot of PAC850-60-18 is shown in Fig. 5(f). The plot shows a semicircle in the
high-frequency region corresponding to the interfacial charge transfer resistance at the
electrode/electrolyte interface and a vertical line in the low-frequency region, which is related to the
uniform pore size distribution of carbon materials [34-36]. The equivalent series resistance (ESR) of
PAC850-60-18, calculated by the intercept between the curve and the real axis, is approximately 0.72
Q, which is relatively small. In addition, PAC850-60-18 shows a line that more closely approximates a
straight line perpendicular to the horizontal axis in the low-frequency region. Therefore, AC derived
from PNS with a hierarchical pore structure is a feasible double-layer capacitance electrode material
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with excellent cycling stability under high current density (Fig. 5 (e)).

The PAC in this work was compared with other high-quality ACs derived from biomass waste
in previous studies, and the characteristic parameters are summarized in Table 3. ACs prepared
through steam activation usually show micropore-dominated structures with large SSA and are usually
used as adsorbents due to their good adsorption capacity [13, 37]. However, the coexistence of
hierarchical microporous and mesoporous/macroporous structure usually benefits capacitive properties
and is more suitable for application as an electrode material [34]. Although the SSA of ACs that only
have microporous and mesoporous in their structure is higher [14, 38-39], the specific capacitance and
cyclic stability of the ACs with a hierarchical structure of microporous, mesoporous and macroporous
in this work is much better. The PAC850-60-18 in this work, prepared by pyrolysis combined with
steam activation, showed a specific capacitance of 128 F g* at 0.5 A g%, which approaches that of ACs
with the same structure prepared by KOH activation [10]. Moreover, PAC850-60-18 exhibits a better
capacitance retention rate of 98% at 5 A g after 10000 cycles than that of AC prepared by KOH
activation [10, 39] due to the higher mesopore ratio of 37.1%. The low-cost PAC in this study shows
excellent performance and a simple and environmentally friendly preparation method. Therefore, this
approach can provide a good method for the preparation and utilization of high-quality AC from PNS
biomass waste.

Table 3. Comparison of the PAC obtained in this work with materials in the literature.

. _— Adsorption Specifc . -
Biomass  Activation Pore SzBET-l efficiency capacitance Cyclic stability Ref.
precursor method structure m*g 1 3 %
mgg Fg
Argan . 1408
nut shell Steam Microporous 2853 (Bisphenol A) - - [13]
. 665.23
Corn cob Steam Microporous 980 (lodine) - - [37]
Corncob Micro/ i 4 100/1 A gt
residue Steam Mesoporous 1210 1201 Ag (5000 times ) [14]
Oil palm . 1
kernel Steam Micro/ 727.3 - 123/0.5A g 1%2/(? AQ [38]
shell mesoporous ( times )
Cow Micro/ 4 85/1Agt
dung KOH Mesoporous 1984 i 1711Ag (1000 times ) [39]
Micro/ 1
Bagasse KOH meso/ 1892.4 - 142.1/0.5Ag? (ggl()%/ltiﬁgs ) [10]
macroporous
. Micro/ .
Pine nut 128/0.5A g 98/5Ag? This
shell Steam meso/ 921 - 124/1Ag* (10000 times)  work

macroporous
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4. CONCLUSION

Porous activated carbon derived from biomass waste (PNS) was prepared by eco-friendly
steam activation combined with continuous pyrolysis. The PAC has well-developed interconnected
hierarchical pore structures consisting of microporous, mesoporous and macroporous, which shorten
the pathway of electrolyte ion transportation. PAC obtained under activation conditions of 850 °C, 60
min and a steam flow rate of 18 ml h! demonstrated a relatively high SSA of 956 m? g and good
electrochemical performance with a specific capacitance of 128 F g at 0.5 A g and maintained 114 F
glat5 A g?! with a capacitance retention rate of 89.1%. After 10000 cycles of testing, the capacitance
retention rate of the PAC was maintained at 98% at a current density of 5 A g%, suggesting good rate
capability. A facile approach for high-value-added conversion and application of PNS as an electrode
material has been demonstrated.
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