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ABSTRACT: Although pyrolysis holds promise for extracting
biofuels from biomass, the low value of the biochar produced,
combined with process energy requirements, make thermo-
chemical conversion marginally viable. Likewise, while super-
capacitors and fuel cells may satisfy growing demands for
portable electronics and electric vehicles, current fossil-fuel
based activated carbon electrodes are not sustainable. Both of
these issues are addressed using a new approach to the
integrated biorefinery. Pyrolysis of pistachio nutshell biomass
yields a bio-oil high in benzenediols and pyrolysis gas enriched
in methane and hydrogen. By impregnating the biochars
produced via pyrolysis with potassium hydroxide, followed by
heat treatment in an inert atmosphere, the total biofuel yield increased up to 25% while producing high surface area (>1900 m2/
g) activated carbon biochar for use in electrochemical cells. Coin cell electrodes fabricated with these sustainable activated
carbons provide almost 100% coulombic efficiency over 4000 charge−discharge cycles with a specific capacitance of 45 F/g at a
scan rate of 1 mV/s using a Li-salt electrolyte. Such integrated processes will hasten the transition to a renewable energy future.
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■ INTRODUCTION

A renewable energy future includes efficient and environ-
mentally friendly energy production and capture, in addition to
storage and use. The former will rely on, for example, solar,
wind, or biomass refineries, whereas the later will utilize fuel
cells, batteries, and supercapacitors prepared from sustainable
materials. Biomass, i.e., organic matter, is a particularly
important resource as it provides an opportunity to generate
thermochemical energy and simultaneously yields a waste
product useful for preparing high performance material
components for electrochemical energy systems, thereby
diverting these wastes from landfills and adhering to Principles
of Green Engineering.1

Common to many electrochemical storage systems is a
carbon electrode, often composed of activated carbon (AC),
owing to its high surface area and porosity, efficient electrical
and thermal conductivity, high stability, low economical cost,
and availability.2 Biomass-based activated carbons (activated
biochars) exhibit surface areas upward of 1500 m2/g, and are
more sustainable than their fossil fuel-based counterparts.3,4

Researchers are using these materials in a number of
electrochemical devices, including lithium-ion and Li−S

batteries,5−8 supercapacitors,9 and microbial fuel cells.10

Biomass precursors for these activated biochars include
agricultural or industrial residues such as sugar cane bagasse,11

rice husk,12 pits and peels of fruits,13−15 and nutshells.16 For
example, pistachios are one significant renewable biomass of
interest. More than half of a billion pounds of pistachios are
produced annually in the U.S., the vast majority of which (98%)
are grown in California.45 Their shells are an inedible waste
product, sold for birdcage bedding and mulch, with minimal
intrinsic value.31 However, they are high in volatile matter and
fixed carbon, and relatively low in ash, representing a valuable
carbon source for conversion to activated biochars.
In response to the rapidly expanding market for portable

electronic devices and electric vehicles, supercapacitors (ultra-
capacitors) are extensively investigated due to their pulse power
supply, long cycle life, and high charge propagation.17 Based on
the composition of the supercapacitor, supercapacitors are
divided into three groups: nonfaradic supercapacitors (namely
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electric double layer capacitors; ELDCs), pseudocapacitors
(faradic mechanism), as well as hybrid supercapacitors, a
combination of the two former designs. Generally, carbon
electrodes such as graphene, carbon nanotubes, carbon
aerogels, and activated carbons are used in nonfaradic
supercapacitors, whereas pseudocapacitors utilize transition
metals, which lead to faradic energy storage processes and
enhanced energy density. Activated carbon (AC) electrodes are
commonly prepared by treating the carbon source with
potassium hydroxide (KOH) to afford well-defined micropores,
high micropore volumes, and high specific surface area
materials.18 Substantial efforts are also dedicated to hybrid
electrochemical cells, taking advantage of both aforementioned
charge storage mechanisms to fabricate supercapacitors with
enhanced energy and power densities.19−22

Although the conversion of biomass to ACs for super-
capacitors has been studied,23−29 integrated concepts that
address both renewable biofuels and sustainable ACs are of
significant interest and conspicuously absent from the literature.
As shown in Figure 1, an integrated biorefinery concept is

proposed whereby a raw biomass is first pyrolyzed to produce
biochar, a precursor to ACs, with concurrent recovery of bio-oil
and pyrolysis gas to supply energy to the process. The biochar
is then chemically treated with KOH, followed by thermal
activation, where a second stream of pyrolysis gas and bio-oil
are collected during the production of activated biochars. The
resulting biochars are available for use as electrodes in energy
storage solutions. In this work using pistachio nutshell biomass,
we report: (1) impact of KOH activation on biofuel
composition; (2) thermochemical conversion kinetics of the
biofuel process; (3) characterization of the biochars; (4)
fabrication of hybrid Li-ion supercapacitor using activated
biochars; and (5) electrochemical testing and supercapacitor
performance evaluation. The transition from a fossil-fuel-
powered society to a renewable and sustainable energy future
requires design processes that integrate production of green
energy along with sustainable materials for energy generation
and storage.

■ MATERIALS AND METHODS
An optimal sustainable process that relies on biomass as a raw material
neither competes with food supply or arable land for agriculture, nor
increases the water necessary for cultivation.30

Preparation and Characterization of Raw Pistachio Nut-
shells. Unsalted pistachios (Wonderful Pistachios Brand) were
purchased at a local grocery store and the shells and nutmeats were
separated. The shells were ground in a planetary ball mill and sieved to
a particle size fraction of 125−300 μm. Ultimate analysis was carried
out by LECO Analytical using an elemental analyzer. Proximate
analysis was performed in-house on a Mettler Toledo TGA/DSC-1
using approximately 10 mg of sample, in triplicate. Samples were
loaded into 70 μL alumina crucibles. Moisture content was determined
as the loss upon heating to and holding at 110 °C. The sample was
then heated to 910 °C at 100 °C/min under 50 mL/min high purity
nitrogen and held for 30 min; this mass loss is attributed to volatile
matter. The sample was then heated at 100 °C/min up to 950 °C
under air and held for 30 min to determine fixed carbon; the
remaining sample mass was attributed to ash. A baseline run of an
empty crucible was used to account for buoyancy effects. The higher
heating value of pistachio nutshell samples was measured in-house
using a Parr oxygen bomb calorimeter (calibrated with NIST-traceable
benzoic acid) in triplicate. Results of these raw sample character-
izations are provided in Table 1 as average of three measurements with
corresponding standard deviations.

Production of Biofuels and Activated Biochars from
Pistachio Nutshells. Because direct chemical activation of raw
biomass often results in a low yield of powdery sample with little
structural integrity,32 the biomass is first pyrolyzed to concentrate the
carbon by removing some volatiles33,34 Ground and sieved pistachio
nutshells were pyrolyzed in a porcelain boat in a tube furnace. The
tube was flushed with high purity nitrogen gas for 5 min; N2 was used
throughout heat treatments at a flow rate of 100 mL/min. The samples
were heated at 10 °C/min to 110 °C, held for 10 min (to drive off
moisture), then pyrolyzed at 10 °C/min up to 450 °C for 45 min, and
cooled under nitrogen to yield a pistachio nutshell biochar. To activate
these biochars, 50 mL of a 2.5 M potassium hydroxide (Fisher
Scientific, >99% purity) solution was added to 3.5 g of the pyrolyzed
char (representing a 1:2 char:KOH ratio) and stirred for 1 h. The
mixture was dried in an oven at 110 °C overnight, then placed in the
tube furnace. The temperature was programmed to heat at 10 °C/min
to 110 °C, held 10 min (to remove excess surface moisture), to 300 °C
at 10 °C/min and held for 1 h to prevent steam activation upon
further heating.33,35 Finally, the sample was heated at 10 °C/min to
450 °C and held for 45 min. It is thought that the activation of
carbonaceous sources with KOH proceeds via the overall reaction:

6KOH + 2C → 2K + 3H2 + 2K2CO3 where K2CO3 forms at 400
°C, with complete consumption of KOH up to 600 °C.36 To ensure
activation of the sample, while keeping the temperature as low as
possible (to improve overall process energy consumption), we used an
activation temperature of 450 °C. The samples were cooled to room

Figure 1. Proposed integrated process pathway for production of
biofuels and electrochemical cell components from KOH-activation of
biomass (i.e., activated biochars).

Table 1. Ultimate, Proximate and Combustion Analysis of
Raw Unsalted Pistachio Nutshells

unsalted pistachio nutshells

proximate analysis (wt %, dry basis)
moisture (as rec’d) 5.8 ± 0.8
volatile matter 84.9 ± 1.2
fixed carbon 12.9 ± 0.7
ash 2.2 ± 0.9

ultimate analysis (wt %%, dry basis)
C 49.2 ± 1.1
H 7.0 ± 0.3
N 0.4 ± 0.2
O 43.4 ± 1.1
higher heating value (MJ/kg) 18.02 ± 0.34
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temperature under nitrogen to prevent oxidation. Following this
activation, the blackened chars were neutralized by adding them to 120
mL of a 0.1 M HCl solution (EMD Chemicals) and stirred for 1 h.
The samples were rinsed with hot DI water until the wash water
reached a pH of 6.34 Samples were dried in the oven overnight and
stored in an airtight container until further use (i.e., activated biochar).
During both the initial pyrolysis to produce a biochar, and the

KOH-thermal activation, we monitored evolved gas using a Quadru-
pole Mass Spectrometer (Extorr XT Series RGA XT300M) at AMU
signals of 2, 16, and 18 (H2, CH4 and H2O, respectively). To gauge the
impact of KOH activation on liquid bio-oil production, condensable
gases were collected in 5 mL of dichromethane (ACROS Organics,
>99.5% purity) in a cold trap. The condensable fuel components were
analyzed using an Agilent 5800 gas chromatography−mass spectrom-
etry (GC−MS) instrument. Analysis was performed in split mode with
a split ratio of 5:1, with an injection temperature of 250 °C using ultra
high purity helium as a carrier gas. GC conditions began with an initial
oven temperature of 50 °C with a hold time of 3 min, followed by
heating at 10 °C/min to 100 °C, then 15 °C/min to 180 °C, and then
20 °C/min to 300 °C with a final hold time of 5 min. Interface
temperature was set at 325 °C. A semiquantitative analysis was
performed by integrating the top (by area) 20 gas chromatogram
peaks. Peaks are only reported if their NIST-library identification
similarity was greater than 90%.
Thermochemical Conversion Kinetics of Base-Treated

Pistachio Shells. We recently reported the pyrolysis kinetics and
activation energies of raw pistachio shell biomass using thermogravi-
metric analysis.37 As such, for this study we present data only on the
KOH-activated pyrolyzed samples, to explore the impact of this
chemical treatment on activation energy and thermal degradation
kinetics. Conversion kinetics were determined using the Mettler-
Toledo TGA/DSC-1. Samples (8−12 mg each) of KOH-soaked
pistachio nutshells were heated at 10 °C/min under high purity N2 to
110 °C and held for 30 min to remove water. They were then heated
at 10, 20, or 50 °C/min up to 900 °C and held for 60 min (to ensure
removal of all volatiles). Activation energy experiments were
performed in accordance with Recommendations put forth by the
ICTAC Kinetics Committee, who suggested use of isoconversional
methods with at least three temperatures to overcome heating rate as
an experimental variable.38 Such methods often rely on the Arrhenius
equation, given as

= −k Ae E RT/ (1)

where k is the reaction rate constant, A is the pre-exponential (or
frequency) factor, E the activation energy, T is absolute temperature,
and R the universal gas constant. Using the Mettler Toledo TGA-
DSC-1, we collected nonisothermal TGA data at a series of heating
rates, β = dT/dt, Data were transformed to arrive at an extent of
conversion, X(t), as a function of initial mass, mi, final mass, mf, and
mass at any time t, mt:
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Like many isoconversional methods used to describe pyrolysis
reaction kinetics, the Distributed Activation Energy Model (DAEM)
assumes that countless irreversible first order parallel reactions occur
simultaneously, each with its own activation energy.39,40 The
combined reactions are represented by a distribution function, f(E),
which when taken over several constant temperature ramp rates,
assumes the form:41
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It is commonly assumed that the function, f(E), is normally
distributed with average activation energy, Ea and a standard deviation,
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Non-Gaussian distributions are sometimes used to represent f(E),
including Weibull, Gamma, and Maxwell−Boltzmann distribu-
tions.42−44 Some incarnations of the DAEM consider the frequency
factor a constant for all reactions; the Integral method proposed by
Miura and Maki45 allows for a compensation effect between A and E.
As the pre-exponential factor represents both the collision frequency
of molecules during a chemical reaction, and the success of these
collisions between those molecules to result in a reaction, it follows to
reason that this factor depends on the number of molecules present in
a control volume. Furthermore, because the number of molecules
participating in thermal decomposition reactions increase with
temperature, and yet decrease as volatiles are lost from the solid, we
applied the Integral Method to account for the dynamic nature of the
pre-exponential factor across the range of mass fraction conversions.

Characterization of Activated Pistachio Shell Biochars. The
carbon content of the activated material was determined using TGA.
The surface area and pore volume were measured using an ASAP 2020
Surface Area Analyzer (Micromeritics, Norcross, GA) using ultra high
purity nitrogen adsorption isotherms at 77 K. Approximately 0.30 g of
sample was used, measured on a Sartorius semimicrobalance accurate
to 10−4 grams. The sample was degassed under vacuum at 120 °C for 5
h. After degassing, the sample was maintained at room temperature,
under vacuum, before analysis. Immediately upon removing the
sample from the degasser, it was reweighed and loaded for analysis.
The specific surface areas of samples were estimated using the BET
theory in the partial pressure range of 0.05 to 0.30 and total pore
volume over the entire partial pressure range.

Fabrication of Coin Cell Electrodes. To prepare working
electrodes, 75 wt % of the activated biochar prepared from the
pistachio nutshells and 15 wt % carbon black (MTI Co.) were mixed
with 10 wt % poly(vinylidene fluoride) (PVDF, Sigma-Aldrich) binder
in a mortar. A uniform slurry was formed by adding a few drops of N-
methylpyrrolidinone (NMP) solvent. The slurry was distributed on a
previously punched and washed titanium substrate of 1.58 cm in
diameter, followed by drying in a vacuum oven at 80 °C for 12 h. Two
identical electrodes (by mass) separated by a filter paper (Whatman )
were used to assemble the CR2032 coin cell (MTI Co.) super-
capacitors in an argon-filled glovebox. Stainless steel foils and 1 M
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) dissolved in
propylene carbonate (PC) were used as current collector and
electrolyte, respectively. The configuration of the activated biochar//
PC: LiTFSI-1M//AC supercapacitor coin cell was set using a punch
cell machine (MTI Co.)

Electrochemical Testing. Cyclic voltammetry (CV) and charge−
discharge (CD) tests were preformed using a Princeton Applied
Research VersaStat battery tester. Electrochemical measurements were
conducted over a voltage range of 0 to 2.5 V at various scan rates
(from 1 to 200 mV s−1) and different current densities (from 0.5 to 5
A g−1) at room temperature. All the calculations are based on the total
mass of the active materials. The specific capacitance of the working
electrode in the coin cell configuration was calculated by integrating
the area under the CV or CD curves using eq 5 or eq 6, respectively.

=C I
V
t

m2
d
ds (5)

where, Cs is the specific capacitance (F g−1), I is the charge−discharge
current (A), dv/dt is the scan rate (V s−1), and m is the mass (g) of
active materials.

=C
I

m
4 v

t

s
const

d
d (6)

where, Iconst is the constant current, and dv/dt is (also equal to) the
slope of the charge or discharge curve.

The coulombic efficiency, η (%), was calculated as

η =(%) C /Cdischarge charge (7)
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■ RESULTS AND DISCUSSION

To demonstrate the proposed integrated concept for renewable
energy and material production, we present an integrated
biorefinery concept that produces KOH-activated carbons
(activated biochars) for use in supercapacitors while simulta-
neously capturing liquid and gaseous biofuels.
Impact of KOH Activation on Resulting Biofuels and

Activated Biochars. Although there are myriad studies that
probe the thermochemical conversion of biomass to biofuels,
few consider how to employ the solid biochar remaining after
pyrolysis beyond immediate uses such as soil amendments or
sorbents for water treatment. A handful of studies describe the
thermochemical conversion of pistachio nutshells to biofuels,
and for information on the yields, the ability to tune product
distribution as a function of pyrolysis temperature, heating rate,
and other process variables, see the publications by Pütün et
al.,46 Okutucu et al.,47 and Acı̧kalın et al.48 However, none of
these studies consider the possibility of a secondary biofuel
extraction during the up-conversion of the solid biochar
remaining after pyrolysis, nor do they demonstrate an
integrated concept such as that proposed here whereby a
single biomass source could yield both liquid fuels and materials
for energy storage. In the present study, the pyrolysis products
and conversion kinetics of raw pistachio nutshells are
considered alongside those resulting from a secondary KOH-
activation step of the nutshells to determine the feasibility of
further extracting renewable fuels during the activation of
biochars.
In Table 2, the results from a Distributed Activation Energy

Model analysis show that an average activation energy for the
KOH-treated shells heated to 450 °C (75.4 ± 20.4 kJ/mol) is
almost half of the value measured for the pyrolysis of raw
pistachio shells (149.9 ± 10.7 kJ/mol),37 suggesting that the
KOH acts as a catalyst, as well as a porogen, especially given
that the more volatile compounds are removed during the
initial pyrolysis step. As shown in Figure 2, the rate of
decomposition is an order of magnitude lower for the activated
biochar as compared to the raw sample at each heating rate,
though the total sample devolatilized for the actviated biochar is
also considerably lower; the char yield of raw pistachio pyrolysis
is between 20 and 25 wt %, and for KOH-heating is ∼50 wt %
(leading to an overall activated biochar yield of ∼10−12 wt %
for the entire process.) It is well-known that the yield for
pyrolysis gas for pistachio nutshells is a function of pyrolysis
temperature and heating rate; at the conditions used here, the
gas yields are approximately 20 wt % of the starting solid.46−48

Methane and hydrogen steadily evolve over the pyrolysis
process at 400 °C with 4.71 ± 0.24 mL of and 4.32 ± 0.22 mL,
respectively, of gas per gram of raw pistachio shells (Figure 3).
Interestingly, an additional 1.90 ± 0.10 mL and 1.26 ± 0.06 mL
of CH4 and H2, respectively, per gram are obtained with the
pyrolysis of activated biochar, demonstrating an increase in
pyrolysis gas yield by ∼30% due to the activation process.
Yields of the oil phase from pistachio nutshell pyrolysis range

from 20 to 30 wt % of the raw solid.46−49 Though we do not
have the ability to quantify the volume of liquid released, GC−
MS characterization shows similar compounds evolved
(primarily phenols, pyrazine, and diols) to literature results.
Similar compounds also evolved during pyrolysis of the raw
nutshells as during the activation step, though as shown in
Figure 3, the total ion counts are approximately 50% lower for
the activated compound collection. To enable detection of
compounds, the condensed components from pyrolysis of the

activated sample were concentrated twice (as compared to the
raw sample), suggesting the ability to increase total bio-oil yield
by an additional ∼25% during the activation procedure.
One of the key factors in choosing an efficient electrode

material is obtaining a high surface area and thin pore walls, to
reduce mass transport limitations of the electrolyte and enable
enhanced ion transport, respectively. Qualitatively, treatment
with KOH produces a porous activated biochar as shown in the
micrographs (Supporting Information Figure S2). Quantita-
tively, the BET surface area (SA) of the KOH-activated
pistachio nutshells is 1971 ± 59 m2/g, and its total pore
volume, Vtotal, of 0.774 ± 0.012 cm3/g, is composed of over
99% micropores. The average pore diameter is 1.57 nm
(calculated as 4 × Vtotal/SABET). The activated biochar material
is composed of 95.7 ± 2.5 wt % carbon. These characteristics
are in line with other activated biochars/carbons produced
from pistachio nutshells in the literature. For example, Hassan
et al.,49 using a much larger initial particle size (1−2 mm),
produced materials with SA = 1218 m2/g and Vtotal = 0.772
cm3/g using a 2:1 KOH:char ratio, and an activation
temperature of 750 °C. The presently demonstrated process
uses a considerably lower activation temperature (300 °C
lower) to achieve a higher surface area and equal pore volume
to Hassan et al.’s work, “greening” the process in terms of
overall energy requirements. Future work will explore optimal
activation temperatures as a function of surface area and
electrochemical performance.

KOH-Activated Pistachio Nutshell Carbons as Elec-
trode Materials. Cyclic voltammetry enables investigation of
the electrochemical properties and capacitance response of the

Table 2. Thermal and Biofuel Product Analysis of Raw and
KOH-Treated Pistachio Shells Pyrolyzed at 10°C/min (with
95% confidence intervals)

raw pistachio
shells

KOH-treated
pistachio shells

thermal analysis
carbon content (wt. fraction) 0.826 ± 0.32 0.957 ± 0.25
average activation energy (kJ/mol)* 149.9 ± 10.7 75.4 ± 20.4

surface area and porosity analysis
BET surface area (m2/g) 2.2 ± 1.5 1971 ± 59
total pore volume (cm3/g) 0.774 ± 0.012

pyrolysis gas analysis
volume evolved per gram sample
(mL gas/g sample)

methane 4.71 ± 0.24 1.90 ± 0.10
hydrogen 4.32 ± 0.22 1.26 ± 0.06

bio-oil analysis
retention
time
(min)

component percent area top 10 species
chromatogram

6.63 phenol, 4-ethyl-2-methyl- 16.8% ± 1.0% 14.7% ± 0.9%
6.84 1,2-benzenediol, 3-

methoxy-
2.7% ± 0.5%

6.96 benzeneethanol, 2-
methoxy-

8.1% ± 0.7%

7.01 pyrazine 11.4% ± 0.8% 8.6% ± 0.7%
7.25 4-methyl-1,2-benzenediol 6.5% ± 0.7%
7.58 2-methoxy-4-vinylphenol 4.1% ± 0.6%
9.12 4-dimethyl-3-

(methoxycarbonyl)-5-
ethylfuran

14.8% ± 0.9% 8.7% ± 0.7%

aSamples pyrolyzed at 10, 20, and 50 °C/min for isoconversional
kinetics analysis.
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electrode materials. CV curves for the activated biochars,
obtained at scan rates of 200 mV s−1 down to 1 mV s−1, are
shown in Figure 4a. The recorded CV curves slightly deviate
from the ideal behavior of an electric double-layer capacitor
(EDLC), which follows a rectangular path over the charge and
discharge process, resulting in a mirror current response with
respect to the baseline.20 This result indicates existence of
charge transference between the electrode and electrolyte.
Specifically, it is due to the Li intercalation into the AC porous
layers upon using a Li-salt in the electrolyte, whereas a double
layer phase is maintained on the surface of the electrode
material. The gravimetric normalized capacitance of the device
is calculated based on the mass of both working electrodes. The
calculated specific capacitance and corresponding current
density of the electrode plotted against the scan rate are

shown in Figure 4b. The activated biochar cell exhibits a
specific capacitance of 45 F g−1 at a scan rate of 1 mV s−1,
which is similar to cells fabricated from ZnCl2-activated coffee
shells and orange peel in KOH electrolyte.50,51 A range of
specific capacitance values from 28 to 156 F/g are reported in
the literature for activated carbon-based electrodes in super-
capacitors (a survey of these values is available in Table S2 of
Supporting Information). Not surprisingly, the capacitance
drops by increasing the scan rate, which is a direct result of the
charge transference limitation at higher sweep rates.52 However,
the activated biochar carbon electrode material maintained a
capacitance of 6 F g−1 at a scan rate of 200 mV s−1. This
relatively high capacitance is attributed to the highly porous
architectures of the active materials facilitating the ionic mass

Figure 2. Thermal analysis of pyrolysis of raw and activated pistachio shells. (a) Derivative thermogravimetric curves for raw and KOH-activated
pistachio shells pyrolyzed at 10, 20, and 50 K/min (inset magnifies KOH samples). (b) Activation energies of pyrolysis for raw and KOH-soaked
pistachio shells at 10 wt % conversions from 0.1 to 0.8 (raw) and 0.1 to 0.3 (KOH); error bars indicate ± one standard deviation; horizontal lines
indicates average Ea ± 1 standard deviation).

Figure 3. Analysis of H2 and CH4 evolved in pyrolysis gas (a) and liquid (b) biofuels produced from raw pistachio nutshells and activated biochars.
(a) Pyrolysis gas evolved and monitored by MS during pyrolysis. (b) Bio-oil condensed in dichloromethane and analyzed by GC−MS after pyrolysis.
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transfer and the dynamic sheath of solvent molecules through
the carbon layers and porous channels.20

Galvanostatic charge−discharge (CD) tests were performed
to evaluate the charging mechanism in the electrochemical cells.
The CDs carried out at current densities of 0.5 and 1 A g−1 over
the same potential window used in the CV investigations are
shown in Figure 5a. The specific capacitance is 10 F g−1 with a
current density of 0.5 A g−1, and this result is in good
agreement with the CV findings. The charge−discharge curves
deviate from a linear relationship particularly at a current
density of 0.5 A g−1. This is due to the facilitated Li-ion
intercalation at lower applied current densities. Even though no
distinct redox reaction were observed in CD or CV tests,
respectively, it is presumed that the Li intercalation partially
contributes to the charge storage mechanism, resulting in a
nonfaradic mechanism owing to utilization of a Li-salt in the
electrolyte.
The capacitance retention of the supercapacitor device at a

constant applied current density of 1 A g−1 as a function of
cycle number is shown in Figure 5b. A fairly stable charge and
discharge capacitance, with approximately 100% coulombic
efficiency at the end of 4000 cycles, is observed. Even though
there is no dramatic change in the capacitance retention over
the extended course of the charging process, the slight
capacitance fluctuation might be due to the solid-electrolyte
interphase (SEI) layer formation. It is well established that
formation of SEI (from the Li salt dissolved in the electolyte)
protects the electrolyte and electrode from further reduction

and degradation. SEI layers usually form at the first cycles of the
charging process and have a post effect on the cell longevity.
However, prolonged cycling at various conditions results in
degradation of the SEI layer, leading to alteration of the internal
charge resistance and poorer performance of the cells. Because
the trend in the charge and discharge capacitance is fairly
constant with nearly 100% coulombic efficiency over the long-
term CD procedure, it is likely that the capacitance fluctuation
is due to the degradation and reformation of SEI layers.

Integrated Approach to Converting Biomass to Green
Energy. While the pistachio activated biochar capacitors
fabricated in the present work are on the lower end of
published specific capacitance values (ranging from 28 to 156
F/g), the present study uses a different electrolyte and current
collector (as materials were available in-house) than other
studies. The results shown in Figure 6 underscore how surface
area and pore volume cannot be the only variables impacting
specific capacitance of activated-based electrodes; activated
carbons with surface areas as low as 528 m2/g displayed specific
capacitance values ranging from 41 to 78 F/g52 and materials
with surface areas as high as 2371 m2/g have specific
capacitance values as low as 28 F/g.53 Factors such as the
activated carbon’s surface functional groups, pore size
distribution, as well as electrolyte and current collector all
influence the resulting electrochemical cell performance.
However, data across the literature show the potential for
using low-cost, biomass-based activated biochars as electrodes
for supercapacitors and other electrochemical applications. This

Figure 4. CV studies for the supercapacitor in PC electrolyte. (a) CV curves at various scan rates. (b) Calculated capacitance and corresponding
current density gained at different scan rates.

Figure 5. Charge−discharge studies for the supercapacitor in PC electrolyte. (a) CD curves obtained at low and high applied current densities. (b)
Charge and discharge capacitance retention along with coulombic efficiency for 4000 cycles at a current density of 1 A g−1, exhibiting nearly 100%
coulombic efficiency over 4000 charge−discharge performance.
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paper demonstrates that it is possible to increase the bio-oil
yield (by up to 25%) and gas yield (up to 30%) of an integrated
biorefinery by capturing the evolved products during heat
treatment of KOH-impregnated biochars. This represents a
greener approach to the production of activated carbon
electrodes via the use of activated biochars for supercapacitor
and other electrochemical energy storage devices in an
integrated biorefinery.

■ CONCLUSIONS
Considering alternative materials for renewable fuel applica-
tions, the potential to use waste products as building blocks for
energy generation and storage represents significant funda-
mental science/engineering and commercial opportunities. An
integrated biorefinery concept is described whereby pyrolyzed
pistachio nutshells are chemically activated using potassium
hydroxide to produce a high surface area (<1900 m2/g)
activated biochar suitable for use as an electrochemical cell
electrode. The uniqueness of the proposed concept includes
increasing the total yield of biofuels by up to 25% above the
initial pyrolysis yield by capturing the liquid and gaseous
components evolved during the activation step heat treatment.
Pyrolysis of the KOH-activated pistachio nutshells requires a
lower activation energy (as determined by the isoconversional
Distributed Activation Energy Model) than pyrolysis of the raw
biomass, and the condensable fuels evolved at this stage are
lower in phenolic content than the raw biomass with similar
methane:hydrogen ratios. The resulting activated biochars can
be used as electrode materials, as demonstrated through cyclic
voltammetry studies using coin cell electrodes fabricated with
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) dissolved
in propylene carbonate (PC) as the electrolyte. At a scan rate of
1 mV s−1, the activated biochar-based cell produces a specific
capacitance of 45 F g−1 and maintains a capacitance of 6 F g−1

at a scan rate of 200 mV s−1. The activated biochar electrode
exhibits a relatively stable charge and discharge capacitance with
almost 100% coulombic efficiency after 4000 cycles. The

present work demonstrates the ability simultaneously to
upgrade pyrolysis biochars and extract additional biofuels
during heat treatment of KOH-activated biochars. These
activated biochars are then used as electrode materials for
energy storage devices, eliminating the need for fossil fuel
derived activated carbons. Such an integrated approach to the
production of renewable fuels and energy storage materials
from waste biomass could satisfy growing global demand for
portable electronic devices and electric vehicles in a more
sustainable, environmentally friendly way.
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