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High-Performance Supercapacitor Electrode Materials
Prepared from Various Pollens
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High-performance supercapacitor electrode materials are
prepared from biomass waste of various pollens at large
scale through a green and low-cost chemical activation
method. For example, the product prepared from lotus pollen
exhibits ultrahigh specific surface area up to 3037 m?> ¢g™! and
large pore volume of 2.27 cm? g7!, in which above 82% pore
volume is contributed by the mesopores. Symmetric superca-
pacitor based on the product from lotus pollen shows high
capacitance performance of 207 F g™! at the current density
of 1 A ¢! for neat EMIMBF, electrolyte. The corresponding
gravimetric energy density is about ~88 Wh kg~!, which
is about 160% higher than that of commercial activated
carbon (AC) RP20. And the volumetric energy density is ~44
Wh liter~!, which is also larger than RP20 and graphene-based
supercapacitors. Good rate performance is also achieved due
to the abundant mesopores. Compared with the traditional
ACs and graphene materials, the much better supercapacitor
performance in liquid ionic (IL) system combined with the
advantages of cheap carbon sources, green method and facile
process should lead to the development of high performance
supercapacitors in practical applications.

Carbon-based electrical double layer capacitors (EDLCs)
or supercapacitors,'?l due to their unique properties of
fast charging speed, high operational current, superior per-
formance in extreme temperature and long cycle life >
have attracted tremendous attention in the past few years
and already been widely applied in many practical areas
such as hybrid electric vehicle, regenerative energy, emer-
gency lighting and laser weapon.*) However, the much
lower energy density (~6 Wh kg™') of commercially avail-
able carbon-based supercapacitor has significantly limited its
application for primary power source.[*”] The energy stored
in the carbon-based supercapacitor is proportional to its
capacitance and the square of its operating voltage.>”] And
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the capacitance of the supercapacitor is primarily dependent
on the effective specific surface area (SSA) of electrode
materials while the operating voltage is determined by the
electrolytes/solvents.[2578] However, the commercially avail-
able ACs not only have poor SSA (<2000 m? g™1), but also the
pore size is so small (mainly below 0.6 nm)[] that the ions of
IL electrolytes can’t access.l'] These will both lead to limited
effective SSA of electrode materials in IL electrolytes which
can offer high operating voltage. Furthermore, for the prepa-
ration of commercial ACs, some valuable materials such as
coal, pitch and phenolic resin!!l are used as carbon sources
and there is a significant carbon/material weight loss and
serious toxic material releasing during the high temperature
carbonization step, which caused waste of resources and envi-
ronmental issues.

By viewing these, lot of efforts have been devoted on
the preparation of ACs with high SSA and matched pore
size in economical and environmentally friendly ways. Some
cheap carbon sources such as seaweed and a series of starch
were used as raw materials for ACs and good capacitance
performance was achieved in the aqueous electrolytes.['!-12]
But the energy density still needs to be improved by further
increasing SSA and operating voltage of electrolytes. Hydro-
thermal carbonization which could largely reduce the mate-
rials waste and releasing of toxic chemicals has been widely
considered and used to replace the high temperature carbon-
ization.['*15] The products from combined process of hydro-
thermal carbonization and chemical activation exhibited high
SSA and excellent capacitance performance in the organic
electrolytes.[!l However, the small pore size of these resulting
products still limited their application in the ILs, which have
larger ion size but can supply higher operating voltage. Mean-
while, some new carbon materials such as carbon nanotube
(CNT) and graphene were also used as electrode materials
for supercapacitor application. The achieved gravimetric spe-
cific capacitance and gravimetric energy density in IL electro-
lytes are fascinating.l'®!’l However, the density of these CNT
or graphene electrodes are relatively lower (~0.3 g cm™)
than commercial AC electrodes (~0.5 g cm™),[11 resulting
in actually the same or lower volumetric energy density
than commercial ACs. Therefore, it is still highly demanded
for cheap AC electrodes with large SSA, matched pore size
and moderate density to achieve the high energy density of
supercapacitor.[8]

As potential carbon sources, pollens are common biomass
waste which are very cheap and also widely available. And
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more importantly, most pollens have unique porous surface
structure, which can help them fully mix and react with acti-
vating agents such as potassium hydroxide (KOH), zinc chlo-
ride or sodium hydroxide to achieve high SSA and enlarge
the pore size.['8! Furthermore, similar to many ACs prepared
from natural carbon sources such as cellulose or coconut
shells, ACs prepared from pollens should have higher density
than CNT and graphene. Thus, pollens are promising candi-
dates for carbon sources of ACs.

Based on these unique properties of pollens and con-
sidering the environmental issues, in this work, various pol-
lens with porous surface structure were studied as carbon
sources and treated by hydrothermal carbonization and
further industrial chemical activation. All the products
showed much higher Brunauer-Emmett-Teller (BET) SSA
(>2600 m? g7!) than the commercial compared sample AC
of RP20 (1677 m? g™!), and the pores in the products were
mainly mesopores, which is larger than that of RP20 and
matched much better for the application in organic electro-
lytes or ILs with large ion size and high viscosity. The elec-
trode density of our materials is about 0.5 g cm™, which is
close to that of commercial ACs and higher than CNT or
graphene. The performance of symmetric supercapacitors
based on the products was determined by the most recom-
mended method/standard"®! and compared with RP20 and
other reported carbon materials, which exhibited high spe-
cific capacitance and energy density and good rate perfor-
mance in both the most common organic electrolyte of 1 M
tetracthylammonium tetrafluoroborate in AN (TEABF,/
AN) and 1-Ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBFEF,).

Details for preparation of ACs from various pollens were
shown in the experimental sections. For hydrothermal car-
bonization, the aqueous suspension of each kind of pollens
was transferred to sealed Teflon-lined autoclaves and main-
tained at 180 °C for 12 h. The products of hydrothermal car-
bonization were denoted as lotus-H, peony-H, rape-H and
camellia-H, respectively. Then the hydrothermal product
was fully mixed with 4 times weight KOH and activated in
a horizontal tube furnace at 900 °C for 1 h under Ar. The
resulting solid was washed and dried to get the final products,
which were denoted as lotus-HA, peony-HA, rape-HA and
camellia-HA, respectively.

The structure and morphology of hydrothermal prod-
ucts and final products prepared from various pollens were
analyzed by scanning electron microscopy (SEM). From
Supporting Information (SI) Figure Sla-d, we can see that
after hydrothermal step the macro scale structure/shape and
porous structures remain as before. Different from the tra-
ditional carbon source such as phenolic resin for prepara-
tion of AC, the porous structure in hydrothermal products of
pollens make them much easier to mix and react with KOH,
which may lead to a much higher SSA than the traditional
ACs. After the activation step, all the products showed solid
structure with irregular shape and lateral size of 10-20 um
(Figure Sle-h). This is very different from the 3D network
in pure graphene electrodes as reported in some literatures,
which may have over much empty space and result in rather
low density.[2"]
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Elemental analysis was performed to determine the ele-
mental composition of the products. SI, Table S1 shows that all
our products consist of ~92-95 wt% of carbon, ~1.4-2.0 wt%
H, and ~3-6 wt% O, which is similar to that of RP20. This
suggests that our products are carbon-based materials with
very few percent of hydrogen or oxygen containing groups.
Raman is a powerful tool to provide structural and quality
characterization of the carbon-based materials. The typical
Raman spectra of the products is shown in SI, Figure S2 and
compared with RP20. Similar with the Raman spectra of ACs
reported in previous literaturel?!] and RP20, our products
showed the G-band located around 1600 cm™" which belongs
to graphite in-plane vibrations?? and the broad and strong
peak located around 1350 cm™! which should be attributed
to the disorder-induced D band,?>?] also indicating that
our products are carbon-based materials. And the relatively
lower value of Ip/I; in our products than RP20 suggest a
lower content of sp® carbon and better quality of our mate-
rials than RP20.[21:24-20]

In order to study the SSA and distribution of pore
volume in the products, N, adsorption/desorption isotherms
were tested and compared with RP20. The detailed SSA
and pore volume distribution of all the products are listed
in Table 1. The BET SSA is calculated in the linear relative
pressure range from 0.05 to 0.3 in Figure 1la. All the prod-
ucts show large BET SSA above 2673 m? ¢! and the highest
BET SSA reaches 3037 m? g~! for lotus-HA, which is much
higher than that of RP20 (1677 m? g7!). This is because the
porous structure in hydrothermal products of pollens makes
them much easier to mix and react with KOH, which leads
to a much higher SSA than the traditional AC like RP20.
XRD characterization also suggests that our products have
much weaker and broader (002) peak than RP20 (SI, Figure
S3), indicating a more disturbed structure due to the more
randomly oriented aromatic carbon sheets in the amorphous
carbon,[?>?71 which is beneficial for higher SSA. The typical
hysteresis loop (Figure 1a) between the adsorption and des-
orption branches in our products is associated with capil-
lary condensation taking place in mesopores and given by
many mesoporous industrial adsorbents, indicating the exist-
ence of many mesopores in the products.?$! In the contrast,
RP20 showed no hysteresis loop, which is characteristic for
microporous materials.l¥! As a typical example of our prod-
ucts, the cumulative pore volume and distribution of pore
volume in lotus-HA was shown in Figure 1b, which exhibited

Table 1. BET SSA and distribution of pore volume in all the products,
with RP20 for comparison.

Products BET SSA pore volume  pore volume pore volume
[m2g™] [em3g™] (micropore) (mesopore)
[em? g [em?g™]
lotus-HA 3037 2.27 0.41 1.86
peony-HA 2673 1.50 0.48 1.02
rape-HA 2765 2.20 0.41 1.79
camellia-HA 2819 2.06 0.45 1.62
RP20 1677 0.64 0.60 0.04
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Figure 1. a) N, adsorption/desorption analysis of our products and RP20. Product lotus-HA shows highest BET SSA values up to 3037 m? g!
(calculated in the linear relative pressure range from 0.05 to 0.3) and the typical hysteresis loop between the adsorption and desorption branches
indicates the existence of many mesopores in the products. b) Cumulative pore volume and (inset) distribution of pore volume for N, (calculated
using a slit/cylindrical non-local density functional theory model). Product lotus-HA has a huge pore volume of 2.27 cm? g~! and above 82% pore

volume is contributed by the mesopores.

a huge pore volume of 2.27 cm® g”! and above 82% pore
volume is contributed by the mesopores, while RP20 showed
much smaller pore volume of 0.64 cm® g~! and only 6% pore
volume is contributed by the mesopores. We believe that the
introduction of many mesopores also can be ascribed to the
unique porous structure of pollens. Previous study has dem-
onstrated the preparation of microporous ACs with high
SSA (>2400 m? g™') and large pore volume of 1.08 cm?® g~!
(only 13% pore volume is contributed by the mesopores)
by treating cellulose or starch through the same hydro-
thermal carbonization and chemical activation method.!]
Compared with the solid carbonaceous spheres structure
in the hydrothermal products of cellulose and starch,['] the
unique porous structure in the hydrothermal products of pol-
lens make KOH much easier to penetrate into the produced
micropores so that many mesopores can be formed by fur-
ther activation process of micropores, including pore wid-
ening, fusing and wall collapsing.[']

The high SSA and mesoporous property of our products
make them good candidates for electrode materials of super-
capacitors, especially for supercapacitors based on organic
electrolytes and ILs which can supply high operating voltage
(high energy density) but have large ion size and high vis-
cosity.?l Symmetric supercapacitors based on the products
from pollens have been fabricated and tested by the most
recommended method and compared with RP20.0%3) Both
the most popular organic electrolyte of 1 MTEABF,/AN and
IL of EMIMBEF, were used as the electrolytes. All the prod-
ucts give similar but excellent supercapacitor performance,
with the best results from the product lotus-HA which gives
a specific capacitance of 185 F g! in 1 M TEABF,/AN and
207 F ¢! in neat EMIMBEF, electrolytes, respectively, at the
current density of 1 A g!, while those are just 110 F g™! and
130 F g~! for RP20. The galvanostatic charge/discharge curves
of the supercapacitors based on product lotus-HA in 1 M
TEABF,/AN and IL electrolytes are shown in Figure 2a,b.
For the devices based on product lotus-HA measured at the
current density of 1 A g7!, the corresponding gravimetric
energy densities are as high as 46 Wh kg™! in 1 M TEABF,/

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AN and 88 Wh kg! for neat EMIMBE, electrolyte respec-
tively, based on the weight of electrode materials. The
capacitance performance of ACs from various pollens were
summarized in Figure 3 and compared with RP20 and other
carbon materials reported in literatures,[$11:1617.20.29.31.32] ye
can see that due to high SSA and mesoporous property, ACs
from various pollens can achieved excellent specific capaci-
tance in IL electrolyte which can supply much higher oper-
ating voltage than aqueous and organic electrolytes, leading
to a much higher gravimetric energy density than RP20 and
other reported carbon materials.

Recently it has been demonstrated that due to the density
difference of various carbon based electrodes, it is more rec-
ommended to use volumetric energy density to evaluate the
carbon based electrode materials for supercapacitor appli-
cation.’"] The densities of electrodes based on our products
are ~0.5 g cm™>, which is close to that of RP20 (~0.6 g cm™)
and higher than that of graphene materials (~0.3 g cm™).[!]
Therefore, the volumetric energy density of ~44 Wh liter™! for
lotus-HA electrode in neat EMIMBE, electrolyte is higher
than that (~33 Wh liter™!) of RP20. And for some reported
graphene electrodes, although a high gravimetric energy den-
sity of 85 Wh kg™! can be achieved for the electrode mate-
rials, its volumetric energy density is just ~26 Wh liter™! due
to the low density of graphene electrode (0.3 g cm™), which
is much smaller than the value of RP20 and our products.>"]
Furthermore, compared with graphene, the ACs from pollens
are much more economical electrode materials for the large
scale application in the supercapacitor, since the pollens are
very cheap and the preparation process is quite simple and
green.

Supercapacitors based on ACs from pollens exhib-
ited good cycle stability. For example, the supercapacitor
devices based on lotus-HA still keep ~96% capacitance in
1 M TEABF,/AN and ~95% in EMIMBF, electrolytes after
5000 times of charging/recharging at the current density of
1 A/g (SI, Figure S4). Supercapacitors based on our prod-
ucts also showed good capacitance performance at high cur-
rent density of 10 A/g, indicating a good rate performance
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Figure 2. Galvanostatic charge/discharge curves of lotus-HA based supercapacitors in a) 1 M TEABF,/AN and b) neat EMIMBF, electrolytes under
different constant currents. Rate performance of supercapacitors based on our products and RP20 in ¢) 1 M TEABF,/AN and d) neat EMIMBF,
electrolyte under different constant currents. Supercapacitors based on our products show good capacitance performance at high current density,
indicating a good rate performance and rapid ion transport characteristics. CV curves of lotus-HA based supercapacitors in e) 1 M TEABF,/AN and
f) neat EMIMBF, electrolytes under different scan rates, which exhibit good rectangular curves over awide range of voltage scan rates (50-200 mV's™%).

and rapid ion transport characteristics due to the abundant
mesopores!®! (Figure 2c,d). In contrary, the specific capaci-
tance of RP20 based supercapacitors was dramatically
decreased with increasing current density. This is probably
due to the relatively smaller pore size in RP20 so that large
electrolyte ions can not fully and fast access at the high
current density.¥ Cyclic voltammetry (CV) and electrical
impedance spectroscopy (EIS) characterization were also
performed to study the rate performance. The CV curves
of lotus-HA based supercapacitors under different scan
rates in 1 M TEABF,//AN and neat EMIMBF, electrolytes
exhibited good rectangular curves over a wide range of
voltage scan rates (50-200 mV s™'), indicating a good rate
performance (Figure 2e,f).?* In the contrast, the distorted
rectangular shapes in the CV curves of RP20 based superca-
pacitors under different scan rates in 1 M TEABF,/AN and

small 2013, 9, No. 8, 1342-1347
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neat EMIMBF, electrolytes indicate poor rate performance
(SI, Figure S5). And from the EIS results in SI, Figure S6,
not only our products have a relatively low equivalent series
resistance (the corresponding value of the intercept on the X
axis) than RP20,*! but also they showed the much shorter
Warburg region portion (the slope of the 45° portion of the
curve) than RP20 for better ion diffusion efficiency.l*!

In summary, using biomass waste of various pollens, high-
performance supercapacitor electrode materials with high
SSA, mainly mesoscale pores and high density through a
green and low-cost chemical activation method were devel-
oped. Compared with traditional carbon sources for ACs,
the porous surface structure of pollens offer better activa-
tion access for higher SSA and more mesopore structure. The
combined superior properties make these materials exhibit
excellent specific capacitance and high energy density for
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Figure 3. Summary of capacitance performance of ACs from pollens,
with RP20 and other carbon materials reported in literatures for
comparison. The specific capacitance of different carbon materials
were compared at the same charge/discharge current density of 1 A/g.
ACs from various pollens can achieved much higher gravimetric energy
density than RP20 and other reported carbon materials.

supercapacitors in IL electrolytes, which is about 160% larger
than the commercial AC of RP20. And the volumetric energy
density is also larger than graphene based supercapacitors
due to the higher density than graphene electrodes. These
results, together with the advantages of cheap carbon sources,
green method and facile process will hold great promise for
high performance supercapacitors in practical applications.

Experimental Section

Materials: Various pollens from lotus, peony, rape and
camellia were purchased from commercial available products.
Potassium hydroxide (KOH, Wuhan Chujiang Chemical Co., Ltd.)
was used without further treatment. Poly(tetrafluoroethylene)
(PTFE, solid powder, Dupont), commercial activated carbon RP20
(Kuraray Chemicals) and electrolytes including 1 M tetraethylam-
monium tetrafluoroborate in AN (TEABF,/AN, Novolyte), 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIMBF,, Novolyte) were
all used as purchased. The cellulose film (TF4840, NKK) were used
as separator for supercapacitor.

Preparation of AC with High Surface Area from Various Pol-
lens: The preparation of ACs from various pollens includes a
hydrothermal process and followed by an industry KOH activation
step. Briefly, for each kind of pollens, 16 g pollen were added into
80 ml water and stirred for 1 h to form homogeneous suspension.
The as-prepared suspension was then transferred to a sealed 100 mL
Teflon-lined autoclave heated up to 180 °C and maintained at
this temperature for 12 h. The resulting solid product was then fil-
tered, washed three times and dried in vacuum at 120 °C for 24 h.
The products of hydrothermal carbonization were denoted as
lotus-H, peony-H, rape-H and camellia-H, respectively. Then the
hydrothermal product was fully mixed with 4 times weight KOH,
then placed in a horizontal tube furnace and heated from room
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temperature to 900 °C for 1 h at 5 °C min~! under Ar. The resulting
product was thoroughly washed with 0.1 M HCl to remove any inor-
ganic salts, then washed with distilled water until the pH value
reached 7 and finally dried in vacuum at 120 °C for 24 h. The final
products prepared from various pollens were denoted as lotus-
HA, peony-HA, rape-HA and camellia-HA, where the suffix “H” and
“A” represented the hydrothermal carbonization and activation
process, respectively. Commercial AC RP20 was used as a control
material.

Characterization: The morphology of various raw pollens and
their final products were analyzed by scanning electron microscopy
using LEO 1530 VP field emission scanning electron microscope
with acceleration voltage of 10 kV. X-ray diffraction measurements
were performed on a Rigaku D/Max-2500 diffractometer with
Cu Ko radiation. Raman spectra were examined with a LabRAM HR
Raman spectrometer using laser excitation at 514.5 nm. Lorent-
zian fitting was carried out to obtain the positions and widths of
the D and G bands in the Raman spectra. I and /; are the intensi-
ties of the D and G bands, respectively. The nitrogen adsorption/
desorption analysis was done at 77 K on a Micromeritics ASAP
2020 apparatus. The SSA was calculated by the BET method based
on adsorption data in the relative pressure (P/Py) range of 0.05
to 0.3. The total pore volume was measured from the amount of
nitrogen adsorbed at a relative pressure (P/P,) of 0.99. The distri-
bution of pore volume was analyzed using a NL-DFT method with a
slit pore model from the nitrogen adsorption data.

Fabrication of Supercapacitors and their Performance Evalua-
tion: The industry-level two-electrode symmetric supercapacitors
based on our materials were fabricated to determine the capaci-
tance performance. Briefly, 90 wt% products and 10 wt% PTFE
were homogeneously mixed in the agate mortar. Then the mixture
was rolled into 100-120 um thickness sheets and punched into
16 mm diameter electrodes. After dried at 120 °C for 6 h under
vacuum, the electrodes were weighted and hot pressed onto the
current collectors (aluminum foils with conducting carbon coating)
and then dried at 180 °C for 6 h under high vacuum to completely
remove water. The mass and thickness of electrode films are
9.2-10.8 mg and 90-110 um so that the calculated densities of
electrode films are about 0.5 g cm™. The dry electrodes/collec-
tors were transferred into a glove box filled with Ar to construct
two-electrode symmetrical supercapacitors, which consisted of
two current collectors, two electrodes with identical weight and a
porous cellulose separator sandwiched in a test fixture consisting
of two stainless steel plates. 1 M TEABF,/AN and EMIMBF, were
used as electrolytes, respectively. All the electrochemical tests
were carried out at room temperature. Galvanostatic charge-dis-
charge cycle tests were measured using an Arbin testing system
(Arbin MSTAT, America) at current densities of 1, 2, 5and 10 A g™,
respectively. The gravimetric specific capacitance, C, (F g7), was
calculated according to

— 4l
CS ~ mdv/dt

where [ is the constant current (A), m is the total mass of two
electrodes (g) and dV/dt (V s7?) is the slope obtained by fitting a
straight line to the discharge curve over the range of V (the voltage
at the beginning of discharge) to %2 V. The energy density, E_,
(Wh kg1, was estimated using the formula E,,; = C,V?/8. CV and
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EIS studies were performed using Autolab (Metrohm). CV tests
were carried out in various scan rates ranging from 50 mV s!
to 200 mV s71. The applied voltage windows are differed from
different electrolytes, which was 0-2.7 V for 1 M TEABF,/AN
electrolyte and 0-3.5 V for EMIMBF,. EIS measurements were car-
ried out at an AC amplitude 10 mV in the range of from 100 kHz to
10 mHz.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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